
 

 

 

 

 

 

 

 

Vorträge/ Lectures 
und/ and

           Posterbeiträge/ Poster
 

                38. MPA-Seminar 2012 
                    am/ on 1-10 and 2-10-2012 

 

 

 

 

 

  



Vorträge/ Lectures 
 

Fukushima – A Challenge for Nuclear Research             8 

L. Mohrbach, VGB PowerTech e.V., Essen, U. Stoll, AREVA NP GmbH, Erlangen 

 

European Union Response to Fukushima – European Stress Test and Peer Review      21 

P. Jamet, Autorité de Sûreté Nucléaire (ASN), Paris 

 

Burning Issue of Energy Problem after Fukushima Disaster of TEPCO’s  

Atomic Power Stations                                   26 

S. Harada, Sojo University, Kumamoto 

 

The Fukushima Accident              31 

M. Maqua, R. Stück, Gesellschaft für Anlagen- und Reaktorsicherheit (GRS) mbH, Köln 

 

Guarantee of Remaining Life Time – Integrity of Mechanical Components and Control of 

Ageing Phenomena               42 

X. Schuler, K.H. Herter, MPA Universität Stuttgart; W. Hienstorfer, TÜV Energietechnik GmbH  

Baden-Württemberg, Filderstadt; G. König, Gemeinschafts-Kernkraftwerk Neckar GmbH (GKN), 

Neckarwestheim 

 

Interim and Final Storage Cask             58 

L. Stumpfrock, H. Kockelmann, MPA Universität Stuttgart 

 

Automatic Fatigue Monitoring based on Real Loads – Live Demonstration       67 

J. Rudolph, S. Bergholz, F. Bruckmüller, B. Heinz, B. Jouan, AREVA NP GmbH, Erlangen 

 

Thermal Fatigue: Fluid-Structure Interaction at Thermal Mixing Events        82 

K.-H. Herter, S. Moogk, X. Schuler, MPA Universität Stuttgart; E. Laurien, D. Klören,  

R. Kulenovic, M. Kuschewski, IKE Universität Stuttgart 

 

Thermal Fatigue – Materials Modelling          106 

D. Siegele, J. Fingerhuth, M. Mrovec, Fraunhofer Institut für Werkstoffmechanik (IWM), Freiburg;  

X. Schuler, S. Utz, MPA Universität Stuttgart; M. Fischaleck, A. Scholz, M. Oechsner, Institut für 

Werkstoffkunde TU Darmstadt; M. Vormwald, K. Bauerbach, T. Schlitzer, Institut für Stahlbau und 

Werkstoffmechanik, (IfSW) TU Darmstadt; J. Rudolph, A. Willuweit, AREVA NP GmbH, Erlangen 

 

 



Microstructural Aspects of Crack Formation and Propagation in the Austenitic Steel 

X6CrNiNb18-10 under Low Cycle Fatigue Loading                    145 

E. Soppa, C. Kohler, E. Roos, X. Schuler, MPA Universität Stuttgart 

 

Fatigue Behavior and Crack Growth of Ferritic Steel under Environmental Conditions    155 

K.-H. Herter, X. Schuler, T. Weißenberg, MPA Universität Stuttgart 

 

The Effect of Chloride on General Corrosion and Crack Initiation of Low-Alloy Steels in 

Oxygenated High-Temperature Water          177 

M. Herbst, A. Roth, AREVA NP GmbH, Erlangen; M. Widera, RWE Power AG, Essen;  

K. Küster, F. Hüttner, Vattenfall Europe Nuclear Energy GmbH, Hamburg; E. Nowak,  

E.ON Kernkraft GmbH, Hannover 

 

Research and Development in Welding and HardFacing towards Construction 

of Prototype Fast Breeder Reactor           195 

S. K. Albert, Indira Gandhi Centre for Atomic Research (IGCAR), Kalpakkam 

 

Guideline for the Design and Operation of High-Stress Components Hydropower  

Plants Part I: Recommendation for Design and operation        209 

W. Kofler, Tiroler Wasserkraft AG (TIWAG), Innsbruck; X. Schuler, MPA Universität Stuttgart 

 

Guideline for the Design and Operation of High-Stress Components in  

Hydro Power Plants Part II: Example for Fatigue Analysis        213 

W. Kofler, Tiroler Wasserkraft AG (TIWAG), Innsbruck; X. Schuler, S. Utz,  

MPA Universität Stuttgart 

 

Life Time Analysis of Kaplan Runner Mechanism         228 

C. Oram, Andritz Hydro Ltd., Zürich 

 

From conventional to renewable Power Plants – any Lesson to be learnt?                         238 

U. Hartfil, RWE Innogy GmbH, Hamburg 

 

GRP-Flanges for Bolted Flange Joints – an efficient Alternative to Steal Flanges     245 

S. Moritz, K. Maile, MPA Universität Stuttgart 

 

Numeric Approach to characterize Leakage of Bolted Flange Connections     256 

H. Kurz, Hecker-Werke GmbH & Co. KG, Weil im Schönbuch 

 

 



Blow-out of a “blow-out safe“ Kammprofile Type Gasket - a Failure Analysis     269 

R. Hahn, D. Willer, MPA Universität Stuttgart 

 

Blow-out Safety of Stuffing Box Sealings in Valves         279 

Werner Ottens, H. Kockelmann, MPA Universität Stuttgart 

 

A new Path in the Calculation of Bolted Flanged Joints        292 

M. Schaaf, amtec Messtechnischer Service GmbH, Lauffen am Neckar, E. Roos, former MPA 

Universität Stuttgart 

 

Effect of Boron on Long-term Stability of 9Cr Steel for 650° C Boilers      305 

F. Abe, National Institute for Materials Science (NIMS), Tsukuba 

 

Creep Degradation in Welds of Creep Strength Enhanced Ferritic Steels      315 

F. Masuyama, T. Yamaguchi, Kyushu Institute of Technology, Fukuoka 

 

Creep Deformation and Rupture Strength Property of ASME Grades T/P92 Steels    323 

K. Kimura, O. Kanemaru, K. Sawada, H. Kushima, National Institute for Materials Science (NIMS), 

Tsukuba 

 

Characterization and Weldability of a new SS304HCu Superheater Tube Material 

for 600°C USC Power Plants           336 

J. Vekeman, The Belgian Welding Institute, Zwijnaarde; S. Huysmans, E. d. Bruycker, 

Laborelec GDF Suez, Linkebeek 

 

Demands on Materials and Components for existing and New Conventional  

Power Plants                                                                                                                         349 

R. Mohrmann, RWE Technology GmbH, Essen 

 

Latest Developments for the Flexible High Efficient Power Plant of the Future                   353 

G. Gierschner, C. Ullrich, E.ON New Build & Technology GmbH, Gelsenkirchen; H. Tschaffon,  

VGB PowerTech e. V., Essen; F. Hansknecht, Holter Regelarmaturen GmbH & Co. KG,  

Schloß Holte-Stukenbrock 

 

Development and Consolidation in Material Engineering Know-How for Pressure  

Parts of Fossil-Fired Power Plants – A new Version of the VGB-R 109                               374 

M. Bader, E.ON Anlagenservice GmbH, Gelsenkirchen; K.-H. Marrek,  

TÜV NORD Systems GmbH, Hamburg 

 



High-Temperature-Materials-Test-Rig: Materials for Future High Efficient Power Plants    387 

S. Zickler, S. Wagner, K. Maile, MPA Universität Stuttgart; K. Metzger, K.-H. Czychon, 

Großkraftwerk Mannheim AG (GKM) 

 

Entwicklung einer warmfesten GJS-Gusseisenlegierung für dickwandige Gussstücke  

bei Anwendungstemperaturen ≥ 500 °C                                                                               396 

M. Oechsner, S. Michel, A. Scholz, Institut für Werkstoffkunde, Technische Universität 

Darmstadt; L. Dekker, B. Tonn, Institut für Metallurgie, Technische Universität Clausthal-Zellerfeld 

 

More than two Years of Experience with the Operation of the HP-Control  

Valve Type SIRA made out of Alloy 617 at Steam Temperatures up to 725                        412 

B. Föllmer, O. Birkle, Bopp & Reuther SR GmbH, Mannheim; K. Metzger, Großkraftwerk  

Mannheim AG (GKM; K. Maile, S. Wagner, MPA Universität Stuttgart 

 

Creep Behavior and Microstructural Characterization of Alloy 617 and Dissimilar Joints    428 

F. Kauffmann, T. Klein, M. Speicher, A. Klenk, K. Maile, MPA Universität Stuttgart 

 
Material Science Based Investigations on T24 Weldments                                                  438 

K. Metzger, Großkraftwerk Mannheim AG (GKM); A. Helmrich, Alstom Boiler Deutschland 

GmbH, Stuttgart; K. Maile, J. Böse, A. Klenk, MPA Universität Stuttgart 

 
T24 – Investigation Program and derived Measures                                                            454 

C. Ullrich, E.ON New Build & Technology GmbH, Gelsenkirchen; S. Heckmann, RWE Technology, 

Essen, W. Tillmann, Technische Universität Dortmund; T. Bodmer, E.ON New Build & Technology 

GmbH, Gelsenkirchen; F. Neumann, RWE Technology, Essen; H.-G. Rademacher, Lehrstuhl für 

Werkstofftechnologie, TU Dortmund; G. Gierschner, E.ON New Build & Technology GmbH, 

Gelsenkirchen 

   



Posterbeiträge/Poster 

 

Modification of the Grain Structure of Austenitic Welds for improved  

Ultrasonic Inspectability             476 

S. Dugan, S. Wagner, MPA Universität Stuttgart 

 

EBSD- and TEM-Investigations of Microstructure in the Austenitic  

Steel X6CrNiNb18-10 under Cyclic Loading                                                                         488 

E. Soppa, D. Willer, D. Kuppler, MPA Universität Stuttgart 

 

Hybrid Pipes for Power Plant Applications                                                                  496 

M. Huang, K. Berreth, K. Maile, MPA Universität Stuttgart 

 

Materials Testing for Hydrogen Technology          502 

A. Nitschke, E. Sattler, MPA Universität Stuttgart 

 

Potential for improving Efficiency in Conventional Power Plants       509 

M. Langenstein, BTB-Jansky GmbH, Leonberg 

 

Identification and Reduction of Piping-Vibrations in Plants        516 

K. Kerkhof, MPA Universität Stuttgart 

 

Material Property Scattering and its Impact on the Safety Assessment of Components      531 

R. Lammert, G. Wackenhut, K. Maile, MPA Universität Stuttgart 

 

Qualification of Materials for 700°C advanced Ultra-Supercritical Fossil Power Plants    541 

M. Speicher,K. Schmidt, A. Klenk, K. Maile, MPA Universität Stuttgart 

 

Understanding of Microstructures in the Heat Affected Zone of Boron-added  

Modified 9Cr-1Mo Steel using Gleeble Simulation         550  

C.R. Das, S.K. Albert, A.K. Bhaduri, G. Chakraborty, Indira Gandhi Center for Atomic Research 

(IGCAR), Kalpakkam, S. Lauf, S. Stubenrauch, A. Klenk, MPA Universität Stuttgart 

 

Lifetime Management – Assessment of Damage in Piping Systems operated 

in the Creep Range             564  

S. Zickler, G. Wackenhut, R. Lammert, K. Maile, MPA Universität Stuttgart, 

K. Metzger, Großkraftwerk Mannheim AG (GKM) 

 

 

 

 

 

 



Application of Virtual Performance Solution (VPS) for the Response of 

Immersed Structures subjected to Earthquakes using Physics Based  

Fluid Structure Interactions Simulations                                                                         572 

A. Tramecon, Engineering System International GmbH (ESI), Eschborn, J. Kuhnert, Fraunhofer Institut 

für Techno- und Wirtschaftsmathematik, L. Mouchette, ESI France, Lyon; M. Perrin, Engineering 

System International GmbH (ESI) 

 

Low Embodied Energy Materials – A Contribution to Energy Efficiency  

in the Production of Insulation Materials          584 

K. Hariri, MPA Universität Stuttgart 

 

Impact of Energy Efficient Retrofitting on the Indoor Environment of Buildings     598 

J. Frick, MPA Universität Stuttgart 

 



 

 

 

Fukushima – A Challenge for Nuclear Research  
Dipl. Ing. Uwe Stoll, Dr. Ludger Mohrbach (1) 

(1) AREVA NP GmbH / VGB PowerTech e.V. 

38th MPA-Seminar 
October 1 and 2, 2012 in Stuttgart 

 
 

 

 

 

Abstract 

In the wake of a sub-marine earthquake near the Pacific coast of north-east Japan on March 

11, 2011, the Fukushima Daiichi site was hit by a beyond-design tsunami. With a height of 

approximately 14 meters, it caused the loss of any cooling capacities in units 1 to 4. De-

creasing coolant levels in the reactor pressure vessels led to core melts. Seawater and, later, 

fresh water injections stopped these processes. Due to an accumulation of hydrogen, pro-

duced by the overheated fuel pin cladding reacting with steam, explosions took place on the 

service floors, damaging the reactor buildings and leading to contamination of the environ-

ment. 

This presentation will give a short overview of the accident progression and the current sta-

tus on site and around the plant. Also the next steps to recovery and an outlook on future 

activities in the following years will be given. 

Consequences in Germany as well as possible fields of new R&D developments as an out-

come of the lessons learned will be presented. 

 

1 Introduction / Motivation 

The severe accident in the Japanese nuclear power plant Fukushima Daiichi on March 11, 

2011 in the aftermath of a tsunami has had far-reaching consequences for the nuclear indus-

try and thus for the operators andmanufacturers of nuclear power plants. All over the world 

questions are now arising concerning the safety of nuclear power plants. It shall be dis-
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cussed which lessons can be learnt from the events in Fukushima to make nuclear power 

stations even safer. Although it is true that the reactor units in question belong to the oldest 

generation of nuclear power plants built in Japan, they are in principle comparable to all other 

reactors worldwide.  

Even though the affected reactor units in Japan were not built by AREVA, the group feels 

committed more than ever to further enhance the safety of nuclear power plants. The AREVA 

Safety Alliance program has recently been launched in this context. This catalog of mea-

sures comprises a wide variety of products and solutions that allow nuclear power plant op-

erators to make their plants fit for new requirements during operation and to also maintain 

this level of safety in the future. 

The operators have performed comprehensive safety checks to prove that their plants ad-

here to all regulations, and they have evaluated their plant’s robustness for all beyond-design 

hazards. 

As far as the results have now become available, all plants outside of Japan have passed 

these checks, showing that Fukushima Daiichi and some other Japanese sites had been the 

only ones with comparable design deficiencies.  
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2 Full Description  

 

Sequence of Events 

Units 1 to 3 of the nuclear power plant Fukushima Daiichi, which had been running when the 

earthquake occurred, shut down successfully; the safety systems worked in spite of the be-

yond-design earthquake. It was only after the 14-meter-high tsunami (a height for which the 

power plant was not designed) hit the plant approximately 45 minutes later that the cooling 

chains were destroyed, disabling the emergency power supply systems (Figure 1). Conse-

quently the core cooling capabilities were lost. Zirconium-water reaction led to the release of 

hydrogen which resulted in explosions. Furthermore, core melts occurred in three reactor 

units. 

 

Results and Recommendations of the IAEA 

The International Atomic Energy Agency (IAEA) organized a process of Lessons Learned 

from the events in Fukushima. The agency has thus given far-reaching recommendations 

intended to further improve nuclear safety on a global scale. 

- Protection against all kinds of natural disasters 

Figure 1: Effects of the tsunami in the nuclear power plant Fukushima Daiichi 
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The tsunami risk was underestimated for several nuclear power plant sites in Japan. Authori-

ties, plant manufacturers and operators should therefore adequately evaluate the risk of all 

natural disasters and implement appropriate risk prevention measures. These evaluations as 

well as the evaluation methodology should be reviewed and reconsidered regularly in the 

face of new information and experiences and an improved understanding. Safety authorities 

should adequately account for extreme natural disasters in their requirements and regularly 

review these requirements. 

- Safety concept 

A staggered safety concept including spatial separation, diversity and redundancy should be 

implemented for extreme events, particularly where there is a risk of collective failure of safe-

ty facilities. 

- Autonomy of authorities 

The autonomy of the authorities and the distribution of roles should in all cases satisfy the 

IAEA standards. 

- Multiple external impact 

Multiple external impacts that occur for a prolonged period of time should be adequately con-

sidered during design, operation and planning of emergency measures. 

- Emergency Response Center 

The accident in Japan has highlighted the importance of a protected emergency response 

center on or near the power plant site. This center should be equipped with reliable commu-

nication features, displays of essential plant parameters and the possibility to operate essen-

tial systems. Furthermore, sufficient maintenance resources should be stored there. Such 

centers should be provided at all nuclear plants. Moreover, simple and robust devices should 

be available which allow the basic safety functions to be restored in the shortest possible 

time. 

- Hydrogen  

The risks of hydrogen formation should be investigated in detail and the necessary steps to 

reduce it should be taken. 

- Preparedness for emergencies  
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Emergency preparedness, especially in the early phase of an accident, should be designed 

and be appropriate for severe accidents. 

The IAEA furthermore calls upon the nuclear community to "... take advantage of the unique 

opportunity created by the Fukushima accident to seek to learn and improve worldwide nu-

clear safety.” 

 

Reactions to the Accident in Germany and Around the World 

Although the German plants satisfied practically all major aspects of the IAEA requirements 

mentioned above, and the Reactor Safety Commission has confirmed this robustness in its 

statement from May 2011, and even though the life-span extension had been politically 

adopted in late 2010, the population has lost much confidence in the aftermath of the acci-

dent. This seemed to be reason enough for German politicians to opt for an unequaled nu-

clear phase-out program shortly after the events in Fukushima – to immediately shut down 

eight of the 17 plants and to phase out nuclear energy by 2022 (Figure 2). 

The German Reactor Safety Commission is now preparing additional new requirements for 

- the improvement of auxiliary cooling water supply, 

- improvements to cope with “station blackout” and “loss of onsite power” scenarios, 

- improvements in accident management processes. 

Switzerland plans to prohibit the construction of new nuclear power plants, but without limit-

ing the life-span of its five existing plants. In a referendum in June 2011, Italy has decided 

against the planned revival of nuclear energy.  
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China has suspended the authorization processes for several dozends of new builds tempo-

rarily, but without interrupting ongoing construction of 26 units. 

All other countries have abstained from anti-nuclear measures, in contrast, some have con-

tinued or even started new construction projects after Fukushima (USA, Russia, UK, Czech 

Republic, Finland, Lithuania, Korea, Brazil, Canada), some of them even as newcomers 

(Emirates, Vietnam, Turkey, Belarus). 

Germany was the only country in the world to shut down operating units, not even Japan has 

taken this step yet. 

Authorities in most other countries with nuclear power plants have until now introduced short-

term investigations and measures to provide more detailed analyses and stress tests and 

Figure 2: Germany’s reaction to the events in Fukushima 
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have imposed any potential requirements resulting thereof (Figure 3). In the long term, some 

countries are deliberating about whether to tighten the regulations or measures to strengthen 

the safety authorities. 

 

 

 

 

 

 

 

Consequences from a Plant Manufacturer's Perspective 

The accident in the nuclear power plant Fukushima Daiichi has raised questions for AREVA 

as well, such as: 

- Do design deficits exist for the existing plants? 

- Are design improvements for the new models necessary? 

- What is the remaining risk? 

It is certain that the design deficits encountered in Japan did not and do not exist in German 

nuclear power plants and that the German reactors possess an internationally renowned 

safety standard of conservative design and safety margins. This was also confirmed by the 

Reactor Safety Commission.  

German plants also offer the best protection worldwide against plane crashes in the context 

of terrorist attacks with a commercial aircraft as discussed in public, because the possibility 

of this event was taken into consideration early in the design process. All plants that are still 

in service in Germany are protected against the crash of a Phantom F-4 military plane; this 

layout provides also considerable protection against the (deliberate) crashing of a commer-

cial aircraft. Since the terrorist attacks on September 11, 2001 in the US, the supposed crash 

of a large commercial aircraft has been considered extensively in new constructions. 

Figure 3: Three Types of Measures from Safety Authorities Worldwide 
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AREVA has started its “Safety Alliance” program parallel to the IAEA requirements and the 

measures introduced by authorities. AREVA thus offers a comprehensive concept for safety 

inspections and for retrofitting measures, where necessary, with the aim to improve plant 

safety and meet stricter requirements imposed by authorities. 

 

Safety Alliance Program 

The three-part concept (Figure 4) consists of a safety analysis of the plant design in light of 

(natural) impacts from outside and from within the plant. The main focus is to protect the 

safety installations, for example through separation of redundancies and "bunkering" of safe-

ty equipment like diesels, so that external and internal impacts do not result in the simultane-

ous failing of multiple or all redundant sections of the safety systems. 

 

 

 

 

 

 

 

 

 

In the event of a (natural) disaster, the functioning of the cooling chain and of the (emergen-

cy) power supply is crucial. AREVA also offers the upgrade measures required for this pur-

pose. 

In a third stage, it is crucial to prevent radioactive material from escaping into the environ-

ment in the event of a severe accident. 

 

Figure 4: AREVA “Safety Alliance” Program for Nuclear Power Plants in Service 
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Goal: Robustness of the Safety Concept 

The term "robustness" as discussed by the German Reactor Safety Commission in its state-

ment on the safety inspection of the German nuclear power plants in the aftermath of the 

Fukushima events is crucial in this context. Robustness in this sense encompasses the fol-

lowing aspects in particular: 

- The safety design of the system should basically be "solid" enough to cope with 

events that have a potentially relevant impact on the environment (events with an oc-

currence probability of more than 10-4 to 10-5 per plant operating year). 

- For even less probable ("beyond-design") events, so-called cliff edge effects should 

be avoided or at least be far away from the design limit. This means that if the values 

on which the design is based (such as flood height or seismic intensity) are exceeded 

to a certain degree, the damages in the plant do in effect increase somewhat, but do 

not suddenly increase effects on the environment. A sudden increase in the effects 

can usually be avoided by making use of design tolerances, or by applying anticipat-

ed emergency actions.  

On the whole, a robust safety concept is achieved with an underlying solid design and 

measures to avoid cliff edge effects. Due to the consistent separation of redundancies and 

"bunkering" of the individual redundant sections of the safety system, a considerable robust-

ness of the safety concept is ensured for the nuclear power plants in service in Germany. 

Against the background of the discussion following the statement of the Reactor Safety 

Commission after Fukushima it is still being investigated whether and where the robustness 

can be further increased, for example by providing additional options that can be used to 

secure the power supply for the plants. 

This consistent protection of the redundant sections of safety systems against external and 

internal impacts (Figure 5) is only partially implemented in several older plants in the rest of 

the world. This is where AREVA can offer a targeted development of plant-specific concepts 

to increase the robustness based on the available experience with the construction and the 

improvement of nuclear power plants. Examples include  

- the installation of doors that withstand flood water pressure, e.g. also to separate re-

dundancies, 

- the implementation of emergency power supply concepts with diverse features and 

special protection against external impacts,  
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Figure 5: Redundancy separation in German Konvoi plants 

Figure 6: Hydrogen Recombiner 

- the installation of passive hydrogen recombiners that require no power supply (Figure 

6) to prevent hydrogen explosions, 

- the installation of facilities that protect the containment against overpressure using a 

filtered pressure relief system (Figure 7). 
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 Figure 8: EPRTM reactor: One section of the safety systems respectively is 
accommodated in each of the 4 safety buildings 

 

 

 

 

 

 

 

 

 

 

New Plants: Accidents will not have Environmental Consequences 

The EPR™ units presently under construction in Finland, France and China and the KERE-

NA and ATMEA1 reactor models developed or co-developed by AREVA are of the lat-est 

generation III+. All models feature redundant, diverse and partially complementary (active 

and passive) systems to prevent and cope with accidents (Figure 8). Should further acci-

dents occur in spite of this, the individual plants' design ensures that the impact remains lim-

ited to the plant even in the event of a severe accident. 

 

 

 

 

 

 

Figure 7: The Containment Venting System 
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Example: Safety Concept of the Diesel Generators of EPRTM Plants 

The diesel generators and the fuel tanks are accommodated in bunkered, explosion-proof, 

sealed and secured buildings. These are installed in separate locations and accommodate 

both the emergency power and the station blackout diesels. 

 

Research and Development Needs 

Despite of the above mentioned conclusions, the requirements for further R&D work are 

identified: 

- The methods to calculate  tsunami heights and frequencies clearly will have to be im-

proved (probabilistic approaches…). 

- The three core melt accidents in Fukushima Daiichi can be used to validate computer 

codes for severe accident progression. The codes for calculating the radioactive re-

leases can also be benchmarked by using the data from Fukushima. 

- Hydrogen from the inertized primary containments was released amongst others 

gases, probably through different containment penetrations (silicon head seals). New 

types of penetration seals which can withstand higher temperatures and pressure for 

a longer period of time might be developed. 

- The reliability of severe accident instrumentation (including DC power supply under 

harsh environment requirements) has to be improved. 

- The understanding of new potential material effects (e.g. the interaction of fuel clad-

ding with seawater, nitrogen influence on cladding oxidation) could be improved. 

- Behaviour of fuel in spent fuel pools under loss-of-coolant conditions. 

- Potential for spent fuel pool “siphoning”. 

- Development of technologies to cool, inspect an dispose of molten material (“cori-

um”). 

- On a non-technical field of R&D the organizational factors in the emergency man-

agement should be optimized. 
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3 Summar y and Conclusion 

The findings so far suggest that the insufficient design of the reactor units to withstand tsu-

namis was responsible for the accident that occurred in the Japanese nuclear power plant 

Fukushima Daiichi. Thus the accident does not fall into the category of residual risk; rather it 

was due to the fact that the basic design for a special external impact was insufficient in this 

case. As a consequence the design and the safety of nuclear power plants could be re-

viewed with respect to the individual improvement potential. This requires the corresponding 

expertise and the close cooperation of an experienced plant manufacturer, plant operators 

and authorities. 

The reactor manufacturer AREVA has the understanding to comply with the highest safety 

standards and to further develop these standards. Within the scope of the Safety Alliance 

program, the company offers operators of nuclear power plants a comprehensive range of 

engineering services and products to perform safety analyses and implement improvement 

measures. The increasing demand for concepts and products that enhance the robustness of 

safety concepts in plants worldwide, not only from Japan but also from numerous other coun-

tries, can thus be served. The group's extensive experience in this domain is particularly ad-

vantageous in this context. New reactors are designed, licensed and constructed according 

to the highest safety requirements.  

In addition new R&D needs were identified as a result of the analysis of the Fukushima 

Daiichi accident. 

Despite of the special situation in Germany, the use of nuclear energy on a global scale con-

tinues to provide significant advantages in terms of reliability, economy and environmental 

compatibility. 
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Abstract 
Following the severe accidents which started in the Fukushima Dai-ichi NPP on 11 March 
2011, the European Council requested that a comprehensive safety and risk assessment, in 
light of preliminary lessons learned, be performed on all EU nuclear plants. Therefore, stress 
tests and peer review assessing natural initiating events, the loss of safety systems and 
severe accident management have been performed in the 15 European Union countries with 
nuclear power plants as well as Switzerland and Ukraine. 

The final peer review report of the European Nuclear Safety Regulators Group (ENSREG) 
highlights four main areas for improvement to be explored across Europe:  
1. Development by the Western European Nuclear Regulators’ Association (WENRA), with 

the contribution of the best available EU expertise, of a European guidance on 
assessment of natural hazards and margins; 

2. Importance of Periodic Safety Review to be underlined by ENSREG; 
3. Expeditious implementation of the recognised measures to protect containment integrity; 
4. Prevention of accidents resulting from natural hazards and limitation of their 

consequences. 

The peer review of the European stress tests was completed in April 2012. In their 
conclusive statement issued 26 April 2012, the national European regulators and the 
European Commission as European Nuclear Safety Regulators Group (ENSREG) required 
that follow-up would occur by way of an ENSREG action plan. Country specific action plans 
will be developed and peer review workshop will be organised to share lessons learned on 
the implementation of post-Fukushima safety improvements. 

1 Introduction / Motivation 
Following the severe accidents which started in the Fukushima Dai-ichi NPP on 11 March 
2011, the European Council of 24-25 March 2011 requested that a comprehensive safety 
and risk assessment, in light of preliminary lessons learned, be performed on all EU nuclear 
plants. The request of the Council included “stress tests” performed at national level 
complemented by a European peer review. This was the first time that such a multilateral 
exercise covering over 140 reactors in all EU countries operating nuclear power plants was 
considered. The Council invited the national European regulators and the European 
Commission as European Nuclear Safety Regulators Group (ENSREG) to develop the scope 
and modalities for the stress tests with the support of the Western European Nuclear 
Regulators’ Association (WENRA). WENRA drafted the preliminary stress tests 
specifications in April [1]. Consensus on these specifications was achieved by ENSREG and 
the European Commission on 24 May 2011 [2]. The Commission and ENSREG agreed that 
the work on the stress tests should be carried along two parallel tracks; a safety track to 
assess how nuclear installations can withstand the consequences of various extreme 
external events and a security track to analyse security threats and incidents due to 
malevolent or terrorist acts. The work on security was carried out by an Ad hoc Group on 
Nuclear Security composed of Member States experts. The present manuscript deals 
exclusively with the safety track of the stress tests and peer review. The specifications of the 
peer review [3] as well as a working paper on the transparency aspects of the EU stress 
tests [4] were agreed upon at the 11 October 2011 ENSREG meeting. 

2 Full Description 
Stress tests and peer review organisation 
The safety track of the stress tests and peer review focused on three topics which were 
directly derived from the preliminary lessons learned from the Fukushima disaster and 
confirmed by the IAEA missions following the accident and reports from the Japanese 
Government. Natural hazards–including earthquake, tsunami and extreme weather–, the loss 
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of safety systems and severe accident management were the main topics for review. The 
stress tests and peer review assessed these topics in a three step process. The first step 
required the operators to perform an assessment and make proposals for safety 
improvements, following the ENSREG specifications. The second step was for the national 
regulators to perform an independent review of the operators’ assessments and issue 
requirements, whenever appropriate. The last step was a European peer review of the 
national reports submitted by regulators [5]. 

The objectives of the peer review were to assess the compliance of the stress tests with the 
ENSREG specifications, to check that no important problem has been overlooked and to 
identify strong features, weaknesses and relevant proposals to increase plant robustness in 
light of the preliminary lessons learned from the Fukushima disaster. 

The 15 European Union countries with nuclear power plants as well as Switzerland and 
Ukraine performed the stress tests and were subjected to the peer review. The peer review 
was managed by a Board that consisted of 7 senior regulators from EU countries and an EC 
senior manager. Each national regulator was invited to nominate one expert for each of the 
three topical areas. Most of the experts were experienced regulators. Knowledgeable 
scientists or consultants designated by regulators from nuclear and non nuclear European 
countries also participated. The European Commission also nominated experts. There were 
over 70 reviewers from 24 European countries participating in the peer review. 

The peer review itself started with a desktop review of the national reports. The review was 
structured by the 3 topics of the stress tests: natural hazards, loss of safety systems and 
severe accident management. Each of the 17 countries subjected to the peer review had to 
make a presentation to each of the three topical teams, to answer the written questions as 
well as additional questions asked during presentations. The findings of the review were 
shared between the 3 teams at the end of the process. Finally, the results of the review were 
grouped country by country in order to produce draft country reports. 

Then, a series of country reviews began. Each country subjected to the peer review was 
visited by a team of eight peer reviewers for three or four days. Complementary discussions 
were held in order to obtain appropriate answers to the questions left open after the topical 
review as well as clarification on important issues. A plant selected by the review team was 
also visited in each country. The reports drafted during the topical reviews were completed 
using additional information obtained during the visits. The 17 country reports were used by 
the peer review Board to refine the preliminary conclusions drawn from the topical reviews 
and to write the final peer review report of ENSREG [6]. 

Transparency and an opportunity for public involvement have been objectives of the peer 
review from the beginning. The public input has improved the stress test peer review 
process. Comments received in the public meeting influenced the structure of the final report. 
 
Main results of the peer review 
The peer review concluded that all countries have taken significant steps to improve the 
safety of their plants, with varying degrees of practical implementation. In spite of differences 
in the national approaches and degree of implementation, the peer review showed an overall 
consistency across Europe in the identification of strong features, weaknesses and possible 
ways to increase plant robustness in light of the preliminary lessons learned from the 
Fukushima disaster. As a result of the stress tests, significant measures to increase 
robustness of plants have already been decided or are considered. Such measures include 
provisions of additional mobile equipment to prevent or mitigate severe accidents, installation 
of hardened fixed equipment, and the improvement of severe accident management, 
together with appropriate staff training measures. In many cases, important modifications are 
being prepared for the near future. The peer review also identified four main areas of 
improvement to be considered at the European level. 
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European guidance on assessment of natural hazards and margins 
Overall, the compliance of installations with their design basis for earthquake and flooding 
was good. However there was a lack of consistency identified with respect to natural hazards 
assessment where significant differences exist in national approaches and where difficulties 
were encountered with beyond design margins and cliff-edge effects assessments. 
Therefore, the peer review Board recommended that WENRA, involving the best available 
expertise from Europe, develop guidance on natural hazards assessments, including 
earthquake, flooding and extreme weather conditions, as well as corresponding guidance on 
the assessment of margins beyond the design basis and cliff-edge effects. 
 
Periodic Safety Review 
The peer review demonstrated the positive contribution of periodic safety reviews as an 
efficient tool to maintain and improve the safety and robustness of plants. In the context of 
the peer review, this finding was especially relevant for the protection of installations against 
natural hazards. Therefore, the peer review Board recommended that ENSREG underline 
the importance of periodic safety review. In particular, ENSREG should highlight the 
necessity to re-evaluate natural hazards and relevant plant provisions as often as 
appropriate but at least every 10 years. 
 
Containment integrity 
The Fukushima disaster highlighted once again the importance of the containment function, 
which is critical, as the last barrier to protect the people and the environment against 
radioactive releases resulting from a nuclear accident. This issue was already extensively 
considered, as a follow-up of previous accidents, and possible improvements were identified. 
Their expeditious implementation appeared to be a crucial issue in light of Fukushima 
accident. Therefore, urgent implementation of the recognised measures to protect 
containment integrity is a finding of the peer review that national regulators should consider. 
The measures to be taken can vary depending on the design of the plants. For water cooled 
reactors, they include equipment, procedures and accident management guidelines to: 
– depressurize the primary circuit in order to prevent high-pressure core melt; 
– prevent hydrogen explosions; 
– prevent containment overpressure. 
 
Prevention of acci dents res ulting fro m natural  hazards and lim iting thei r 
consequences 
The Fukushima disaster has also shown that defence-in-depth should be strengthened by 
taking into account severe accidents resulting from extreme natural hazards exceeding the 
levels taken into account by the design basis and current safety requirements applicable to 
the plants. Such situations can result in devastation and isolation of the site, an event of long 
duration, unavailability of numerous safety systems, simultaneous accidents of several plants 
including their spent fuel pools, and the presence of radioactive releases. Therefore, 
necessary implementation of measures allowing prevention of accidents and limitation of 
their consequences in case of extreme natural hazards is a finding of the peer review that 
national regulators should consider. 

Typical measures which can be considered are bunkered equipment to prevent and manage 
severe accident including instrumentation and communication means, mobile equipment 
protected against extreme natural hazards, emergency response centres protected against 
extreme natural hazards and contamination, rescue teams and equipment rapidly available 
to support local operators in long duration events. 

3 Summary and conclusion 
The peer review Board recognised that full understanding of the Fukushima accident will be 
a long-term process extending over several years, possibly a decade. The peer review has 
demonstrated the benefit of sharing between national regulators the results of the stress 
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tests and ideas for strengthening safety and robustness of plants. In the spirit of continuous 
improvement for safety, the peer review Board considered that a follow-up of the actions 
resulting from the present stress tests as well as future assessments would be beneficial. 

One of the important results of the public interaction is a strong demand for a European 
initiative on off-site emergency preparedness. This subject was not part of the mandate of 
the peer review. However, the Board recognised importance of off-site emergency 
preparedness in Europe, as a followup of the Fukushima disaster. 

The peer review of the European stress tests was completed in April 2012. In their 
conclusive statement issued 26 April 2012, the national European regulators and the 
European Commission as European Nuclear Safety Regulators Group (ENSREG) required 
that follow-up would occur by way of an ENSREG action plan. Country specific action plans 
will be developed and peer review workshop will be organised to share lessons learned on 
the implementation of post-Fukushima safety improvements. Fact-finding follow-up site visits 
will also be organised in order to better prepare for the peer review workshop. The post 
Fukushima actions will be carried out with full transparency. The outcomes of the peer review 
workshop will be presented to the public in the next ENSREG conference and the country-
specific plans will also be publicly available. 

Finally, it should be mentioned that performing such a peer review was a challenge and 
required very significant resources from the participating countries. In that sense, it should be 
considered as an exceptional exercise, which cannot be reproduced frequently. 
Notwithstanding, it was judged very positively by most of the participants and is expected to 
contribute to enhancing safety in Europe and in each European country. 
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Abstract 
Strikes of unanticipated enormous earthquake and subsequent tsunami brought unbelievable 
disaster in eastern Japan on March 11, 2012.  In particular, collapse of cooling system of 
TEPCO`s Fukushima atomic power stations resulted in IAEA-defined level7 accident 
including heavy radiation, hydrogen explosion –induced collapse of the building of power 
station No.2 and No.4  and melt through of nuclear pressure vessel No1.3.4  At an initial 
stage of the disaster, nobody knew precisely what happened at the power stations. 
According to the recent report of the national investigation committee, precise reason of the 
collapse of the cooling system whether it was induced by the strike of huge earthquake or 
tsunami is still unclear. Due to poor risk management of the government and TEPCO and 
closure of the precise disaster information, people became suspicious and nervous about the 
atomic power station. Fifty four atomic power stations have been constructed for these forty 
years in Japan. On last May 04, all the atomic power stations were shut down due to periodic 
inspection. However, restart of them became hot discussion.  Although atomic power station 
was regarded as a powerful tool to reduce carbon dioxide several years ago, this situation 
after March 11 completely changed. In many countries which possess atomic power station, 
making a road map to develop recyclable energy is a burning issue. It should be noted that 
German spent about thirty years to declare atomic energy free society. 

Finally necessity of succession of technology of utilizing atomic power is emphasized. 
Politics on depending atomic power differs in each country. Therefore, study from Fukushima 
disaster should be widely used to prevent from unexpected accident of atomic power station. 

1 Introduct ion 
When the present author came to MPA, Stuttgart University, as a Humboldt scholarship 
holder, in 1979, FKS(Forschungsvorhaben Kernkraftwerksicherheit, Research project on the 
Safety of Atomic Power Station) Program, especially, a systematic study of strength 
evaluation of a thick rolled steel plate 20MnMoNi55(A508Cl3) for pressure vessel use for 
atomic reactor, was running. It was just after Three Mile Island accident in USA on March 28, 
1979. At that time, there arose a strong citizen movement against atomic power, originated in 
Gorleben against construction of high-level radioactive waste repository in northern 
Germany, which resulted in birth of new political party, Green Party. On the entrance door to 
MPA, a sticker “Steinzeit nein Danke!, Stone Age, No thanks!”,  was put. At that time, 
studying renewable energy, for example, heat pump, was one of hot research topics all over 
Germany. It has passed three decades since then. Meanwhile, researches of renewable 
natural energy such as solar energy, wind energy, biomass, and so on, have been strongly 
promoted. At last, German government decided, after Fukushima disaster, that all the 
operating atomic power stations will be abolished by 2022. 

The purpose of the present paper is to discuss the future first energy supply in Japan. To 
make discussing point clearly comparison of the energy supply between Japan and Germany 
is done. 

2 Change of the primary energy supply after 1945 
Just after the end of the World War II, Japanese economy was completely broken. The 
Korean War in 1951 suddenly brought a special demand and revitalized Japanese 
production economy and recovered industrial production activity to the state just before the 
war by the end of 1950`s. The taking off for the higher growth rate of economy at the 
beginning of 1960`s induced gradual change of the primary energy supply from coal to oil 
and finished complete switching of the main energy source at the end of 1960`s. Parallel to 
this, introduction of atomic power energy was promoted to meet the expanding demand and 
stable supply of electricity due to quick industrialization in 1960`s.   
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Twice attack of oil crisis in 1970`s accelerated the change of stable primary energy supply 
system and increased dependency of atomic power. At that time, three national laws for 
promoting construction of atomic power station on completely country side were established. 
The low cost energy supply by atomic power seemed to contribute economic prosperity. This 
situation lasted until the Plaza Accord in New York in 1985. After 1985, soaring of yen and 
newly joining of China to the world market in 1993 promoted the transfer of manufacturing to 
neighboring countries. At the same time, so-called IT innovation changed the major human 
activity from factory-making to office work. As the results, factory-making production activity 
in developed countries was gradually transferred to developing countries of lower wage. 

Quick globalization after the collapse of Berlin Wall in 1989 contributed to elevate the living 
standard of the developing countries. However, increase of the energy use of average 
people brought global warming. This phenomenon was suggested to be caused by the 
greenhouse gas. Therefore, reduction of carbon dioxide emission efficient to mitigate global 
warming was accorded in Kyoto in 1997, referred to as Kyoto Protocol, COP3) At that time, it 
was thought that the atomic power station without carbon dioxide emission contributes to 
mitigate the greenhouse gas warming. The speech by previous Prime Minister Yukio 
Hatoyama at UN in 2009 that Japan will contribute to reduce carbon dioxide emission by an 
amount of 25% by 2020, comparing with that of 1990, intended to stimulate the development 
of new innovative technology in renewal energy field. It is, however, to be noted that the 
electricity supply will, for the time being, not change drastically. The electricity power supply 
by atomic power station was 23.8% in 2010 in Japan. It is suspicious whether the complete 
switching of electricity supply from atomic energy to renewal natural energy by 2030 is 
possible. It is because a percentage of energy supply by renewal energy to total energy 
supply in 2010 was less than 2%. 

After oil crisis in 1970`s, it has long been believed that the construction of atomic power 
stations greatly contributes to establish a strategy of basic electricity supply system. That is, 
atomic power stations work as a non-fluctuating basic load and a fossil-fuel power stations by 
coal, oil, natural gas, and so on, compensates the fluctuating load day by day and in season. 
Therefore, the change of supply system in future should also be considered.   

However, this understanding for atomic power station completely changed after Fukushima 
disaster. Anti-atomic power movement arose among people and became harder and harder 
day by day. The government is in current under investigation of atomic power dependency of 
electricity supply in 2030 by means of DP（deliberative poll. That is, atomic power 
dependency should be different three level of 0%, 15%, 25-30%. The result reported on 
August 23 that about 50% of the poll stands for complete abolishment of atomic power 
stations by 2030. Needless to say, this result should be taken into account in decision 
making of the policy. However, it is also to be noted that that investigation was done only by 
paying attention to a single issue of atomic power dependency of total electricity generation 
in 2030. That means, no information of technological and scientific points of view was given.  
The policy of abolishing atomic power stations and switching to renewable natural energy 
seems to follow the policy in Germany done for past three decades. The fact that German 
took thirty years to realize the present state, should also be taken in account. In addition, the 
related conditions such as geographical features, weather, politics, economy, and so on, are 
different in both countries. 

 

3 Electricity supply by the use of renewable natural energy 
There are many ways to use renewable natural energy such as wind power, photovoltaic, 
wave power farm, tidal power, OTEC (Ocean Thermal Energy Conversion), sea stream and 
geothermal energy. Biomass and biofuel are also renewable energy. To discuss the main 
portion of renewable energy attention is paid only to photovoltaic and wind power. 
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After oil crisis at the beginning of 1970`s, concentrated efforts to develop photovoltaic power 
generation has been done, in a sense of as a leader of the world until the beginning of 
2000`s. However, this new technology has not prevailed all over Japan, mainly because of 
the poor policy. On the contrary to Japan, German succeeded in prevailing photovoltaic 
power generation system in a short time. In 2000, the feed-in tariff (FIT) was adopted to 
spread photovoltaic power generation system to general consumer and company, which 
resulted in sharp growth of this system. However, keeping FIT system forced general 
electricity consumer to pay more financial support. As the result, this FIT system showed 
ironical aspect. In spite of maximum 22GW photovoltaic power generation on May 25, 26, 
2012, this FIT system was forced to lower the tariff. Obviously this tariff reduction quickly 
makes solar panel companies bankruptcy.  

On the contrary, the situation of the use of renewable natural energy is rather different in 
Japan from that in Germany. Although two factors that Japanese electric company first 
succeeded in developing solar cell for photovoltaic in 1960-1970 and that the oil crisis  
suddenly  attacked two times in 1970`s, were advantageous for spreading of that system, 
highly expensive facility and poor policy spoiled the prevail of the system. Quite recently, 
after Fukushima disaster, the photovoltaic power generation quickly became a burning issue 
as a most promising renewable natural energy. What is now going in Japan seems to follow 
what was has been done for past ten years in Germany. 

Regarding to wind power, the electricity generation by wind turbine continuously increased 
during past two decades. Total electricity actually generated by wind power corresponds to 
about one third of the total energy produced by renewable natural energy supply and to 
about one fourth of that of atomic power supply in 2010. In general, the land is almost flat 
everywhere in Germany. Additionally hard wind preferable to electricity generation is 
expected in northern Germany. Especially in five states, Niedersachsen, Berlin-Brandenburg, 
Sachsen-Anhalt,Schlewig-Holstein,Nordrhein-Westfalen, about 80% of total supply capacity 
of 27.2GWatt was constructed in these area. 

Reversely in Japan, about 80% of land is covered by mountain range and wind power 
generation in flat area is difficult due to densely populated district. Furthermore, electricity 
generation in Hokkaido, far from consumer in Tokyo area, needs expensive power 
transmission. Therefore, construction of wind power supply slowly increased.      

The total capacity of wind power electricity generation is in current only about 2GWatt. Due 
to handicap of narrow land preferable to wind farm and public noise problem, the government 
is now planning to construct offshore wind farm with a capacity of 0.8GWatt by 2030.  
Although the offshore type wind power supply apparently seems recommendable, because 
the land is completely surrounded by sea, natural disasters such as typhoon, tsunami, rough 
seas, should be taken into account. 

From the above discussion, the conditions of utilizing wind power between Japan and 
Germany are considerably different. Then, this difference should be considered in making 
future policy of renewable natural energy. 

4 Succession of atom technology  
Before accident of Fukushima atomic power stations, world-known fabricators of atomic 
power stations had already been reconstructed and become more large scale companies. 
The Fukushima accident made general citizen consider that the electricity generation by the 
use of atomic power is very dangerous. The anti-atomic power movement became in fashion 
and required quick switching from atomic power to renewable natural energy at many places 
all over the world. At the time being, attitudes for and against future use of atomic power 
stations are different depending on the countries. This means that it is almost impossible to 
completely exclude or abolish atomic power stations from the earth. Therefore, all the 
knowledge studied from the accidents of Three Mile Island on March 28,1979, Chernobyl on 
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April 26,1986 and Fukushima on March 11, 2012 should be succeeded  to the next 
generation to prevent from repeating same kind of failure. What was discussed after 
Fukushima disaster is mainly concerned with the responsibility for this disaster and anti-
atomic power movement. Both governmental and non-governmental investigation 
committees on the Accident of the Fukushima Nuclear Power Stations of TEPCO warned 
that the unexpected accident may possibly happen in case of atomic power station 
(improbable est possible) and the countermeasure for such case should be taken into 
account in designing.)  The unexpected accident of melt through of the pressure vessel for 
atomic reactor use of the power station No.2,4 was the first experience in the world. The loss 
of all the electricity supply for cooling was unanticipated phenomenon and the engineers and 
worker, in spite of the presence of manual, didn`t necessarily know how to operate the 
pressure vessel at emergency. 

On May 4, 2012, all of 54 atomic power stations were shut down for periodic inspection. The 
government asked each electric power supply company to do stress test with higher safety 
level. Some stations were allowed to restart the power station for a while due to the shortage 
of electricity power supply this summer. Except them, other stations are still in rest. Switching 
of electricity generation from atomic power to fossil-fuel power raises electricity tariff. At this 
moment, it is to be said in Japan that energy supply system free from atomic power needs 
further discussion. In particular, experts should state their opinion understandable to general 
citizen. The energy policy is closely related to world-scale economic activity of Japan in 
future 

5 Conclusions  
The disaster of TEPCO Fukushima atomic power stations happened beyond expectations 
showed many lessons to be studied. Suppose once such accident occurs and wide spread of 
radiation, the design of the atomic power station should be done to overcome the 
unexpected natural disaster and human errors. In addition, cool discussion, independent of 
emotion, is needed in determining future energy policy. Especially overestimated expectation 
of renewable natural energy of photovoltaic power and wind power should carefully be 
checked by considering that the renewable natural energy currently occupies only 1-2% of 
total energy supply and almost unlikely become one of main energy supply, instead of atomic 
power energy supply. As the difference of energy policy in each country makes it impossible 
completely exclude the atomic power supply from the earth, the atomic power supply 
technology and related technology should not be denied, but positively succeeded to the next 
generation.  

Furthermore, new findings of some kinds of fossil fuel such as shell gas and methane 
hydrate may lower the electricity generation cost and mitigate the atomic power dependency. 
However, even if new types of fossil fuel were found, greenhouse gas problem would be 
difficult to be solved. Finally it is to be noted that future energy policy should be made by 
considering every related factor.  
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Abstract 
On 11 March 2011, the Tohoku earthquake and the subsequent tsunami hit the Japanese 
east coast, causing more than 15,000 fatalities. To this date, 3,000 people are still missing. 
The Fukushima Dai-ichi NPP was the nuclear installation that was most affected by the 
tsunami. The earthquake cut off the NPP from the national grid. About 45 minutes later, the 
tsunami flooded units 1-4 and led to core meltdown events with large releases for units 1, 2 
and 3. Unit 4 had been in refuelling outage at that time and lost the cooling of the spent fuel 
pool for several days. Considerable hydrogen explosions occurred in units 1, 3 and 4.  

Shortly after the accident, TEPCO started to mitigate the consequences of the accident by 
providing external cooling to the reactors and by removing the radioactive debris from the 
site. Great emphasis was laid on effective radiation protection measures for the clean-up 
workers. Thus, up to now there has been no fatality due to the radiation caused by the 
Fukushima accident. 

The main steps of the accident sequences are described, taking into account the latest 
findings of investigations performed by TEPCO or on behalf of the regulatory body. The 
presentation focuses on the description of the status of the Fukushima Dai-ichi nuclear 
power plant and the future steps for cleaning-up the site. In the presentation, the major 
phases of the roadmap that TEPCO has developed for the clean-up are highlighted. The 
risks associated with the current plant status and the clean-up phases are described.  
Abstract the content of the manuscript in a few lines.  

1 Course of events 
The descriptions correspond for the most part to those contained in the GRS reports "The 
accident at Fukushima – Interim report on the processes in the nuclear power plants 
following the earthquake on 11 March 2011 (GRS 293)" [1] and "Fukushima Daiichi, 11 
March 2011 (GRS-S-51)" [2].  

On 11 March 2011 at 14:46 h, an earthquake with its epicentre in the Pacific Ocean occurred 
near the coast of the Japanese region of Tohoku. Due to this earthquake, the external 
electricity supply of all units at the Fukushima Dai-ichi power plant site was lost. This led to 
reactor scram in units 1-3, which were in power operation. Units 4-6 were in refuelling 
outage, with the reactor core of unit 4 having been fully unloaded and placed in the spent fuel 
pool; the other units will not be dealt with any further in this paper. From the information 
available, there are no indications of any significant damage of safety systems that were 
directly caused by the earthquake [3]. Until the arrival of the tsunami at the power plant site, 
the electricity supply had been ensured in all units via emergency diesel generators, as had 
been residual-heat removal from the reactor cores and the spent fuel pools.  

At around 15:27 h, the first waves of the tsunami reached the power plant site. As a result, 
the auxiliary service water systems of the unit were flooded and damaged. At 15:37 h, the 
flooding of the turbine building of unit 1 by the tsunami waves began. At 15:41 h, about an 
hour after the earthquake, the emergency diesels failed due to the flooding of the plant 
grounds by the tsunami. In addition, the battery supply of the unit failed due to the flooding of 
the turbine building. Also, the operational as well as the emergency-power high-voltage and 
low-voltage busbars of the unit were damaged by the entering water. As a result, any 
monitoring of plant parameters such as the RPV water level was initially no longer possible. 

Due to the flooding of the plant grounds by the beyond-design tsunami, the emergency 
power and auxiliary service water supply systems of units 1-4 failed completely. The 
emergency measures taken were not sufficient to prevent the reactor cores of units 1-3, 
which were in operation at the time of the earthquake, from getting damaged. It can be 
assumed that the cores of units 1-3 melted at least in part and also that they are no longer 
fully contained inside the reactor pressure vessel. [1] 
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Fig. 1: Overview of the flooding of the Fukushima Dai-ichi site (Source TEPCO) 

 

Fig. 2: Causes of the failures in unit 1 (Source TEPCO) [4] 

In the first three units, there was a beyond-design-basis pressure increase in the 
containment, and hydrogen formed as a result of the core damage. It can be assumed that 
the containments of units 1-3 were damaged during the event sequence. In these three units, 
unfiltered containment venting into the environment was initiated. In units 1, 3 and 4, 
hydrogen explosions occurred in the upper areas of the reactor buildings, massively 
damaging the latter as a result. The assumed cause of the explosion in unit 4 on 15 March 
2011 was an entry of hydrogen from unit 3 via the common exhaust air connection on the 
vent stack during the containment venting processes in unit 3. 

The cooling of the spent fuel pools of units 1-4 had been lost with the failure of the 
emergency diesels. Later on, a nuclide analysis of the spent fuel pool water of unit 4 showed 
that the fuel elements in the spent fuel pool of unit 4 remained largely undamaged. 
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2 Radiological situation at the Fukushima Dai-ichi site 
The available local dose rate (LDR) measuring data from the plant grounds were gathered 
and regularly published by the plant operator. 

According to TEPCO, automatic measurements at the measuring stations provided within the 
grounds of the plant were no longer possible after the loss of offsite power on 11 March 
2011. These only became available again following the re-establishment of the electricity 
supply, which was achieved on 25 March 2011. As a substitute, the operator used mobile 
measuring stations, which changed position several times during the course of the events. 
Consequently, there are no complete measuring series available for any of the measuring 
points. 

 

Fig. 3: measured dose rates within the grounds of the plant [5] 

On 30 November 2011, detailed results of analyses of the assumed condition and the 
dislocation of the fuel in units 1-3 of the Fukushima Dai-ichi NPP were published. The 
analyses were based among other things on temperature and coolant inventory data. 
According to TEPCO, the analysis in unit 1 suggests that in the most unfavourable case, all 
fuel elements have melted. The fuel melted through the reactor pressure vessel and reached 
the floor below the reactor, which is still inside the containment. The floor is made of 
concrete, which was originally covered by a steel plate. Underneath the concrete is the 
pressure-tight steel shell that represents the containment. So far, the melted fuel is said to 
have penetrated through the first steel plate into up to 65 cm into the concrete. The minimum 
distance to the steel shell of the containment is said to be 37 cm. 
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Fig. 4: Calculated core meltdown process at Fukushima Dai-ichi, unit 1 (Source TEPCO) 

Two clearly distinguished accident phases can be seen from the local dose rate distribution. 
In the first phase from 11 until about 27 March 2011, several individual peaks are visible that 
were attributed to individual events. Here, there were local dose rate peaks of up to 12,000 
µSv/h. The subsequent phase is marked by a stabilisation of the LDR distributions, now 
mainly dominated by gradually decreasing direct radiation of the material deposited on the 
ground. 

The nuclide spectrum found in the soil shows mainly the deposition of iodine-131 and 
caesium-137 as well as caesium-134. Due to the relatively short half-life of iodine-131 of 8 
days, the local dose rate has in the meantime been due to the caesium. 

On 12 April 2011, NISA published two estimates of the overall total of the airborne release of 
radioactive materials from the Fukushima Dai-ichi site, carried out by NISA and the Safety 
Commission of Japan (NSC), which simultaneously led to an upgrading of the accident to 
Level 7 of the INES scale. According to NISA, the estimated release of 1.3 x 1017 Bq iodine-
131 and 6.1 x 1015 Bq caesium-137 was equivalent to about 10 % of the amount of the 
radioactive materials released by the Chernobyl accident (iodine equivalent). 
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Fig. 5: Deposition of the -134 and caesium-137 isotopes in the Fukushima area (Source 
TEPCO) 

In the period between 11 and 27 March 2011, airflows from westerly directions 
predominated, so that a large part of the releases was carried away into the direction of the 
open Pacific. Especially on 15 March 2011, however, there was an intermittent situation with 
winds coming from south-easterly directions, combined with precipitation. During this period, 
larger amounts of radioactive materials deposited in a strip of land stretching for up to 
several dozen kilometres from the site in north-easterly direction. The contamination of the 
areas is confirmed by a large number of measurements. 

On 11 March 2011 at 20:50 h, the governor of the Fukushima prefecture ordered the 
evacuation of the population in a 2-km radius around unit 1. Later, the evacuation zone was 
extended by the Prime Minister to a radius of 3 km, and the population living within a radius 
of 10 km was told to stay indoors. On 12 March 2011, the evacuation radius was initially 
extended to 10 km and at 18:25 h to 20 km. 

On 15 March 2011 at 11:00 h, a recommendation to shelter in buildings was recommended 
in a radius of up to 30 km around the 20-km evacuation zone. As a further measure, the local 
authorities were instructed on 16 March 2011 to ask the inhabitants upon the evacuation 
from the 20-km zone to take iodine tablets containing stable iodine in order to stop the intake 
of radioactive iodine. The inhabitants did in fact not take any iodine tablets because at that 
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time of the instruction the evacuation had already been completed. The instruction was 
nevertheless made as it was not clear at this point in time whether there were still any 
inhabitants left in the 20-km zone. 

On 17 March 2011, first provisional contamination limits to restrict the consumption of 
foodstuffs and drinks were published. Furthermore, measures were taken on 21 March 2011 
to stop the circulation and sale of foodstuffs.  

For the restructuring of the zones, a differentiation is made between areas where a lifting of 
the evacuation order is planned (estimated dose < 20 mSv/a to the population), areas with 
access restrictions (estimated does 20 – 50 mSv/a to the population) and areas with 
obstacles to a return (estimated dose > 50 mSv/a to the population). [6] 

3 Clean-up work and dismantling 
Immediately after the accident, sea water was injected into units 1-3 by means of mobile 
pumps. After that, this was changed to freshwater injection into all three units. With the 
construction and commissioning of a water treatment plant, it was possible to install an open 
cooling circuit for the reactors by which cleaned-up coolant could be injected again into the 
reactors so that no freshwater was needed any more. The purification of the water in the 
treatment plant comprises i.a. its decontamination and desalination. After the water is 
injected into the reactors, it enters the drywell via leakages. From here, it flows down into the 
lower parts of the reactor building and then, along pathways that are so far unknown, further 
into the neighbouring turbine building. From the turbine building, the water is pumped back to 
the treatment plant, where it is cleaned up. Subsequently, the water is collected in special 
tanks or returned to the reactor pressure vessel. 

 

Fig. 6: Diagram of reactor injection of units 1-3 (Source TEPCO) 
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Fig. 7: Diagram of the injection system of units 1–3 (source TEPCO) 

On 17 June 2011, the first part of the plant for treating contaminated waters was taken into 
service. After that, further parts of the plant were installed. The contaminated water comes 
mainly from the lower areas of the turbine buildings of units 1-4. The largest part of the 
contaminated water is collected in special tanks that are set up, and a small proportion is fed 
into the reactor pressure vessels. The water level in the lower building areas of the reactor 
building is kept at such a low level by pumping it to the treatment plant that it is only possible 
for groundwater to enter and thus not possible for any contaminated water to reach from the 
reactor building into the groundwater. 

So far, approx. 342,000 m³ of water (as at 29 May 2012) have been processed in the 
treatment plant. In the lower building areas of units 1-4, there are approx. 80,000 m³ of water 
(as at 29 May 2012). This amount is almost identical to the amount of water on 31 January 
2012, but less than at the end of June 2011 (approx. 97,000 m³). 

 

Fig. 8: Diagram of the water injection and processing system (Source TEPCO) 

The cover (or container) around unit 1 was completed on 28 October 2011. TEPCO has a 
video showing the preparatory work and the construction of this cover on its website 
(http://www.tepco.co.jp/en/news/library/movie-01e.html). The cover around unit 1 consists of 
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a structure made of steel girders erected around the reactor building to which pre-fabricated 
weather protection elements are attached for isolating the reactor from the environment. For 
this purpose, the pre-fabricated elements were covered with a special synthetic material. 

 

Fig. 9: Photos of the construction of the cover around unit 1 (Source TEPCO) 

By order of the Japanese government, TEPCO drew up a schedule of medium- and long-
term measures for the final decommissioning of units 1-4, which was presented to the 
general public at a government conference in December 2011. The process of 
decommissioning comprises the dismantling of the nuclear installation until the "green field" 
has been re-established.  

The decommissioning of units 1-4 of the Fukushima Dai-ichi nuclear power plant is divided 
into three phases and stretches over a total period of 30 to 40 years. This long time-span is 
amongst other things due to the complex technical analyses that need to be carried out in the 
run-up, e.g. for recovering the nuclear fuel from the reactors. The tools needed for this 
purpose are not standard equipment but are specially devised and made for these complex 
tasks. 

 

Fig. 10: Diagram illustrating the work in connection with the recovery of the fuel assemblies 
in Phase 1 (Source TEPCO) 
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Fig. 11: Photo of the recovery of the first of 2 fresh fuel assemblies from the spent fuel pool 
of unit 4 on 18 July 2012 (Source: www.tepco.co.jp) 

Essential prerequisites for the performance of the three phases in the decommissioning 
process are the assurance of the cooling of the fuel inside the reactors and of the fuel 
assemblies in the spent fuel pools by reliable cooling circuits and the retention of radioactive 
materials throughout the entire dismantling period. Phase 1, which is underway, comprises 
i.a. the start of the recovery of the fuel assemblies from the spent fuel pool. In Phase 2 
(scheduled to begin in approx. 10 years), the recovery of the fuel assemblies is to be 
complete, and among other things preparations, such as the flooding of the containments, 
are to be made to recover the melted fuel from the containments. It is planned to be able to 
complete the recovery of the nuclear fuel from the reactors after approx. 20-25 years in 
Phase 3, and to commission in this time a waste processing facility and provide waste 
storage capacities. Phase 3 is to be concluded after 30-40 years with the demolition of the 
building structures. 

 

Fig. 12: Illustration of the establishment of a closed cooling circuit for units 1-3 during Phase 
2 (Source TEPCO) 
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Fig. 13: Preparation of the recovery of the fuel assemblies and the removal of the molten 
reactor core for units 1-3 in Phase 3 (Source: TEPCO) 

 

Fig. 14: Complete demolition of the building structures of units 1-4 in Phase 3 (Source: 
TEPCO) 
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Abstract 

The life time of safety relevant systems, structures and components (SSC) of Nuclear Power 
Plants (NPP) is determined by two main principles. First of all the required quality has to be 
produced during the design and fabrication process. This means that quality has to be 
produced and can’t be improved by excessive inspections (Basis Safety – quality through 
production principle). The second one is assigned to the initial quality which has to be 
maintained during operation. This concerns safe operation during the total life time (life time 
management), safety against ageing phenomena (AM - ageing management) as well as 
proof of integrity (e.g. break preclusion or avoidance of fracture for SSC with high safety 
relevance).  

Initiated by the Fukushima Dai-ichi event in Japan in spring 2011 for German NPP’s Long 
Term Operation (LTO) is out of question. In June 2011 legislation took decision to phase-out 
from nuclear by 2022. As a fact safe operation shall be guaranteed for the remaining life 
time. Within this technical framework the ageing management is a key element. Depending 
on the safety-relevance of the SSC under observation including preventive maintenance 
various tasks are required in particular to clarify the mechanisms which contribute system-
specifically to the damage of the components and systems and to define their controlling 
parameters which have to be monitored and checked. Appropriate continuous or 
discontinuous measures are to be considered in this connection. The approach to ensure a 
high standard of quality in operation for the remaining life time and the management of the 
technical and organizational aspects are demonstrated and explained.  

The basis for ageing management to be applied to NNPs is included in Nuclear Safety 
Standard 1403 which describes the ageing management procedures. For SSC with high 
safety relevance a verification analysis for rupture preclusion (proof of integrity, integrity 
concept) shall be performed (Nuclear Safety Standard 3206 under preparation),  

This paper presents verification and related requirements to guarantee the remaining life 
time with main focus on integrity of mechanical components and ageing phenomena to be 
involved.  

1 Introduction  

In most countries it has been stipulated that the licensing of nuclear power plants (NPP) and 
their subsequent operation is based mainly on proof of the plant safety (e.g. strength analysis 
for operational conditions, postulated accidents, etc.). In Germany the atomic energy act 
requires that ‘‘every necessary precaution has been taken in the light of existing scientific 
knowledge and technology to prevent damage resulting from construction and operation of 
the installation’’. This has been realized in guidelines and in the nuclear standards [1], [2], [3] 
and [4], with their indications and requirements for plant safety. According to these 
documents it has to be ensured that:  

• Safety with respect to the quality of the systems, structures and components (SSC) is 
provided by the design, the material and the manufacture.  

• Quality of the SSC has to be guaranteed and documented throughout the lifetime 
(extensive quality assurance during design, manufacture and operation).  

• Operational parameters relevant for the integrity of the SSC (i.e. relevant for damage 
mechanisms) are monitored.  

• Operational experience is recorded continuously and safety-related information is 
evaluated.  

Therefore, the guidelines and standards contain all the requirements for a safe and reliable 
operation throughout the life time (life time management), for the control of ageing 
phenomena (ageing management, AM) as well as for proof of integrity (e.g. with the aim to 
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demonstrate break preclusion) for mechanical SSC, Fig. 1. In Germany the discussions on 
ageing of mechanical SSC to be included in a structured AM process for nuclear power 
plants started at the beginning of the 1990s [5], Fig. 2, and later on put into praxis by the 
nuclear safety standards KTA 1403 [6] for AM of NPP and KTA 3206 [7] for break preclusion, 
Fig. 3.  
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Fig. 1 :  Application of life time management, ageing management and proof of integrity for 
mechanical components  
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Fig. 2 :  Retrospective view - Essential activities for ageing management in Germany  
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Fig. 3 :  Retrospective view - Essential activities for ageing management in Germany  

2 Regulatory requirements  

On July 22, 2004 the German Reactor Safety Commission (RSK) published Comments and 
Recommendation on „Management of Ageing Processes at NPP“ including the following 
topics:  

• An effective AM concept shall to be implemented for the SSC with regard to the safety-
related relevance.  

• The plant relevant ageing mechanisms shall to be identified and pursued.  

• AM shall to be implemented as a permanent task on a high management level in 
connection with the management responsible for safety.  

• An annual report on AM shall be submitted to the competent supervisory authority of 
the different German states.  

End of September 2005 a working group was installed to prepare a KTA safety standard for 
AM of NPP. The finalized safety standard KTA 1403 [6] was published in November 2010 
with the main chapters for the application of AM to mechanical SSC, to buildings and 
structures, to electrical and I&C SSC and to operating supplies. Concerning the mechanical 
SSC the procedure included is mainly based and related to the German “Basis Safety 
Concept” (BSC), [9] and [10], and the enhanced “Integrity Concept” (IC or proof of integrity), 
e.g. [11], [12], [13], [14] and [15].  

In parallel MPA University Stuttgart in co-operation with TÜV SÜD Energietechnik GmbH 
Baden-Württemberg commissioned by the Baden-Württemberg state ministry for 
environment published in 2007 their AM guideline for NPP [16]. At that time the guideline 
incorporates the national, e.g. [20], [18], [19] and [20], as well as the international, e.g. [21] 
and [22], state-of-the-art of AM.  

Because until now there is no official document (safety standard) available in Germany for 
the application of break preclusion it was decided by KTA at the beginning of 2010 to 
develop a safety standard which governs the procedure and the methods to be used to proof 
break preclusion for safety relevant systems [7].  
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3 Life time cycle of mechanical components  

The life time of mechanical SSC is governed by two main principles:  

• The first one requires that quality has to be produced during the design and fabrication 
process.  

• The second principle is denoted to the initial (i.e. required) quality which has to be 
maintained during operation up to end-of-life.  

This concerns safe operation during the total life time (life time management), safety against 
ageing phenomena (ageing management) as well as proof of integrity (e.g. break preclusion 
or avoidance of fracture) for SSC with high safety relevance, Fig. 1. Especially for piping 
systems in power plants and specifically in NPPs this principle is very important because not 
all operational conditions can be specified during the design phase. 

Life time management stands for the integration of ageing management and economic 
planning for SCC in order to  

• optimize the operation, the maintenance and the life time of the plants,  

• maintain an accepted level of safety and performance and  

• maximize return on investment over the life time of the plant.  

Ageing stands for the time-dependent and/or operational induced gradual change of features 
and properties related to their function. This also takes into consideration the development of 
the state-of-the-art (science and technology). Furthermore, it is possible that conceptual 
design and engineering methods as well as administration rules and requirements may 
become obsolete compared to the state-of-the-art, Fig. 4.  
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Fig. 4 :  Life time cycle of SSC  

AM covers all engineering and organizational actions for the plant operator to guarantee safe 
operation during the life time including control of the ageing phenomena. AM of mechanical 
SSC is the entirety of technical and organizational measures that guarantee the safe 
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operation of the SSC for the life time by engineering measures and maintenance actions 
including ageing phenomena within acceptable limits. It has to be distinguished between  

• conceptual aspects (modification of requirements, modification of safety philosophy), 

• technological aspects (latest results on possible in-service damage mechanisms, on 
material properties of components, on test methods, on analysis methods, on 
assessment methods, etc.) and  

• material-mechanical or physical aspects (in-service damage mechanisms caused by 
changes in material characteristics, by in-service loads and by in-service 
environmental conditions.  

4 Operational degradation mechanisms  

Various engineering measures are required depending on the safety relevance of the SSC or 
for reasons of preventive maintenance. The first step within the scope of life time 
management is related to select and arrange the SSC and to assign the SSC to different 
groups (group 1, 2 and 3). This classification is according to the requirements of the nuclear 
codes and standards and if necessary according to plant-specific and safety-related factors. 
The plant operator is responsible for the classification and an expert has to check it on the 
basis of the current codes, standards and the state-of-the-art, Fig. 5.  
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Fig. 5 :  Application of lifetime management, ageing management and proof of in-tegrity for 
mechanical components of groups 1, 2 and 3  

• Group 1:  
Failure of the SSC shall be excluded to avoid subsequent damage (comprises all 
components and component parts, whose failures are specified as being 
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impermissible). The required quality shall be guaranteed for the total life time. The 
causes of possible in-service damage mechanisms shall be monitored and controlled 
(proof of integrity). Implementing this “proactive approach” prevents damage.  

• Group 2:  
Failure of the SSC is allowable from a safety relevant point of view (all safety-related 
mechanical components not assigned to group 1). However, common mode failure 
shall be excluded. In single cases the present quality may fall short of the required 
quality. For that the required quality shall be restored (preventive maintenance, time- or 
condition-oriented). The consequences of possible in-service damage mechanisms 
shall be monitored.  

• Group 3: There are no defined standards for the quality of the SSC from a safety 
relevant point of view concerning subsequent operation (failure-oriented maintenance). 

By life time management it shall be guaranteed by appropriate measures that all possible 
and relevant ageing phenomena are covered up to end-of-life. This concern to a large extend 
the material-mechanical or physical aspects (e.g. in-service damage mechanisms caused by 
in-service loads and/or by in-service environmental conditions not taken into account during 
design of the SSC). It is indispensable to show that sufficient knowledge of other possible 
operational damage mechanisms is available (e.g. no inadmissible cyclic and/or dynamic 
mechanical and/or thermal loading, no corrosion/environment, adequate material selection) 
and to show that the required quality can be guaranteed for the ongoing operation, Fig. 6.  

It shall be kept in mind that the IC is a proactive approach to ensure the required quality for 
break preclusion during operation for the total life time.  
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Fig. 6 :  Causes, consequences and proof of operational damage mechanism  

Mechanical and thermal loading conditions, Fig. 7, in conjunctions with the environment 
(primary hot water) are the cause for most relevant damage mechanisms. Thereby a key 
issue is to cope with the causes of active damage mechanisms. Related examination 
procedures are shown in Fig. 8.  
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Fig. 7 :  Mechanical and thermal loading  
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Fig. 8 :  Selection of examination procedures  

5 Concept to guarantee remaining life time  

Depending upon the classification of the SSC to group 1, 2 or 3 different measures shall be 
applied to cover the ageing phenomena to guarantee the remaining life time.  

49



To apply break preclusion, i.e SSC assigned to group1, and to meet the concerns of 
operational terms and conditions for the total life time the IC was developed. The IC emerged 
from the fundamentals of the “Basis Safety” (design, material, manufacture), considering 
plant specific terms and conditions. Consequently, the “independent redundancies” of the 
“Basis Safety Concept”, [9] and [10], will be effective to consider operational terms and 
conditions as well as the operational experience and results from R&D work. As a premise 
for a systematically approach to ensure the integrity of components it is indispensable to 
show that the as-built status of quality (design, material, manufacture) is according to the 
required quality given in the guidelines, codes and standards to show that sufficient 
knowledge of possible operational damage mechanisms is available (e.g. no inadmissible 
cyclic and/or dynamic mechanical and/or thermal loading, no corrosion) and to show that the 
required quality can be guaranteed for the ongoing operation. IC is a proactive approach to 
ensure the required quality for break preclusion during operation for the total lifetime.  

The following three steps shall be applied to guarantee the integrity of a component for the 
total life time such as follows, Fig. 9.  

• Evidence of the status of quality according to material, design conditions and 
manufacture before commissioning of the plant.  
It shall be in accordance with the particular requirements (guidelines, codes, 
standards, including layout and construction).  

• Guarantee the required status of quality for the ongoing operation.   
This shall be done by  

i. in-service monitoring of the causes of possible operational damage 
mechanisms and assessment of the data recorded,  

ii. in-service monitoring and recurrent examinations and testing of the 
consequences of possible operational damage mechanisms, and  

iii. follow-up of the state of present knowledge (reviewing the state of knowledge, 
consideration of operational experience and research results as well as follow-
up investigations of failure cases).  

• Verification of the present (as-built) status of quality.   
This concerns layout, design, material and loading conditions of the component in 
operation. There shall be sufficient knowledge about the possible operational damage 
mechanisms for the piping components.  

In doing so, especially the following aspects are of importance, Fig. 10.  

• The control of the causes of possible operational damage mechanisms by in-service 
monitoring of the method and mode of operation as well as of the operational 
parameters of the stressors relevant to the integrity of the component. The mechanical 
and thermal loads shall be kept to the limits. It must be shown that unallowable 
dynamic loads will not occur.  

• As a redundant measure in-service monitoring of the consequences of possible 
operational damage mechanisms due to recurrent examinations and testing (defining 
of detectable flaw sizes, test intervals and test areas) and the leakage monitoring 
system (detectable leakage flow rate and the pertaining leakage area).  

• The fracture mechanics assessment of postulated part through and through wall flaw 
sizes (minimum detectable flaw size, determination of crack growth and critical through 
wall flaw sizes and load parameters) to demonstrate the leak before break behavior.  

• The operational experience is recorded and evaluated safety related.  

• Follow-up investigations of failure cases and updating of the state of knowledge.  
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Integrated in the Aging Management (AM) process (PDCA – Zyklus)
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Fig. 9 :  Concept to proof the integrity of group 1 SSC  

Preventive maintenance of the state of quality for subsequent operation is to be kept and 
guaranteed for SSC assigned to group 2. Relevant failures have to be checked (monitoring 
of consequences of operational damage mechanisms). Consequential failures have no effect 
in view of the safety relevance. This means that the actual (as-built) state of quality has to be 
maintained for subsequent operation. To maintain the quality requires preventive 
maintenance (time or condition oriented), Fig. 11.  

• Demonstration and assessment of the state of quality according to particular 
requirements:  

(i) Demonstration and assessment of the actual design according to the requirements 
of the KTA safety standards, the RSK-guidelines including the general specification 
basis safety as well as specifications and standards. This concerns the requirements 
on the material and construction (design and calculation) including manufacture.  

(ii) Results of tests performed  (state of findings of manufacture, NDT, …).  

(iii) Operational experience (mode of operation, data records and results of operational 
in-service monitoring, failure investigations, NDT, maintenance measures, etc.).  

(iv) Determination of the damage mechanisms.  

• Operational in-service monitoring and maintenance measures (time or condition 
oriented). The preventive maintenance can be organized as follows:  

(i) Maintenance (measures to keep the nominal condition).  

(ii) Inspection and measurement (measures and actions to determine and asses the 
actual as-built status).   

(iii) Repair work (measures to restore the required state of quality).  

SSC assigned to group 3 are allocated to failure-oriented maintenance and are concerned 
by engineering judgment, Fig. 12.  
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Fig. 10 :  Integrity of components during operation  

6 Technical and organizational measures  

The engineering and organizational measures required within the scope of the ageing 
management and to guarantee remaining life time of mechanical SSC are oriented on the 
recommendations and guidelines, e.g. [8],[16] and [23], and are included in safety standard 
KTA 1403 [6]. A database embedded in a Deming-process (PDCA-cycle), e.g. [24] and [25], 
is the essential element containing all information relevant to ageing management, Fig. 13. 
Running through the PDCA cycle the appropriate organizational units have access to 
information in the data base which can be updated and if need be completed by necessary 
measures. This guarantees the availability of complete and updated information for all 

52



participants in the ageing management process. Additional information concerning 
operational damage mechanisms is included, e.g. in [22]. 

The results obtained from research, technical publications, as well as circular letters and 
important events and if needed findings from other accessible data bases have to be 
considered. The data are to be integrated into the power plant organization according to a 
PDAC-cycle, Fig. 13. This includes in particular the following aspects.  

• “Plan” (coordination) – coordinating ageing management activities:  

o Documents the regulatory and the expert requirements and safety criteria.  

o Considers the development of the nuclear codes and standards, of the safety 
criteria and of guidelines as well as relevant activities.  

o Describes and up-dates the organizational and co-ordination mechanism.  

o Optimizes, if necessary, the ageing management program based on current 
state-of-the-art.  

• “Do” (preventive measures) – managing ageing mechanism:  

o Operation according to the procedures and technical specifications.  

o In-service monitoring of the water chemistry and the environmental influences.  

o Documentation of the mode of operation (history) including transient records.  

• ”Check” (monitoring, analysis, assessment) – detecting and assessing ageing effects:  

o Recording of the causes and consequences of damage mechanisms by online 
in-service monitoring and recurrent tests as well as data recording.  

o The as-built status is to be compared with the nominal condition and the 
changes to be expected due to ageing are to be assessed.  
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Fig. 11 :  Preventive maintenance of group 2 SSC  
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• ”Act” (correction measures) – managing ageing effects:  

o Preventive and corrective maintenance.  

o Replacement and maintenance history.  
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Fig. 12 :  Failure-oriented maintenance of group 3 SSC  
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Fig. 13 :  Ageing management procedure (PDCA-cycle), [24] and [25]  
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7 Conclusion 

• According to the technical safety concept (defense–in-depth concept) to be applied to 

NPPs the safety concept is designed to be preventive. For level of defense 1 and 2 

measures and installations shall be applied to prevent the onset of anticipated 

operational occurrences and accidents as well as to prevent events with multiple failure 

of safety installations. Within this context for SSC possible operational damage 

mechanisms shall be controlled (monitoring of causes of possible operational damage 

mechanisms).  

• For level of defense 3 (accidents) postulated accidents shall be controlled.  

• Consequences of postulated accidents are controlled in a proactive way based on the 

Integrity Concept.  

• A classification according to the required quality during operation: 

(i) Failure of the SSC shall be excluded to avoid subsequent damage (Integrity Concept 

- proactive measures).  

(ii) Failure of the SSC is allowable in single cases (preventive maintenance - reactive 

measures).  

(iii) Failure of the SSC is allowable (failure-oriented maintenance - reactive measures). 

• Life time under operational conditions is dominated by the present (as-built) quality and 

the occurrence of ageing phenomena (of decisive relevance for the whole life time).  

• By proactive measures (Integrity Concept) ageing phenomena are detected and 

controlled by appropriate measures. The quality is determined quantitatively in a fixed 

time interval. Failure of a SCC shall not be presumed.  

• It is not possible to control the required quality just by monitoring the consequences of 

operational damage mechanisms (preventive maintenance). Thereby the required quality 

in operation cannot be quantified.  

• The remaining life time of SSC may be evaluated by the Integrity Concept.  
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Abstract 
The disposal of radioactive waste is a huge social challenge in Germany and all over the 
world. As is well known the search for a site for a final repository for high-level waste in Ger-
many is not complete. Therefore, interim storage facilities for radioactive waste were built at 
plant sites in Germany. The waste is stored in these storage facilities in appropriate storage 
and transport casks until the transport in a final repository can be carried out. Licensing of 
the storage and transport casks aimed for use in the public space is done according to the 
traffic laws and for handling in the storage facility according to nuclear law. Taking into ac-
count the activity of the waste to be stored, different containers are in use, so that experience 
is available from the licensing and operation in interim storage facilities. The large volume of 
radioactive waste to be disposed of after the shut-down of power generation in nuclear power 
stations makes it necessary for large quantities of licensed storage and transport casks to be 
provided soon. 

1 Introduction / Motivation 
The storage of nuclear fuel, the recycling of radioactive residues and the disposal of radioac-
tive waste is regulated in articles 6 and 9a of the German Atomic Act, AtG [1]. Permission is 
required, if nuclear fuel is to be stored outside of State administration. Approval is granted if 
there is a need for storage, there are no concerns about the reliability of the applicant and 
the responsible people having the necessary expertise according to the state of science and 
technology and necessary precautions against damage by storing the nuclear fuel are taken, 
if the required provision for the statutory compensation obligations is fulfilled, and if the nec-
essary protection against disruptive or other actions of third parties is guaranteed. This also 
applies to the temporary storage of spent fuel, i.e. the so-called interim storage. In Germany 
irradiated nuclear fuel must be stored on site until the date of delivery to a repository site. 

The federal states are responsible for the temporary storage of radioactive waste and need 
to set up regional collecting centres. The Federal Government is responsible for the collect-
ing and the final disposal of radioactive waste and must set up appropriate sites. 

The Federal Ministry for Environment, Nature Conservation and Nuclear Safety (BMU) has 
been consulted since 2008 in matters of nuclear waste by the Nuclear Waste Management 
Commission (Entsorgungskommission, ESK). This includes the aspects of conditioning, stor-
age and transport of radioactive materials and waste, also the closure and the decommis-
sioning of nuclear installations and disposal in deep geological formations. 

Radioactive waste is currently distinguished primarily into two groups [2]: 

(1) Waste with negligible heat generation and  

(2) Heat developing radioactive waste and irradiated fuel. 

Interim storage sites for radioactive waste with negligible heat generation (formerly called 
"weak and medium active wastes") are usually approved and supervised according to § 7 of 
the radiation protection code by the competent regulatory and supervisory authorities of the 
Federal states.  

Interim storage facilities for heat generating radioactive waste and irradiated fuel elements 
are approved by the Federal Office for Radiation Protection according to art. 6 of the Atomic 
law and supervised by the competent supervisory authorities of the Federal states. Waste 
with negligible heat generation will be stored in the future in the approved site Konrad. There 
is still no permanent storage site for the other waste group. As we all know the long favored 
location Gorleben has been called into question. A new act to be adopted in the near future 
may help to find the right location. 

Appropriate containers for radioactive waste and spent fuel are needed for intermediate and 
final disposal, which is to be identified in a certification procedure. Because the containers in 
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most cases must be transported on public traffic areas, the certification process is divided 
into a traffic law part and a nuclear law part.  

An overview of current situation of storage and transport casks in Germany is given in this 
paper. 

2 Waste and interim storage sites 
2.1 Waste with negligible heat generation 
Radioactive waste from the operation and decommissioning of nuclear power plants is stored 
in interim facilities up to their removal to a final repository. According to the “polluter pays 
principle” the utility has to build and operate the interim storage site. Currently beside the 
interim storage on site, interim storage facilities are available in the External Storage Unter-
weser, the decentralized interim storage of Biblis, the waste storage Gorleben (ALG), for 
Bavarian utilities and the Bavarian state the interim storage facility in Mitterteich, for the Nu-
clear Cargo Service GmbH (NCS) company in Hanau, the interim storage facility Nord (ZLN) 
at Greifswald, as well as the interim storage facility for the Department of decontamination 
(HDB) of the research centre Karlsruhe. Radioactive waste from the reprocessing of German 
fuel from abroad can be stored in the central storage depot in Ahaus and Gorleben (vitrified 
highly radioactive waste). Radioactive waste from the research centres (Karlsruhe, Jülich, 
Geesthacht) are usually conditioned on site and stored temporarily.  

Radioactive wastes from research, industry, and medicine can be given to the eleven collect-
ing centres of the Federal states. Also private companies exist that pick up radioactive resi-
dues, condition and store them temporarily. 

Waste from the nuclear industry, for example from the former operation and decommission-
ing of the fuel element production facilities in Hanau are usually conditioned storage-friendly 
on the site and stored in this example in the storage of NCS in Hanau, Germany.  

The approved storage capacity of the storage depot is used as a measure for the amount of 
waste. However, the unit of measure of the permits is not uniform. The storage capacity will 
be given in becquerels Bq, in cubic metres m³, number of containers or in area m² [2]. 
Gorleben waste storage, the interim storage facility Nord (ZLN) in Rubenow (Mecklenburg-
Vorpommern), the Department of decontamination in Karlsruhe and the collection centre of 
the Bavarian utilities and of the state of Bavaria in Mitterteich, have the largest storage ca-
pacities, see Table 1. 

2.2 Heat generating waste and fuel elements 
In recent years on the sites of operating nuclear power plants, interim storage facilities were 
built and put into operation for the storage of irradiated fuel elements during operation. They 
are called decentralized or on site interim storage facilities. The containers should be stored 
there for 40 years. Central interim storage facilities are located in Ahaus (Transportbehälter-
lager Ahaus) for irradiated fuel from power generating reactors, prototype reactors and re-
search reactors and in Gorleben (Transportbehälterlager Gorleben, TBLG) for irradiated fuel 
elements from nuclear power plants and vitrified highly radioactive waste from the repro-
cessing of irradiated fuel from German nuclear power plants in France and the United King-
dom.  

Irradiated fuel elements from the decommissioned nuclear test reactor (AVR) Jülich are kept 
on the site of Jülich. The interim storage facility Nord (ZLN) at the site of Greifswald is for the 
storage of irradiated fuel elements from the nuclear power stations of Greifswald and 
Rheinsberg in the former German Democratic Republic. 

All interim storage facilities are designed as dry storage, where the transport and storage 
containers with irradiated fuel or vitrified highly radioactive waste are stored. Different design 
variants of the temporary storage facilities are approved. They differ mainly in the arrange-
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ment of the storage areas and in the building wall thickness; for example, the interim facility 
in Neckarwestheim is built in a tunnel. All concepts meet the requirements of the nuclear law 
on safe storage. So, the interim storage facility with a passive natural draught cooling have 
been designed which dissipates the heat of the container regardless of active technical sys-
tems.  

The entire intermediate storage capacity amounts to approx. 22400 Mg (tonnes), where until 
end of 2010 were stored about 3300 Mg, of which 2600 Mg were on site and 700 Mg were in 
external intermediate stores. 

3 Casks 
There are different containers in the form of barrels, cylindrical and rectangular-shaped con-
tainers from concrete or steel or cast iron containers for radioactive waste. Rectangular-
shaped containers are often called a “container” in Germany. The containers are usually also 
transported and therefore they become a shipping unit, i.e. packaging with radioactive con-
tents. The transport of radioactive material is subject to strict national and international regu-
lations, to ensure the protection of individuals, of property and of the environment through the 
concept of "safe shipping unit". 

For each type of shipping unit for the transportation of radioactive substances, it is necessary 
to demonstrate conformity with the applicable national and international regulations. There is 
a distinction between accredited and non-accredited components. The procedure for the au-
thorisation of containers in Germany is given in the guideline R 003 of the Federal Ministry of 
Transport, Building and Urban Development [3]. The Technical Guide “Package Design 
Safety Reports for the Transport of Radioactive Material” of the European Union [4] provides 
more information, including information and assistance in the creation of documentary evi-
dence for the compliance with the provisions for non-accredited components. This technical 
guidance document was developed by the authorities responsible for the transport of radio-
active material from Belgium, France, Germany, Spain and the United Kingdom and their 
supporting organizations and the world nuclear transport Institute (WNTI) and Areva as in-
dustrialists and translated by the Federal Office for Radiation Protection. The technical guide 
follows the recommendations of the IAEA [5]. There [5] the designations of the different ship-
ping units are also defined. 

The concept of "safe shipping unit" to meet the protection objectives (persons, property, envi-
ronment) includes various types of packages: 

• optional items (such as for clinical reagents)  

• Industrial shipping units of the type IP-1, type IP-2 and type IP-3 (such as for radioactive 
waste) 

• Type A items (e.g. for radiopharmaceutical products) 

• Type B items (e.g. for spent fuel and highly radioactive sources) 

• Type C items (for the transport of radioactive materials by air beyond a specific activity) 

• Items for fissile materials (e.g. for not irradiated fuel elements) 

There are different safety requirements depending on the type and quantity (hazard poten-
tial) of the radioactive substance to be transported for the items. These range from general 
requirements for items with limited content (optional items) up to "accident-proof" packages 
with radioactive sources of high activity (type B and type C). For containers with fissile radio-
active materials additional requirements exist to ensure the security against criticality (that is 
the exclusion of the emergence of a nuclear chain reaction) during transport. 

Applications on approval of a shipping unit or for recognition of a foreign approval are sent to 
the Federal Office for Radiation Protection (Bundesamt für Strahlenschutz, BfS). Currently 
BfS has approved 35 containers and recognized 19 foreign approvals. 
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Above all the big containers of the type CASTOR for irradiated fuel elements or vitrified 
waste are known in public. CASTOR is an acronym for "cask for storage and transport of 
radioactive material" and is a protected trademark of the Gesellschaft für Nuklear-Service 
(GNS). Other manufacturers are Transnuclear International (TNI) within the AREVA group 
(formerly COGEMA Logisitics) or Excellox from the United Kingdom, see table 3. 

4 Final repository sites 
4.1 Waste with negligible heat generation 
In the past, the two sites Morsleben (Saxony-Anhalt), and ASSE II (Lower Saxony) served as 
a final repository for waste with negligible heat generation (formerly low and medium radioac-
tive waste).  

Waste from the former East Germany (German Democratic Republic), and from the old Fed-
eral States with a total of 37 000 m³ are stored in Morsleben. Since 1998, no additional stor-
age took place. During the closure, the plant was to be filled with 4 million cubic metres of 
concrete of salt [7]. 

In the site ASSE II containers have been stored until 1978 with a total activity of about 
2,91015 Bq. About 124 500 containers with low radioactive waste and around 1300 barrels of 
medium radioactive waste have been stored [7]. After a comparison of different options, the 
return of the waste is currently considered best option for further dealing with the radioactive 
waste there.  

The repository Schacht Konrad is approved as a new final repository for waste with negligible 
heat generation. The site is currently accordingly converted. From today's perspective the 
storage of intermediary waste in 2019 may be started. 

The BfS has created disposal conditions for the site Schacht Konrad on the basis of results 
of a site-specific security analysis [8]. They include general requirements for package units 
such as specific requirements for waste products and waste containers, as well as activity 
limits for individual radionuclides and mass limits for non radioactive harmful substances. 

Many demands are subjected on the containers to be stored. Basic types of containers were 
defined, see table 3. This ensures that the containers comply with the dimensions and vol-
umes, and are manageable and stackable. Steel containers must have corrosion protection 
and during delivery the containers must be of course free from mechanical and corrosive 
damage, which may affect the tightness or integrity during handling and stacking. The con-
tainer may differ with regard to the specified tightness.  

The containers are divided into two waste container classes, depending on the impact/drop 
behaviour and fire behaviour. A further subdivision of the containers is carried out in "Non-
accident proof" and "accident proof". 

The design and testing of containers and packaging for the permanent storage site Schacht 
Konrad is described in [9]. The audit includes among other things static load tests, drop tests 
with different heights, thermal tests and leak tests and the detailed documentation. 

4.2 Heat generating waste and fuel elements 
A repository for heat generating waste (irradiated fuel) does not currently exist. The long-
term favorite site Gorleben is in discussion. A new act “Act for Search of a Final Repository” 
to be adopted even 2012 shall help to find a new location. Thus, other locations can be in-
cluded. 

The BMU has defined the requirements to the heat generating radioactive waste disposal in 
[10]. The already mentioned Waste Management Commission has now developed guidelines 
on this basis for the treatment of human intrusion, for the classification of the scenarios for 
the long-term safety proof, for definition of effective ground for inclusion of and for safe oper-
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ation. The demand for returnability of high-level radioactive waste from a repository repre-
sents a new challenge to the concept of a repository [11]. 

5 Summary and conclusion 
In Germany, there exist sites for interim storage for some hundred thousand cubic metres of 
non-heat-generating waste and of over 20 000 tonnes for heat generating waste. There are 
multiple repository locations for non-heat-generating waste. No sites are available in Germa-
ny for final repository of heat-generating waste. 

The waste in containers must be transported from the interim storage facilities to a final re-
pository. This needs numerous containers, which are used only once. The work of the pro-
ducers and authorities for the approval of the containers for transport and storage are under 
way. The phase-out of the peaceful use of nuclear energy by the year 2022 increases pres-
sure on the parties as regards provision of approved containers. 

As a final repository in Germany has not yet been found, it is obvious that long intermediate 
storage is necessary. This results in new tasks and issues, for example with regard to 
transport after a very long intermediate storage. 
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Table 1: Interim sites for storage of non heat generating waste [2] 

site purpose capacity 

TBLG Gorleben (Fasslager), 
Niedersachsen  

Storage of low and medium 
radioactive waste from nu-
clear power, medicine, re-
search and industry 

200-l-, 400-l-casks, contain-
ers of concrete Type III, cast 
containers Type I-II, contain-
ers Type I-IV with total activi-
ty of 5x1018 Bq 

Zwischenlager Nord (ZLN) 
Rubenow, Mecklenburg-
Vorpommern  

Intermediate storage of op-
erating and decommission-
ing waste of the Greifswald 
and Rheinsberg nuclear 
power plants and intermedi-
ate storage of depleted large 
components 

200.000 m3 

Hauptabteilung Dekontami-
nationsbetriebe, Karlsruhe 
(WAK GmbH) and Landes-
sammelstelle Baden-
Württemberg 

Waste from research centre 
Karlsruhe and from Baden-
Württemberg 

Approx. 78.000 m3 (storage 
volume)  

Sammelstelle der EVU and 
Landessammelstelle Mitter-
teich, Bayern  

Waste from Bavarian nuclear 
power plants and Bavarian 
medicine, research and in-
dustry 

50.000 package units (200-l-, 
400-l-casks or cast contain-
ers)  

Zwischenlager der NCS, 
Hanau  

conditioned and operation 
waste from the nuclear in-
dustry 

Approx. 13.000 m3 

Landessammelstellen Berlin, 
Hessen, Niedersachsen, 
Nordrhein-Westfalen, Rhein-
land-Pfalz, Saarland, Sach-
sen 

Waste from medicine, re-
search and industry 

Approx. 7700 m3 

Landessammelstelle der vier 
norddeutschen Küstenlän-
der, Geesthacht  

Waste from medicine, re-
search and industry 

68 m2 area 

Landessammelstelle Meck-
lenburg-Vorpommern, Ru-
benow/Greifswald  

Waste from medicine, re-
search and industry 

80 pieces 70-l-casks 

Abfalllager Esenshamm, 
Niedersachsen  

Storage of waste from NPP 
Unterweser and Stade  

200-l- und 400-l-casks, con-
tainers made from concrete, 
steel sheets, steel cast up to 
around 1,85x1015 Bq 

Zwischenlager Ahaus, Nord-
rhein-Westfalen  

Intermediate storage of op-
erating and decommission-
ing waste from nuclear pow-
er plants 

requested  
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Table 2: Approved interim storage sites according art. 6 AtG for fuel elements [2] 

site capacit y stored  
(End 2010) 

 
Container 
/pieces 

metal / Mg 
Container 
/pieces 

metal / Mg 

Biblis  135  1400  46  468  

Brokdorf  100  1000  13  134  

Brunsbüttel  80  450  6  51  

Grafenrheinfeld  88  800  13  133  

Grohnde  100  1000  13  135  

Gundremmingen  192  1850  25  227  

Isar  152  1500  22  213  

Krümmel  80  775  19  175  

Lingen/Emsland  125  1250  32  327  

Neckarwestheim  151  1600  36  333  

Obrigheim  15  15  

Philippsburg  152  1600  36  357  

Unterweser  80  800  7  72  

Gorleben  420  3800  102  37  

Ahaus  420  3960  56  64  

ZLN Greifswald  80  585  69  585  

Behälterlager 
Jülich  

158  0,225 152  0,075  

sum  22370  3311 
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Table 3: Examples for containers for heat generating radioactive waste 

designation producer contens 
CASTOR V/19 GNS Fuel elements from PWR 

CASTOR V/52 GNS Fuel elements from BWR 

CASTOR HAW28M GNS vitrified highly radioactive 
waste from the reprocessing 

Excellox Excellox vitrified highly radioactive 
waste from the reprocessing 

TN13/2 TNI/AREVA Fuel elements from PWR 

TN85 TNI/AREVA vitrified highly radioactive 
waste from the reprocessing 

 

Table 4: Basic types for containers for site Schacht Konrad 

designation Length or diameter width heigt volume 
Dimension mm mm mm m³ 

Concrete container Typ I 1060 - 1370 1,2 

Concrete container Typ II 1060 - 1510 1,3 

cast container Typ I 900 - 1150 0,7 

cast container Typ II 1060 - 1500 1,3 

cast container Typ III 1000 - 1240 1,0 

Container Typ I 1600 1700 1450 3,9 

Container Typ II 1600 1700 1700 4,6 

Container Typ III 3000 1700 1700 8,7 

Container Typ IV 3000 1700 1450 7,4 

Container Typ V 3200 2000 1700 10,9 

Container Typ VI 1600 2000 1700 5,4 
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ABSTRACT 
 
The fatigue assessment of power plant components based 
on local fatigue monitoring approaches is an essential part 
of the integrity concept and modern lifetime management. 
An integral approach like the AREVA Fatigue Concept 
(AFC) basically consists of two essential modules: 
realistic determination of occurring operational thermal 
loads by means of a high end fatigue monitoring system 
and related highly qualified fatigue assessment methods 
and tools. The fatigue monitoring system delivers con-
tinuously realistic load data at the fatigue relevant 
locations. Consequently, realistic operational load 
sequences are available as input data for all ensuing 
fatigue analyses. This way, realistic load data are available 
and qualified fatigue usage factors can be determined.  
 
The mode of operation of the fatigue monitoring system 
will be explained in the framework of a live demonstration 
by means of the FAMOSi  (i  = integrated) demonstration 
wall. The workflow starts with the continuous online 
measurement of outer wall temperatures transients on a 
pipe. Visualization is implemented within the FAMOSi 
viewer software. In a second step, inner wall temperatures 
are directly calculated. In a third step, the resulting linearly 
elastic stress history will be calculated as the basis for 
subsequent code conforming fatigue assessment. 
 
Subsequently, the related advanced fatigue assessment 
methods of the three staged AFC-approach are addressed. 
 

 
 
 

I. INTRODUCTION 
 

General remarks 

Within the continuously accompanying licensing process 
for NPPs until the end of their operational lifetime, the 
ageing and lifetime management plays a key role. Here, 
one of the main tasks is to assure structural integrity of the 
systems’ components. With the help of the AFC, a 
powerful method is available. The AFC provides different 

code conforming fatigue analyses (e.g. according to the 
wide spread ASME code [1]) based on realistic loads. In 
light of the tightening fatigue codes and standards, the 
urge is clearly present that, in order to still be able to 
comply with these new boundaries, margins which are still 
embedded within most of the fatigue analyses in use, have 
to be reduced. Moreover, thermal conditions and chemical 
composition of the fluid inside the piping system 
influences the allowable fatigue levels, which have come 
under extensive review due to the consideration of 
environmentally assisted fatigue (EAF) as proposed in the 
report [2]. Therefore, for highly loaded components, some 
new and improved stress and fatigue evaluation methods, 
not overly conservative, are needed to meet the 
increasingly stringent allowable fatigue levels. In this 
context, FAMOS, hub of AFC, is able to monitor and 
record the real local operating loads. The different 
modules of the AFC, are schematically represented in 
Figure 1. 
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Figure 1: Modules of the AREVA fatigue concept (AFC) 

Safety concept context of NPP 

Nuclear power plants are subject of particular safety 
requirements due to the increased risk potential. The 
utmost aim from the point of view of safety in the design 
as well as the plant operation is the prevention of 
unforeseen events or accidents.  
Accidents such as „Three Mile Island“, Tschernobyl or 
recently Fukoshima are inacceptable. They resulted from 
insufficient design or operation of the respective plant. 
Ageing effects may also induce unexpected events during 
operation. A comprehensive ageing management is 
required in order to avoid these a priori. Particularly 
regarding the aspects of new lifetime periods of nuclear 
power generation works (60 years of operation for new 
nuclear power plants such as AREVA’s EPR®) or due to 
lifetime extension projects (e.g. in the USA, Sweden or 
Switzerland) there is an increasing need of knowing the 
current state of the plant exactly in order to enable a 
qualified respective assessment. Of course, the knowledge 
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of the occurred and expected loading of the power plant 
components is an essential prerequisite for such an 
assessment. The operation of a new nuclear power plant 
will extend to three generations of operational staff. 
Conceptual long term solutions are required in this 
context. I.e., all relevant load data should be recorded in a 
way that future generations still have access to these data 
and can consider them in the evaluation of the plants.  
 
Fatigue   

 
The fatigue check takes a central position within the 
ageing management. The successful fatigue check shows 
the design conforming state of cyclic operational loads. 
During operation of nuclear power plants, particularly the 
thermal cyclic loadings are fatigue relevant. They are due 
to transient states of operation. E.g., respective cold or hot 
feed conditions occur during start-up and shut-down as 
well as testing conditions of the safety equipment. 
Furthermore, permanently occurring mixing events of hot 
and cold flows at junction locations (t-sections) may 
induce high cycle fatigue loads. Certain plant conditions 
may induce temperature stratification events within larger 
pipes at lower flow rates and an existing temperature 
difference. These phenomena may equally induce cyclic 
loads in the pipeline and the attached components. Of 
course, cyclic mechanical loads such as internal pressure 
or piping loads have to be considered for the fatigue check 
as well.  Until now, the design and operation of nuclear 
power plants was concentrated on the purpose of base load 
generation for the respective electrical network. In the 
future, nuclear power plants will have to take increasing 
parts of the average and peak load generation due to the 
growing utilization of renewable energy sources such as 
wind and solar energy. This generates permanently 
changing states of the plant which have to be considered 
within the fatigue check.  
All these expected loads are examined in the design phase 
of a certain type of power plant as well as recorded and 
described in a design transient catalogue. These so called 
design transients are characterized by the expected 
temperature ranges, temperature change rates and the 
expected frequencies of occurrence. Furthermore, the 
expected internal pressure and if applicable stratification 
states are prognosticated. This transient catalogue 
constitutes the basis of the design fatigue checks. This first 
fatigue check is part of the licensing documents and 
should also indicate fatigue relevant positions and plant 
processes. If necessary, modifications of the plant 
processes and/or components are carried out in the design 
phase with the aim of eliminating potentially critical 
positions. The task of the fatigue check changes somewhat 
during the operation of the nuclear power plant. In this 
phase, the fatigue check is primarily used to show that the 

operation of the plant is within the specified limits. That is 
to say, the fatigue usage factor for the relevant components 
has to be reported in a regulated cyclic sequence. As the 
operational processes differ even for identical 
technological procedures a simple counting of 
technological procedures (events) will not necessarily 
deliver a covering fatigue usage factor. It is also possible 
to overestimate fatigue usage in case of conservatively 
specified design transients.  
 
Local monitoring concept 

 
The complex fluid flow event occurring during the 
operation of nuclear power plants are influenced by the 
automatic operational control processes. Nevertheless, as a 
consequence of the manifold manual intervention 
opportunities equal technological processes may induce 
different local loading sequences for the components. In 
other words, an assessment of components exclusively 
based on operational measuring instrumentation is 
insufficient. Local data acquisition and monitoring of local 
loads at the fatigue relevant components is the better 
solution. Local effects such as the swapping flow after 
feeding interruption can only be recorded in the load data 
set this way. It is to be pointed out that the safety check 
against cyclic loads of the of the components has to be a 
permanent operation accompanying procedure. The 
German KTA rules regulate this issue as part of the rule 
for operational monitoring (KTA 3201.4) [3]. 
 
Modified codes 

 
On one hand, the checks have to be harmonized with the 
valid code. On the other hand, the state of the art in 
science and technology has to be considered. Recently, the 
detrimental influence of the medium (high temperature 
reactor water) on the fatigue process – which has been 
examined since the 1980ies – is the subject of code 
modifications tending towards tightening code rules. The 
term Environmentally Assisted Fatigue – EAF is 
synonymous to the corrosive influence of the medium on 
the fatigue behavior. The usual way of considering EAF in 
fatigue analysis is the application of penalty factors Fen. 
The modified code rules have to be considered and applied 
both within the lifetime extension projects and the new 
built projects of nuclear power plants.  
 

Fatigue monitoring systems 

During the early operation of nuclear power plants in the 
1970ies and 1980ies local loads occurred at different 
locations causing fatigue cracks. Theses were either due to 
new loading conditions which were not considered in the 
design phase (e.g. temperature stratification) or 
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insufficient manufacturing quality (e.g. welded joints). 
These problems constituted the starting signal for the 
development of fatigue monitoring systems. Thus, the 
Fatigue Monitoring System FAMOS was for instance 
developed by then Siemens – KWU at the end of the 
1980ies and installed in German nuclear power plants. At 
that time, this was a very progressive data logging system. 
Henceforth, it was possible to measure the local loading 
effects. The fatigue relevance of those effects was 
analyzed by simple assessment methods. These 
experiences gave rise to a better understanding of the 
ongoing loading phenomena. The fatigue assessment 
induced the necessity of retrofitting of components or the 
modification of the operating mode. For instance, the 
feedwater sparger of the steam generator was subsequently 
designed in a way that the stresses of cyclically occurring 
stratification transients were minimized. Nevertheless, the 
technology of the data logging system at that time still had 
certain limits with respect of the frequency of data logging 
and the recording/storage. A data logging frequency of 10s 
(0.1Hz) constituted the upper limit. Furthermore, the 
capacitive effect of the applied measurement sections was 
underestimated in their transient behavior.  
 
New software / hardware and ageing requirements 

 
These limits do not exist anymore in the application of up-
to-date data logging systems. The application of modern 
BUS technologies paves the way for an economic and 
flexible measuring system without long cables. Handling 
and performance has been significantly improved for the 
modern systems. AREVA offers FAMOSi as a modern data 
logging system of that kind. It delivers reliably the data 
base for the further fatigue monitoring and for the further 
assessment. 
 
Data post processing - evaluation of CUF 

 
As it was mentioned before the evaluation of the recorded 
measurement data is done by applicaton of a three staged 
assessment system. Only those analyses are applied that 
are required for the fatigue assessment of the according 
component. If the cumulative usage factor obtained by 
application of the first analysis stage – the Simplified 
Fatigue Estimation SFE – falls below the defined target 
value no further evaluation will be required. If it does not 
the second stage – Fast Fatigue Evaluation FFE – will be 
activated and so on.  
All data have to undergo a plausibility check before being 
further processed. This plausibility check enables a control 
of the data based on predefined limiting values. Thus, 
erroneous data blocks originating for instance from 
electromagnetic pulses (e.g. switching operations within 
the main coolant pump) are detected by identification of 

physically senseless values of the temperatures or their 
gradients. These data sets are corrected to logical values. 
The correction is precisely recorded and can be reproduced 
at any time. Thus, the generated plausible data set 
constitutes the basis for the further data processing and 
assessment.  
 
 

II. DESIGN ANALYSIS BEFORE OPERATION 

Before commissioning and operation of the plant, a 
catalogue of thermal transients is compiled. These thermal 
transients are considered as design transients in contrast 
with the real transients based on temperature measured 
during operation. In the past, the anticipated transients 
were covering 40 years of plant operation. Now, the period 
to be covered is 60 years. Moreover, the specification is 
done for normal, upset, emergency and testing conditions. 
The design thermal transients are specified according to 
different plant models and experiences. They should be 
always conservative concerning frequency of occurrences, 
temperature range, rate of temperature change and load 
type (thermal stratification, thermal shock). Due to this 
conservatism, the usage factor calculated in the design 
phase, under normal circumstances, will be more severe 
than the results of the detailed fatigue calculation 
performed at a later operation stage taking into account the 
real operational thermal loads. As a consequence, usage 
factors around 1.0 are still tolerable in the design phase. 
They indicate the fatigue sensitive positions. These 
locations are selected for future instrumentation and non-
destructive testing. Some components design 
improvements, depending on the calculated fatigue usage 
factors, can also be taken into account at this early stage. 
Optimization of operating modes can also be considered. 

Thermal transients with low influence on fatigue behavior 
are identified as well. Depending on the different design 
codes [1], [6] and [8], some procedures can allow the 
exemption of non significant loads. In the end, the 
predicted fatigue usage factors, which were calculated 
with design transients, shall be verified and the fatigue 
status shall be updated during lifetime operation. 

 
III. FATIGUE MONITORING SYSTEM 

The acquisition of realistic operational load data in the 
power plant is one essential pillar of the AFC. Its function 
is to determine the realistic thermal loads. The FAMOS 
was developed in the early eighties. At that time, German 
licensing authorities demanded for the realization of a 
comprehensive measurement program in one German NPP. 
This was in order to get detailed information on the real 
component loadings during plant operation. This proof 
should give the information that the real operating 
conditions are not different from the design data. At this 
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occasion, the advantages of monitoring real operating 
loads and using the measured data as an input for fatigue 
analyses became obvious. Therefore, a sophisticated 
fatigue monitoring system was developed. As a 
consequence, many NPPs in Germany and abroad were 
equipped with FAMOS.  

Depending on each power plant a fatigue handbook is 
developed to identify the locations relevant to fatigue in 
the NPP. The instrumentation of these locations is specific 
for each plant and depends on system design and further 
requirements.  

For the acquisition of load data FAMOS use two different 
methods: the global fatigue monitoring and the local 
fatigue monitoring. The global monitoring is made by 
existing operational measuring. The corresponding 
operational signals could be fluid pressure, fluid 
temperature, position of valves etc. measured at different 
parts of the systems. 
Local fatigue monitoring is located at fatigue relevant 
locations at the outer surface of pipes and is made by 
additional temperature measuring with thermocouples. 
The thermocouples are manufactured to measurement 
sections. 

Figure 2 shows the typical locations of measurement 
sections in a pressurized water reactor (PWR). Indeed, 
FAMOS gathers measurement sections, which are mostly 
located: 

• on the primary loops 
• on the surge line  
• on the spray lines  
• on the volume control system 
• on the feedwater system and further positions. 

 

The different FAMOS measurement sections can be 
composed of seven or more thermocouples if some 
thermal events like stratification are suspected 
(horizontally installed pipes). However, in case of plug 
flow the application of only two thermocouples is 
sufficient (vertically installed pipes). 

 
 

 
 
Figure 2: FAMOS measurement sections in a PWR 

 
Figure 3: FAMOS principle 

Figure 3 shows how the application of thermocouples at 
the outer surface of a pipe is performed. 

Each measurement section consists of the thermocouples 
installed on a thin metal tape and a robust protection shell 
to prevent the thermocouples for being damaged. Both, 
metal tape and protection shell are installed around the 
pipe under the piping insulation. The installation takes 
place in a distance to pipe welds, so that a dismounting of 
a measurement section during an ultrasonic testing of the 
weld is unnecessary. Furthermore, a distance to thick 
walled components (e.g. nozzles) is needed to minimize 
the thermal impact on the temperature measurement. 
The measurement sections are designed for a fast 
mounting process. A very short installation time is 
absolutely necessary to ensure low dose rates for the 
mounting personal. Special manufacturing processes and 
thermal responses test of the thermocouples guarantee 
realistic thermal load data. Actual measurement sections 

    
Thermocouple  

Measuring tape    
Protection shell  

Measurement 
section 
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are characterized by a minimization of heat capacity 
effects and excellent thermal sensitivity. 

All thermocouples are wired with extension lines to 
junction boxes where the cold junction compensation of 
the thermo voltage signal is performed. For the 
compensation a board with an isothermal terminal for up 
to 30 channels is used to connect the wires made of 
thermocouple material with a trunk cable made of copper. 
The temperature at the isothermal terminal is measured 
with a resistance thermometer. The voltage signals from 
different junction boxes are connected to the information 
and control system (I&C system) of FAMOS. That system 
consists of two or more information modules with signal 
processing units and analog / digital converter. The 
information modules are connected with a data bus to a 
processing unit. The data of all thermocouples are 
analyzed, stored and transferred to a computer network in 
real time. To avoid a high data volume in the storage 
system a data reduction methods is used for the samples of 
the signals. With a bandwidth method samples will only 
be stored if the signals leaves the bandwidth. That ensures 
that all samples of fatigue relevant load data during 
transients are stored and only a few samples during steady 
state operating mode of the plant with no fatigue relevant 
transients. 
The information modules and the processing unit are 
installed within the containment of the power plant. All 
requirements of the containment environment such as 
temperature, humidity, atmosphere and material 
restrictions have been considered during engineering and 
design of the I&C components. The system is equipped 
with redundant power supply and a diagnostic system to 
detect male functions in different modules. That ensures a 
long term monitoring and storage of load data in a 
containment environment. 
Outside the containment a sever unit is installed in the 
safeguards building, main control side room or other 
computer rooms of the power plant. That server stores all 
load data in a database over years. In addition to the 
FAMOS data, load data of the global instrumentation is 
also stored at the sever unit. For the connection of the 
server unit with the processing unit inside the containment 
fibre optic cables or normal Ethernet connections made of 
copper are used. These cables run in special penetrations 
through the pressure-sealed and gas tight containment 
wall. 
With a network connection to the server unit all data of 
FAMOS and the global monitoring can be viewed in real 
time on any connected computer. Access to the database 
features the view on the load data of several years of 
power plant operation. The real time data analysing 
process done by the processing unit generates messages 
about high thermal loads or malfunctions automatically. 
Thresholds for temperature rate of change or thermal 

stratification can be set. Is the threshold reached during a 
transient the system generates a warning about high 
thermal loads. In combination with valve position signals 
from the global monitoring, the system detects not fully 
closed valves even if the valve position indicates it.  
With the help of automated warnings, unfavourable 
thermal load events can be analyzed and operating modes 
optimized. For the purpose of preventive maintenance 
FAMOS offers all necessary information to prevent the 
plant’s components for avoidable load events. 

The FAMOS I&C system operates in real time with 
signals of 120 or more than 300 thermocouple channels. 
The number of channels depends on the power plant 
layout, the number of primary loops and the monitored 
components. The engineering of FAMOS in a NPP starts 
with the generation of a FAMOS manual. This process 
contains a deep analysis to identify components relevant to 
fatigue in the primary, secondary, auxiliary and safeguards 
systems. To do so, design documents, operating experience 
and feedback from similar plants are considered. A 
measurement point plan is elaborated and all activities are 
coordinated with the plant operator and, if required, with 
independent experts. 

Is FAMOS installed before commissioning of the plant the 
fatigue status can be calculated over the complete lifetime 
with realistic load data. Indeed, the commissioning phase 
is often characterized by the highest loads of the entire 
lifetime of the power plant. But a installation into a 
installed plant is useful after several years of operation e.g. 
during lifetime extension. Getting the real measurements 
at this stage implies a consequent reduction of the fatigue 
usage factor when the later detailed fatigue calculation is 
required as explained in Figure 4. 

 
Figure 4: Development of fatigue usage factor considering 
local monitoring and improvements 

The objectives of FAMOS are summarized here 
below: 
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• To determine the fatigue status of the most highly 
stressed components 

• To identify and optimize the operating modes which 
are unfavourable to fatigue e.g. valve leakages 

• To improve the catalogue of transients used at the 
design phase 

• To establish a basis for fatigue analysis based on 
realistic operating loads 

• To use the results for lifetime management and 
lifetime extension 

An important connecting link between the recording of 
measurements and the stress and fatigue analysis is the 
load data evaluation (see Figure 1) and the specification of 
thermal loads in transient catalogues. Knowledge of the 
processes and the operation of the systems is essential. 
The first step to specify thermal loads is the identification 
of the operational processes leading to relevant transients 
of temperature and/or pressure. For these events an 
appropriate number of model transients is selected. 
Usually, it is necessary to split up these model transients 
into subclasses which are different e.g. in the temperature 
difference of the transient. As it is shown in Figure 1 the 
specified transients are input data for the detailed fatigue 
check. 

Indeed, three graded methods were developed fulfilling the 
different requests in terms of fatigue and this, with 
different means. The choice of one method depends on the 
expected degree of fatigue relevance and the expected 
grade of details in fatigue calculation. 

Step 1: Simplified Fatigue Estimation 
Simple estimations of fatigue relevance of real loads for 
components are based on thermal mechanical 
considerations using the equation of ideal thermally 
constrained strains. A basic decision about fatigue 
relevance (yes/no) for the monitored position is made. In 
case of fatigue relevance a further evaluation is done 
according to step 2. 

Step 2: Fast Fatigue Evaluation (FFE)  
A code conforming usage factor U is calculated in a highly 
automized way based on the simplified elastic plastic 
fatigue analysis. If U ≤ Uadmissible the fatigue check will be 
successfully finished. If U > Uadmissible further analyses will 
be based on step 3. 

Step 3: Detailed Fatigue Calculation 
Fatigue analysis is based on a detailed catalogue of 
transients. This catalogue of transients results from the 
evaluation of the real loads for the monitored component. 
The detailed fatigue check is based on finite element 
analyses mostly including elastic plastic material behavior. 

Both step 2 and step 3 allow for the consideration of 
environmentally assisted fatigue (EAF) in the analysis 
process. 

IV SIMPLIFIED FATIGUE ESTIMATION 

The results of the temperature measurement are to be 
processed quickly in order to get a first estimation of the 
fatigue state. One important task before the simplified and 
automated evaluation is the verification of the acquired 
data. Detection and adjustment of implausible data are 
parts of this process. These plausibility and quality checks 
of the measured data have to be done by experienced 
specialists. The result is a preprocessed database for data 
evaluation and fatigue assessment. 

In the very first step of the simplified fatigue estimation 
(SFE), the changes of temperatures are subject to a rain 
flow cycle counting algorithm, see [7]. In this process the 
temperature ranges at the locations of measurement are 
identified, counted and classified. The according 
temperature differences between a subsequent minimum 
and maximum are inserted into a rain flow matrix. The 
temperature difference, the starting value and the 
temperature change as well as the stratification differences 
are the parameters of this matrix. An exemplary matrix is 
shown in . 

 
Figure 5: Exemplary rain flow matrix for SFE application 

 
These thermal load cycles are input data for a stress and 
fatigue assessment of the monitored components based on 
conservative analytical computation formulae. The 
temperature differences are processed to stresses by 
applying the equation of the totally restraint thermal 
extension σ=E·α·∆T. The stresses calculated in this way 
are multiplied with stress concentration factors as a 
function of the component geometry. The internal pressure 
induce stresses are added Based on these stresses and their 
frequency of occurrence the partial usage factors are 
calculated and summed up to the total usage factor.  
The basic function of this method is a check of 
fundamental fatigue relevance of the component subjected 
to the recorded loading. It constitutes a simple qualitative 
assessment method. In case of calculated cumulative usage 
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factors CUF<5 per cent there is no fatigue relevance of the 
component. Additionally, SFE allows for a simple 
qualitative comparison of annual partial usage factors. By 
means of extrapolation the future fatigue potential can be 
anticipatorily predicted.  

SFE has been successfully applied in many German 
nuclear power plants for ca. 20 years.  

This rough real time fatigue estimation is done after every 
operational cycle and allows for a direct comparison of 
thermal loads and an evaluation of the current fatigue 
usage factor. The result of this SFE provides a qualitative 
tendency. Although the correlation of the real temperature 
ranges is fairly simple, it is suitable for a comparison of 
different real sequences of loads and allows for a 
qualitative evaluation of the mode of operation and the 
detection of fatigue critical locations. Furthermore, the 
investigation of the results allows for the detection of 
anomalies. 

 
V FAST FATIGUE EVALUATION 

General remarks and context 

With the help of the fast running SFE method, an overview 
of the fatigue level for every monitored component is 
given. For highly loaded components a more detailed 
method, the FFE, can be used to calculate the usage factors 
in a more realistic way as indicated in [4]. This method 
uses FAMOS measured data from the outside surface of a 
pipe and can evaluate a fatigue level of the component for 
different thermal loads (plug flow, stratification). 

The measuring location of FAMOS is chosen close to a 
fatigue relevant component and the measurement sections 
installed at the outer surface of the pipe. Nevertheless, the 
points of interest are at the inner surface of the component. 
Therefore, the calculated temperature at the inner surface 
of the pipe will be transferred to the inner surface of the 
component. The thermal load cycles are well known after 
that step and the stress time history are calculated with the 
Green’s function approach. This approach deals with 2 
unit transients of +/- 100 K, which are used to scan the 
original temperature time history at each time step. By 
means of unit transients, stresses are calculated in all 
fatigue relevant locations, which are monitored with 
FAMOS. Pressure cycles as well as section moments will 
also be evaluated with the Green’s function approach.  

After the calculation of the equivalent stresses, the 
mechanical load cycles can be classified by the use of the 
Rainflow algorithm. Then, comparisons with the fatigue 
curve results in fatigue levels are performed for all 
relevant locations. 

Moreover, an enveloping fatigue level can still be 
calculated. In other words, for highly loaded components, 

using the FFE method can provide a more realistic stress 
calculation and enveloping fatigue level calculation. 
Depending on the real number of load cycles, the new and 
more stringent code requirements can also be complied 
with. 

In the end, if the calculated fatigue usage factor is lower 
than the allowable limit, the fatigue check will be 
successfully finished. If not, further analyses will be 
performed, according to the detailed fatigue calculation. 

Detailed description 

The fast running SFE method draws up an overview 
of the temperature changes and a qualitative stress 
estimation for every monitored component. The fatigue 
handbook and the knowledge of these parameters 
determine the pertinence of a fatigue analysis for the 
component. In that way a more detailed and automatic 
method, Fast Fatigue Evaluation FFE can be used to 
calculate the cumulative usage factors (CUFs).  

The determination of the time-history loads and the 
stresses calculation ensued from them are the basis of the 
method. On a measuring section, close to the fatigue 
relevant location, the Monitoring system FAMOS 
measures the temperature at the outside surface of the 
pipe. First of all the interpretation of this temperature has 
to be explained. 

In a homogeneous isotropic solid, where the 
temperature is a function of time and space 

),,,( tzyxfT= , the equation of conduction of heat is: 
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λ … thermal conductivity of the solid [W/(m•K)] 

ρ … density of the solid [kg/m³] 

c … specific heat of the solid [J/(kg•K)] 

This equation can be written in a cylindrical 
coordinate system: 
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(Eq. 2) 

The stratification effects will not be considered and 
the application of the method will be here restricted to the 
plug flow events. In this case the temperature evolution is 
independent of the circumferential direction 

),,( tzrfT = . Moreover the measuring section is 
taking on a pipe relatively far from geometrical 
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discontinuities so that: )()( zzTzzT δδ +=− . That 
means we locally consider that the temperature in the 
observed section can be written like: ),( trfT = . This 
involves: 
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The last equation handles, in mains of the power 
plants operational thermo- hydraulic conditions, the 
thermal evolution inside the thickness of the pipe. Solving 
the equation depends of the applied boundary conditions. 
As the varying load is the medium temperature flowing 
throughout the component, the heat transfer between the 
fluid and the inner surface is governed by a Newton’s law 
of cooling: 
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h … heat transfer coefficient [W/(m²·K)] 

For further explanations of the mathematical 
background of the method, see e.g. [10].  

All the difficulty to apply this equation during 
unsteady fluid temperature states, rest on the 
determination of the heat transfer coefficient h . Indeed 
this last one depends of many parameters like the velocity, 
thermo hydraulics conditions or the geometry of the 
surface. The time dependant knowledge of all these 
parameters with a good accuracy is hardly compatible with 
a fast determination of the real loads. 

To solve this problem, the inverse philosophy was 
developed to calculate the stresses in the structure. Indeed 
to perform a structural analysis, the knowledge of the 
temperature distribution throughout the wall is enough. 
The FFE method is based on the time history 
determination of the inner wall temperature thanks to the 
resolution of the inverse problem of conduction of heat. 
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Figure 6: Different way to get inner wall temperature 

Solving the inverse conduction equation of heat is 
done with the use of potential functions (Unit Transients). 
A Unit Transient is applied at the inner surface of the pipe 
(boundary condition), the equation of conduction of heat is 
solved, the resulting time-history temperature at the outer 
wall is observed. The resolution of equation of heat can be 
done thanks to an analytical method or with the help of a 
finite element FE program (ANSYS®). In that case a 2-
dimensional model of the section of the pipe could be 
created. Benefit of this last choice is the easy possibility to 
integrate in the solution the thermal influences of the 
thermocouple installation at the outer surface of the pipe. 
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Pipe thickness 
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Figure 7: FE calculation of the temperature response 
at the outside of the pipe 

The determined temperature response calculated in the 
thermocouple (outer wall) will be considered like a 
reference. Its evolution is characteristic of the applied Unit 
Transient at the inside surface of the pipe (characterized 
with a temperature rate of changes and a thermal 
amplitude ∆Tref). Thus the FAMOS measured outside 
temperature will be scan step by step (typically every 
second). The temperature difference at the outer wall 
between two time steps is compared with the simulated 
outer wall temperature (reference). The factor resulting 
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from this comparison is through linearity properties also 
available at the inner side of the structure. So that, step by 
step the inside temperature of the pipe can be rebuilt. A 
computation algorithm of this process was developed. The 
acquired measured data of FAMOS are read in the FFE 
Program. A preliminary work consists to calculate, for the 
different observed piping sections, the thermal references. 
These last ones are depending of the material, pipe 
thickness and measurement thermocouple. After this pre-
processing work, the computation of the inner wall 
determination is totally automated. 

The lastly determined inside temperature will be then 
used to calculate the thermal stress at the fatigue relevant 
locations. An appropriate temperature transfer function can 
yet be used to correct the axial dependency of the 
temperature when the FAMOS section is far from the 
stress calculation points )()( zzTzzT δδ +≠− . 

TInside_pipe  (FFE) TInside_transferd  

Example of fatigue relevant locations 

TOutside_pipe  (FAMOS) 

 
Figure 8: Inner wall calculation and transfer of 

thermal loads to the fatigue relevant locations 

The thermal stress determination is done according to 
a similar process than previously explained. A 2 or 3 
dimensional finite element model of the observed 
component is created (nozzle, heat exchanger…). A Unit 
Transient is used as reference load of a thermal 
calculation, so that the thermal field in the structure is 
calculated. After what the thermal stress is calculated 
during the structural analysis. The resulting thermal stress 
is observed on typical fatigue relevant locations. The 
calculated stress components are the response to a 
reference load characterized by a temperature rate of 
change and a thermal amplitude ∆Tref. 

Thermal Unit 
transient at the 
inside of the 
pipe 

∆Tref 

FE model of the 
analyzed 
component 

Stresses components at the fatigue 
relevant location is saved as a 
Time-history matrix 

 
Figure 9: FE calculation of the stress responses at a 

fatigue relevant location 

The inside temperature calculated in the previous 
stage with FFE, is scan step by step. Between two time 
steps, the temperature difference is interpreted like a Unit 
Transient whose amplitude is compared with the reference 
Unit Transient of amplitude ∆Tref. Because of linearity in 
the thermal stress calculation, the comparison between the 
measured amplitude and the reference one gives a 
coefficient to apply to the reference stress matrix to obtain 
the stress contribution resulting of the thermal load at the 
calculated time. The time dependant- stress components is 
then obtained with the summation of all these single 
contributions. 

 
The process is also totally automated in the FFE 

program. The stress matrix references have to be first 
calculated in a FE program. The results are then added in 
the database of FFE: it is the pre-processing work. After 
what the calculation at the selected locations can be 
processed. In a few minutes’, thermal loads and stress 
components of whole operating cycles can be performed. 
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When a time dependant pressure or piping section 
forces and moments information is, thanks to internal 
instrumentation available, the resulting mechanical stress 
components can be calculated with FFE (scaling of unit 
lasts). Thermal and mechanical stress components are 
added and the equivalent stress is calculated. The use of a 
Rain flow algorithm will classify the stress ranges, a 
standard conform comparison with the fatigue curves will 
give the fatigue level of the selected locations. At the end, 
if the calculated fatigue usage factor is lower than the 
allowable limit, the fatigue check will be successfully 
finished. If not, further analyses, according to the detailed 
code based fatigue, will be performed. 

To optimize the costs and user flexibility, the FFE 
program was build on a modular architecture. Thus just the 
information required by the customer/user is calculated. 
This architecture permits also an easiest upgrade of the 
program to implement new modules despite changes of 
nuclear standards (new fatigue curves, environmental 
factor integration…) or further calculation methods (all 
automated stratification consideration). 

VI DETAILED FATIGUE CALCULATION 

General remarks and context 

The detailed fatigue calculation is usually carried out after 
a certain time period of plant operation, every ten years for 
instance. These analyses are often performed in the 
framework of the periodic safety inspection (PSI). Loading 
data of the operational period as well as anticipated loads 
of future operation are used as essential input parameters. 
Hence, usage factors are calculated for the current state of 
the plant and some prognoses are taken into account to get 
results until the end of life.  

The simplified elastic-plastic fatigue analysis based on 
elastic FEA and plasticity correction (fatigue penalty or 
strain concentration factors Ke) e.g. according to paragraph 
7.8.4 of [6] or equally NB 3228.5 of [1] is known to yield 
often overly conservative results. In the practical 
application this may yield high calculated usage factors. 
As a consequence, the less conservative elastic-plastic 
fatigue analysis method based on non-linear FEA will 
often be used for fatigue design. This is associated with an 
increased calculation effort. Computing times for complex 
3D geometries and numerous transients may be 
significant. Under these circumstances the specified 
transients have to be rearranged in a small set of covering 
transients, approximately 10, for calculation purposes. 

The possible modification of design codes in respect of 
more severe fatigue curves and particularly the 
consideration of environmental assisted fatigue (EAF) will 
significantly influence the code based fatigue design. Of 
course, these developments are attentively followed and 

actively accompanied; see “supporting functions” in 
Figure 1.  
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Figure 11: Workflow of detailed fatigue analyses 

 

 
The usual workflow of the fatigue analysis of NPP 
components is shown in Figure 11. The structural analysis 
might be simplified elastic plastic or fully elastic plastic. 
The transient temperature fields are analyzed for all 
relevant N model transients according to figure 3. These 
transient temperature fields are themselves the input data 
for the subsequent transient (linear or nonlinear) structural 
mechanical analyses yielding the local stresses and strains 
required for code conforming fatigue assessment. Cycle 
counting is done in accordance with the requirements of 
the ASME code as implemented in the ANSYS® Classic 
Post 1 Fatigue module. 
 

Cycle counting 

Cycle counting is the prerequisite for any fatigue or 
service durability assessment method dealing with 
arbitrary operational load sequences. Consequently, an 
appropriate cycle counting algorithm is required. 

Cycle counting methods in general are characterized by the 
following features [11]:  

 • Decomposition of a given course of load (stress) – 
    time into a sequence of reversal points, 

 • Definition of a relevant elementary event (e.g.   
    hysteresis) and 

 • Formulation of an algorithm for the detection and 
    processing of elementary events. 

The superposition of transients according to the design 
code (ASME Code, NB 3222.4, see Figure 12) is based on 

77



    

the extreme value method. The largest stress ranges are 
usually determined form “outer combinations” (e.g. load 
steps across different transients respectively events). The 
associated frequency of occurrence results from the actual 
number of cycles of the participating two events with the 
smaller number of cycles. This event provides the 
associated contribution to the partial usage factor Ui. The 
summing up of all partial usage factors according to 
Miner’s rule delivers the accumulated damage (usage 
factor U). Additionally, a counting of subcycles within the 
events should be carried out according to the rain-flow 
cycle-counting method [e.g. 11] although it is not 
explicitly addressed by the design code [1]. This is 
standard practice in the framework of the AREVA Fatigue 
Concept (AFC). The HCM (Hysteresis Counting Method) 
according to Clormann and Seeger [11] is applied for this 
purpose. Additionally, the introduction of so called basic 
events allows a more realistic consideration of the load 
time sequence [12]. 
  

� Usual counting method
according to ASME-Code

� Search for the largest
stress range across events
(„external combinations“)

� e.g. implemented in ANSYS®-
postprocessing

Extreme value method
2007 SECTION III, DIVISION 1 — NB

NB-3222.4 Analysis for Cyclic Operation

(5) Cumulative Damage. 

 
Figure 12: Cycle-counting method according to [1] 

 

Application example 

As an application example, the spray line of a pressurized 
water reactor system is subject of a detailed code-based 
fatigue analysis. The load input covers the temperature 
transients measured during operation. Figure 13 gives an 
example of a specified temperature transient.  
  

 
Figure 13: Example of a specified temperature transient 
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Figure 14: FE model of spray line and pressurizer (shell 
type elements) 
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Figure 15: Detail models of spray line nozzle, spool and t-
section 
  

Transient temperature field analyses:
• SHELL131 + SOLID90
• Constraint equations (CE)

Structural mechanical analyses:
• SHELL181 + SOLID95
• „Multiple Point Constraints“ (MPC)

Model statistics:
• 912281 nodes, 243120 elements
• 9 supports
• Pipeline (SHELL): 

35700 nodes, 35568 elements
• T-joint (SOLID):

877331 nodes, 207552 elements  
Figure 16: Model statistics for the t-section 

This specification of the plant-specific thermodynamic 
loads in official reports and transient handbooks is 
realistic, but still conservative. It is obvious that the load 
specification takes a decisive influence on the fatigue 
usage calculation and is a source of conservatism. 

In the subsequent calculation process all relevant loads 
and relevant components have to be considered. 
Furthermore the interaction between the components and 
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the adjacent piping system (supplementary loads resulting 
from the deformation of the piping sections) cannot be 
neglected. Based on this requirement, a decision was taken 
to model the complete spray line system by means of shell 
type elements. This model containing the spray line, the 
auxiliary spray line, and the pressurizer is shown in Figure 
14. 

The spray line nozzle, the spool, and the t-section (see 
Figure 15) were identified as fatigue-relevant components 
within the spray line system. In a next step, detailed brick 
type FE models of these three components were generated 
and integrated into the overall shell type model of the 
spray line. It is pointed out that the detailed models were 
considered subsequently and not simultaneously due to 
model and file sizes as well as analysis time. Some model 
statistics are given in Figure 16 for the example of the t-
section. 

Note that the connection between the shell type and the 
brick type part of the complete model is achieved by 
constraint equations (CE) in the case of the transient 
temperature field analyses and by means of multiple point 
constraints (MPC) in the case of the structural mechanical 
analyses. Nearly one million nodes yield considerable 
computing times in the transient nonlinear analyses. The 
complete workflow of the fatigue analysis is shown in 
Figure 11. Note that a simplified elastic-plastic fatigue 
analysis was not applicable in this application example. 
All transient analyses were based on a nonlinear material 
law with kinematic hardening. 
  

[°C]

Injection of cold water

 
Figure 17: Exemplary temperature distribution in the t-
joint 
  Highly stressed regions:

Pipeline connection
(shell model)

Exemplary von Mises stress distribution
in t-section due to thermal loading

 
Figure 18: Exemple of qualitative von-Mises stress 
distribution in t-section due to thermal loading 

The transient temperature fields were analyzed for all 
relevant N model transients according to Figure 11. These 
transient temperature fields were the input data for the 
subsequent transient nonlinear structural mechanical 
analyses yielding the local strains required for code 
conforming fatigue assessment. Note that the code-
conforming damage accumulation algorithm is not trivial 
in the case of elastic-plastic analyses. More details on the 
implementation can be found in [13]. Cycle counting was 
done in accordance with the requirements of the ASME 
code as implemented in the ANSYS® Classic Post 1 
Fatigue module. 

An example of the temperature distribution in the t-joint is 
shown in Figure 17. It represents one point of time of one 
model transient. Note that the temperature distribution 
remains continuous at the border between the solid type 
and the shell type part of the model. The resulting von-
Mises stress distribution for the same point of time is 
shown qualitatively in Figure 18. Again, the stress 
distribution remains continuous at the border between the 
solid type and the shell type part of the model. The 
multiple point constraints approach works very well. It is 
clearly shown that the thick walled transition regions and 
thermal sleeve connections are particularly prone to 
fatigue damage. Consequently, the fatigue usage analysis 
revealed the thick walled transition region to be the most 
relevant location for the fatigue check. Only the elastic-
plastic fatigue analysis assured fatigue usage below the 
admissible value of 1.0. 

For more details on the code conforming fatigue check and 
associated further developed methods see e.g [14].  

 
VII. CONCLUSIONS 

The AREVA integrated and sustainable concept of fatigue 
design expresses the importance of design against fatigue 
in NPPs. Actually, new plants with scheduled operating 
periods of 60 years, lifetime extension, the modification of 
the code based approaches and the improvement of 
operational availability are driving forces in this process. 
Therefore, applying the AFC is an expression of 
responsibility sense, as well as an economic requirement. 
Moreover, the fatigue concept is widely supported by 
measured data. Indeed, the results of the fatigue 
monitoring can be the basis for decisions of optimized 
operating modes and thus influence the fatigue usage 
factors.  

The main modules are the FAMOS, the first design 
analysis before operation, and the three stages fatigue data 
evaluation. As all modules are closely connected, it is 
reasonable to apply the approach as a whole, with an 
additional cost reduction effect, compared to separate 
solutions. An integrated software ensures the effective data 
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processing from measurement to fatigue data calculation 
and offers the user an easy to use interface to NPP’s 
loading data. Thus, the integrated fatigue approach makes 
a significant contribution to the safety margins monitoring, 
the operational availability and the protection of 
investment. 
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Abstract 

In the framework of the network research project “Thermal Fatigue - Basics of the system-, 
outflow- and material-characteristics of piping under thermal fatigue“ funded by the German 
Federal Ministry of Education and Research (BMBF) fundamental numerical and 
experimental investigations on the material behaviour under transient thermal-mechanical 
stress conditions (high cycle fatigue - HCF) are carried out. The project’s background and its 
network of scientific working groups with their individual working tasks are briefly introduced. 
The main focus is especially on the joint research tasks within the sub-projects of MPA and 
IKE which are dealing with thermal mixing of flows in a T-junction configuration and the fluid-
structure-interactions (FSI). Therefore, experiments were performed with the newly 
established FSI test facility at MPA which enables single-phase flow experiments of water in 
typical power plant piping diameters (DN40 and DN80) at high pressure (maximum 75 bar) 
and temperatures (maximum 280 °C). The experimental results serve as validation data base 
for numerical modelling of thermal flow mixing by means of thermo-fluid dynamics 
simulations applying CFD techniques and carried out by IKE as well as for modelling of 
thermal and mechanical loads of the piping structure by structural mechanics simulations 
with FEM methods which are executed by MPA. 

The FSI test facility will be described inclusively the applied measurement techniques, e. g. 
in particular the novel near-wall LED-induced Fluorescence method for non-intrusive flow 
temperature measurements. First experimental data and numerical results from CFD and 
FEM simulations of the thermal mixing of flows in the T-junction are presented. 

1 Introduction 

Thermal cyclic loading of power plant installations, e. g. the piping systems, is especially in 
safety considerations and analyses for nuclear power plants of great importance. 
Temperature fluctuations due to thermal transients and mixing of unsteady non-isothermal or 
stratified fluid flows cause fluid-structure interactions which lead to thermal fatigue problems 
because crack initiation has to be expected for specific components after some hundreds of 
operating hours. As a well-known example defects and wall-through cracks in a straight 
piping, a T-junction and a bend were observed in the residual heat removal system of the 
French light water reactor Civeaux I in 1998. These damages occurred due to high cycles of 
low frequency temperature fluctuations (high cycle fatigue HCF) in the range of 1 to 10 Hz 
[1]. In contrast to the low cycle fatigue (LCF) which is nowadays acceptably understood and 
sufficiently controllable by instrumentation and monitoring systems [2], the HCF has 
significant investigation demands with respect to reliable and accurate information about 
frequencies and amplitude of temperature fluctuations in order to understand and describe 
adequately its mechanism which is implicitly needed for reasonable predictions of HCF for 
lifetime estimations of component parts. 

To gain a greater insight into the HCF interactions international ageing management 
activities were established in the recent past dealing on the one hand with appropriate 
experimental investigations, e. g. the Vattenfall benchmark experiment [3] can be 
representatively named. Corresponding large efforts on development of advanced 
computational simulation methods, both in thermo-fluid dynamics (e. g. [4]) and structural 
mechanics (e. g. [5]) were carried out on the other hand.  

Despite of good progresses in aforementioned experimental and numerical investigations of 
HCF phenomena there are still substantive lacks of knowledge. Therefore, the network 
research project entitled “Thermal Fatigue - Basics of the system-, outflow- and material-
characteristics of piping under thermal fatigue“ is initiated which is financially sponsored by 
the German Federal Ministry of Education and Research (BMBF) in the framework 
programme “Fundamental Research Energy 2020+” and guided by the Project Management 
Agency Karlsruhe (Dep. Water Technology and Waste Management - PTKA-WTE) of the 
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Karlsruhe Institute of Technology (KIT). The network project is organised in 3 network sub-
projects (NSP) with collaborative scientific working groups from universities with participating 
partners from industry. Each joint sub-project is dealing with individual scientific topics which 
are closely connected to thermal fatigue issues. 

The superior main subject and objective of the network project are: 

 Further development of simulations methods for safety evaluations of nuclear power 
plant components. For this purpose fundamental investigations of coupled simulations 
of fluid-structure interactions as well as for development of material-mechanical 
models describing the damage evolution at thermo-mechanical loads. 

 Improvement and supplementation of so far existing methods in the field of 
Computational Fluid Dynamics (CFD) as well as atomistic and micro-mechanical 
simulation methods of Structural Mechanics in different length scales. 

Related to the main subject following 3 point targets are defined which are the conceptual 
scientific work packages (WP) of the individual network sub-projects listed in Table 1-1: 

 WP1: Supply of validated numerical analysis / prediction method for coupled fluid-
structure interactions of component parts linked to light-water reactor safety 
analysis. 

 WP2: Further development and experimental validation of material models and methods 
for description of damage evolution and lifetime evaluation at thermal alternating 
stress condition. 

 WP3: Description of material’s thermal fatigue state and its rising by tracking the growth 
of short mechanic cracks applying fatigue fracture methods. 

 

Table 1-1: Structure of the main network research project with project partners in 
individual network sub-projects (NSP) 

Main Network Research Project 

 Thermal Fatigue - Basics of the System-, Outflow- and Material-
Characteristics of Piping under Thermal Fatigue 

 

NSP 1 NSP 2 NSP 3 

Project title: 

Investigations of Fluid-Structure 
Interactions in Light-Water 
Reactors 

Project title: 

Thermal Fatigue of Power Plant 
Components 

Project title: 

Simulation and Characterisation 
of the Material State for thermo-
cyclical stressed Component 
Parts 

Project partners: 

Material Testing Institute (MPA), 
University of Stuttgart 

Institute of Nuclear Technology 
and Energy Systems, University 
of Stuttgart 

EnBW Kernkraft GmbH 

Project partners: 

Fraunhofer Institute of Material 
Mechanics (IWM), Freiburg 

Material Testing Institute (MPA), 
University of Stuttgart 

Project partners: 

Institute for Materials Science 
(IfW), Technical University 
Darmstadt 

Department for Mechanics of 
Materials, Technical University 
Darmstadt 

AREVA NP GmbH, Erlangen 

VGB Power Tech e. V. / 
Betreiber 
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In the framework of NSP 1 the research programme of MPA and IKE are defined in 2 specific 
single projects entitled “Structure-mechanical modelling of coupled fluid-structure 
simulations” (MPA) and “Fluid-mechanical modelling of coupled fluid-structure simulations” 
(IKE). The detailed tasks can be summarised as follows: 

 Design, build-up and commissioning of a test facility for experimental investigations of 
fluid-structure interactions by thermal mixing of hot/cold liquid flows in a T-junction at 
high pressures and high temperatures in power plant relevant piping dimensions. 

 Development, implementation and application of adequate measurement techniques 
for fluid flow measurements as well as measurements in the solid of the T-junction 
and the piping system. 

 Performing of experimental test series with the test facility varying systematically the 
thermo-hydraulic conditions of the mixing flows (e. g. system pressure, flow 
temperatures, mass flow rates). 

 Stand-alone thermo-fluid dynamics modelling and simulation of mixing flows in the T-
junction applying CFD methods and validation of simulation results with experimental 
data from the test facility. 

 Stand-alone structural-mechanics modelling and simulation of the T-junction and the 
piping system applying FEM methods and validation of simulation results with 
experimental data from the test facility. 

 Coupled thermo-fluid dynamics and structural-mechanics simulations of the T-
junction and validation of simulation results with experimental data from the test 
facility. 

2 Experimental facility 

2.1 Main flow loop 

The Fluid-Structure-Interaction (FSI) test facility is a closed flow loop T-junction set-up 
which is installed at the Material Testing Institute (MPA), University of Stuttgart. As shown 
in Figure 2-1 it comprises a closed water loop with a three stage membrane booster pump 
and a circulation pump. 

Figure 2-1: Simplified scheme of piping and instrumentation of the FSI test facility 
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The cold injection line (DN40, ID 38.9 mm) is fed directly with the pressurised water 
(ambient temperature, 75 bar) from the supply tank. The water for the hot injection line 
(DN80, ID 71.8 mm) is heated up via ceramic resistance heating which are attached to the 
outer pipe surface. The maximum water temperature is 280 °C. Both injection lines have 
lengths of more than 50 diameters and include rectifiers. The water flows are combined in 
a horizontally aligned sharp edge 90° T-junction (see Chapter 0) and mix in the outlet line 
(DN80, ID 71.8 mm) with a length of 3.4 m. The T-junction is surrounded by different 
interchangeable modules connected by means of flanges. One module of the main line is 
equipped with thermocouples TC (see Chapter 2.3 Thermocouple module), and for the 
main and branch line an individual optical module (see Chapter 2.4 Optical Module) is 
available to enable an optical access to the fluid flow. Figure 2-2 shows a view of the 
entire FSI test loop and a magnified cut-out including the T-brunch and the thermocouple 
module. 

Figure 2-2: Photograph of the FSI test facility (top), magnified view of T-branch and a 
module equipped with TCs (bottom) 

The facility can be operated in two operational modes. During the quasi-stationary tests 
(steady state thermal conditions and constant mass flow rates) the control values are left 
unchanged to keep the boundary conditions constant. While in the transient tests the mass 
flow rate of the branch pipe bm is altered from bm =0 kg/s to the nominal flow rate bm =0.1 

kg/s and the main pipe flow rate mm  remains at constant level and requested temperature. 
The main design parameters of the FSI test set-up can be summarised as follows: 

 maximum hot fluid temperature in main line m, max=280 °C,  
 cooled fluid temperature in branch line b=20 °C,  
 maximum mass flow rate of main line max,mm =0.4 kg/s, 
 maximum mass flow rate of branch line max,bm =0.1 kg/s, 
 maximum system pressure pmax=75 bar. 

T-branchThermocouple module
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Finally, an overview of all performed hot experiments is given in Table 2-1. 

Table 2-1: List of tests already conducted (experiments without application of optical 
measurement techniques - PIV and Near-Wall LED-induced Fluorescence) 

Temperature  / oC Mass flow rate  / kg/s 

Test 
no. Main pipe 

m 

Branch 
pipe 

b 

Main 
pipe 

mm  

Branch 
pipe  

bm  

System 
pressure 

p  / bar 
Operational mode 

1 195 20 0.4 0.1 75 quasi-stationary 
2 220 20 0.4 0.1 75 quasi-stationary 
3 150 20 0.4 0.1 75 quasi-stationary 
4 240 20 0.4 0.1 75 quasi-stationary 
5 195 20 0.6 0.1 75 quasi-stationary 
6 225 20 0.6 0.1 75 quasi-stationary 
7 235 20 0.2 0.1 75 quasi-stationary 
8 150 20 0.4 0.1 70 transient 
9 200 20 0.4 0.1 70 transient 
10 230 20 0.4 0.1 70 transient 
11 200 20 0.6 0.1 70 transient 
12 230 20 0.6 0.1 70 transient 
13 250 20 0.2 0.1 70 transient 
14 270 20 0.4 0.1 70 transient 

 

2.2 T-junction 

The forged T-junction (Figure 2-3) is made of austenitic steel 1.4550 (X6 CrNiNb 18-10) 
with reduced carbon content in accordance with the German KTA 3201.1 [6]. It is 
equipped with 40 TC connectors positioning shielded thermocouples (type K, 1 mm in 
diameter) in blind holes which have a minimal surface offset of 1 to 3 mm. 

Figure 2-3: T-junction drawings (left), T-junction instrumented with TCs and installed in 
the FSI test facility (right) 
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2.3 Thermocouple module 

The T-junction is surrounded by different interchangeable modules connected by means 
of flanges. For the main line a thermocouple module is available (Figure 2-4). It comprises 
24 shielded TCs (type K, 0.25 mm in diameter) soldered into clamp cones of high 
pressure compression connectors, 16 of which protrude 2 mm into the flow. The others, 
which are fixed in blind holes, have a minimal surface offset of 0.1 mm. The diameter of 
these TCs was selected as small as possible to minimise their thermal capacity. 

 

Figure 2-4: Sectional view of the thermocouple modul (left), instrumented thermocouple 
module installed in the FSI test facility (right) 

The sensitivities of the thermocouples for both configurations are currently under 
investigation in an independent study. The dynamic response of 1 mm and 0.25 mm 
thermocouples was simulated via computational fluid dynamics methods. It was proved 
that the investigation of transient temperature fluctuations in the flow needs 
thermocouples with a diameter of 0.25 mm or smaller. For the giving fluid dynamical 
boundary conditions thermocouples with a diameter of 1 mm attenuate noticeably the 
temperature fluctuations. Even for 0.25 mm thermocouples the attenuation must be taken 
into account for frequencies higher than 1 Hz. In Figure 2-5 the attenuation is plotted as a 
function of the frequency for a 0.25 mm thermocouple. A temperature fluctuation with a 
frequency of 10 Hz experiences a damping of -5.2 dB (relative to 1K). 

The dynamic response curves of 1 mm, 0.5 mm and 0.25 mm shielded thermocouples 
were investigated experimentally. On the basis of temperature step functions the 
attenuation of temperature fluctuations was calculated for frequencies between 0.005 Hz 
and 0.5 Hz. In contrast to the applications in the flow the dynamic response is nearly 
independent from the diameter of the thermocouple. It is dominated by the relatively high 
thermal resistance of the contact area. Preliminary results for the attenuation of a 0.5 mm 
thermocouple are also shown in Figure 2-5. A temperature fluctuation with a frequency of 
0.1 Hz experiences a damping of about -5 dB (relative to 1 K). 
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Figure 2-5: Dynamic response of TCs in the fluid (simulation, left) and in the specimen of 
a high pressure TC connection (experiment, right) 

2.4 Optical modules 

The second type of module provides the optical access to the fluid. For each pipe diameter 
an optical module (Figure 2-6) is available. They comprise glass pipes surrounded by a 
pressure vessel filled with water. Flanges with glass windows enable an optical access to the 
glass pipes from outside and the application of optical measurement techniques. 

Figure 2-6: Optical module with glass pipe and flanges with observation windows 

3 Thermohydraulic conditions 

3.1 Flow map 

In literature the isothermal or rather quasi isothermal mixing in T-junctions is characterised by 
the momentum ratio rM . It is defined by the ratio of the momentum of the main branch 

mM and the side branch sM with the corresponding density  .and volume flux V . 
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On the basis of these definitions the flow is classified into three resp. four regimes. For the 
isothermal case the characteristic values for rM were identified by several authors [7], [8], 
[9]. In Figure 3-1 the regimes for different types of jets are separated and the operating range 
of the FSI test facility is marked with a grey box. 

Figure 3-1: Flow map for an isothermal T-junction configuration and operational range of 
the FSI test facility 

3.2 Application of the Particle Image Velocimetry 

For the validation of computational fluid dynamics (CFD) models it is essential to collect 
information regarding the boundary conditions. The mass flow rates and local temperatures 
are measured conventionally. For the determination of fluid velocity distributions laser-optical 
methods are used. In experimental fluid-mechanics imaging of particles distributed in the flow 
is a common method to investigate fluid velocities. A widely applied standard technique is the 
Particle Image Velocimetry (PIV) technique. For the classical two-components planar PIV 
(2C-PIV) an optical access with two perpendicular windows is needed. A laser light sheet is 
orientated through one window parallel to the pipe axis. A special PIV-camera is installed 
perpendicular to the light sheet and zooms on seeding particles in the flow illuminated within 
the light sheet. Comparing a time-series of images makes it possible to detect the movement 
of particle ensembles in the time intervals between the images. 

The application of PIV is only possible for a maximum temperature difference of about 30 K 
in the flow. Due to this reason the PIV technique is only used to determine the velocity 
profiles in the inlets of the T-junction. In Figure 3-2 the mean axial velocity profiles y for 4 

different mass flow rates and unheated conditions are plotted over the height of the radius of 
the side branch R .normalised by its inner diameter bD (axial position was by Dl 5.8 upstream 

of the T-junction). For all mass flow rates there is considerable asymmetric, non-turbulent 
velocity profile. The maximum velocity is shifted towards the bottom of the pipe. Its radial 
position depends on the mass flow rate. 

90



Figure 3-2: Mean axial velocity profiles in the side branch inlet of the T-junction for 4 mass 
flow rates and unheated conditions (axial position 5.8by Dl ) 

The observed profiles are independent from the mass flow rate of the main branch, yet 
are changing if temperature of the main branch water is considerably higher than the side 
branch water. 

3.3 Characterisation of the flow 

The thermocouple equipped T-junction and the thermocouple module of the FSI test facility is 
used to investigate the buoyancy driven thermal mixing. The determined T-junction’s mean 
temperature distribution enables the distinction of flow regimes. In Figure 3-3 a selection of 
these flow configurations is shown. In dependence of the mass flow rate ratio of the main 
and branch line and the temperature differences of the mixing flows an ingress of hot fluid 
into the cold leg of the T-junction (Figure 3-3 a) , b), d)) or an stratified inflow of cold fluid 
upstream into the hot leg of the T-junction (Figure 3-3 c)) can be observed. In addition  

 

 

 

 

 

 

 

 

 

Figure 3-3: Flow regimes in the T-junction for different temperature differences and mass 
flow rates 
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Exemplary temperatures timelines of the T-junction wall (inner pipe surface offset 1.8 resp 
1.5 mm) for experiments performed at quasi-stationary mixing state (temperatures and mass 
flow rates of cold and hot inflows are constant, test 4 Table 2-1) and transient mixing state 
(mass flow rate of cold inflow increased from bm =0 kg/s to 0.1 kg/s, test 13 Table 2-1) are 
presented in Figure 3-4 resp. Figure 3-5. For the quasi-stationary condition a thermal 
stratification of the flows is probable due to the measured temperature curves. Because the 
temperature data are taken with a distance of 1.8 mm from the inner pipe surface, possible 
fluctuations could already attenuate over that distance. Therefore, fluid flow temperature 

measurements 2 mm away from the pipe wall at the axial position x/Dm=6 were carried out 
which yielded only negligible temperature fluctuations in the flow and thus supports the 
assumption of flow stratification. A part of the branch pipe flow seems to flow in upstream 
direction at the bottom of the main pipe. The control data of the last heating circuit could 
confirm this phenomenon as it needed more heating power to hold the temperature than all 
the other control circuits. The upstream distance from the axis intersection of the T-junction 
to the end of the last heating circuit is approximately 1.5 m. 

Figure 3-4: T-junction wall temperatures during quasi-steady state experiment (m=240 
°C, b=20 °C, mm =0.4 kg/s, bm =0.1 kg/s) at different radial positions and 
axial positions from axis intersection (x/Dm=1.6 resp. x/Dm=-1.6) 

For the transient condition the mass flow rate of the branch pipe needs approximately 100 s 
to reach the requested value of bm =0.1 kg/s (Figure 3-5). This is caused by the control 
settings of corresponding valve. Downstream the 9h-position is even more affected by the 
cooling than the 6h-position on the very downside. This effect is discernible because the 
temperature at 9h decreases a little steeper than the temperature at 6h. It seems that the 
cold branch pipe flow reaches the opposite part of the main pipe wall first. A second 
possibility could be a slight direction change of the cold flow when it already streams in the 
main pipe after it is turned round by the main pipe flow. 

m

b
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Figure 3-5: T-junction wall temperatures during transient experiment (m=250 °C, b=20 
°C, mm =0.4 kg/s, bm =0 kg/s to 0.1 kg/s) at different radial positions and axial 
positions from axis intersection (x/Dm=1 resp. x/-1 Dm=-1) 

The thermocouple module can be placed upstream and downstream of the T-junction for the 
investigation of the inlet temperature distribution resp. the thermal mixing. As an example 
system parameters for two cases are summarised in Table 3-1. 

Table 3-1: System settings and fluid parameters for two heated experiments 

 Case 1 Case 2 

Branch line  

(ID 39.3 mm) 

20b C   

6.1001b ³/mkg  

1.0bM skg /  

359bV hl /  

3244Re 
bD

 

20b C   

6.1001b ³/mkg  

1.0bM skg /  

359bV hl /  

3244Re 
bD

 

Main line  

(ID 71.8 mm) 

150m C   

921m ³/mkg  

4.0mM skg /  

1564mV hl /  

38502Re 
mD

 

200m C   

1.869m ³/mkg  

4.0mM skg /  

1657mV hl /  

52237Re 
mD

 

Relative 

density difference  
%76.8



main

mainbranch




%24.15


main

mainbranch




 

 

m

b 

mm

bm
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Both cases involve a cold water injection into the hot main line. For case 1, a main line 
water temperature of 150 °C was selected, while for case 2 it was increased to 200 °C. 
The resulting temperature gradients of 130 K and 180 K respectively cause density 
differences which influence the flow field due to buoyancy. In Figure 3-6 the contour plots 
of the temperature readings recorded with the thermocouple module are shown. The axial 
position is plotted on the abscissa and the circumferential position  on the ordinate. Here 
zero corresponds to the 6h-position and +/- 180° to the 12h-position. 

Figure 3-6: Contour plots of the temperature distribution downstream of the T-junction for 
m=150 °C and 200 °C (130 K, 180 K) 

In both cases the flow is clearly stratified. The cold fluid settles on the bottom of the pipe 
while the hot water flows above it. This configuration is stable and leads to a substantially 
reduced mixing. In case 1 the minimum and maximum temperatures detected by the 16 TCs 
in the fluid were about 65 °C respectively 130 °C. This corresponds to a maximum 
temperature difference of 65 K, resp. 50% of the inlet temperature difference. The same 
consideration delivers a value of 65% for the second case. Higher density differences cause 
longer mixing lengths which is a safety relevant issue, because longer piping segments are 
affected by strongly inhomogeneous temperature distributions. 

The orientation of the cold flow on the bottom of the pipe is another aspect of this flow field. 
While in the first case the coldest fluid portions change their angular alignment as function of 
the axial position, the flow seems to be perfectly aligned in direction of the pipe axis in the 
second case. The described phenomenon is associated with the meander like structure 
identified in other experiments for example in [10], [11]. 

4 Development of the Near-Wall LED-induced Fluorescence technique 

The shear layer between the hot and cold fluid flow is of fundamental importance as it is the 
zone with high temperature fluctuation intensities. Thin thermocouples can capture fast 
temperature fluctuations in the flow only for specific points in the flow field. The lack of 
spatially resolved temperature information lead to the development of the Near-Wall LED-
induced Fluorescence Technique (NWLED-IF) [12]. 

Basis for optical investigation of thermo-hydraulic problems are often fluorescent dyes which 
are dissolved in the liquid. Typically laser light is used to stimulate fluorescence light 
emission. The emission of a dye strongly depends on the excitation intensity, the 
concentration and for specific dyes from the temperature. With a known excitation it is 
possible to measure the local dye concentration or temperature distribution in the observed 
layer. Known laser based techniques are distorted by refractive index changes, hence flows 
with larger temperature differences cannot be investigated 
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Figure 4-1: Schematic experimental set-up for the Near-Wall LED-induced Fluorescence-
Technique 

In Figure 4-1 the schematic set-up for the NWLED-IF technique is shown. At the position of 
interest an optical access is needed. Instead of a laser light source a bright light emitting 
diode LED array is applied and aligned with the optical axis of the camera illuminating the 
pipe from one side. The dye concentration in the fluid is selected so high that all light is 
absorbed within a thin fluid layer. The length in which 95 % of the light is absorbed is defined 
as penetration length. With penetration lengths of about 1 mm, any refraction effect in the 
mixing zone can be neglected because the path lengths of the light rays are short. The 
camera detects the emitting light intensity from the illuminated thin dye layer which is 
associated with a temperature, a density, or a mixing scalar. Which of these quantities is 
determined depends upon the use of the dyes. If one dye is homogeneously distributed in 
the fluid the local temperature or density distribution can be measured. For the determination 
of a mixing scalar, two different dyes are used and injected separately.  

Several test rigs were built up to develop and evaluate the method. The test series included 
experiments at a cold T-junction facility which has geometrical and hydro-dynamical 
boundary conditions similar to the FSI test facility. By means of added sugar in one fluid flow 
it is possible to alter the density of the fluids without heating and therefore to simulate 
associated temperature differences (corresponding change of fluid viscosity is not regarded). 
In Table 4-1 the parameters of a representative experiment [13] are shown. 

Table 4-1: System settings and fluid parameters for a cold experiment applying aqueous 
sugar solution 

Branch line (ID 35.5 mm) 20 °C, 1500 l/h, Reb = 9576, 1065)38.16( brixsugarwater ³/mkg  

Main line (ID 71 mm) 20 °C, 3000 l/h, Rem = 14894, 2.998.,20  pressurestdCwater ³/mkg  

Combined line 20 °C, 4524 l/h, Re = 20066, 1015,20  mixtureCwater ³/mkg  

Density difference  
pressurestdCwater

pressurestdCwaterbrixsugarwater

.,20

.,20)38.16(



 




= 6.69 % 

Associated temperature 
difference 

106 K 

Measurement position x/Dm = 5 downstream of T-junction 

Penetration depth 1 mm 

Observation region  36 x 47 mm² 

Frame rate 15 fps 
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The selected density difference in this experiment can be associated with an equivalent 
temperature difference of 106 K. The NWLED-IF technique was used to investigate the fluid 
mixing 5 Dm downstream of the T-junction. In Figure 4-2 the experimental results are 
presented. On the left hand side the mean scalar flux distribution is shown. The same 
stratified flow condition as in the FSI test facility is observed. The thermal interphase (mixing 
scalar 0.5) is spatially resolved with sub-millimetre resolution. The right sight of the figure 
presents a snapshot of the deviation from the local mean. In this region the wall is in contact 
with portion of water from the main and branch line. Concerning fluctuation intensities the 
comparison with the thermocouple data presented in Figure 3-6 reveals a striking lack of 
information in the case of thermocouple measurements. Although the data-sets feature an 
evident similarity the TC data provides only a qualitative view of the global temperature 
distribution. With 16 thermocouples protruding into the flow, it is not possible to determine the 
location with the highest fluctuation intensities. The image-based NWLED-IF technique 
provides a much more detailed view of the shear layer. According to the available data the 
local temperature RMS-values can easily be underestimated if the thermocouples are not 
positioned correctly. A position change of 10 mm can cause a change of the determined 
RMS-value by a factor of 2 to 3. 

Figure 4-2: Mixing scalar from measured fluorescence light distributions at downstream 
position x/Dm=5 (left: snapshot, right: deviation from local mean), imaging 
dimensions (3647 mm2) 

5 Numerical Simulations 

5.1 Thermo-Fluid Dynamics – CFD simulations by IKE 

The applied numerics of thermo-fluid dynamic calculations of thermal mixing flows are based 
on large-eddy simulation (LES) which solves large scale turbulence directly, and therefore no 
special turbulence model is required. The main advantages of LES are that the general 
turbulence structure of thermal mixing flows can be mapped with an adequate approximation 
and small scale turbulence below the grid filter width has not be resolved because it is 
assumed to be nearly isotropic, and therefore simple algebraic functions, e. g. for the mixing 
length, can be used. Furthermore, in context of structural mechanics analysis of thermal 
fatigue the heat transfer interaction between the thermal mixing flow and the solid is of 
essential importance and hence has to be especially regarded in thermo-fluid dynamics 
simulations. This requirement is guaranteed in present LES by applying conjugate heat 
transfer with coupled boundary condition for the fluid-solid interface which assures continuity 
of the temperature field and the normal temperature gradient serving as input values for the 

47 mm 
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solid mechanics FEM simulations (see section 5.2). The description of the LES simulation 
details, i. e. physical models, numerical grid and numerical methods is outlined in [11]. 

As a representative simulation result in Figure 5-2 longitudinal views of temperature 
distribution (instantaneous, mean and RMS values) are depicted. The temperatures are 
presented in a normalised form defined as follows: 

 
coldhot

cold
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N
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The temperature difference and pressure are set to 100 K and 75 bar respectively and the 
parameters for this simulation are listed in Table 5-1. The computational domain ranges from 
3 diameters upstream, in both branch and main pipe, to 20 diameters downstream of the 
main pipe. The inlet flow is considered to be fully developed turbulent pipe flow. The 
intersection of the T-junction is modelled as sharp edges. The simulation grid contains ca. 5 
million cells for both fluid and solid region. The wall region contains 30 cells for the wall 
thickness with geometrically growing cell sizes towards the outer wall surface. ANSYS 
FLUENT 12.1 was used as CFD-software. 

Table 5-1: Geometry and flow parameters for LES 

Pipe 
(stream wise flow direction) 

 
Main line 

(x-direction) 
 

Branch line 
(y-direction) 

Inner pipe diameter  / m Dm 0.0718 Db 0.0389 

Wall thickness  / m bm 8.55·10-3 bb 4.7·10-3 

Temperature  / °C m 120 b 20 

Massflow rate  / kg/s mm  0.4 bm  0.1 

Reynolds number  / - Rem 30300 Reb 3300 

Prandtl number  / - Prm 1.44 Prb 6.94 

 

Figure 5-1, Figure 5-2 and Figure 5-3 show the general characteristics of the T-junction flow. 
The flow can be described as mixed convection flow with a strong stratification of the flow. 
Cold fluid from the branch pipe shoots down very quickly. The lateral momentum of the cold 
flow results in a sloshing movement as the fluid flows downstream (Figure 5-1 and Figure 
5-2). The stratification is very stable and the sloshing character of the temperature isosurface 
is maintained until x/20Dm downstream. The characteristic length between the local maxima 
of the stratification surface lies in between 5.5 - 5.8 diameter. The larges fluctuations occur 
directly at the intersection of the main and branch pipe and at the bottom of the T-junction 
(Figure 5-3). Due to buoyancy forces the hot fluid enters partly in the upper region of the 
branch pipe where large fluctuations can be found. The general flow pattern is steady in time, 
as demonstrated by the instantaneous temperature field at an arbitrary time step in Figure 
5-1(right). 
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Figure 5-1: Isosurfaces of the mean (left) and instantaneous (right) values of *=0.7 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-2: Contours of instantaneous (top), mean (middle) and RMS (bottom) values of 

* in the xy-plane 

 

 

 

 

 

 

 

 

 

 

Figure 5-3: Contours of instantaneous (top), mean (middle) and RMS values (bottom) of 
T* in the xz-plane 
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Preliminary experimental studies were performed in [12] applying the optical measurement 
NWLED-IF technique and using sugar concentration to emulate density differences which 
can be associated to temperature differences of 110 °C. To demonstrate the resolution of 
thermal turbulent structures in the near wall region (1 mm wall distance) Figure 5-4 shows at 
axial position x/Dm=5 downstream and = 90 ° (9h-position, see Figure 3-4) the measured 
local mixing scalar of the sugar concentration (left) compared to the computed temperature 
deviation to the mean temperature (right). The numerical grid is projected on both the 
experimental and the computational pattern. The equivalent temperature deviation based on 
sugar concentration is of similar order in comparison with the computed case (simulation with 
adiabatic boundary condition). This is interpreted as an indication for a sufficient grid 
resolution to resolve structures of the thermal field in the near wall region. However, it should 
be pointed out that this is in a first verification step and therefore only a qualitative 
comparison of the shapes and sizes of the structures. 

Figure 5-4: Instantaneous deviation from local mixing scalar mean measured by NWLED-
IF (left) and mean temperature field calculated by LES (right) at 1 mm distance 
from inner pipe wall 

5.2 Structural Mechanics - FEM simulations by MPA 

For simulations of structural mechanics the finite element analysis software environment 
ABAQUS 6.11 is used. The finite element model consists of the piping of the experimental 
set-up (Figure 5-5). The mixing area is the part of the set-up with the T-branch and the 
exchangeable modules. This part is modelled more accurate i.e. with more elements. The T-
branch is the component with the finest mesh grid within the whole model because the focus 
of the research lies on this part. The supports of the set-up are also included in the numerical 
model. A contact formulation including friction with a coefficient of 0.1 secures the connection 
between the pipe and the support. The whole piping and the supports are modelled to get 
most notably the thermal and mechanical boundary conditions which have an effect on the 
mixing area and especially on the T-branch. 
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Figure 5-5: Finite element model of the experimental set-up 

The thermal boundary conditions are 

 the 9 heating control circuits being realised as 9 temperatures on the outer pipe 
surface (each control circuit covers a pipe length of approximately 2.5 m), 

 the temperature of the cooling water of 20 °C in the branch pipe, and 
 the mixed temperature of 238 °C from the circulation pump to the beginning of the 

first heating control circuit. 

The mechanical boundary conditions are 

 the positions of the two pumps which are completely fixed, 
 the supports also completely fixed, and 
 the deadweight of the piping and the inner pressure of 75 bar. 

The temperature fields at the inner pipe wall due to the turbulent mixing are calculated by 
fully coupled CFD simulations. Fully coupled means that the pipe structure are also modelled 
in CFD simulations and the boundary cells representing the transition from the fluid to the 
wall are so small that only heat conduction takes place inside the cells. Therefore, no heat 
transfer coefficient has to be defined, but if needed it can be specified on the basis of the 
simulation data. 

Figure 5-6: Concept of temperature data transfer to realize the fluid-structure interaction 

For the structural simulation only the temperatures on the inner pipe surface along the whole 
length of the CFD simulation model are taken [14]. These temperature data are transferred to 
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the inner pipe wall of the structural model (Figure 5-6). The mesh of the CFD model is much 
finer than the model of the structural simulation. The latter does not need mesh accurateness 
as it is required for fluid simulation. A mesh study was carried out to find the optimum mesh 
of the structural simulation model. Two simple pipe models are used for this study: a very 
fine shell model and a coarser volume mesh. The diameter of the shell model correspond to 
the inner diameter of the volume model. For this study the detailed mesh of the shell model 
remained unchanged. The object of interest is the volume model to get a sufficiently accurate 
structural simulation model. The objectives of the study are the mesh accurateness 
concerning the temperature and stress (strain) distribution as well as the right numerical 
contact formulation which secures a correct temperature field transfer from the shell to the 
volume model. If the temperature distribution on the shell surface and on the inner surface of 
the volume model is nearly the same, the correct contact formulation is found and the mesh 
is sufficient for the temperature distribution. Subsequently the mesh is refined until the stress 
state do not change anymore compared to the mesh used before. 

The modelled material is the stainless austenitic steel X6CrNiMoTi17-12-2 which is 
characterised by a wide range of plasticity [15]. The thermal and elastic material properties 
are taken from the German guidelines KTA [6] and are temperature dependent. For the 
plastic properties the in-house Ramberg-Osgood-curves for temperatures 20 °C and 270 °C 
are used, values inbetween these two temperatures are linearly interpolated by the finite 
element program. Two quasi-stationary conditions given in Table 5-2 were simulated. 

Table 5-2: Parameters of structural simulations conducted so far applying set-up 
geometry and fully coupled fluid-structure interaction 

Simulation 
m
  / °C 

b
  / °C mm   / kg/s bm   / kg/s p  / bar 

1 280 20 0.4 0.1 75 

2 120 20 0.4 0.1 75 

 

For both simulation cases the thermal input data from CFD calculations indicate that the 
turbulent flow mixing leads to a stable stratification of the mixed fluid. Temperature 
fluctuations are low and strongly attenuated after the heat transfer to the pipe wall. As a 
consequence bending of the main pipe takes place which was identified by the structural 
simulation. The T-branch removes from its support. The material stresses and strains are 

higher for the higher main flow temperature m=280 °C but never exceed the elastic limit. 

But there is also a main difference between the CFD results of the two simulation cases with 
consequences on the structural simulation. At the higher main flow temperature a portion of 
the cold fluid flows upstream into the main pipe. Thus, a thermal stratification in both 
directions down- and upstream the T-junction establishes. This phenomenon displaces the 
vertex of the bending in the upstream direction. 
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Figure 5-7: Tangential temperature distribu-
tion at inner pipe wall at position 
1 x/Dm=1 downstream for simu-
lation 1 

Figure 5-8:  Axial stress distribution at inner 
pipe wall at position x/Dm=1 
downstream for simulation 1 

For the simulation case 1 the temperature distribution around the inner circumference at axial 
downstream distance x/Dm=1 from the axis intersection of the T-junction is nearly symmetric 

to the vertical axis (Figure 5-7). Even the distribution of the axial stress ax is nearly 
symmetric to this axis (Figure 5-8). For comparison Figure 5-8 shows two axial stress curves, 
one curve for thermal loading only and the other one for all loadings, namely with thermal 
loading in combination with inner pressure and deadweight. As can be seen no strong stress 
differences exist. 

Figure 5-9: Vertical displacement (scaling factor 10) for simulation case 1 (m=280 °C) 

Figure 5-10: Vertical displacement (scaling factor 10) for simulation case 2 (m=120 °C) 

The thermal stratification of the flow induces a bending of the piping in the area of the fluid 
mixing zone. The vertex of the bending is for simulation case 1 nearly coincident with the T-
junction’s axis intersection (Figure 5-9). For the simulation case 2 the vertex of the bending 
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lies downstream approximately at position x/Dm=9.7, and the bending is decreased 
compared to case 1 to due to lower temperatures (Figure 5-10). The reason for the vertex 
shift is the lack of thermal stratification in the upstream direction of the main pipe. In case 1 
down- and upstream stratification exists, and therefore the vertex coincides nearly with the 
axis intersection of the T-junction. 

5.3 Comparison of experiments and simulation 

Both, experiment data and simulation results reveal remarkable thermal flow stratification 
phenomena. Immediately behind the mixing zone stable flow stratification takes place. The 
thermo-fluid dynamics simulations also presume the back-flow effect of the branch flow for 

main pipe flow temperatures m>150 °C. 

The thermal flow stratification results in bending of the piping which is visible and can be 
qualitatively confirmed in experiments. Bending is the normal reaction to thermal 
stratification, because the thermal expansion factor depends on temperature, and therefore 
the axial deformation varies vertically [16]. In order to verify the presented structural 
simulation results still quantitative strain and deformation measurements have to be 
performed by means of additional experiments. 

6 Summary and conclusion 

In the framework of an ongoing joint research project of MPA and IKE as a part of the BMBF 
network research project “Thermal Fatigue - Basics of the system-, outflow- and material-
characteristics of piping under thermal fatigue” experimental and numerical investigations 
(thermo-fluid dynamics and structural mechanics simulations) about the thermal mixing of 
single-phase liquid flows in a T-junction / piping configuration have been carried out. 
Therefore, the fluid-structure interactions test facility FSI (closed flow loop) for thermal fatigue 
investigations of thermal mixing of water in a T-junction was successfully implemented. The 
special features of the test facility are that the design is oriented on typical geometrical 
dimensions and thermo-hydraulic operating condition of nuclear power plants (main / branch 
line piping diameters DN80 / DN40, maximum pressure 75 bar, maximum temperature 280 
°C. 

Adequate thermocouple instrumentation of the FSI test facility was installed especially for 
acquisition of temperature fluctuations inside the T-junction wall as well as piping wall due to 
the fluid-structure interactions in the thermal flow mixing region. Furthermore, for flow velocity 
and flow temperature measurements two non-intrusive optical measurement techniques, the 
Particle Image Velocimetry (PIV) and the Near-Wall LED-induced Fluorescence (NWLED-IF) 
were applied. The NWLED-IF is a novel method, developed and qualified in the framework of 
the project, which allows to get qualitative and quantitative 2D temperature information from 
the flow field in the fluid mixing region close to the pipe wall structure.  

Experimental test campaigns were performed at 2 operational modes of the FSI Test facility, 
quasi-stationary experiments with different constant flow temperatures of the main line and 
different constant mass flow rates in the T-junction inlets (main and branch line), and 
transient experiments where the mass flow rate of the branch line was continuously varied 
from zero to nominal value at different constant flow temperatures and flow rates in the main 
line. Depending on the thermo-hydraulic inlet flow conditions of the T-junction as a rule a 
more and less strong and stable flow stratification of the hot and cold fluid could be observed 
in the mixing region downstream the T-junction. Additionally for some investigation cases an 
upstream flow of the cold liquid into the main line or vice versa from hot liquid into the T-
junction’s branch line has been found. 

The computational fluid dynamics (CFD) simulation results show that the thermo-fluid 
dynamical modelling of a T-junction mixing flow with the large-eddy simulation (LES) 
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including conjugate heat transfer is feasible and suitable to describe adequately the thermal 
fluctuation phenomena of mixing flows and the fluid-structure interactions. The general 
findings of the experiments could be confirmed e. g. the overall flow pattern with strong and 
steady in time flow stratifications in down- and upstream direction of the T-junction’s main 
line and the inflow of hot fluid into the branch line. The downstream stratification is 
characterised by swash like movement and temperature movement induced by lateral 
momentum of the cold flow. The shape and structure of the calculated temperature 
fluctuations close to the pipe wall look very similar to the experimental results of NWLED-IF 
measurements of mixing flows with simulated density differences and indicate a significant 
net heat flux into water (cold region) and into the pipe wall (hot region) due to lateral heat 
conduction in the wall material. Therefore, LES results with conjugate heat transfer are very 
helpful as input data for thermal fatigue analyses in structural mechanics studies. 

The structural mechanics FEM simulations were carried out fully coupled with calculated 
temperature fields from CFD turbulent mixing analyses as input. The whole flow loop was 
modelled whereas the focus of interest was on an adequate numerical discretisation of the T-
junction part, and two quasi-stationary cases with different constant main line fluid 
temperature (280 °C and 120 °C, branch line 20 °C) but same constant mass flow rates in 
the main resp. branch line at maximum system pressure of 75 bar were considered. In both 
simulations the strong thermal flow stratification induces low and strongly attenuated 
temperature fluctuations after heat transfer to the pipe wall resulting in a significant bending 
of the main line in vertical upwards direction which is of course for the higher temperature 
case larger but without exceeding the elastic material limit. However, the vertex of the 
bending shifted in axial direction of the main pipe due to the different material stresses and 
strains at varying temperatures. 

Summarising and concluding from so far achieved investigation results it can be pointed out 
that the FSI test facility provides experimental data which are very useful in LES and FEM 
modelling of fluid-structure interactions and for validation of corresponding simulations in 
thermal fatigue studies. Presented first LES and coupled FEM simulation results of transient 
thermal fluid mixing in a T-junction are very promising and may serve for a better 
understanding of the thermal fatigue mechanisms related to flow stratification effects with 
unsteady heat transfer phenomena. 
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Abstract 

In the framework of the ongoing joint research project “Thermal Fatigue - Basics of 
the system-, outflow- and material-characteristics of piping under thermal fatigue“ 

funded by the German Federal Ministry of Education and Research (BMBF) 
fundamental numerical and experimental investigations on the material behavior 
under transient thermal-mechanical stress conditions (high cycle fatigue – HCF and 
low cycle fatigue - LCF) are carried out. The primary objective of the research is the 
further development of simulation methods applied in safety evaluations of nuclear 
power plant components. In this context the modeling of crack initiation and growth 
inside the material structure induced by varying thermal loads are of particular 
interest. Therefore, three scientific working groups organized in three sub-projects of 
the joint research project are dealing with numerical modeling and simulation at 
different levels ranging from atomistic to micromechanics and continuum mechanics, 
and in addition corresponding experimental data for the validation of the numerical 
results and identification of the parameters of the associated material models are 
provided. 

The present contribution is focused on the development and experimental validation 
of material models and methods to characterize the damage evolution and the life 
cycle assessment as a result of thermal cyclic loading. The individual purposes of the 
subprojects are as following:  

 Material characterization, Influence of temperature and surface roughness on 
fatigue endurances, biaxial thermo-mechanical behavior, experiments on 
structural behavior of cruciform specimens and scatter band analysis (IfW 
Darmstadt) 

 Life cycle assessment with micromechanical material models (MPA Stuttgart) 

 Life cycle assessment with atomistic and damage-mechanical material models 
associated with material tests under thermal fatigue (Fraunhofer IWM, Freiburg) 

 Simulation of fatigue crack growth, opening and closure of a short crack under 
thermal cyclic loading conditions, developing methods for the damage 
assessment based on the cyclic J-integral (IFSW Darmstadt, AREVA) 

 Further development of plasticity models (IFSW Darmstadt, AREVA) 

Within this paper the various investigations and the main results are presented. 
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1 Introduction 

Thermal loads are of significant relevance in the assessment of most components of 
nuclear or conventional power plants. Thermal loads are present for instance at start-
up or shutdown, operational loading conditions such as typical spray events or at 
emergency cooling conditions as well as in case of stratification of fluids (e.g. 
feedwater nozzle of steam generator in PWR) or steam in pipings or thermal 
fluctuation due to fluid mixing. In any case, the thermal loading can produce high 
local stresses with the possibility of material damage or initiation of postulated 
defects.  

Further applications of thermally loaded components are the integrity assessment of 
reactor pressure vessels under loss of coolant accident (LOCA) conditions or the 
leak-before-break (LBB) assessment of pipings under combined thermal stratification 
and internal pressure. In general, such assessments are performed under the 
assumption of thermal loads as primary loads and without consideration of the 
influence of the loading history on the crack initiation behavior. 

A general refinement of the calculation and evaluation methods constitutes the focus 
of this contribution. 

 

2 Material characterization, Influence of temperature and surface 
roughness on fatigue endurances, biaxial thermo-mechanical 
behavior, experiments on structural behavior of cruciform 
specimens and scatter band analysis 

2.1 Pre-characterization 

For the materials characterization, multiple heats of material of the type 
X6 CrNiNb 18-10 were available to the Institut für Werkstoffkunde (Institute for 
Material Science). Heat 1 and Heat 2 were processed from the same melt to various 
semi-finished products. Heat 1 is present in the form of round stock with a diameter 
of 15 mm. Heat 2 is a sheet metal of the thickness t=20 mm measuring 
2000 x 1000 mm. This was hot rolled. Charge 3 is present as round stock with a 
diameter of 106 mm. The chemical composition was analyzed by means of optical 
spark emission spectrometry (OES) and tested for conformity to KTA 3201.1[1].  
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Table 2.1: Chemical composition of the heats in the project 

  C Si Mn P S Co Cr Mo Nb Ni Ti 

KTA 
3201.1 

min - - - - - - 17 - 10xC 9 - 

max. 0.04 1 2 0.04 0.02 0.2 19 - 0.65 12 - 

Heats 1 & 2 <0.01 0.27 1.6 0.01 <0.01 0.02 18.5 <0.01 0.39 11.1 <0.01 

Heat 3 0.03 0.35 2 0.02 <0.01 0.03 18.1 0.07 0.46 9.91 <0.01 

 
In the quasi-static tensile tests, the mechanical-technological characteristic values 
show significant differences between Heat 3 in contrast to Heats 1 and 2. This may 
be due to the presence of increased processing forces during production of the semi-
finished material. In preliminary tests, an altered cyclic behavior was also evident. It 
was possible, however, to neutralize this effect for the most part through a repeated 
solution annealing at 1050°C for 2 hours. Further preliminary tests have shown that 
similar behavior was established in the context of a narrow scatterband. 

2.2 Cyclic Behavior 

The characterization of the material X6 CrNiNb 18-10 essentially consists of several 
logically self-contained partial test programs. The test temperatures are derived from 
temperature ranges typical for nuclear facilities. Ambient temperature (AT, German 
RT), symbolizes the cold power station status and/or cooling and emergency 
systems. 200°C corresponds to a typical warm-start temperature, and 350°C to the 
maximum operating temperature of pressurized water reactors plus a 10-15% safety 
margin. At each temperature, polished, grinded and rough specimens were 
examined. 

Test procedures were oriented to ASME practice. To this end, specimens described 
as relatively small (d < 10 mm) with a polished surface were used. Without exception, 
the experiments were conducted under strain control. Tests with polished surface 
were documented at low cycle 3 times, at high cycle 1 to 3 times. Low cycle 
(εA > 0.3%) was tested at constant test speed (dε/dt = 0.1 1/s); high cycle, at constant 
test frequency  (2Hz). Tests for influence of various test speeds had shown no effects 
on the strain rate in the range of 0.1 1/s to 2.15 1/s. Incipient crack frequency and 
tension level differed in the context of the usual scattering; special tendencies could 
not be determined.  
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2.3 Behavior of the Ambient Temperature 

The material X6 CrNiNb 18-10 belongs to the category of the austenites. Both the 
classification in the Schäffler-diagram as well as metallographic sections evidence an 
austenitic microstructure which is traversed in a linear fashion with 3-5% δ-ferrite 
(see Figure 2.1). 

Figure 2.1: Illustration of longitudinal section with ferrite lines in typical austenitic 
basic matrix with polygonal grains and strong twinning tendency 

 

 

 

 

 

 

 

 

 

Figure 2.2: Overview of results from the ambient temperature experiments on 
cylindrical specimens with polished surface in strain tests; up to 0.3% at 
constant test speed, below this value at constant test frequency 2Hz 
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Austenitic materials displayed several distinct characteristics with their fcc lattices in 
cyclic behavior, especially at AT, which can be observed in the material X6 CrNiNb 
18-10 partially in an extreme manifestation. The graph of the elastic and plastic 
components in the S/N diagram (Figure 2.2) shows distinct changes in the gradient, 
so that an adjustment of the results with the approach of Manson-Coffin using the 
equations (2.1), (2.2) and (2.3) delivers erroneous results, especially in the high-cycle 
range. 

 

 

 

 

 

 

 

 

 

Figure 2.3: Representative fatigue hardening processes at AT normed to the 
incipient crack frequency 
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The correlation of these bends, which are particularly evident in the flexible portion, 
with the hardening and softening process (Figure 2.3) indicated a clear connection.  

The material X6 CrNiNb 18-10 exhibits a very complex behavior of multiple 
successive phases of cyclic hardening and softening in the graph σ-N of individual 
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experiments. Above a critical load εgrenz, experiments can principally be divided into 
the phases of the primary hardening (approx. 10-20 cycles); a softening phase (to 
approx. 12 -20% of the lifespan) and a final secondary hardening phase. Below εgrenz 
the secondary hardening phase is not applicable. This is due to a deformation-
induced transformation of γ-austenite to ε- and α-martensite. If the introduced 
mechanical load is adequate, the fcc lattice of the austenite transforms into bcc 
martensite with repeated cyclic loading. This behavior is attributed to all austenitic 
materials as a rule. However, it is especially pronounced with the present Nb-
stabilized material. Similar materials such as the Ti-stabilized material 1.4541 show a 
less pronounced secondary hardening capacity and thus also a weaker stress 
increase [2][3]. 

The break point observed in the flexible pitch line in the S/N diagram can be clearly 
correlated to the onset of the secondary hardening and thus to the martensitic 
transformation, so that an explicit critical load εgrenz can be designated for which the 
martensitic transformation must be considered in the materials specification. This 
was carried out for the Manson-Coffin approach using equation (4). The flexible line 
was divided up sectionally into a purely austenitic and an austenitic-martensitic 
portion. This step increased considerably the forecast accuracy of lifespan in the 
high-cycle phase and reduced the scatter band to a factor of approx. 1.8. 

2.4 Behavior at Increased Temperature 

Until recently it was assumed that the influence of increased temperatures did not 
greatly affect fatigue behavior. This assertion is based in particular on experiments 
on austenites of the 1960’s. At that time, however, no small strain load tests were 

conducted. It was only possible to confirm this assumption for the low-cycle range.  

In particular at high cycles, a clearly different behavior is evident, Figure 2.4. In the 
investigated series, there was no clear break of slope point towards increased 
lifespans. During evaluation of the elastic and plastic strain process, a definite 
displacement towards the right of the intersection of the two lines was observed. 
Therefore it is assumed that the elbow point exists nonetheless; however, it would lie 
at a level below εA=0.1 %. 
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Figure 2.4: Comparison of all fatigue tests at varying temperatures with polished 
surfaces 

 

Figure 2.5: Hardening process at 200°C representative for tests at increased 
temperature 

In the hardening and softening processes, the secondary hardening is almost 
completely inapplicable, Figure 2.5. Primary hardening and the following softening 
are not negatively affected by the increased temperature.  

2.5 Influence of Surface Roughness 

Three cases of differing surface roughness as depicted by Figure 2.6 were 
examined. The surface roughness in Figure 2.6 corresponds to the assumed 
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maximum value of a milled surface or casting skin as described in the established 
body of rules and standards such as AD-Merkblatt S2 or DIN EN 13445. 

 

a) polished Rz=0.6 µm b) grinded Rz=2.4 µm c) rough Rz=200 µm 

Figure 2.6: Types of surfaces tested 

 
In Figure 2.7, the test results for all of the surface states at 200°C are centrally 
displayed. The tests on polished surfaces are also shown for purposes of 
classification.   

 

Figure 2.7: Fatigue behavior of the various surface states. T=200°C 

In the extreme low-cycle range, the results of grinded and polished surfaces 
harmonize with relatively good agreement. The increase of the Rz  value from 0.6 µm 
to 2.4 µm by a factor of 4 was probably not high enough to result in a significant 
influence on the surface. Thus it can also be concluded that experiments involving 
varying surface roughnesses whose differences do not exceed a factor of 4 to 5 can 
be summarized in a scatter band, and the experimental results from tests using 
polished surfaces can be adopted without further adjustment of technical surfaces.  
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It is notable that the experiments within the high-cycle range under a εA value of 
approx. 0.2% show a tendency towards longer lifespans. This tendency is not 
substantial enough in the case of  Rz=2.0 µm for them to leave the usual scatter band 
range of a factor of 2. This behavior is also clearly recognizable in the course of the 
Δεel-N and Δεpl-N curves. 

During the plotting of the results on the rough material in the S/N diagram, it is 
apparent in the LCF range that the reduction manifests approx. a factor of 3 in 
relation to the lifespan. With such a deviation, which is outside a usual scatter band 
range with a factor of 2 and shows a definite tendency towards shorter lifespans, the 
influence of such a degree of roughness can be assumed to be significant.  The 
reduction ratio is not constant over the entire tested spectrum; rather, at a critical 
load of approx. εA=0.5 %, an intersection of the polished and rough S/N diagram is 
set. A lifespan-increasing effect can be seen at increased temperature and extreme 
surface below a certain strain limit due to the surface roughness. 

This finding contradicts the current established reductive efforts in cases of deviation 
of a theoretically ideal surface, as they are recorded in the current body of 
regulations AD-S2 or DIN EN 13445 with the  fo and fs factors. 

An explicit clarification of this effect has not been possible so far. It is, however, 
assumed that the material in the notch root begins early to flow plastically due to the 
high local strain and undergoes a not insignificant primary hardening process 
(creation of dislocation and slip dislocation until resistance is encountered). It is 
possible for this material, sheared in this manner, to be able to create higher tensile 
strain simultaneously with smaller portions of plastic flow. In the LCF range this 
would be more likely to have a negative impact due to a higher strain amplitude, but 
in the HCF range it is advantageous. In the HCF range, the elastic strains are 
dominant, which in the case of ambient temperature causes the bending toward 
higher lifespans. This assertion is supported by the observation of the polished 
material. The minimally sheared Heat 3 shows a slight tendency to shorter test run 
times in the LCF range, whereas in the HCF range the tendency toward longer test 
runs dominates. Nonetheless, the difference is too small to consider it significant or 
to warrant a separate evaluation. 

2.6 TMF Tests (uni- and biaxial) 

In addition to the isothermic test program, TMF tests on polished round stock and 
multiaxial cruciform specimens in a plane stress state were conducted. All 
experiments were based on a heating and cooling rate of 10°C/s. The temperature 
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rise consists of 190°C from a minimum of 50°C to 240°C peak temperature. The 
mechanical load on the specimen results from a cycle similar to an operational cycle 
such as that in a nuclear facility. The evaluation of the results and the assessment 
are still ongoing. It is assumed that the biaxial loading causes a considerable 
reduction of lifespan. 

 

3 Life cycle assessment with micromechanical material models  

3.1 Basic characterization of the initial material characteristics 

The used austenitic niobium-stabilized chromium-nickel steel X6CrNiNb18-10 
(material number 1.4550) was fabricated according to the current nuclear standard 
KTA 3201.1, Table 3.1. At the MPA University of Stuttgart the microstructural 
characterization of the test material (plate material, rod Ø 15 mm, rod Ø 106 mm) 
before thermal loading was performed, Figure 3.1 to 3.3. This steel is mainly used in 
nuclear piping due to its high resistance to corrosion and its high plastic deformation 
capacity. Due to the high content of chromium (Cr) of 18%, this steel is rust and acid 
resistant. The nickel content (Ni) of 10% stabilizes the fcc structure (austenite) to 
room temperature and provides an increase in strength through Fe-Ni solid solution 
formation. The added niobium (Nb) in the alloy binds the carbon as NbC, thus 
preventing the precipitation of chromium carbides. As a result, this steel is resistant 
to intergranular corrosion (IC). The chemical composition and the mechanical 
properties are summarized in Table 3.2 and Table 3.3.  

Table 3.1: Manufacturing and heat treatment of X6CrniNb18-10 

 

Table 3.2: Chemical composition according to melt-analysis 

 
Table 3.3: Mechanical properties according to manufacturer’s certificate 

 

element C Si Mn P S Cr Ni Nb Co

mass
fraction

% 0,023 0,34 1,86 0,019 0,002 18,1 10,1 0,45 0,037

Rp0,2/RT Rp1,0/RT Rm/RT A5/RT ZRT KVRT

MPa MPa MPa % % J

251 294 562 57 77 261
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Figure 3.1: Microstructure of X6crNiNb18-10 in undeformed state (optical 
microscope) 

 

     

Dislocation density:   214m102,06,0   after heat treatment (undeformed). 

Figure 3.2: TEM-investigations (extraction replica, thin metal foil) 
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Figure 3.3: Size distribution of niobium-carbides in undeformed state. 
 

3.2 Development of a testing device for the investigation of high cyclic 
thermo-mechanical loading 

Thermal strains in piping systems are induced by thermal transient or thermal shock 
loadings. The frequency of these loadings e.g. in mixing zones might be quite high. 
Thermal loadings on the inner surface of piping components induce biaxial stresses 
with more or less steep gradients in thickness direction. Therefore for the 
development of an appropriate testing device, preliminary numerical investigations on 
the temperature and stress distribution were necessary and have been carried out for 
different specimen types. 

Here, firstly water-cooled hollow samples with constant and variable outer diameter 
("hourglass" sample) were subjected to alternating thermal cyclic loading. At a 
frequency of 1 Hz, temperature stress ranges of 200 K in the range between 200°C 
and 400°C could be realized.  

Secondly, multiple geometry variations of specimen with a double-sided,  
hemispherical cavity were calculated. These specimens with double sided 
hemispherical cavities were subjected with an alternating heat input to the surface 
(inductive) and air cooling on both sides. At a frequency of 0.5 Hz, temperature 
amplitudes of 100-150 K with respect to a maximum temperature of 350 ° C could be 
realized.  

Based on these numerical studies appropriate specimen type and test equipment 
have been developed. 

The final specimen design is shown in Figure 3.4. The heating of the sample takes 
place via an induction coil, which is controlled via a high-frequency generator. The 
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testing device is shown in Figure 3.5. The surface temperature at the center of the 
sample is determined via two pyrometers. To determine the temperature distribution 
on the specimen surface, it can be recorded during the experimental procedure on 
the opposite side to the coil by using a thermal imaging camera. To measure the 
induced thermal strains an optical strain measurement system (ARAMIS) is used.  

                 

Figure 3.4: Final design of the specimen geometry 

 
The greatest temperature gradients and thus greatest stresses and strains are 
induced in the center of the specimen. Thereby, the greatest damage, and thus a 
possible fatigue crack initiation can be expected in the center of the specimen. The 
specimen holder is designed in such a way, that the thermal expansion of the 
specimen is not restraint. So that the material in the initial state has minimal residual 
stresses or other material changes by cold working, the samples are spark eroded 
and then polished. The initial state of the sample surface is documented 
metallographically in detail. 

3.3 Experimental and numerical investigation of the temperature distribution 

The first heating begins at room temperature. Thereby the difference in temperature 
during the first heating phase is greater than in the later cycles. To keep the 
temperature gradients and the resulting stresses during this heating phase as low as 
possible so that they have no influence on the subsequent test results, the generator 
output is reduced to 30%. 
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Figure 3.5: Testing device with induction heating system 
 

After the heating step, the temperature is kept constant at 300°C until the specimen 
reaches a constant temperature. Then the alternating load at full generator capacity 
starts with temperature cycles between 150°C and 320°C. 

 
 

Figure 3.6: Temperature distribution and function of time at the specimen center 

The temperature distribution over the surface of the specimen was recorded during 
the experiment with a thermal imaging camera, Figure 3.6 (left). During the test, the 
temperature, which is measured with the two pyrometers in the center of the 
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specimen, and the test time, are recorded. As an example, Figure 3.6 (right) shows 
the temperature profile, which was recorded during a test. The pyrometers used are 
designed for temperatures above 75°C, therefore the temperature scale begins at 
this value. Since the signal transmission and the switching-over from the heating to 
the cooling phase takes a finite time. Therefore the peak temperature reaches values 
of about 320°C. The time for a complete cycle in this case is 3.6 seconds, for the 
cooling 1.9 seconds are required and for the heating 1.7 seconds. 

 

 

Figure 3.7: Temperature distribution in radial direction and function of time 
(comparison of test result and calculation) 

Using the thermal imaging camera the temperature profile along any path across the 
specimen surface can be determined. Figure 3.7 shows the radial temperature 
distribution across the specimen surface and as function of time at the specimen 
center in comparison with the numerical calculation. The temperature maximum is 
reached at about r = 4 mm. This is due to the circular geometry of the induction coil 
which is shown in the heat distribution on the sample surface. The calculated 
temperature distribution shows a very good correlation with the experimental test 
results.  

3.4 Material modeling based on strain controlled fatigue test data  

For the scale bridging from micro to macro scale an accurate material model taking 
into account the alterations of the deformation behavior under thermal loading is 
required.  Therefore an elastic-plastic constitutive law (User Material Subroutine 
(UMAT) with combined kinematic and isotropic hardening) is used for the description 
of the material stress-strain behavior. For the calibration of the fitting material 
parameter strain controlled tensile test results are used. As an example, Figure 3.8 
shows the good correlation between experimental test results and numerical material 
modeling. 
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Figure 3.8: Cyclic stress-strain modeling (comparison of test result and calculation) 

The stress and strain distributions in the specimen under cyclic loading result from 
the specimen geometry and materials microstructure on the nano- and micro-levels. 
These both influencing factors will be taken into account in the modelling. Through 
the submodelling-technique combined with the boundary conditions extracted from 
the former model the impact of the geometry (e.g. concave specimen shape) can be 
transferred to the micro-model. The application of the self-developed user subroutine 
(UMAT) will ensure an accurate description of the stress and strain pattern in the 
material in course of the thermal loading. The initiation of fatigue cracks is expected 
in the areas with highest stress/strain distributions. The validation of the simulation 
model will be done by the comparison between experiment and simulations results. 

3.5 Experimental results and comparison with uniaxial mechanical fatigue 
test data 

First indications for surface cracks were detected after about 22,000 thermo cycles. 
Figure 3.9 shows the crack pattern and the deformations in the vicinity of the crack 
tip at the specimen surface after 23,000 cycles. This crack pattern is typical for cyclic 
thermal shock loadings. 

To compare these test result with uniaxial mechanical loaded fatigue tests, the 
equivalent strain amplitude has to be determined. For this purpose the procedure 
according to 2010 ASME Boiler & Pressure Vessel Code, Section III, Division 1 – NH 
was applied. The equivalent strain range for each point (i) in time is calculated 
according to the following equation:  
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 where  5,0*   when using inelastic analysis 
 3,0*   when using elastic analysis 
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Figure 3.9:  SEM investigation – Surface crack pattern and crack tip 

The largest strain range occurs in the center of the specimen. The maximum strain 
range on this position is 0.706% respectively the value of the maximum strain 
amplitude is v,a = 0,353%. This value lies within the scatter band of the uniaxial 
mechanical loaded fatigue test data, Figure 3.10. 

 

Figure 3.10: Comparison of the test result with the German data base for stabilized 
austenitic stainless steels at elevated temperature  

 

3.6 Further micromechanical investigations 

The microstructure of the X6CrNiNb18-10 before thermal loading consists of the 
austenitic grains with several twins, uniformly distributed fine NbC and a small 
amount of delta-ferrite. The further investigations of the microstructure after thermal 
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loading are in progress. The focus lies currently on the TEM analysis of dislocations 
arrangements and their interactions with NbC. From the former BMWi-Project [4] is 
known that deformation induced martensitic transformation under mechanical cyclic 
loading at room temperature takes place. The formed bcc martensite controls the 
growth of fatigue cracks. According to the authors state of knowledge no martensitic 
transformation can be expected at the thermal loading performed within this project. 
Therefore the main fatigue damage mechanism might be the formation of extrusions 
and intrusions at the specimen surface. The TEM and analyses should clear this 
issue. Moreover, the impact of the grain orientations as well as the interfaces (grain 
and phase boundaries) will be investigated by Electron Backscatter Diffraction 
(EBSD) in SEM. This is important in connection with the reduction of the yielding 
stress of the fcc X6CrNiNb18-10 at higher temperatures.  

Figure 3.11 shows the FE-simulation of the formation of extrusions and intrusion in a 
model-fcc-material under mechanical cyclic loading. In the FE-model the dislocation 
rich areas (veins-like) alternate with the dislocation poor areas and form “two-phase” 

microstructure on the micro-level. The heterogeneity on this level gives rise to the 
formation of the surface roughness and possible crack initiation sites in the soft areas 
between dislocation rich veins.  

 

Figure 3.11:  Formation of extrusions and intrusions under mechanical cyclic 
loading in the fcc model-material [4]. 

The FE-model (Figure 3.11) with experimentally determined dislocation 
arrangements of X6CrNiNb18-10 after thermal loading will be adapted to further 
sophisticate numerical models in which damage relevant microstructural details will 
be included. 
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4 Life cycle assessment with atomistic and damage-mechanical 
material models associated with material tests under thermal 
fatigue 

4.1 Damage Mechanism Based Material Modeling 

4.1.1 Experimental Results 

To allow validation of mechanism based material modeling of thermal fatigue (TF), an 
experimental setup was developed and thermal fatigue experiments carried out. 

Experimental setup 

For investigation of thermal fatigue an experimental setup was constructed, which 
allows the application of a large number of sufficiently damaging thermal load cycles 
in a reasonable amount of time. Also, the setup permits variation of temperature 
differences and frequencies in the load cycles. In the setup, a specimen is heated 
inductively and cyclically cooled by a spray of water mist (see Figure 4.1). 
Frequencies up to 3 Hz are possible, but only up to 1 Hz they are considered to be 
useful due to the otherwise very small depth of thermal loading. To allow for free 
thermal expansion, the specimen is only fixed at the bottom end. The shape of the 
sprayed area on the specimen surface is determined by the shape of slit placed 
between the nozzle and the specimen. For the current investigation we used a slit 
with a size of 10mmx2mm, the long direction oriented parallel to the axis of the 
specimen. Due to the axially elongated shape of the sprayed area we expect cracks 
to be parallel and oriented normal to the axis of the sample. To produce a more 
network-like pattern of cracks a more biaxial stress state should be aimed at by using 
a more circular aperture to form the sprayed area. The intensity of the cooling can be 
varied by diverse settings of the nozzle and by the distance of nozzle and specimen. 
The inductive heating is controlled using a thermocouple which is placed above, but 
close to the sprayed region. Before each experiment the settings for the desired 
experimental conditions are fixed using a calibration specimen with thermocouples in 
the center and outside of the sprayed region. The temperature differences set once 
at the beginning of the experiment proofed to be sufficiently stable during the whole 
experiment. 

Experimental results 

A detailed characterization of the austenitic steel used for the experiments is given in 
chapter 2, where the material is labeled as heat 3 or aRH. The thermal fatigue 
specimens are cylindrical dog bone specimens with a diameter of 10mm in the gauge 
length. The surfaces were plasma polished like in all other parts of the cooperation. 
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Figure 4.1: Experimental setup for thermal fatigue experiments. An inductively 
heated specimen is cyclically cooled by a water mist. 

The experimental setup is used to perform thermal fatigue experiments with 
temperature differences between 50°C and 300°C and frequencies in the range of 
0.1Hz to 1Hz. Some experiments are performed with interruptions to take replicas, so 
that later the development of the crack pattern on the surface can be tracked; others 
are stopped after specific numbers of TF cycles to investigate the development of the 
crack depths with cycle number. In each category, frequencies and temperature 
differences are varied.  

  
(a) (b) 

Figure 4.2:  (a) Cracks observed by light microscopy on the surface of a specimen 
thermally fatigued with ∆T=200°C, 0.2Hz for 100k cycles. The axis of 
the sample is horizontal in the figure, the cracks extend in vertical 
direction. (b) Detail of a crack (SEM). 
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On all surfaces that were not obscured by brass deposit from a valve, marks of 
plastic deformation like slip bands and extrusions are observed. Some surfaces show 
cracks or slip band markings connected to fine cracks extending over several grains. 
On the surface of a specimen loaded for 100k cycles with ∆T=200°C and a frequency 
of 0.2Hz a multitude of cracks can be clearly seen (Figure 4.2). The cracks extend in 
circumferential direction and cover all the width of the sprayed area. The distances of 
cracks are usually in between 300µm and 500µm (with a few as close as 100µm and 
a few as distant as 900µm).  

The depths of cracks and the correlation of depths with a specimen that was 
thermally fatigued for 500k cycles with ∆T=200°C and frequency 1Hz was 
investigated (Figure 4.3). An axial micrograph through the center of the sprayed area 
shows nine cracks with depths between 300µm and 550µm, in between which often 
some shorter cracks are found. The deeper cracks in most cases have a larger 
distance to their neighbors than shorter cracks. A second micrograph, 0.19mm off the 
center, showed cracks of similar lengths at similar positions. A systematic 
investigation of the correlation of experimental conditions (temperature difference, 
frequency, number of TF cycles) and the observed crack lengths, depths and 
distances is in progress. 

 

 
(a) (b) 

Figure 4.3:  (a) Pattern of crack depths obtained from a micrograph through the 
center of the sprayed area of a specimen thermally fatigued with 
∆T=200°C, 1Hz for  500k cycles. (b) Example of three cracks (300µm, 
140µm and 100µm deep) in a micrograph 0.19mm off the center. 

4.1.2 Lifetime modeling 

For prediction of thermal fatigue a mechanism based model for thermo-mechanical 
fatigue commonly used at the Fraunhofer IWM, consisting of a cyclic plasticity model 
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of Chaboche type and the damage parameter DTMF
1
, is applied. A detailed description 

of the models and its application is given e.g. in [5]. The lifetime model is based on 
the observation that the crack growth rate da/dN is proportional to the crack tip 
opening displacement ∆CTOD: 

 da/dN = β ∆CTOD (4.1) 

Under conditions detailed e.g. in [6], the crack tip opening displacement can be 
estimated analytically by  

       
 
  

   
(     

     
 

 
    

      

√     
)   

     

   
   (4.2) 

Here, dn’ depends on the hardening behaviour of the material, σcy is the cyclic yield 
strength, ∆σeff=σmax-σop is the effective stress range considering crack closure, E is 
Young’s modulus, ∆σ the stress range, ∆εpl the plastic strain range and n’ is the cyclic 

analogue of the Ramberg-Osgood hardening exponent. 

On the other hand, eq. (4.1) can be integrated to yield the relation 

 Nf = A / (dnZD/σcy)  (4.3) 

between lifetime Nf and damage parameter dnZD/σcy. Here, the constant A = 
ln(af/a0)/β results from crack length at the beginning and at failure. Often, the addition 
of an exponent B 

 Nf = A / (dnZD/σcy)B (4.4) 

allows a better description of experimental data. 

To customize the lifetime model and cyclic plasticity model for the current material, 
LCF tests at temperatures between room temperature and 350°C, as well as TMF 
tests were performed with plasma polished specimens cut from the same raw 
material as the TF specimens. Also, experiments from the investigations of chapter 2 
(materials aRF and aRH) were used to fit the parameters of the models. Calculation 
of damage parameters from experimental hysteresis loops showed that lifetimes of 
LCF, HCF and low cycle TMF experiments at temperatures between 100°C and 
350°C can be described together by one power law according to eq. (4.4) within a 
scatter band of factor 2 (see Figure 4.4a). Room temperature experiments cannot be 
described by the same law, but are not needed for the prediction of the lifetimes of 

                                            
1 As in the temperature range of interest creep does not play a significant role, the damage parameter 
DTMF reduces to dnZD/σcy. 
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thermal fatigue experiments in the temperature range between 100°C and 350°C. 
The same holds for damage parameters calculated from hysteresis loops modelled 
with the cyclic plasticity model (not shown). A comparison of experimental lifetimes 
and lifetimes calculated with the cyclic plasticity and lifetime model (Figure 4.4b) 
shows a good agreement in the aforementioned temperature range. We therefore 
expect being able to describe with that model also thermal fatigue in the range 
between 100°C and 350°C. To validate the model for TF experiments, it will be used 
in FE simulations reflecting the temperature changes in the experiments. The spatial 
distribution of cycles to failure will be compared to the experimentally observed crack 
patterns and depths. 

  
(a) (b) 

Figure 4.4: (a) Power law relationship between damage parameter dnZD/σcy 
extracted from experimental hysteresis loops and cycles to failure. (b) 
Comparison of modeled and experimental cycles to failure. 

4.2 Atomistic Modeling 

Computer modeling has become an indispensable part of every branch of today’s 

materials research. It serves as an invaluable tool for testing the validity of models 
and underlying theories by comparing the results of simulations with experiments, as 
well as a predictive tool in studies of mechanical, physical and chemical properties. 
Behavior of materials is nowadays investigated from the theoretical point of view by 
various computational methods and on length scales spanning many orders of 
magnitude. The enormous advancement of computer hardware in the last two 
decades allowed us to handle problems which would be inconceivable to tackle some 
twenty years ago, and assuming a similar pace of technological evolution we can 
anticipate even broader application of computer modeling in the near future. 
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The mechanical behavior of materials is ultimately determined by events occurring at 
the atomic scale. The onset of plastic yield corresponds to triggering of dislocation 
motion. Subsequent hardening is mainly controlled by interaction of gliding 
dislocations with other lattice defects such as forest dislocations, grain boundaries, 
interfaces and surfaces. Finally, material failure is influenced by processes at the tip 
of a crack propagating in a crystal lattice. A thorough understanding of all these 
phenomena rests ultimately on the knowledge of the underlying atomic processes 
that occur within a few nanometers from the interacting defects. Unfortunately, 
experimental observations of such complicated nano-scale phenomena are difficult to 
perform even with modern techniques. For this reason, part of our work focused on 
investigations of the microscopic origins of plastic behavior in iron using atomic level 
computer modeling. 

Efforts to model Fe-based materials at the atomic level have been growing rapidly in 
the last years not only to gain a better fundamental understanding but also to 
facilitate the design of advanced materials such as modern high-strength twinning- or 
transformation-induced-plasticity (TWIP/TRIP) steels. First-principles calculations, 
which require only few fundamental physical properties as input parameters, are able 
to provide trustworthy predictions for small atomic ensembles. However, the 
development of accurate models of interatomic interactions that could capture 
subtleties of chemical bonding and still be applicable in large-scale atomistic studies 
of lattice defects presents a significant challenge.  

The absence of reliable and computationally efficient models of interatomic 
interactions for iron stems from a difficulty to describe appropriately and 
simultaneously two key ingredients of its atomic bonding: (1) the unsaturated 
directional covalent bonds and (2) the magnetic effects. Most existing interatomic 
potentials for Fe cannot provide a proper description of directional bonds, and almost 
none contains a physically-based treatment of magnetic interactions. These 
potentials are therefore neither able to describe the broad variety of magnetic phases 
of iron nor provide any information about local magnetic phenomena in the vicinity of 
crystal defects. 

Within this project, we developed a novel magnetic bond-order potential (BOP) [7][8] 
that is able to provide a correct description of both directional covalent bonds and 
magnetic interactions in iron. This potential, based on the tight binding approximation 
and the Stoner model of itinerant magnetism, forms a direct bridge between the 
electronic structure and the atomistic modeling hierarchies. Even though BOP 
calculations are computationally more demanding than those using common 
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empirical potentials, the formalism can be used for studies of complex defect 
configurations in large atomic ensembles exceeding 105 atoms. Our studies of 
dislocations in α-Fe (Figure 4.4) and other body-centered cubic transition metals 
[9][10] demonstrate that correct descriptions of directional covalent bonds and 
magnetism are crucial for a reliable modeling of these defects. 

In addition to these studies, we developed a new methodology [11] that enables 
construction of advanced BOP models for binary systems directly from quantum-
mechanical calculations. This method has so far been applied to Ti-C and Ti-N 
systems [12] and will be used in the future for construction of BOP models for iron 
compounds and alloys such as Fe-C, Fe-H, Fe-Nb, etc. 

 

(a)                                           (b)            (c)             (d) 

Figure 4.5: Core structures of ½<111> screw (a) and edge (b), and <100> screw (c) 
and edge (d) dislocations in α-Fe. The coloring shows decrease of 
magnetic moments of atoms in the vicinity of the cores. 
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5 Simulation of fatigue crack growth, opening and closure of a 
short crack under thermal cyclic loading conditions, developing 
methods for the damage assessment based on the cyclic J-
integral  

For the numerical simulation of crack opening and closure we used the system of a 
thick walled tube similar to the system used in [13]. However, the 3D-model is not 
suitable for the problem at hand. To reduce the computational cost of three-
dimensional FEM calculations and represent a tube of arbitrary length the numerical 
simulations were carried out for a completely axially symmetric torus similar to the 
system described in [14]. Given that the radius of this torus is large enough the 
stress-strain state on the appropriate location of the inside wall of this torus is the 
same as in a tube of arbitrary length. For the numerical calculations a torus with a 
primary radius of 4000 mm has been modeled. Here the primary radius is the 
distance from the center axis of rotation to the center of the cross-section of the 
torus. To further utilize symmetry only the upper half of an axially symmetric torus 
cross-section has been modeled resulting in the finite element model seen in Figure 
5.1. The inner radius of the tube is 95 mm and the wall thickness is 40 mm. The inner 
wall of this tube is subjected to a constant internal pressure and to different time 
dependent temperature transients with the temperature ranging from 50°C to 350°C. 
The temperature dependent thermal and mechanical material parameters for the 
Niobium stabilized austenitic stainless steel 1.4550 (X6CrNiNb18-10, AISI 347) – 
typical grade in German nuclear power plants - are taken from the KTA rule [1], the 
research report [15] and the technical report [16]. The temperature range for the 
material parameters given in these reports covers the temperature load range 
described above. 

To describe the cyclic elastic-plastic material behavior in the FEM simulations the 
Chaboche plasticity model [17] has been used. In a further step, the Ohno&Wang 
model [18] is implemented as a user routine in the ANSYS® finite elements software 
[19] (see paragraph 6) and is used for the simulation of the transient cyclic plasticity 
behavior. In all the calculations we used 4-Node elements with linear shape 
functions. Figure 5.2 shows a magnification of the refined mesh on the inside wall. 
The elements in this area are nearly quadratic with an edge length of 10 μm. The 

thermal and structural results are in very good agreement with results obtained using 
the FE model described in [13]. 

In the first step of the numerical simulations the temperature profiles caused by the 
thermal transients have been determined. The analyses for the temperature 
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distribution and all subsequent structural calculations have been done in two steps 
re-using the results of the thermal simulation. This load transfer method leads to a 
unidirectionally coupled-field solution. For the first structural calculation the constant 
pressure on the inside wall along with the temperature solution has been applied as a 
load to determine the deformations and the resulting stresses and strains. For this 
calculation displacement boundary conditions were set along the symmetry line of 
the torus cross-section to prevent circumferential displacement of the respective 
nodes. This means that for all nodes with Cartesian coordinate y=0 in Figure 5.2 the 
boundary condition uy=0 was imposed. 

 

 

 

 

 

 

Figure 5.1: Global finite elements mesh of cracked structure 

 

 

 

 

 

 

Figure 5.2: Mesh detail of the cracked zone 

This calculation has been carried out for several cycles with repeated application of 
the temperature profile to obtain quasi-stabilized hysteresis solutions. This system 
will be referred to as the non-cracked configuration. To model crack opening and 
closure we modified the above model to obtain a pre-cracked configuration. This has 
been done by removing the boundary constraints on the nodes on the horizontal 
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symmetry axis thus pre-determining the crack geometry and orientation. For a crack 
length of 10 μm only the node on the inside wall has been released whereas a crack 

length of 50 μm required 5 nodes to be unconstrained. The temperature solution 

obtained from the very first FE simulation and the pressure on the inside wall were 
then again applied to this model as loads. To numerically describe crack closure and 
capture the effects of contact of the crack flanks contact elements have been used. 
The contact boundary conditions have been defined along the symmetry line of the 
torus cross-section thus allowing the released nodes displacement in positive y-
direction only. The contact elements are located at the nodes of the refined mesh 
along the symmetry line of the cross-section. The contact elements remain at these 
nodes and their displacement is determined by the displacement of the structural 
elements the contact elements are sharing the respective nodes with. In this model 
self penetration would occur as a displacement of these nodes below the horizontal 
axis of symmetry and self contact would occur whenever an unconstrained node is 
on this horizontal symmetry line. Appropriate contact boundary conditions ensure that 
self contact is allowed but self penetration is prevented.  

Each of the simulations for pre-cracked geometry has been done separately and no 
explicit crack growth has been modeled here. To overcome plasticity induced 
stabilization and saturation effects each of these calculations comprised 10 cycles. 
From the simulations of the pre-cracked configurations merely the time information of 
the crack opening and closure points has been extracted. The sought-after crack 
opening stress and strain values are then determined by taking the stresses and 
strains of the non-cracked configuration at the times of crack opening and closure 
extracted from the simulation of the pre-cracked configurations.   

For the damage assessment of hysteresis loops the appropriate consideration of 
crack closure effects is a key element as discussed above. The damage contributing 
parts of the hysteresis loop are considered to be the phase when the flanks of the 
crack are not in contact and the crack is open. To determine the crack opening stress 
for uniaxial mechanical loading Newman’s proposal [20] is widely accepted. To 
compare the crack opening stresses determined from the numerical simulations 
described in the previous section with an analytical solution obtained from Newman 
type equations a modified set of equations is used.  

Since       can be easily determined on the ascending part of the hysteresis this 
allows to identify the crack closure stress on the descending part of the loop. 
Knowing the opening stress for the hysteresis loop of interest the opening and 
closure points can be identified as it is shown schematically in Figure 5.3. 

opx,
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For the application of the Newman equations to the hysteresis loops caused by 
thermal cyclic loading the temperature influence has to be considered when 
calculating the crack opening stress          . 

 

 

 

 

 

 

 

 

 

Figure 5.3: Crack closure relevant hysteresis parameters 

To account for the temperature dependent yield stress the set of Newman equations 
has to be evaluated repeatedly to determine the crack opening stress. Knowing the 
temperature distribution for the whole hysteresis at each FEM computed data point 
every discrete data point of the hysteresis loop can be related to a temperature on 
the inside wall. The crack opening stress is obtained by scanning the ascending 
branch of the hysteresis loop. Starting with the point of minimum stress the equations 
are evaluated for every data point until the condition for crack opening is met. As a 
first step     is evaluated for the temperature associated with the current data point. 
This value of      is then used to determine a crack opening stress         . If this stress 
is less than or equal to the stress of the currently investigated data point the crack is 
assumed to be open and the point of crack opening is found. Since for this method 
crack opening and closure are assumed to occur at the same strain level the point of 
crack closure is identified by scanning the descending hysteresis branch for the data 
point with the strain value corresponding to the previously identified point of crack 
opening. The crack closure stress        is then the stress value of this data point. 

Crack closure simulations were carried out based on the algorithm described above.  
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Fifty hysteresis loops were analyzed in order to achieve an approximately stabilized 
stress strain hysteresis loop and to consider appropriately the influence of the cyclic 
plasticity behavior on the cracked structure.  

The hysteresis loop in figure 5.4 represents the un-cracked configuration. The 
analysis of the cracked configuration of different crack lengths delivers the 
information about the crack opening and crack closure stresses and strains. 
Obviously, the precision of determination depends on the discretization of data 
points. Iterative refinement is possible. Figure 5.4 reveals a more refined set of data 
points for the descending branch compared to the ascending branch. Consequently, 
crack closure stresses and strains can be determined more precisely than crack 
opening stresses and strains in this case. 

 

 

 

 

 

 

Figure 5.4: Hysteresis loop for inner surface 

 

 

 

 

 

 

 

Figure 5.5: Opening and closure strains (transient 1) 
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Exemplarily, resulting opening and closure strains as mean values between two data 
points are shown in Figure 5.5 (transient 1). 

Analytical expressions are derived for the determination of the essential crack 
opening and crack closure stresses and strains. In connection with approximation 
formulae for the J-integral they constitute essential parts of an engineering algorithm. 
A more detailed description is out of the scope of this paper.  

 

6 Further development of plasticity models  

The applied plasticity model has to be capable of simulating the local (at the crack 
tip) multiaxial stress-strain-relations for typical thermal cyclic or thermal mechanical 
loading conditions. This includes the correct determination of the crack opening and 
crack closure levels. In the case of cyclically stabilized material behavior the standard 
implementations of material models such as the Besseling or the Chaboche model 
within commercial finite element codes are applicable in principle. However, this does 
not hold true for the simulation of complex phenomena of cyclic plasticity such as 
particularly the possible cycle by cycle accumulation of plastic strain increments 
(ratcheting). Possible incremental plasticity laws for a more realistic description of the 
opening and closing behavior of short cracks are the models proposed by Ohno & 
Wang (given in [18] and [21]) which belong to the group of plasticity laws with 
Armstrong Frederick type nonlinear kinematic hardening rules such as the classic 
model of Chaboche [22]. 

6.1 General relations of elasto-plastic material behavior 

The models are formulated in the small strain regime, therefore the total strain  can 
be additively composed into a reversible elastic part , an irreversible plastic part  
and a reversible thermal part  (see [23], chapter 23 for example), expressed as 

         (6.1) 
The thermal strains  are purely volumetric (no distortion of shape) and are 
calculated using the common relationship 

 
 (6.2) 

using the instantaneous coefficient of thermal expansion , the difference of the 
actual temperature  relative to a reference temperature  and the 2nd order unit 
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tensor . The elastic part  is governed by the linear isotropic elasticity law (Hooke's 
law) 

 (6.3) 

with the two (in general temperature dependent) elasticity constants (Lamé-
constants)  and . 

Furthermore, the existence of a specific strain energy density function  is 
postulated. The free energy  is a function of so-called external and internal 
variables which characterize the momentary local material state. Observable external 
variables are the total strain  and the temperature . The type and number of the 
internal variables is caused by the phenomenological aspects to be considered in the 
plastic material model. A necessary internal variable for describing plastic material 
behaviour are the plastic strains . The strain energy density 

 (6.4) 

consists of a thermoelastic part , a plastic part  and a purely thermal part . 
The specific parts of  are functions of the thermoelastic strains  of  strain 
valued second order tensors  which characterize the kinematic hardening of the 
material. The third term of equation (6.4) represents the dependence on the 
temperature . 

The actual stress  and the j-th backstress tensor  can be derived using the 
relationships 

  (6.5) 

(r is the density of the material) and 

 (6.6) 

respectively. 

The conjugated thermodynamic force  represents the j-th partial backstress tensor 
describing one kinematic hardening mechanism. The total backstress 

  (6.7) 

is defined as the sum of the partial backstresses. The yield function is taken as a 
von-Mises type yield function written as 
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  (6.8) 

The plastic strain increment  is governed by the associated flow rule 

 (6.9) 

with the scalar plastic multiplier . 

6.2 The nonlinear kinematic rule of Ohno & Wang (Model II) 

According to [18] (see eq. (21) and (22) there) for the plastic part  of the strain 
energy the quadratic potential 

  (6.10) 

is chosen. Inserting eq. (6.10) into eq. (6.6) yields the linear relationship 

  (6.11) 

between each partial back-stress  and its corresponding strain valued kinematic 
tensor . 

One obtains the kinematic hardening model proposed by Ohno & Wang [18] as 
Model II by choosing 

  (6.12) 

for the dynamic recovery parts  of the kinematic hardening equations. In these 
rate equations 

  (6.13) 

are the norm of the j-th backstress , the normalized back-stress  and the 
MacAuley-bracket, respectively. ,  and  are temperature-dependent material 
parameters in general. The motivation for choosing the dynamic recovery parts in 
such a way is explained in [18]. Using eq. (6.11) and (6.12) the kinematic hardening 
equations 

         (6.14) 

for each partial backstress is obtained finally. In eq. (6.14) the abbrevation  for the  
                          derivative relative to the temperature is introduced. Substituting 
      by   in eq. (6.14) by using the linear relationship (6.11) together with the 
abbreviations (6.13) the nonlinear kinematic rate equations (6.14) can be rewritten as 
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  (6.15) 

where the  in equations (6.13)1,2 have to be substituted by the linear relationship 
(6.11). The rate equations (6.15) are equivalent to (6.14). Nevertheless, the form 
(6.15) is useful for integrating the model using an elastic-predictor/plastic-corrector 
algorithm because the temperature rate dependent term does not appear explicitly 
and hence has not to be integrated separately in an elastic predictor step. 

The ratcheting rates predicted by the model can be controlled mainly by the 
appropriate determination of the exponents  within the range of . With 
increasing values of  the hardening law (6.14) tends to a linear hardening law for 
each partial backstress and the overall ratcheting rate decreases. The term  
reduces the value of the non-linear term in eq. (6.14), especially under non-
proportional loadings resulting in an additional reduction of the ratcheting rate. 

In the sense of a finite elements implementation the governing equations describing 
the material behavior have to be discretized and solved. The implicit (backward) 
Euler method is often applied in the framework of plasticity because of its 
unconditionally stable time integration scheme and ease of implementation. To solve 
the equations which describe the material model numerically an operator split 
method consisting of two parts was used. In the elastic predictor step it is checked if 
the material is in elastic or plastic state. In the plastic corrector step the discretization 
of the elasto-plastic parts of the equations is done with an implicit Euler step yielding 
a system of nonlinear algebraic equations which is solved using a multidimensional 
Newton-Raphson algorithm. 

 

 

 

 

 

 

 

  

Figure 6.1: Comparison of ratcheting experiments [24] and simulation 
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The performance of the Ohno & Wang material model with respect to the simulation 
of ratcheting is shown exemplarily in Figure 6.1 by comparing simulation results with 
experiments reported in [24]. 

In the framework of the joint research project described here the parameters of the 
Ohno&Wang material model are optimized based on the uniaxial and biaxial material 
characterization done by IfW Darmstadt (see paragraph 2). The description of the 
optimization procedures chosen is beyond the scope of this paper. 

7 Conclusion 

Fatigue and cyclic deformation behaviour of the Niobium stabilized type 347 
austenitic stainless steel was investigated at a fundamental level. Experimental data 
were generated at operational temperature levels of Nuclear Power Plants under 
thermo-mechanical stress-strain conditions. Research was focused on generating 
data for parameter identification, improvement and development of advanced 
nonlinear kinematic material models, and experimental validation of these models.  

Investigations over a wide spectrum of fatigue loading parameters deal with fatigue 
behaviour at ambient temperatures and elevated temperatures, varying surface 
roughness conditions, and the presence of mean stress and strain. Metallographic 
examinations show an effect of transition from austenite to (deformation induced) 
martensite. Uniaxial experiments show both a significant influence of temperature 
and a significant influence of extreme surface roughness on the fatigue properties 
(strain life curve).  

Further uniaxial TMF-loading experiments at elevated temperature contribute to a 
reduction of fatigue endurances. Start-up and shut-down as well as operational 
conditions have also been simulated experimentally on cruciform specimens. This 
kind of specimens can be considered as a bridge between uniaxially loaded 
laboratory specimens and real components. These complex experiments are input 
for parameter identification and validation of complex elastic-plastic material models, 
respectively. At biaxial cruciform loading, the reduction is even more significant. 

In order to investigate the fatigue behaviour under thermal loading (TF) testing 
facilities were developed which allow for introducing cyclic thermal loads on the 
specimen surface. Dependent on the amplitude and the frequency of the temperature 
changes at the surface of the specimen a crack pattern could be generated with 
crack depths up to 500µm. Further investigations with varying frequency, 
temperature amplitudes and number of cycles are in progress.  
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Using self-developed user-subroutines based on the Chaboche material model for 
cyclic deformation behavior of the tested material and the DTMF-parameter as 
damage parameter, the fatigue tests at constant temperature and tests under 
thermo-mechanical loading with slow heating and cooling of the specimen in the LCF 
regime could be described quite well. The only exception are tests at room 
temperature with low stress range (high number of cycles). Here, the DTMF-Parameter 
results in smaller lifetimes as observed for elevated temperatures. The evaluation of 
the TF-tests that requires the full matching of the temperature field from the 
experiments to the simulation is still in progress. On the atomistic level, a new 
methodology was developed that enables the construction of advanced bond-order 
potential (BOP) models for binary systems directly from quantum-mechanical 
calculations. 

In a further step, the short crack fracture mechanics based damage parameter PJ 
was qualified for thermo-cyclic loading conditions. This part of the investigations 
focused on typical low cycle operational transients as loading input requiring a 
realistic description of the local (at the crack tip) multiaxial cyclic stress-strain 
behavior. For this purpose, the non-linear kinematic Ohno&Wang material model was 
further developed considering particularly the thermal part of the describing 
equations. Material parameters were determined based on optimization procedures 
and by using the uniaxial and biaxial experimental data as essential input. The short 
crack approach essentially has to answer the question at which stress and strain 
states the short crack opens and closes and how the crack driving force (e.g. the 
cyclic effective J-integral Jeff) can be calculated for thermal cyclic loading and which 
engineering approximation can be used. Finally, the results of systematic detailed 
elasto-plastic finite element analyses of the cracked structure are used for the 
derivation of analytical approximation formulae for the determination of the crack 
opening and crack closure stresses and strains as well as the J-integral as essential 
parts of an engineering algorithm.   
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Abstract 
The understanding of the crack initiation mechanisms and crack growth in apparently 

monolithic materials like X6CrNiNb18-10 stainless steel under cyclic loading requires the 

explicit analysis of the phenomena underlying fatigue on both atomistic and microscopic 

levels. The permanent delivery of mechanical energy through cyclic loading evokes changes 

in the microstructure that can lead to a martensitic transformation. The transformation of a 

metastable cubic face centered austenite and formation of a cubic body centered ’-

martensite under cyclic loading at room temperature was found, both, in the experiment and 

in molecular dynamics simulations. The martensite nucleates prevalently at grain boundaries, 

triple points and at the specimen free surface and forms small (~ 1 µm) differently oriented 

grains, also in the same parent austenitic grain. By a combination of interrupted low cycle 

fatigue tests (LCF) and electron backscatter diffraction (EBSD) measurements the 

martensitic transformation and subsequent fatigue crack formation were observed at the 

same area in the microstructure at different stages of the specimen lifetime. The EBSD 

measurements showed the following crack initiation scenarios: Cracks started (a) at the 

phase boundary between austenite and ’-martensite, (b) inside fully martensitic areas in the 

matrix, (c) at broken or debonded coarse NbCs. It is obvious that formation of a hard ’-

martensite in a ductile and soft austenite and forming two-phase material causes a 

heterogeneous stress and strain distribution on the microscopic level. ’-martensite 

enhances locally the stress amplitude whereas in a soft austenite the plastic strain amplitude 

increases. Strain concentration in the austenite along the phase boundary is connected with 

a stress increase along the interface and can initiate fatigue crack there. Also at the crack tip, 

a permanent martensitic transformation occurs, so that the growth of the fatigue cracks at 

room temperature seems to be totally controlled by ’-martensite. 

 

1. Introduction / Motivation 
A large number of components in nuclear power plants are exposed to cyclic loading for 

which fatigue failure must be excluded. The evidence of sufficient fatigue safety margins is 

based on fatigue analyses. The determination of the fatigue lifetime rests on the assumption 

that certain damage events accumulate in a linear manner over time. The damage state, 

therefore, is described indirectly as a function of equivalent stress or strain amplitude versus 

crack initiation curve. This solution is often a pragmatic approximation for engineering 

applications, but it does not explain the mechanisms underlying fatigue and crack formation 

on the microscopic level. Especially the role of the materials microstructure in the fatigue 
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process remains in this approach unexplained. The knowledge of these correlations is, 

however, necessary when setting up of the optimal microstructure ensuring longer lifetime is 

intended. 

 

The aim of this work is to provide a thorough understanding of the basic mechanisms of 

fatigue and crack formation in the austenitic stainless steel X6CrNiNb18-10 (1.4550) under 

cyclic loading at room temperature. To attain this goal, experimental investigations and 

simulations on the nano-level were performed. The combination of these methods enabled a 

deeper insight into processes underlying fatigue and the interdependencies between 

microstructure and crack formation in the low cycle fatigue regime at room temperature. The 

methods themselves were further developed and optimised.  

 

The fatigue phenomena in ductile materials rely on plastic cyclic deformations, i.e. on a 

permanent dislocation movement and their interaction with microstructure (precipitates, grain 

and phase boundaries …). As a consequence, hardening as well as softening processes can 

be observed. The cyclic stress-strain-curve reflects these processes. In the first part of the 

curve, at low strain amplitudes, the multiplication of dislocations is visible as an increase of 

the work hardening. Dislocations form energetically favourable patterns: bundles, veins, 

labyrinths and finally cell structures. In single crystals and in monolithic polycrystals the 

ladder like bands emerge in the dislocation pattern giving rise to the formation of persistent 

shear bands (PSB). This stage is known as “saturation” or as a “stable hysteresis”. Due to 

high activity of dislocations in the PSB, extrusions and intrusions become apparent as 

elevations and dimples on the specimen surface. The intrusions as well as grain boundaries, 

precipitates and coarse hard particles are generally seen as nucleation sites for fatigue 

cracks [8].  

However, materials with a metastable phase in the microstructure, such as austenite at room 

temperature, can transform into ’-martensite when a delivery of mechanical energy during 

cyclic loading is high enough to evoke phase transformation. 

This is the case in the austenitic stainless steel X6CrNiNb18-10. A cubic face centered 

austenite transforms gradually into a cubic body centered ’-martensite. This process 

depends on a loading amplitude and temperature and causes a significant hardening 

behaviour of the material, especially for greater strain amplitudes. 
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2. Material 
Austenitic stainless steel X6CrNiNb18-10 with chemical composition as presented in Table 1 

has been used in this work.  

C Si Mn P S Cr Ni Nb Ta 

0.043 0.410 1.900 0.019 0.002 17.150 10.300 0.660 0.008 

Balance Fe 

Table 1: Chemical composition of the X6CrNiNb18-10 steel (in weight %) [4]. 

 

This material was manufactured by melting metallurgy, casting and forming process with 

subsequent solution heat treatment at 1050°C for 10 minutes and was water-quenched to 

room temperature [4]. The resulting microstructure, presented in Fig. 1, consists of austenitic 

grains with several twins and finely distributed niobium carbides (NbC) located along the 

grain boundaries, dislocations and lattice imperfections inside the grains.  

 

Fig. 1: Microstructure of the X6CrNiNb 18 10 steel after heat treatment. 
 

Two classes of NbC size distribution, with the average values of 33 nm and 410 nm 

respectively, were found in the undeformed X6CrNiNb18-10 steel by using replica (Fig. 2a, 

b). NbC particles were located along the sub-grain boundaries, grain boundaries and 

dislocations, forming structures similar to a rope of pearls (Fig. 2a). In apparently 

homogeneous grains without any visible sub-grain-structures, NbC were randomly 

distributed. Large elongated NbC particles (Fig. 2b) are probably primary carbides formed 

during the casting process and not dissolved during short homogenization time. 
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(a) Distribution of fine NbC (replica). (b) Distribution of coarse NbC (replica). 

Fig. 2: (a) Decoration of the sub-grain boundaries through small NbC; (b) coarse primary NbC in the 
grains and along the grain boundary.  
 

3.  Experimental methods 
3.1. Low cycle fatigue test  
Smooth cylindrical specimens [5] were uniaxially loaded in the LCF-Facility (ZDS 10/100, 

construction MFL/MPA University of Stuttgart) in air at room temperature with different strain 

amplitudes: 0.25%, 0.50%, 0.75%, 1,00%, 1.25% and 1.5% at load ratio R = -1 until initiation 

of macroscopic (visible) crack. For the interrupted LCF test combined with the EBSD 

technique, the strain amplitude of 1.5%, R= 1 was chosen. This relatively great loading 

amplitude should ensure a moderate number of loading cycles until break. The total length of 

the specimen of 60 mm allowed a non destructive analysis in the scanning electron 

microscope (SEM) after defined number of cycles and a new loading after breaks. For the 

observation of the microstructure alteration and crack development at different stages of the 

specimen lifetime, two narrow flat bands (3 mm  20 mm), symmetrically placed on the 

specimen lateral surface, were grounded and electrolytically polished before loading.  

 

3.2. Electron backscatter diffraction  
The technique of electron backscatter diffraction was used to study the grain orientations on 

the specimen surface and to identify deformation induced ’-martensite in the microstructure. 

The phase identification – austenite or ’-martensite – was based on the comparison of  

measured diffraction patterns with the data stored in the ICCD database [6] for the assumed 

phase. This database is a part of the software for the analysis of the EBSD pattern (Kikuchi 

pattern). Five overlapping measuring fields of 350  350 µm2 localised on the flat polished 

area on the specimen surface were chosen for EBSD measurements. The resolution of the 
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standard scans was 1 µm. Additional scans of interesting details were recorded with higher 

resolution.  

 

4.  Results and discussion 
4.1. Martensitic transformation 
’-martensite forms preferentially at grain boundaries and triple points and grows into the 

grain interior before the first cracks initiate (Fig. 3). Particularly great volume fraction of 

martensite was found at the crack tip and at the crack edges in the further course of loading. 

By X-ray diffraction investigation of the fatigue surface 80%-90% of martensite was found 

there in contrast to the residual fracture area with 10%-20% of ’-martensite only. These 

results show that fatigue crack growth in X6CrNiNb18-10 at room temperature is controlled 

mainly by the formed martensitic phase. As soon as the crack formed in the microstructure 

the martensitic transformation starts at the crack tip where the stress and strain are high 

enough to promote the phase transformation even in the specimens loaded with low external 

amplitude. 

 

 
0 cycles after 130 cycles after 300 cycles 

Fig. 3: EBSD: Growth of ’-martensite (black) in austenite under cyclic loading; strain amplitude of 
1,5%; R= -1. 
 

4.2. Crack formation 
The crack initiation and growth of cracks on the microscopic level take the largest part of the 

specimen lifetime. The growth velocity of short cracks depends on the microstructure and 

can not be described by a simple analytical expression in contrast to macro cracks which 

propagate in accordance e.g. to the Paris law. Finally, the crack length will be reached at 

which the remaining cross section is not large enough to withstand the applied stress and a 

final failure will occur.  
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Microscopic examination of the previously polished specimen surface of X6CrNiNb18-10 

showed that fatigue cracks are visible rather as isolated events than as microcrack fields. 

They are mostly oriented normal to the loading axis from the very beginning. These facts 

disqualify these cracks as crystallographic cracks growing in the slip plane and suggest an 

interface crack or cracks with a brittle character. EBSD measurements performed on the 

specimen with short cracks show that they form in the phase boundary between austenite 

and ’-martensite (Fig. 4a) or in fully martensitic areas. Thus, the investigated steel was heat 

treated for 10 minutes only, individual coarse NbC - not dissolved primary carbides - are 

visible in the microstructure. These particles break or separate from the matrix easier than 

fine NbC particles and are eminent crack initiation sites in the microstructure (Fig. 4b). 

(a) (b) 

Fig. 4: (a) EBSD: Fatigue crack (white) along the phase boundary between austenite and ’-
martensite (black) after 300 cycles; (b) SEM: broken NbC as a crack initiation site in the austenitic 
matrix after 230 cycles. LCF – strain amplitude 1.5%, R= -1.  
 

On the basis of these results can be stated that in the austenitic stainless steel X6CrNiNb18-

10 with short heat treatment (1050°C/10min) the deformation induced martensitic 

transformation takes place in the material under cyclic loading at room temperature. In 

accordance with [1][3] the threshold value of plastic strain pl=0.3% must be exceeded 

locally in the microstructure in order to set in the deformation induced martensitic 

transformation there. However, also in the specimens loaded with low external amplitude the 

threshold value at the crack tip is always reached and formation of ’-martensite begins even 

at very short cracks.  
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Accordingly to this fact neither extrusions nor intrusions were found, also in specimens 

deformed with great strain amplitude of 1.5%. The surface roughness could be explained by 

martensite formation or as a difference in the out-of-plane deformation behaviour of 

differently oriented grains. 

 

The difference to the results from the former scientific project [7] lies probably in the size 

distribution of NbC and corresponds directly to the heat treatment of the material. To what 

extent the fine or coarse NbC can suppress or accelerate martensitic transformation and 

generally affect crack formation is unknown up to now. This complex topic requires 

systematic well-directed investigations. 

 

4.3. Atomistic simulations  
In order to investigate the mechanisms of the martensitic transformations of a polycrystalline 

sample under loading at the atomic level Molecular Dynamics simulations with empirical 

interatomic potentials were used. As a model system served a Fe50Ni50 alloy which has a 

high stability of the austenitic phase while under loading it transforms into the bcc structure 

(-martensite). Models of different sizes and with different numbers of grains were studied. 

The grains were generated at random positions and with random crystallographic 

orientations using a Voronoi construction. Periodic boundary conditions in two spatial 

dimensions including the loading directions were employed while the third dimension 

represented free surfaces. The models were uniaxially deformed at room temperature 

uniformly up to a strain of 20 % and cyclically with the strain amplitude of 10 %. The strain 

rate was 108 s-1. Fig. 5 shows a model of size 250 nm x 250 nm x 2 nm after 20 % of uniform 

deformation. It consists of 8 grains with a columnar geometry in the viewing direction.  
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Fig. 5: Atomistic model of size 250 x 250 nm x 2 nm after monotonic deformation of 20% (grey: 
austenite, yellow: ’-martensite, red: stacking fault). 
 

It can be seen that martensite was formed preferentially at grain boundaries. In the 

transformed regions, variants of martensite can be seen which form domain-like structures. 

Moreover, within the martensite regions zones with high densities of stacking faults were 

formed which are the result of back-formation of martensite into a structure close to the hcp 

structure (-phase).  

 

5. Summary and conclusion  
This work aims at a deeper understanding of the basic phenomena which are accompanying 

fatigue on the nano- and micro-levels in the austenitic stainless steel X6CrNiNb18-10 at 

room temperature in air. For this purpose experiments and Molecular Dynamics simulations 

have been performed. From the understanding of the phenomena underlying fatigue in the 

X6CrNiNb18-10, the impact of the microstructure on the crack formation and crack growth 

under cyclic loading can be identified more reliably. 
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Abstract 

The assessment of fatigue and cyclic crack growth behaviour of safety relevant components 
is of importance for the ageing management with regard to safety and reliability. For cyclic 
stress evaluation different codes and standards provide fatigue analysis procedures to be 
performed considering the various mechanical and thermal loading histories and geometric 
complexities of the components. For the fatigue design curves used as a limiting criteria the 
influence of different factors like e.g. environment, surface finish and temperature must be 
taken into consideration in an appropriate way.  

Fatigue tests were performed in the low cycle fatigue (LCF) und high cycle fatigue (HCF) 
regime with low alloy steels as well as with Nb- and Ti-stabilized German austenitic stainless 
steels in air and high temperature (HT) boiling water reactor environment to extend the state 
of knowledge of environmentally assisted fatigue (EAF) as it can occur in boiling water 
reactor (BWR) plants.  

Using the reactor pressure vessel (RPV) steel 22NiMoCr3-7 experimental data were 
developed to verify the influence of BWR coolant environment (high purity water as well as 
sulphate containing water with 90 ppb SO4 at a test temperature of 240 °C and an oxygen 
content of 400 ppb) on the fatigue life and to extend the basis for a reliable estimation of the 
remaining service life of reactor components. Corresponding experiments in air were 
performed to establish reference data to determine the environmental correction factor Fen 
accounting for the environment.  

The experimental results are compared with international available mean data curves, the 
new design curves and on the basis of the environmental factor Fen. 

Furthermore the behaviour of steel 22NiMoCr3-7 in oxygenated high temperature water 
under transient loading conditions was investigated with respect to crack initiation and cyclic 
crack growth. In this process the stress state of the specimen and the chemical composition 
of the high temperature water play an important role for the transferability to real 
components. Environmentally assisted cracking (EAC) experiments were performed with 
fracture mechanics C(T)-specimens of different size in high temperature water autoclaves 
under simulated BWR water conditions. In some of the experiments the influence of chloride 
transients on crack initiation and crack propagation was investigated.  

In this paper the position of MPA University of Stuttgart concerning material fatigue data, 
mean data curves and fatigue design curves including environmental effects is 
demonstrated.  

1 Introduction  

The basis for construction, design and operation of nuclear systems, structures and 
components (SSC) are national technical codes and standards like the ASME-Code Section 
III [1], the French RCC-M Code [2] or the German Nuclear Safety Standards KTA [3]. The 
basic philosophy in the design of SSC is to demonstrate that the function and the integrity 
are guaranteed throughout the lifetime. It is important that the design concept accounts for 
most possible failure modes and provides rational margins of safety against each type of 
failure mode. Some of the potential failure modes which SSC designers should take into 
account are for example: Excessive elastic deformation including elastic instability, excessive 
plastic deformation, brittle fracture, fatigue and corrosion.  

During design stage a complete picture of the state of stresses within the SSC obtained by 
calculation or measurement of both mechanical and thermal stresses during steady state 
operation and transient loading has to be created. It has to be demonstrated that all stresses 
(primary, secondary) as well as environmental loading are within the allowable stress limits 
given by the codes and standards, and the usage factor developed by a fatigue analysis 
(peak stresses) is well below the limiting value (cumulative fatigue life usage factor U).  
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It is possible to prevent failure modes caused by fatigue by imposing distinct limits on the 
peak stresses at the highest loaded regions of the SSC or by reducing the load cycles since 
fatigue failure is related to and initiated by high local stresses respectively strains. The 
design rules according to the technical codes and standards [1], [2] and [3] provides for 
explicit consideration of cyclic operation using design fatigue curves of allowable alternating 
loads (allowable stress or strain amplitudes) vs. number of loading cycles (S/N-curves) 
specific rules for assessing the cumulative fatigue damage caused by different specified or 
monitored load cycles. The influence of different factors like welds, environment, surface 
finish, temperature, mean stress and size must be taken into consideration in an appropriate 
way.  

Fatigue analysis can be performed by different concepts which must not necessarily yield in 
the same result, Fig. 1. In nuclear codes and standards usually local concepts are used 
(local notch strain or stress concepts).  

 

Fatigue Strength AssessmentFatigue Strength Assessment

Experimental

Assessment

Experimental

Assessment Analytical / Numerical AssessmentAnalytical / Numerical Assessment

Global Concept

Based on external forces or based on 
nominal stresses within the component 

sections in question

Global Concept

Based on external forces or based on 
nominal stresses within the component 

sections in question

Local Concept

Based on local stresses and related to critical
values of local phenomena like crack initiation

or crack propagation 

Local Concept

Based on local stresses and related to critical
values of local phenomena like crack initiation

or crack propagation 

Nominal Stress
Concept

Nominal Stress
Concept

Structural Stress
Concept

Structural Stress
Concept
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Fig. 1 :  Different Methods to perform fatigue analysis 

2 Fatigue analysis in nuclear codes and standards  

2.1 Fatigue design curves 

Reviewing fatigue analyses to be performed for nuclear pressure vessels and piping it 
becomes apparent that the majority is similar to or identical with those included in the ASME-
Code Section III [1], like the German KTA Standards [3].  

Fatigue data are generally obtained from unwelded smooth cylindrical specimens which were 
tested under strain control at room temperature (RT) and in air environment with a fully 
reversed loading, i.e. strain ratio of Rεεεε=–1, and are plotted in the form of nominal stress 
amplitude Sa vs. the number of cycles N to failure [4], [5], [6] and [7]. The total strain range 
∆εat obtained from the tests is converted to nominal stress range 2Sa by multiplying the strain 
range by the modulus of elasticity E at test temperature:  
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The design curves (S/N-curves) were derived by introducing factors of 2 on stress (Sσσσσ) and 
20 on cycles (SN) on the best-fit curves, whichever gave the lowest curve and is meant to 
account for real effects (“scatter of data and material variability”, “size effects”, “surface finish 
and environment”, e.g. [7], [8], [9]) occurring during plant operation. All of the pressure vessel 
and piping fatigue design rules are based essentially on the same approach based on data 
from primarily low-cycle fatigue (LCF) tests. Conservative S/N-curves are developed and 
used for the fatigue analysis in conjunction with stress concentration factors Kt or fatigue 
strength reduction factors Kf to take into account the structural discontinuities in the SSC 
including welds [8].  

The fatigue life is defined as the number of cycles, N25, necessary for the tensile stress to 
drop 25 % from its peak or steady–state value during test. For a specimen size usually used 
in fatigue testing, e.g. 5-12 mm diameter cylindrical specimens, this corresponds to a ≈3 mm 
deep crack [9].  

The existing fatigue ε–N data to develop the S/N-curves are categorized by the types of 
material like austenitic stainless steels, Fig. 2, and carbon steels and low alloy steels, Fig. 3. 
Therefore most of the S/N-curves given in the codes and standards are to be applied for 
specific steels (e.g. distinguish between steels of different ultimate tensile strength Rm).  
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Fig. 2 :  Fatigue design curve austenitic stainless steels [3]  

Based on experimental ε–N data of the last twenty years fatigue life models for estimating 
the fatigue lives of these steels in air have been redeveloped at ANL [9] (NUREG/CR-6090) 
as best-fit or mean data curves of a Langer type equation [4], [5] and [6]. Based on these 
data new fatigue design curves were developed different from the curves included in ASME-
Code Section III (ed. 2008 and earlier) and KTA Standard [3]. The new carbon steel best-fit 
curve, Fig. 4, is represented by  

 ).(ln.T..)Nln( a 113097510012406146 −ε−−=  (2) 

and for low alloy steels, Fig. 5, by  

 ).(ln.T..)Nln( a 151080810012404806 −ε−−=  (3) 
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where εa is the applied strain amplitude (%), and T is the test temperature (°C). For austenitic 
stainless steels in air at temperatures up to 400°C the fatigue data are best represented by 
the best-fit curve, Fig. 6,  

 ).(ln..)Nln( a 112092018916 −ε−=  (4) 
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Fig. 3 :  Fatigue design curves carbon steels and low alloy steels [3]  

 

 

Fig. 4 :  Fatigue design curve for carbon steels in air, developed from the ANL model [9] and 
based on factors of 12 on life and 2 on stress  

2.2 Effects influencing the fatigue life  

The use of the fatigue design curves is restricted in the nuclear codes and standards to a 
specific maximum temperature below the creep range. Using design fatigue curves it is 
necessary to adjust the allowable stresses if the modulus of elasticity E at operating 
temperature is different from that one used for the design curves. In air, the fatigue life of 
ferritic steels decreases with increasing temperature; however the effect is relatively small, 
whereas for austenitic steels according to [9] the temperature has no significant effect on the 

159



fatigue life. In the design S/N-curves any temperature effects are accounted for in the 
subfactor for “data scatter and material variability”.  

 

 

Fig. 5 :  Fatigue design curve for low alloy steels in air, developed from the ANL model [9] 
and based on factors of 12 on life and 2 on stress  

 

Fig. 6 :  Fatigue design curve for austenitic stainless steels in air, developed from the ANL 
model [9] and based on factors of 12 on life and 2 on stress 

In the codes and standards there are different and specific requirements concerning the 
surface finish of components especially for welded regions, for different vessel and piping 
products and different joints. A special regard to the influence of surface finish depending 
upon peak-to-valley height Rz is obvious. Depending on Rz for carbon steel, low–alloy steel 
and for austenitic steels the surface finish would decrease fatigue life. This effect is 
accounted for in the subfactor for “surface finish and environment”. Stress indices are 
available for use of the code equations determining the stress amplitudes. This includes also 
different weld configurations. Fatigue tests with weld metal showed a tendency for shorter 
fatigue life compared to the base metal [14].  

During the last two decades great endeavors have been made to investigate the influence of 
the coolant environment on fatigue life, e.g. [10], [11], [12], [13], [14], [15]. Today it is 
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generally accepted that the Light Water Reactor (LWR) environment can have a significant 
impact on the fatigue life of carbon and low alloy steels as well as on austenitic stainless 
steels and has to be involved in cumulative fatigue life considerations.  

The U.S. Nuclear Regulatory Commission (NRC) issued the Regulatory Guide 1.207 
“Guidelines for Evaluating Fatigue Analyses Incorporating the Life Reduction of Metal 
Components Due to the Effects of the Light-Water Reactor Environment for New Reactors” 
[16]. This Guide is based on the research work and publications by ANL [9]. The ANL fatigue 
life model for LWR environments includes parameters for the effects of temperature, strain 
rate, dissolved oxygen content in water and, in case of ferritic steels, sulphur content of the 
steel. The environmental effects are expressed in terms of an environmental correction factor 
Fen as the ratio of fatigue life in a RT at air environment to fatigue life in LWR coolant at 
operating temperature  

 
water

air
en N

NF =  (5) 

also depending on the above-mentioned parameters, which are used to estimate the 
environmental fatigue usage  

 ∑ ×= ienien FUU  (6) 

3 Experimental investigations  

3.1 Materials and test parameters  

For the tests performed at MPA different nuclear grade materials manufactured according to 
the requirements of KTA safety standard are available:  

• Low alloy ferritic steel 22NiMoCr3-7  

• Low alloy ferritic steel 20MnMoNi5-5  

• Ni stabilized austenitic stainless steel X10CrNiNb18-9 and X6CrNiNb18-10  

• Ti stabilized austenitic stainless steel X10CrNiTi18-9  

The material strength parameter yield strength and ultimate tensile strength at room 
temperature are respectively (all mean values)  

• 459 MPa and 613 MPa for material 22NiMoCr3-7 (rolled plate)  

• 503 MPa and 653 MPa for material 20MnMoNi5-5 (rolled plate)  

• 245 MPa and 573 MPa for material X6CrNiNb18-10 (rolled bar)  

• 239 MPa and 548 MPa for material X6CrNiNb18-10 (seamless pipe)  

• 292 MPa and 564 MPa for material X10CrNiNb18-9 (seamless pipe)  

• 240 MPa and 600 MPa for material X10CrNiTi18-9 (seamless pipe) 

All test materials fulfilled the requirements according to KTA safety standard, e.g. chemical 
composition, mechanical properties (yield strength, ultimate tensile strength, elongation at 
fracture, percentage reduction of area) and absorbed impact energy.  

The smooth cylindrical fatigue test specimens are machined from the plate and pipe 
materials respectively in rolling and in longitudinal directions. Specimen surface was 
mechanically polished with a surface roughness of Rz<2 µµµµm. The specimens were tested 
under strain control at RT and elevated temperatures up to 350 oC with fully reversed loading 
conditions at different strain amplitudes, i.e. strain ratio of Rεεεε=–1.  
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3.2 LCF tests in air environment  

3.2.1 Austenitic material  

In addition to more than 60 fatigue data available at MPA Stuttgart in total a data pool of 158 
fatigue tests at RT for the stabilized austenitic stainless steels X10CrNiNb18-9, X6CrNiNb18-
10 and X10CrNiTi18-9 including the data of different laboratories (MPA Darmstadt, E.ON, 
MPA Stuttgart) is shown in Fig. 7. The data are best represented by the equation (best-fit or 
mean data curve, procedure according to [17])  

 ).(ln..)Nln( a 136017227066 −ε−=  (7) 

This equation fits also load controlled tests at 107 load cycles as well as the approximation of 
the endurance limit based on the ultimate tensile strength.  
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Fig. 7 : Fatigue life of stabilized austenitic stainless steels at RT in air  
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Fig. 8 :  Fatigue life of stabilized austenitic stainless steels at elevated temperatures in air  
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In addition to more than 80 fatigue data available at MPA Stuttgart in total a data pool of 138 
fatigue tests at temperatures between 240 oC and 350 oC for the stabilized austenitic 
stainless steels X10CrNiNb18-9, X6CrNiNb18-10 X10CrNiTi18-9 from different laboratories 
(MPA Darmstadt, MPA Stuttgart, AREVA) is shown in Fig. 8. The data are best represented 
by the equation (best-fit or mean data curve, procedure according to [17])  

 ).(ln..)Nln( a 078025528506 −ε−=  (8) 

This equation covers also load controlled tests at 107 load cycles as well as the 
approximation of the endurance limit based on the ultimate tensile strength. 

3.2.2 Austenitic cladding  

To evaluate the fatigue behaviour of the austenitic cladding of pressurized components, the 
fatigue design curves are usually based on experiments on specimens taken from plates, 
pipes or bars. Due to the rapid heat transport into the ferritic base material, the cladding has 
a distinctive anisotropic structure that results from the manufacturing process. Therefore, it 
may not be assumed a priori that the fatigue life curves of the various austenitic product 
forms used in the Safety Standards are also representative for the material of the austenitic 
cladding. Fatigue tests were performed to determine and assure experimentally a fatigue life 
curve of the cladding material of pressurized components and to compare the results with the 
database of the stabilized austenitic stainless steels used in German nuclear power plants.  

To carry out fatigue tests with cladding material, flat specimens specially adapted to the 
geometric conditions were prepared out of the austenitic cladding of a reactor pressure 
vessel which had been manufactured according to nuclear specifications. Due to the small 
thickness of the cladding (max. 7 mm), specially designed flat specimens (thickness of 2 
mm) had to be used instead of the normal cylindrical fatigue specimens. To check a possible 
influence of this specimen geometry, flat specimens were prepared in advance from an 
austenitic pipe of known fatigue behaviour and tested at two different strain amplitudes. A 
comparison of the results with the fatigue life curve determined with conventional cylindrical 
specimens showed no influence at the higher strain amplitudes, Fig. 9. At the lower strain 
amplitude, a small influence of the specimen geometry becomes apparent. The flat 
specimens show a slightly lower fatigue life than cylindrical specimens.  

24 strain-controlled uniaxial fatigue tests under fully reversed conditions (R=-1) were carried 
out at RT with flat specimen, Fig. 10.  

0,10

1,00

10,00

1,0E+00 1,0E+02 1,0E+04 1,0E+06 1,0E+08 1,0E+10

S
tr

a
in

 A
m

p
li

tu
d

e
  

ε ε ε ε 
a

/ 
%

Load Cycles N / -

Smooth cylindrical specimen

MPA Mean Data

Flat specimen base material

 

Fig. 9 :  Fatigue life of stabilized austenitic stainless steels at RT in air, comparison between 
cylindrical and flat specimen  
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At the highest strain amplitude (0,8 %), a slightly higher fatigue life was detected, whereas at 
the lowest strain amplitude (0,22 %), the fatigue life is slightly lower than that of the austenitic 
base material. Altogether, the fatigue life data with flat specimen made of the material of 
austenitic cladding fit well into the scatter band of the fatigue database of the austenitic base 
materials tested with cylindrical specimens.  
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Fig. 10 : Fatigue life of stabilized austenitic stainless steel and austenitic cladding at RT in air  

3.2.3 Ferritic material  

More than 80 fatigue data available at MPA at RT for the low alloy ferritic steel 20MnMoNi5-5 
are shown in Fig. 11. It includes is also the best-fit curve representing the low alloy steel data 
of [9], by  

 ).(ln..)Nln( a 151080814496 −ε−=  (7) 

The MPA data are represented by this equation developed at ANL [9].  
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Fig. 11 :  Fatigue life of low alloy steel 20MnMoNi5-5 at RT in air  
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More than 60 fatigue data available at MPA at temperatures between 240 oC and 350 oC for 
the low alloy ferritic steels 20MnMoNi5-5 and 22NiMoCr3-7are shown in Fig. 12. It includes is 
also the best-fit curve representing the low alloy steel data of ANL [9] for a temperature of 
300 oC according to equation (3).  
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Fig. 12 :  Fatigue life of low alloy steel2 20MnMoNi5-5 and 22NiMoCr3-7at   
temperatures between 240 oC and 350 oC in air  

3.3 LCF tests in BWR environment  

The investigations of environmental effects on fatigue life of stainless steels performed in the 
USA, e.g. [9], and in Japan, e.g. [12], are predominantly based on unstabilized austenitic 
stainless steels. There is a need to investigate whether the fatigue behaviour of the niobium 
or titanium stabilized austenitic stainless steels used in German nuclear power plants in 
contact with oxygenated high temperature (HT) water of boiling water reactor (BWR) coolant 
can be predicted by the curves and methods developed in the USA and in Japan. For the 
experiments a test facility was available including a miniature autoclave positioned on the 
specimen shoulders. 

3.3.1 Austenitic material  

The specimens are machined from 2 nuclear grade pipe materials of the stabilized austenitic 
stainless steels X10CrNiNb18-9 and X10CrNiTi18-9 (se chapter 3.1). The specimens of steel 
X10CrNiTi18-9 are additionally tested in a sensitized material state after an annealing 
treatment at 620 oC for 8 hours.  

Low cycle fatigue (LCF) tests are conducted in simulated BWR HT-water environment at 
240°C, the oxygen content of the water is adjusted to 400 ppb, [18] und [19]. In addition to 
high purity water, few tests are performed at an increased conductivity of 0.8 µS/cm by 
dosing sulphate (90 ppb SO4). The flow velocity is quasi stagnant (0.004 m/s). All 
experiments in water  were preceded by a soaking period of 100 h at test conditions. The 
LCF tests were conducted with strain amplitudes of 0.3 %, 0.6 %, 0.9 % and 1.2 % and an 
uniform strain rate of 0.01 %/s.  

The fatigue life in simulated BWR environment with high purity is conservatively covered by 
the ANL mean water curve [9], Fig. 13. The influence of the simulated BWR environment 
(Nair/Nwater) tends to decrease with increasing strain amplitude. Included in Fig. 13 is the 

165



effective Fen value based on the test parameters and MPA test results in air. All Fen values 
are well below the value of 3.55 calculated by the ANL equation.  
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Fig. 13 :  Fatigue life of stabilized austenitic stainless steels in high purity HT-water compared 
with ANL mean water curve [9] and fatigue design curves  
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Fig. 14 :  Fatigue life of Ti-stabilized austenitic stainless steel (as delivered and sensitized 
material state) in high purity and sulphate HT-water compared with ANL mean water 
curve [9] and fatigue design curves  

Under the given test parameters the sensitized material state of material X10CrNiTi18-9 as 
well as dosing a sulphate content of 90 ppb result only in a minor reduction of fatigue life, 
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Fig. 14. Included in Fig. 14 are again the effective Fen values based on the test parameters. 
Again all Fen values are below value of 3.55 calculated by the ANL equation.  

3.3.2 Ferritic material  

Fatigue experiments up to more than 106 load cycles were performed in high purity water as 
well as in sulphate (90 ppb SO4) and chloride (50 ppb Cl) respectively at a test temperature 
of 240 oC and an oxygen content of 400 ppb (simulated BWR coolant) [20]. The specimens 
are machined from a reactor pressure vessel (RPV) shell of low alloy steel 22NiMoCr3-7.  

In the LCF tests strain amplitudes of 0.3 %, 0.5 % and 0.9 % were applied at strain rates of 
both 0.1 %/s and 0.01 %/s. The HCF experiments were conducted as stress-controlled cyclic 
tests (R=-1) at a loading frequency of 1 Hz (stress amplitude 325 MPa, nominal strain 
amplitude 0.166 %).  

In high purity water at the “fast” strain rate of 0.1 %/s the decrease in fatigue life is in the 
range of the ANL prediction (mean curve), Fig. 15. On the contrary, the “slow” strain rate of 
0.01 %/s causes a drop of fatigue life in high purity water, Fig. 15. The effect of sulphate and 
chloride on the fatigue life is hardly more pronounced than of high purity water whereas the 
corrosive effect of the medium, in particular of the sulphate, increases with decreasing strain 
rate, Fig. 16.  
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Fig. 15 :  Fatigue life of low alloy steel 22NiMoCr3-7 in high purity HT-water compared with 
ANL mean water curve [9] and fatigue design curves  

Fig. 17 shows the results in high purity and sulphate containing HT-water at the slow strain 
rate of 0.01 %. Obviously the sulphate causes a concentration of the fatigue life results at the 
lower bound of the water results.  

3.4 Crack growth tests in BWR environment 

Crack growth tests were performed with fracture mechanics specimen C(T)25, C(T)50 and 
C(T)100 in high purity water with an oxygen content of 400 ppb as well as in chloride 
containing water (50 ppb Cl) at a test temperature of 288 oC (simulated BWR coolant) [21]. 
The specimens are machined from a reactor pressure vessel (RPV) shell of low alloy steel 
22NiMoCr3-7.  
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All specimen were pre-cycled in high purity water to create a detectable crack size, typically 
in 120 sec time period (100 sec load increase, 20 sec load decrease), in few cases in 12 sec 
time period.  
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Fig. 16 :  Fatigue life of low alloy steel 22NiMoCr3-7 in high purity, sulphate and chloride HT-
water compared with ANL mean water curve [9] and fatigue design curves  
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Fig. 17 :  Fatigue life of low alloy steel 22NiMoCr3-7 in high purity and sulphate HT-water at 
slow strain rate compared with ANL mean water curve [9] and fatigue design curves  

The data of all measured crack growth rates for the specimen geometries tested and the 
applied R ratios are between the ASME air and water curves, Fig. 18 and Fig. 19, with the 
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exception of 2 C(T)25 specimen with R=0.7 located on the ASME water curve. Thus the 
measured crack growth rates can be rated as moderate. 

A reduction of the 120 sec time period to 12 sec increases the crack growth rate up to a 
factor of 2, i.e. a reduced velocity in load increase under high purity water conditions is not 
connected with an increase in crack growth. The cyclic crack growth rates increase as 
expected with higher values of ∆∆∆∆K.  
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Fig. 18 :  Cyclic crack growth in high purity water at 288 oC with R ratio 0.7  
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Fig. 19 :  Cyclic crack growth in high purity water at 288 oC with R ratio 0.1  
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To investigate the influence of specimen size and R ratio (KI min/KI max) on the crack growth 
behaviour tests were performed with the three specimen sizes and the loading sequence as 
shown in Fig. 20 and Fig. 21. Subsequent to the cyclic loading 9 partial unloading/reloadings 
(PUR) each followed by a constant load phase of 50 h at a KI value of 80 MPa√m were 
applied.  

 

0

20

40

60

80

100

120

S
tr

e
s

s
 I

n
t e

n
s

it
y

  
K

I  
 [

M
P

a
√√ √√
m

]

-100 0 100 200 300 400 500 600

Time   [h]

high purity water   288°C

cyclic                                 9 PUR

R = 0.7

C(T)25 / C(T)50 / C(T)100

50 h

c
o

n
d

it
io

n
in

g
 p

h
a

s
e

 

Fig. 20 :  Loading sequence (PUR) for R ratio 0.7 (schematic)  
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Fig. 21 :  Loading sequence (PUR) for R ratio 0.1 (schematic)  

During PUR and the constant load phases at no test pronounced crack growth was 
observed. Crack Growth measurement by DCPD under high purity water conditions is shown 
for C(T)50 with R=0.7 in Fig. 22 and for C(T)100 with R=0.1 in Fig. 23. The crack growth 
rates caused by PUR are in the same range as per load cycle during cyclic loading. For the 
C(T)50 specimen crack growth during cyclic loading accounts 0.26 µm/cycle, 0.11 µm for 
PUR and the C(T)100 specimen crack growth during cyclic loading 3.48 µm/cycle, 5.78 µm 
for PUR.  

As a result for the high KI max value of 80 MPa√m under high purity water conditions no 
significant influence of specimen size at cyclic and transient loading to crack growth 
behaviour was observed. The fractographical analysis showed no indications of stress 
corrosion cracking (SCC).  
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To investigate the influence of chloride C(T)25 and C(T)50 specimen with KI max values of 40 
and 55 MPa√m were tested. Loading scheme see Fig. 24.  
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Fig. 22 :  DCPD crack growth measurement, C(T)50 specimen with R ratio 0.7  
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Fig. 23 :  DCPD crack growth measurement, C(T)100 specimen with R ratio 0.1  

After starting the chloride transient of 50 ppb during the first phase of constant load no crack 
growth was detected, i.e. no SCC occurred in chloride containing water under static load 
conditions. In contrary, severe SCC crack growth was caused by the load transients, which 
can be divided into a first phase (phase 1) with a high crack growth rate and a second one 
(phase 2) with a decreasing crack growth rate. The total SCC crack propagation during these 
experiments was in the range between 270 and 1150 µm, example see Fig. 25. 

The crack growth behaviour caused by the load transients (PUR) at a chloride content of 
50 ppb was similar for the stress intensities of 40 and 55 MPa√m. Compared to the 
BWR VIP-60 disposition lines (DL) [22] the crack growth rates during phase 1 are between 
the low sulphur line and the high sulphur line, whereas for 55 MPa√m most of the crack 
growth rates of phase 2 are below DL2 and the crack growth rates of phase 2 are between 
DL2 and DL1, Fig. 26 . 
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Fig. 24 :  Loading sequence (PUR) under chloride transient loading (50 ppb chloride)  
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Fig. 25 :  DCPD crack growth measurement under chloride transient loading  

4 Fatigue mean data and design curves  

Based on the evaluations of fatigue data at ANL [9] (NUREG/CR-6090) new fatigue design 
curves are implemented in ASME-Code Section III (since ed. 2008 and later) [1] for 
austenitic stainless steels, Fig. 6. To develop a fatigue design curve factors on stress 
respectively strain and cycles shall be applied to the best-fit curve as already mentioned (for 
austenitic stainless steel factors Sσσσσ=2 and SN=12 are implemented). 

Fatigue test data at RT and at elevated temperatures for the German stabilized austenitic 
stainless steels X10CrNiNb18-9, X6CrNiNb18-10 and X10CrNiTi18-9 are represented by the 
best-fit curves according to eq. (7), Fig. 7, respectively eq. (8), Fig. 8.  
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To define the factor on stress useful values for surface, size and mean stress (verified by 
tests and used in conventional vessel and piping standards) as well as the data scatter for 
RT date result in a value of Sσσσσ=1.88, Fig. 27. In this way in connection with SN=12 especially 
in the range of endurance limit this new fatigue design curve for RT based on the best-fit 
curve eq. (7) is approximately 1,4 above the ASME-Code design curve.  
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Fig. 26 :  Crack growth under chloride transient loading compared to   
BWRVIP-60 Disposition Lines [22]  
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Fig. 27 :  Design curve at room temperature  
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To define the factor on stress in same way like for RT a value of Sσσσσ=1.79 shall be used. In 
this way in connection with SN=12 the new fatigue design curve based on the best-fit curve 
eq. (8) shows nearly the same behavior like the ASME-Code design curve, Fig. 28.  
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Fig. 28 :  Design curve at elevated temperatures  
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Abstract 
The effect of chloride on the general corrosion and its potential impact on EAC crack 
initiation of low-alloy steel (German reactor pressure vessel steel 22 NiMoCr 3 7) in 
oxygenated high-temperature water were investigated. 

The general corrosion behavior was analyzed by exposure tests with either permanently 
increased chloride concentration levels or temporary chloride transients. The potential effect 
on EAC crack initiation was analyzed with pre-strained C-ring specimens and in SSRT 
(CERT) tests with slowly rising strain. Both kinds of tests were performed under simulated 
BWR conditions and with different chloride levels. The chloride concentrations of 5 to 50 ppb 
were chosen according to the action levels of the German water chemistry guideline for the 
reactor coolant of BWRs (VGB R401J, 2006). 

In all exposure tests, none of the pre-strained C-ring specimens showed crack initiation 
during up to 1000 hours of exposure time with up to 50 ppb chloride. Investigations of the 
oxide layer thickness after immersion testing revealed a decrease with increasing chloride 
concentration. As shown by post-test chemical analysis of the oxide layer composition by 
TOF-SIMS, this effect is most likely primarily due to adsorption of chloride on the oxide layer 
surface, since only very limited penetration of chloride into the oxide was detected. 

In contrast to the tests with C-ring specimens, where no crack initiation occurred, slightly 
accelerated crack initiation at lower elongation levels was observed at increasing chloride 
concentrations in SSRT tests under simulated BWR conditions using actively loaded 
specimens. In addition, SSRT specimens that were cyclically loaded at the oxide fracture 
elongation level were used to generate a continuous, exposure of bare metal to the 
environment by repeated fracture of the oxide. This loading pattern did not cause crack 
initiation at all chloride concentrations applied (up to 50 ppb). 

From these results, it may be concluded that at least up to 50 ppb there is no immediate, 
significant effect of increased chloride concentration on the EAC susceptibility of low-alloy 
steel components with smooth, uncracked surfaces.  

1 Introduction 
Low-alloy steels are widely used as a structural material for pressure boundary components 
in both, Pressurized Water Reactors (PWRs) and Boiling Water Reactors (BWRs). The 
worldwide operating experience with low-alloy steels is very good so far, since no cracking 
incidents with a major contribution of stress corrosion cracking (SCC) to the total crack 
advance in properly manufactured and heat treated LAS primary pressure components have 
occurred in service [1-3].  

Low-alloy steel components are generally not directly in contact with the primary medium 
because they are protected against erosion and corrosion through the application of 
austenitic cladding. However, depending on the design and reactor type, unclad pipes made 
of LAS may be in contact with the primary coolant in BWRs. Furthermore, cladding 
discontinuities on internal surfaces of the reactor pressure vessel, causing a direct contact of 
LAS with primary coolant, are postulated in safety assessments.  

Following different contradictory laboratory results that have been published in the late 
1980´s [4], a number of different laboratory testing programs using advanced testing 
methods have been performed during the last decades. These investigations have shown 
that LAS is not generally susceptible to SCC under nominal operating conditions of both, 
BWR and PWR conditions [5-8] 

Within the frame of these laboratory programs experiments were performed at different levels 
of anionic impurities. The anionic impurities that were added to the high-temperature water 
during these experiments were chloride and sulfate [9, 10]. 
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In the experiments with increased sulfate concentrations, no enhanced crack growth rates 
were observed, although the sulfate concentrations were increased up to an electrical 
conductivity of 1400 µS/cm. 

In contrast to the results obtained at increased sulfate concentrations, tests with increased 
chloride concentrations showed a drastic effect of small amounts of chloride contaminations 
on the crack growth rate. Tests with periodic partial unloading and a chloride concentration of 
50 ppb revealed an onset of fast crack growth after an incubation period of approx. 3 hours 
(see Figure 1 A). Further experiments at different chloride levels and varying water chemistry 
conditions showed that the effect of chloride on the crack growth rate decreased at lower 
corrosion potentials and that there was virtually no effect of increased chloride 
concentrations under hydrogenated water chemistry conditions (see Figure 1 B) [11]. 

 

  

A) B) 

Figure 1:  A) Initiation of fast crack growth in a C(T)25 specimen during a phase of 
constant, static load between two PPU unloading during a 50 ppb chloride 
transient (T = 288 °C, DO = 8000 ppb) [9, 10]. 
B) Susceptibility area for onset of chloride induced SCC of low-alloy steels 
depending on chloride concentration and corrosion potential [11]. 

 

In addition to these experiments of further experimental work focused on the effect of 
chloride on the crack growth behaviour in the transition region between Alloy 182 and low-
alloy steel [12, 13]. In these experiments no crack growth crossover from Alloy 182 weld 
metal into the low-alloy steel base material could be observed under normal operation 
conditions. 

During all experiments in high-purity water and even with sulfate levels up to 30 ppb sulfate 
the cracks stopped at the fusion line between Alloy 182 and the low-alloy steel. In contrast to 
these results, prolonged crack growth across the fusion line and into the low-alloy steels was 
experienced in tests with addition of small amounts of chloride [14]. 

The observed behavior is in good agreement to the field experience, where SCC cracking 
also stops at the transition line between Alloy 182 and low-alloy steel under static loading 
conditions in chloride free environments [14]. For increased chloride contaminations and high 
stress intensity factors, however, crack growth crossing the fusion line and sustained crack 
growth into the low-alloy steel can not be fully ruled out. 

179



Based on these laboratory results the question arose, how such chloride contaminated 
environmental conditions might affect the EAC-behavior of real plant components. Therefore, 
to systematically study the effect of increased chloride concentrations on the general 
corrosion and the SCC-behavior of low-alloy steel this project was launched. 

 

2 Experimental work 
All tests of this project were performed in once through refreshing autoclaves with full 
environmental control. The test environment was oxygenated high-temperature water (HTW) 
simulating BWR steady state operating conditions with an oxygen concentration of 400 ppb 
to ensure high corrosion potentials at the specimen location in the testing loop and thereby 
conservatism of the test results.  

The environmental conditions that were adjusted at the inlet of the test loop were as follows: 

- Electrical Conductivity (ECin) ≤ 0.1 µS/cm (before increase of Cl- conc.) 

- Dissolved Oxygen (DO) 400 ppb 

- Temperature (T) 288 °C 

- Pressure  ~ 95 bar 

 

The performed tests were (1) exposure tests with continuously increased chloride 
concentrations or chloride transients and (2) Slow Strain Rate Tensile (SSRT) also known as 
Constant Extension Rate Tensile (CERT) tests at different chloride contamination levels. 

Within the frame of the exposure tests firstly the effect of continuously increased chloride 
contamination levels with several testing durations up to 1000 hours, and secondly, the effect 
of a single, temporary 24-hour chloride transient (5, 20, and 50 ppb chloride, respectively) 
were investigated. In the transient tests, continued exposure in chloride-free HTW under 
specified conditions was applied for another 100, 200 and 500 hours following the chloride-
transient in order to study any recovery effects (see Figure 2 A).  

For the SSRT-tests, the testing procedure was applied as schematically shown in Figure 2 B. 
After the end of the pre-oxidation of the specimens, the chloride concentration was increased 
to the target chloride level 24 hours before straining was applied to the tensile specimens at 
a strain-rate of 10-6 s-1. 

The material used in all experiments of this work is a typical German low-alloy steel RPV 
base material 22 NiMoCr 3 7. The chemical composition of this material is summarized in 
Table 1. 

 

Table 1:  Chemical Composition (in wt.-%) of the tested low-alloy RPV steel. 

Alloy C Si Mn P S Cr Mo Ni Cu 

22NiMoCr3 7 0.22 0.20 0.91 0.008 0.007 0.42 0.53 0.88 0.04 
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A) B) 

Figure 2:  Simplified testing procedure for A) exposure tests and B) SSRT tests. 

 

In all tests, the applied chloride concentrations were chosen according to the action levels of 
the VGB water chemistry guideline (VGB R401J, 2006) see Table 2, [14]. 

 

According to these Action Levels, four different chloride concentrations were adjusted during 
the test runs: 

- without chloride (reference testing conditions) 

- 5 ppb chloride (Action Level 1), 

- 20 ppb chloride (Action Level 2) and  

- 50 ppb chloride (Action Level 3). 

 

Table 2:  Monitoring parameters, values and Action Levels for BWR plants according to 
VGB water chemistry guideline (VGB R401J, 2006) [15]. 

Monitoring parameter 
Regular  

operation 

Action Level 

1 

Action Level 

2 

Action Level 

3 

Conductivity  

(at 25 °C / µS/cm) 
< 0.15 > 0.25 > 1 > 5 

Chloride / µg/kg < 2 > 5 > 20 > 50 

Sulfate / µg/kg < 5 > 10 > 40 > 100 
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2.1 Experimental procedure 
The exposure tests were performed in stainless steel autoclaves attached to a HTW-
refreshing loop. During the experiments, all important environmental testing parameters 
(dissolved oxygen DO, electrical conductivity, temperature, pressure) were monitored and 
recorded. DO and conductivity were measured and recorded at the inlet and outlet position of 
the testing loop (see Figure 3). Continuous monitoring of the electrochemical corrosion 
potential (ECP) of the specimens and the redox potential was performed using an external 
high-temperature balanced Ag/AgCl HTW electrode. The target chloride concentration was 
adjusted by direct injection of a sodium chloride solution into the inlet of the stainless steel 
autoclaves. Accordingly, the injected chloride flow and the flow of the high purity water were 
calculated to meet the target chloride level in the autoclaves. The exchange rate of the 
solution in the autoclaves was adjusted to 2 exchanges per hour. All relevant ionic impurities 
were regularly analyzed during testing using Ion Chromatography. The used autoclave setup 
with four autoclaves in four parallel legs allowed running experiments at different chloride 
concentrations simultaneously in one single test run.  

All crack initiation tests were performed in an 18 l stainless steel autoclave connected to an 
INSTRON Type screw-driven electromechanical tensile test machine (see Figure 4). The 
flow rate was adjusted to approximately 8 l/h resulting in an average exchange rate of 
approximately 0.5 per hour. This exchange rate is sufficient to maintain the desired chemistry 
conditions for the specimen under quasi-stagnant flow conditions. As for the exposure tests, 
the target chloride concentration was tuned by injection of a sodium chloride solution into the 
inlet of the autoclave. The chloride concentration was monitored by the change of the 
electrical conductivity at the outlet. In addition, the chloride concentration was periodically 
analyzed using water samples taken from the outlet of the testing loop. 

For the exposure tests, two kinds of specimens were used, pre-strained C-ring specimens 
and unloaded coupon specimens. The C-ring specimens were used to gather information on 
the effect of increased chloride concentrations on the crack initiation susceptibility of 
passively strained specimens and the coupon specimens were used to study the general 
corrosion behavior of the investigated low-alloy steel. Before immersion testing was started, 
the C-ring specimens were strained to an initial stress of 500 MPa which is above the yield 
strength of the tested material at both, room temperature and testing temperature (see 
Figure 3 B).  

 

 

A) B) 

Figure 3:  A) Schematic view on the testing facility and B) Specimen setup used for the 
exposure tests with different chloride contamination levels. 
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In addition to the acquisition of the redox- and corrosion potential different electrochemical 
measurements, i.e., Electrochemical Impedance Spectroscopy (EIS) and Electrochemical 
Noise (EN) analysis were performed during the experiments. Using EIS, an alternating 
perturbation of current or potential with a small magnitude is applied to the investigated 
system. Accordingly, the system follows this perturbation at steady state and the electric 
response of the system to the external perturbation is monitored. The acquired EIS data are 
usually represented by means of “Bode Plots” or “Nyquist Plots”. Using Eulers relationship it 
is possible to express the impedance as a complex function where the impedance is 
composed of a real and an imaginary part. If the real part is plotted on the X axis and the 
imaginary part on the Y axis, this gives a Nyquist Plot [16]. 

Furthermore, the effect of increased chloride levels on the properties of the oxide layers of 
the specimens was analyzed by post-test microscopic examinations. The microscopic 
examinations included Stereomicroscopy, Scanning Electron Microscopy (SEM) and 
determination of the oxide layer thickness. The oxide layer thickness was measured with the 
help of the Focused Ion Beam (FIB) technique. Using the FIB-technique, it was possible to 
cut the oxide layer using a Gallium beam and directly measure the oxide layer thickness by 
SEM.  

An analysis of the chemical composition of the oxide layer after testing at different chloride 
contamination levels and chloride transients was performed using Auger Electron Microscopy 
and Time-of-Flight Secondary Ion Mass Spectroscopy (TOF-SIMS). 

A series of SSRT tests were performed to systematically study the potential effect of different 
continuously increased chloride contamination levels on the crack initiation susceptibility of 
this low-alloy steel. During testing the chloride concentration was increased to the target 
chloride concentration after the end of the pre-oxidation phase. 24 hours after the increase of 
the chloride concentration straining of the SSRT specimens was started using an initial strain 
rate of 10-6 sec-1. In addition to these tests, one SSRT test was designated to study the 
possible memory effect of a temporary chloride transient. In this test straining of the 
specimen was started directly after the end of a 24 hour chloride transient with 50 ppb 
chloride (see Figure 5 A).  

 

  

A) B) 

Figure 4:  A) Simplified schematic of the testing facility used for the crack initiation tests 
and B) detailed view on the autoclave and the specimen setup for SSRT 
testing. 
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To study the effect of chloride on EAC initiation behavior of LAS and possible repassivation 
processes, tensile tests with a modified testing procedure were performed. In these tests 
SSRT specimens were cyclically loaded in the range of the oxide fracture elongation level of 
approximately 0.05 to 0.20 % [17-19]. This procedure was used to generate a continuous, 
repeated exposure of bare metal to the environment. The chosen strain rate was 10-6 sec-1 
with a maximum elongation of 0.20 % and R 0.9 (rise time approx. 30 min fall time approx. 3 
min, see Figure 5 B). While this loading pattern was applied, the chloride concentration was 
stepwise increased up to a maximum chloride concentration of 50 ppb.  
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A) B) 

Figure 5: A) Testing procedure for SSRT testing after a 24 hour 50 ppb chloride 
transient. B) Loading pattern during periodic straining of the tensile tests with 
modified test procedure. 

2.2 Results of the exposure tests at different chloride levels 
The electrochemical noise and impedance measurements performed during the immersion 
tests clearly revealed a change of the corrosion behavior of both, the C-ring and the coupon 
specimens at increased chloride levels. As shown in Figure 6 for an experiment with a 
chloride concentration of 50 ppb both, the current noise and the potential noise signal 
changed significantly after increasing the chloride concentration. Furthermore, a further 
increase of the noise signal after longer testing periods with increased chloride contamination 
levels was observed. The increase of the noise signal was already revealed after an 
incubation period of approx. 24 hours.  

Results of the EIS measurements performed on coupon specimens before and after 
increasing the chloride concentrations are shown in Figure 7 A. The results of these 
measurements clearly demonstrate a change in the properties of the oxide after an increase 
of the chloride concentration. The observed change in the electrochemical properties of the 
oxide occurred within a rather short incubation time after increasing the chloride 
concentration. A comparison of the impedance spectra obtained at different chloride 
concentrations showed that the changes in the electrochemical properties of the oxides are 
more pronounced at higher chloride levels. It is furthermore of importance to note that the 
recorded changes in the electrochemical properties of the specimens occurred on both, pre-
stressed C-ring and unstressed coupon specimens. 
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Figure 6:  Current noise A) and potential noise B) signal of coupon specimens in chloride 
free environment and at different testing times during exposure to a chloride 
contamination level of 50 ppb chloride. 

The observed change in the Nyquist curves can be attributed to a change in the charge 
transfer resistance (Rct) of the oxide layer that developed on the specimens under HTW-
conditions. The Rct (represented by the diameter of the semicircle) is an important parameter 
for general corrosion of the specimens. Therefore, EIS measurements provide the possibility 
to detect changes of the corrosion behaviour of the specimens online during testing. 

In addition to the results from the tests with continuously increased chloride concentration, 
Figure 7 B depicts the results of the impedance measurements for specimens tested with a 
24 hour 20 ppb chloride transient. The impedance spectra of the coupon specimens clearly 
revealed a change of the oxide properties after increasing the chloride concentration. This 
result is in good agreement with the results from the noise analysis. A comparison of the 
three different chloride levels showed a temporary effect at all tested chloride concentrations 
which was more pronounced at higher chloride levels (20 and 50 ppb chloride). 

A)  B) 

Figure 7:  A) Nyquist plots of EIS measurements on coupon specimens during pre-
oxidation and after an increase of the chloride concentration to 50 ppb chloride 
for 100 hours (Note: The last EIS measurement has been performed after 
75 hours with continuously increased chloride concentration).   
B) Nyquist Plots of EIS-measurements on coupon specimens before, during 
and after the end of a 24 hour 20 ppb chloride transient. 
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Furthermore, the Nyquist plots indicate no memory effect caused by the temporarily 
increased chloride contaminations at the end of the 24-hour chloride transient. The 
measured impedance curves returned to the same values as before the transients within 
several tens of hours after the temporary chloride transient. In the tests performed at lower 
chloride concentrations (5 and 20 ppb), total recovery occurred within 24 hours after the end 
of the chloride transient. In the tests performed at the highest chloride concentration (50 
ppb), total recovery occurred approximately 48 hours after the end of the transient.  

The macroscopic examinations that were performed after completion of testing under HTW 
conditions showed slight pitting on the surface of all specimens which is not unlikely to be 
observed under the chosen testing conditions and might have occurred in particular at 
temperatures and testing conditions during heating up and shutdown of the tests [18, 20]. 
The comparison of the visual appearance of the specimens exposed to different chloride 
concentrations clearly showed that pitting was more pronounced at increased chloride 
concentrations. Despite the observed pitting, no crack initiation was observed on all 
investigated C-ring specimens (for tests with up to 1000 testing hours at a maximum chloride 
concentration of 50 ppb). For the tests with 24 hour chloride transients with different chloride 
concentrations no effect on the visual appearance of the specimen was observed after the 
end of the HTW tests. 

To further investigate the effect of chloride on the properties of the LAS oxide layer after 
testing was completed, measurements of the oxide layer thickness were performed 
supported by the FIB-technique. The results showed that the thickness of protective oxide 
layer decreased at higher chloride levels, as shown in Figure 8 for a test run with 200 hours 
increased chloride concentration. Analysis of the oxide layer thickness was performed for the 
specimens from all test runs and the results of the oxide layer determination can be 
summarized as follows: 

- Tests with permanently increased chloride concentration 

o The increased chloride concentrations caused a decrease of both, the inner 
and the outer oxide layer for the tests with 100, 200, and 500 hours increased 
chloride concentration. The observed thinning was more pronounced at higher 
chloride concentrations. 

o For the tests with 1000 hours increased chloride concentration a predominant 
decrease of the inner oxide layer and a localized thinning of the outer oxide 
layer was observed for all applied chloride concentrations. 

- Tests with 24 hour chloride transients 

o No effect of the single chloride transient on the oxide layer thickness was 
observed in all tests. 

 

  

A) B) 

Figure 8:  SEM figures showing the oxide layer thickness on coupon specimens after 
exposure to pure HTW for 450 testing hours and additional 200 testing hours 
A) without chloride (normal operating conditions) and B) 200 hours with 50 
ppb chloride. 
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In addition to the determination of the oxide layer thickness, further analysis of the chemical 
composition of the oxide layer was performed using TOF-SIMS. These investigations 
revealed that the chloride concentration in the oxide of the specimen tested at increased 
chloride concentrations is significantly higher than the concentration in the oxide layer of the 
reference specimen, where almost no chloride could be detected. It was observed, that 
chloride is inhomogeneously distributed at the specimen surface. The highest chloride 
concentration occurred in the outer part of the oxide. Penetration of chloride into the oxide 
layer occurred only localized at some spots in the specimen tested at a chloride 
concentration of 50 ppb. In this particular specimen, a rather large penetration of chloride into 
the depth of the oxide was observed. Similar TOF-SIMS investigations were also performed 
on the surface of specimens from the transient tests. The results of these tests showed that 
the chloride concentration in the oxide layer caused by a single, temporary chloride transient 
is only slightly increased as compared to the chloride content in the oxide of the reference 
specimen tested without a chloride transient.  

From this observation, it can be concluded that no long-term memory effect of temporary 
chloride transients on the electrochemical properties and the structure of the oxide layer is to 
be expected.  

A) B) 

Figure 9:  Top view and depth profiles of the chloride concentration of the reference 
specimen (A) and a specimen tested with an increased chloride concentration 
of 50 ppb chloride for 200 hours (B). Areas with increased chloride 
concentrations are depicted in orange. Lighter colors represent higher chloride 
concentrations. 

2.3 Results of the crack initiation tests at different chloride levels 
The comparison of the reference stress-strain curve (obtained from a specimen tested 
without chloride) with the stress-strain curves of the specimen tested at chloride 
concentrations of 5 and 50 ppb reveals a systematic decrease of the measured total strain 
and the yield strength with increasing chloride concentrations (see Figure 10 A).  

However, two tests that were conducted at a chloride concentration of 20 ppb chloride 
showed a rather large and unexpected scatter of the obtained stress strain curves (see 
Figure 10 B curve “20 ppb chloride (1)” and curve “20 ppb chloride (2)”). The scatter of these 
two tests performed under identical environmental conditions illustrates that the evaluation of 
the effect of different chloride concentrations has to be performed carefully.  

Despite this scatter at 20 ppb chloride, there seems to be a systematic trend to lower 
maximum strain and stress levels at increasing chloride concentrations. However, the 
observed changes are small, the change of the measured strain is within approx. 5 to 10% 
and the change of the maximum strain is in the range of approx. 70 MPa.  

 

187



100

200

300

400

500

600

700

0 5 10 15 20 25 30

Strain (%)

S
tr

es
s 

(M
P

a)

Without Chloride

50 ppb Chloride

5 ppb chloride

Test conditions:
T = 288°C; EC(in) = 0,06 µS/cm; DO = 400 ppb
Strain Rate: 1E-6 1/sec
Material:
22 NiMoCr 3 7; CERT(SSRT)-Specimen

100

200

300

400

500

600

700

0 5 10 15 20 25 30

Strain (%)

S
tr

es
s 

(M
P

a)

Without Chloride

20 ppb chloride (1)

20 ppb chloride (2)

Test conditions:
T = 288°C; EC(in) = 0,06 µS/cm; DO = 400 ppb
Strain Rate: 1E-6 1/sec
Material:
22 NiMoCr 3 7; CERT(SSRT)-Specimen

A) B) 

Figure 10:  Stress-Strain Curves comparing the results of SSRT tests performed at 
different chloride concentrations. 

The post-test SEM investigation showed that pitting was more pronounced at the surface of 
the specimen tested under increased chloride concentrations. Significantly more crack 
initiation locations were observed at the specimen tested at a chloride concentration of 
50 ppb in comparison to e.g. the reference specimen tested without chloride. The observed 
cracks typically initiated from corrosion pits on all SSRT specimens. Due to these 
observations, the microscopic examinations were extended which resulted in a counting of 
crack initiation locations (designated as “cracks”) and crack starting points (designated as 
“initiation”). This evaluation is depicted in Figure 11 A. In this diagram the scatter between 
the two SSRT tests that were performed at 20 ppb chloride is again obvious. In spite of this 
scatter there is an obvious trend to a higher number of cracks and crack initiation locations 
with increasing chloride concentrations. In addition to this evaluation the assessment of the 
reduction of the fracture area also shows a trend to lower reduction of area with increasing 
chloride concentrations (see Figure 11 B). 
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Figure 11:  A) Number of crack locations (Crack) and pre-crack locations (Initiation) on the 
surface of the tested SSRT specimens. B) Reduction of Area of the SSRT 
specimens strained at different chloride concentrations. Note: (1) is 
representing the results from the SSRT test “20 ppb chloride (1)” and (2) 
represents the results for the SSRT test “20 ppb chloride (2)”. 
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The evaluation of the SSRT test that was performed after the end of a 24 hour chloride 
transient is plotted in Figure 12. The stress-strain curve obtained from this test is positioned 
between the curve of the reference specimen and the 50 ppb chloride specimen in the range 
of the curve obtained from the test performed at 5 ppb chloride. From this result it seems that 
there is no drastic memory effect of a single chloride transient on the crack initiation 
susceptibility. 

 

 

Figure 12:  Comparison of the stress-strain curves obtained from the SSRT test after a 
chloride transient and SSRT tests at different chloride concentrations. 

 

During the tensile tests with modified test procedure, the external strain (measured at the 
electromechanical tensile test machine) and the actual strain of the SSRT specimen 
(measured directly at the specimen in the HTW) were monitored to study possible crack 
initiation processes due to the applied loading pattern and the stepwise increased chloride 
concentration (see Figure 13). In addition, electrochemical noise measurement, which is a 
very sensitive technique to study crack initiation in laboratory tests, was applied. During the 
whole testing period with different chloride concentrations and continuous application of the 
above described loading pattern, no potential or current transients that might be correlated 
with crack initiation and crack growth processes were detected. This result was confirmed by 
post-test macroscopic and microscopic examinations that did also not reveal any cracking on 
the specimen surface. 
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Figure 13:  Elongation of the SSRT specimen (designated as “Elongation HTW”), applied 
Force and elongation of the screw driven electromechanical test machine 
(designated as “Elongation ext”) versus time during periods with different 
chloride concentrations. 

3  Discussion 
Due to the observed change in the thickness of the oxide layer and the more pronounced 
pitting at increased chloride concentrations, the following mechanistic model of the effect of 
chloride on crack initiation is proposed.  

According to the slip-step dissolution model, which is a broadly accepted model for SCC of 
LAS under HTW conditions, crack initiation and growth occurs due to a local rupture of the 
oxide developed on the surface or at crack tips of LAS under HTW conditions. Continued 
straining during rising load tests, such as during SSRT (CERT), leads to a local rupture of the 
otherwise protective oxide. Bare metal, which is thereby temporarily exposed to high-
temperature water, will dissolve until this area is repassivated again. The time to crack 
initiation and the crack growth rate therefore depend on the: 

- the strain level and local strain rate,  

- the oxidation rate occurring at the strained crack surfaces or tips, and  

- the repassivation rate under given electrochemical conditions determined by local 
ECP and anionic activity.  

Accordingly, based on the test results obtained so far, the proposed hypothesis regarding the 
effect of chloride on the SCC-behavior of LAS under HTW conditions is as follows: 

Increased chloride concentrations cause adsorption of chloride at the outer surface of the 
oxide layer, thereby causing a decrease in oxide layer thickness and more pronounced 
pitting. As local breakdown of the oxide layer occurs due to local sliding along slip planes 
(according to the slip-step dissolution mechanism), smaller slip steps are then already 
sufficient to cause local breakdown of the thinner oxide layers which develop at increased 
chloride concentrations. Chloride additions thereby cause both, accelerated crack initiation 
and further enhanced crack growth. In addition, local flaws caused by locally increased 
chloride concentrations can act as crack initiation sites. Moreover, the repassivation kinetics, 
especially at pre-existing cracks at surfaces of LAS or in crevices, may be retarded due to 
the locally variable anionic activity due to the accumulation of chloride. 
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Consequently, based on the assumption of the acting slip-step dissolution mechanism, the 
experimentally observed effects caused by chloride clearly explain the enhancement of crack 
initiation and crack growth of LAS in BWR-relevant HTW.  

 

4 Summary and conclusion 
The general corrosion behavior was analyzed by exposure tests with either permanently 
increased chloride concentration levels or temporary chloride transients. During these 
exposure tests a change in electrochemical properties of the oxide layers was observed 
online during testing through electrochemical measurements using EIS and EN. In particular, 
a decrease of the charge transfer resistance (Rct), a controlling parameter for the kinetics of 
electrochemical corrosion processes, was observed during testing due to the deliberate 
increase in the chloride contamination. The effect of chloride on the electrochemical 
properties of oxide layers depends on the chloride concentration to which a material is 
exposed. The presence of increased chloride levels results in a more pronounced change in 
oxide layer properties. Furthermore, longer testing periods at increased chloride 
concentrations seem to have an increasingly detrimental effect on protective oxide layer 
properties, since the Rct further decreases during longer time periods at increased chloride 
concentrations. 

In accordance with the results of the electrochemical measurements performed during 
testing, the post-test examinations by stereo microscope and SEM showed that pitting was 
more pronounced at higher chloride concentrations. In addition, the measurement of the 
oxide layer thickness clearly revealed a decrease in thickness due to exposure to increased 
chloride concentrations. The comparison of test results from specimens tested at different 
chloride concentrations showed that the oxide layer thickness decreased with exposure to 
increased chloride concentrations. For very long test durations (1000 hours) a predominant 
decrease of the inner oxide layer and a localized thinning of the outer oxide layer have been 
observed for all applied chloride concentrations. 

From the results of the 24-hour chloride transient tests, it appears that the detrimental effect 
of increased chloride concentrations on the protective oxide layer properties recovers within 
at the latest 48 hours after the end of the chloride transient, i.e. after the complete 
disappearance of dissolved chloride in the aqueous environment. Hence, it can be concluded 
that there is no memory effect of increased chloride concentrations on smooth surfaces. 
Total recovery of the chloride-induced effects was observed 24 hours after the small chloride 
transient ceased (chloride concentration 5 ppb) and approximately 48 hours after the highest 
chloride transient (chloride concentration 50 ppb). These results were confirmed by the post-
test microscopy. The measurement of oxide layer thickness did not indicate that the 24-hour 
chloride transient had a significant effect on the oxide layer thickness after the HTW-tests. 
Also SEM on Coupon and pre-stressed C-Ring specimens did not indicate that the chloride 
transients had a significant effect on the oxide layer. Hence, the effect of the chloride 
transients on the corrosion behavior of the tested specimens appears to recover completely 
in specimens with smooth surfaces with additional testing time under the specified pure 
water chemistry conditions. 

 

None of the pre-strained C-ring specimens indicated crack initiation, due to either 
permanently increased chloride contaminations or temporary chloride transients. It can, 
therefore, be concluded that there seems to be no immediate and drastic increase in crack 
initiation susceptibility for pre-strained specimens, at least for smooth surfaces and small 
chloride concentrations up to 50 ppb. Regarding the assessment of BWR LAS-components 
during plant operation, it can be concluded that neither temporary 24-hour chloride transients 
nor permanently increased chloride concentrations up to 50 ppb cause immediate crack 
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initiation on smooth uncracked surfaces within up to 1000 hours under constant strain 
conditions without additional mechanical load transients. 

 

The surface analysis by TOF-SIMS revealed the adsorption of chloride on the outer surface 
of the oxide layer and some penetration of chloride into the oxide layer for specimens 
exposed to HTW with a chloride concentration of 50 ppb for 200 hours. The chloride is 
inhomogeneously distributed at the surface of the oxide layer. At some local spots, rather 
high local chloride concentrations were observed. In contrast to these results, little or no 
increase in the chloride concentration was detected in the oxide layer of the specimens 
exposed to a 24-hour 50 ppb chloride transient. For these specimens, only a slight 
accumulation of chloride at the surface of the oxide was observed, and no penetration of 
chloride into the oxide layer took place.  

From these results, it seems that chloride is adsorbed at the outer surface of the oxide layer, 
thereby causing a thinning of the oxide layer which develops under oxygenated HTW-
conditions. In addition to this adsorption, a localized thinning of the oxide layer also occurs in 
areas with locally increased chloride concentrations. Where the chloride concentration is 
locally high, penetration of chloride into the oxide leads to the formation of local flaws and 
pits which may act as crack initiation locations. 

The results of the tests with temporary chloride transients showed that adsorbed chloride 
dissolves or desorbs given additional testing time in pure water conditions following the 
chloride transient. 

The SSRT tests with actively strained specimens showed that the total strain and yield 
strength of the specimen tested at increased chloride concentrations decreased compared to 
the values obtained from a reference specimen tested without chloride. These results were 
also confirmed by evaluation of the fracture elongations and counting of crack locations. 
However, these results have to be evaluated very carefully, since the observed change of 
both, the yield strength (approx. 5 to 10%) and the total strain (approx. 70 MPa) are very low 
and some of the tests showed a rather large scatter in the results (SSRT tests at 20 ppb 
chloride). 

No crack initiation was observed on the SSRT specimens that were cyclically loaded at the 
oxide fracture elongation level. The reported results show that this loading pattern was not 
sufficient to cause crack initiation at all applied chloride concentrations (up to 50 ppb) it 
therefore seems that a continuously rising strain is needed to cause crack initiation even at 
increased chloride concentrations. 

From these results, it may be concluded that at least up to 50 ppb there is no immediate, 
significant effect of increased chloride concentration on the EAC susceptibility of low-alloy 
steel components with smooth, uncracked surfaces.  
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Abastract 
India’s 500MWe Prototype Fast Breeder Reactor (PFBR) is in advanced stage of construction at 

Kalpakkam and this reactor is expected to be commissioned in the year 2013. Extensive research and 
development activities in various fields like material development, welding, forming, non-destructive 
testing etc. were undertaken before the actual construction of the reactor began. Many of these activities 
are still continuing with the objectives of conducting functional tests, generating data, validating the 
design and meeting the various regulatory requirements. 

In welding, initial challenge was to develop indigenous welding consumables with a specification 
more stringent than that is given in most of the national and international standards. The welding 
consumable specified for 316LN austenitic stainless steel is E316-15M with strict control on delta ferrite 
content, toughness requirement after 750°C/100 h ageing to ensure adequate resistance to 
embrittlement during prolonged high temperature exposure and good slag detachability. This 
consumable was successfully developed in collaboration with Indian consumable manufacturers and is 
being used for fabrication of almost all PFBR components and piping made of 316LN stainless steel. 
Similarly, electrodes of welding of modified 9Cr-1Mo steel (material of construction for PFBR steam 
generator) with requirement of RTNDT requirement of ≤ -5°C was also developed indigenously. 

Extensive studies were also carried out on weldablity of various austenitic stainless steels and 
modified 9Cr-1Mo steel used in PFBR. Hot cracking susceptibility of alloy D9 (15Cr-15Ni-2Mo-Ti alloy), 
the material chosen for fuel clab tube and fuel sub-assembly, and 316LN stainless steel was extensively 
studied using varestraint testing and Gleeble simulation. Results from these steels were used in 
developing welding procedures for various reactor components. Hydrogen assisted cracking 
susceptibility (HAC) of modified 9Cr-1Mo steel was studied using implant test and effect of preheating 
and post heating on diffusible hydrogen content on the welds was examined to choose the optimum 
preheating and post heating temperatures during welding of this alloy. Performance of the transition joint 
between 316LN stainless steel piping and modified 9Cr-1Mo steel of steam generator header of PFBR, 
was also extensively studied to recommend suitable joint design and welding consumable that would 
ensure satisfactory performance of the joint for the entire life of the reactor. 

In the area of hardfacing Ni base hardfacing alloy Colmonoy-5 and Plasma Transferred Arc (PTA) 
process were chosen for hardfacing of various PFBR components. High cracking susceptibility of this 
alloy often required development of component specific procedures for hardfacing during actual 
fabrication.  

This paper will discuss these R&D efforts on welding and hardfacing and present current status of 
on fabrication of various components of PFBR. 

Keywords: Fast Breeder Reactor, austenitic stainless steels, 9Cr-1Mo steel, weldability, Hardfacing 

 

1.0 Intr oduction 
The main objective of the design and development of 500 MWe Prototype Fast Breeder Reactor 

(PFBR) [Figs. 1 and2], is to demonstrate the techno-economic viability of sodium-cooled fast reactors for 
commercial deployment. PFBR will also enable validation of first-of-a-kind design concepts and the 
experience gained during operation and maintenance of mechanisms, components and sensors in the 
sodium environment and at reactor operating temperatures (550ºC). This will also lead to standardisation 
of technologies for the adoption in the series of future sodium-cooled fast reactors. A rigorous technology 
development phase through proactive interactions with the fabrication industry, backed by wide-
spectrum R&D in welding science and technology and mechanical property characterisation coupled with 
development of quality assurance procedures, was essential to ensure that a robust fabrication 
technology is established for each of the components. This enabled successful fabrication of all the 
components by Indian fabrication industries. 
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Fig. 1: Schematic of heat transport flow sheet of PFBR (IHX: Intermediate Heat Exchanger, PSP: 

Primary Sodium Pump, BFP: Boiler Feed Pump, CEP: Condenser extraction Pump) 
 

 
Fig. 2: Reactor assembly – major components 

 
Austenitic stainless steel (SS) is the major material of construction. The components, whose 

service temperatures are above 427ºC, are made of 316LN SS containing 0.06-0.08 wt-% nitrogen. The 
safety vessel, intermediate heat exchangers etc., whose service temperatures are below 427°C, are 
made of 304LN SS. The roof slab, which covers the top of the reactor, from which many of the reactor 
components are suspended, is made of carbon steel. The steam generators are made of modified 9Cr-
1Mo steel. There are many other structural materials that are also used in much smaller proportion than 
the major alloys mentioned above. 

 

 

Fig. 3: Roof slab of PFBR Fig. 4: Steam generators under fabrication 
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The size and thickness of the major reactor components vary widely. The Safety Vessel, which is 
the outermost vessel that contains the reactor core, has 13.5 m inner diameter, 12.5 m in height and wall 
thickness of 20 mm for the cylindrical portion. The Main Vessel is slightly smaller in diameter (12.9 m 
inner diameter) and larger in height (12.94 m) and is made of 25 mm thick plates for the cylindrical 
portion. The Grid Plate assembly, in which the fuel subassemblies rest, is made of two large circular 
plates of more than 6 m diameter and 60 mm thickness. The Roof Slab (Fig. 3) is a massive box-type 
structure (12.9 m diameter and 1.8 m height), in which the top and bottom plates interconnected by 
vertical cylindrical shells and radial stiffeners welded to them, is fabricated mostly from 30 mm thick 
carbon steel plates but also has some components made from plates of much higher thickness. 
Similarly, the once-through type steam generators (SGs) [Fig. 4] made of modified 9Cr-1Mo (grade 91) 
steel are 25 m in length, and are made from 12 and 30 mm thick plates for the shells and headers, 150 
mm thick forgings for the tubesheet and of 23 m length and 2.6 mm wall thickness tubes per SG (547 
tubes per steam generator). 

Fabrication of the many of the components is already complete and major components like the 
Safety Vessel and Main Vessel, roof slab and IHX have been installed in the reactor site. Needless to 
say that welding is one of the important modes of fabrication and different welding consumables and 
processes were used in the fabrication of the components (Fig. 5). Closely associated with welding 
fabrication is the non-destructive examination of the welded joints and quality assurance of the 
components. This paper presents the challenges encountered during fabrication of different reactor 
components and structures. 
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Fig. 5: Welding consumables used in different components and piping of PFBR 

 

2.0 Indigenous development of welding consumables 

2.1 Electrode for Welding 316L(N) Stainless Steel 
Major structural and piping material for PFBR is 316LN austenitic stainless steel in which loss in 

strength caused by reduction in carbon content is compensated by addition of nitrogen in the steel. It 
was important that the consumable chosen to weld this steel has good resistance to cracking and 
properties comparable to that of the base material. In order to ensure good creep resistance, it was 
important the weld metal also has nitrogen level comparable to that of the base metal. This necessitated 
developing special welding consumables for PFBR construction. For GTA welding, which is used mainly 
in root pass and in thin section piping, 16-8-2 wire, which is accordance with AWS/ASME specification 
was chosen with an additional requirement of nitrogen specified in the range of 0.06-0.1wt.%. Choice of 
this consumable was mainly based on our own experience during construction of Fast Breeder Test 
Reactor (FBTR). This filler was developed indigenously and used for GTA welding in fabrication of all 
components piping of 304LN and 316LN stainless steels.  However, for Shielded Metal Arc Welding 
(SMAW), specified weld metal composition (given in Table 1) is different from the corresponding 
AWS/ASME specification. Carbon and nitrogen levels are chosen to ensure the (C+N)min is 0.105wt.% so 
that creep rupture strength of weld metal is comparable to that of the base metal. Limits of Ti+Ta+Nb are 
specified to ensure good weldability; predominantly resistance to hot cracking. 
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The property requirements as per the specification and that achieved for the electrode is given in 
Table 2. The most challenging part of this development was to achieve the toughness requirement 
specified after the 750°C/100h heat treatment. This requirement was included to assess the 
susceptibility of the weld metal to embrittlement by sigma phase formed during high temperature 
exposure by transformation of the delta ferrite. It was found that Mo content has to be carefully controlled 
in the lower limit of the specification to ensure this. Another challenge was to improve the slag 
detachability of the from the deposited weld metal. Poor slag detachability of the weld metal often 
necessitated extensive grinding and re-work. Several trials which involved fine tuning of the core wire 
composition, addition of ferroalloys in the flux and varying its basicity were undertaken in close 
interaction with electrode manufacturers before successful development of this consumables. It is 
important to note that almost all the fabricators who fabricated various components for PFBR chose this 
indigenously developed electrode for SMA welding of 316LN steel.  

Table 1 Composition of 316-15M welding consumable for PFBR along with ASME specification  

Element ASME SFA 5.4 
E 316 L -15 

PFBR 
316-15 M 

Weld metal 
composition 

C 0.04 0.045-0.055 0.05 
Cr 17-20 18-19 18.5 
Ni 11-14 11-12 11.1 
Mo 2-3 1.9-2.2 1.9 
N NS 0.06-0.10 0.1 
Mn 0.5-2.5 1.2-1.8 1.4 
Si 0.9 0.4-0.7 0.46 
P 0.04 0.025 0.006 
S 0.03 0.02 0.025 
Ti+Nb+Ta NS 0.1 <0.1 
Cu 0.75 0.5 <0.05 
Co NS 0.2 <0.05 
B NS 0.002 0.001 
δ-Ferrite 3-10 FN 3-7 FN 3-3.9 

Table 2: Mechanical properties of E 316-15 M Electrodes 

Properties YS 
(MPa) 

UTS 
(MPa) 

% Elongation U notch Toughness 
(daj/cm2) 

U notch toughness
after 750°C/100h 

Requirement 350  550 35 7 3 
Achieved 504 621 40 8.2 4 

 
2.2 Electrodes for Gr91 ferritic steel 

Though austenitic stainless is chosen most of the major reactor components, for steam generator, 
the material chosen is modified 9Cr-1Mo steel because of its better resistance to stress corrosion 
cracking, higher thermal conductivity and lower thermal expansion coefficient than the austenitic 
stainless steels. PFBR specification for consumables to be used for welding this steel include stringent 
requirement on toughness (45J at 20°C) and RTNDT (Reference Temperature – Nil Ductility) (< 0°C) 
which are not included in the standard specifications. The objective of introducing these requirements in 
specification was to ensure hydrotesting of the steam generator at ambient temperature without any risk 
of brittle fracture during testing. However, it is well known that toughness of the weld metal is generally 
very low for all the welding process that uses a flux for shielding the weld metal. As SMAW was one of 
the processes initially considered for fabrication of steam generators, welding electrodes for this process 
as per the PFBR specification had to be developed separately.  
 

Major reasons for  poor toughness of the weld metal produced by SMAW process are high 
oxygen content (400-800 ppm) in the weld metal, presence of Nb and V which are known to adversely 
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affect toughness, presence of δ-ferrite in the weld metal and use of synthetic electrodes (electrodes with 
alloying additions through flux). Ni addition can improve the toughness, but it will also bring down the 
transformation temperature and hence the maximum temperature at which post weld heat treatment 
(PWHT) can be carried out. Hence, PFBR specification (Table 3) included strict control over Nb, Creq and 
ferrite factor (to ensure δ-ferrite is not formed), specified limit for Ni (to improve toughness) but with an 
upper limit for Ni+Mn (to ensure transformation temperature Ac1 does not fall below PWHT temperature) 
and use of matching core wire (non-synthetic electrode) for production of electrodes. 

While development of these electrodes as per PFBR specification was in progress, toughness of 
weld metal produced by seven different electrodes, both commercially available and those produced as 
per PFBR specification, were evaluated. Composition of the weld metal produced from these electrodes 
is given in Table 3. E1 is a synthetic electrode with composition matching with PFBR specification, E5, 
E6 and E7 are non-synthetic electrodes prepared as per our specification. Results of the Charpy impact 
tests conducted at 20ºC are shown in Fig.6. Weld metals of only those electrodes which are non-
synthetic and met chemical composition requirement of our specification met the toughness requirement 
of 45J at 20ºC. For weld metals produced by electrodes E1 (synthetic), E6 and E7 (both non-synthetic)  
RTNDT  were determined from a combination of Charpy Impact test and Drop weight test used for 
determination of TNDT (Temperature – Nil Ductility Transition) and the results are shown in Table 4. It is 
clear that that only electrodes of E7 and E8 had the desired RTNDT of sub zero temperature. 

 

3.0  Welding of austenitic stainless steels 
3.1 Weldability evaluation  

Detailed weldability assessment of 316LN SS, E316-15M weld metal and 316L SS (for 
comparison) was carried out by application of strain during welding and assessing the deposited weld for 
cracking using the Varestraint test in which the criteria used included Total Crack length (TCL), 
Maximum Crack Length (MCL) or Brittleness Temperature Range (BTR). In stainless steels, the BTR, 
which is the temperature range over which weld metal is prone to cracking during solidification due to 
presence of low-melting eutectics, and solidification cracking are strong functions of the solidification 
mode given by WRC Creq/Nieq ratio. The BTR values are low for high Creq/Nieq, i.e., above a value of 1.3, 
which corresponds to a ferritic solidification mode. Stainless steel base and weld metals solidifying in the 
FA mode of solidification have BTR of 30°C or lower and are  resistant to solidification cracking. The 
cracking tendency increases with decreasing Creq/Nieq ratio, i.e., decreasing ferrite content, while the 
solidification mode changes to AF (austenitic/ferritic) and to A (fully austenitic). The E316-15M weld 
metal is in the safe regime with FA solidification mode (Fig. 7).  

Solidification cracking is a function of the level of impurity elements, S and P, and minor elements 
such as Ti and Si. Although direct correlation between the composition, impurity levels and cracking was 
not available, the diagram of Kujanpaa et al, viz. Hammar-Svensson (H-S) Creq/Nieq vs. P+S content was 
used. In this diagram (Figure 8; BTR values at 4% strain in parentheses), susceptible compositions lie in 
the region of Creq/Nieq < 1.5 and P+S > 0.015%. Much higher impurity levels can be tolerated for higher 
Creq/Nieq ratios and such compositions were not susceptible to cracking. The unstabilised stainless steels 
fit reasonably well into the diagram, with low-BTR compositions finding a place in the less susceptible 
regions and the high-BTR compositions are placed in the “highly susceptible” portion. It may be noted 
that D9 alloys, chosen for fuel clad tube and sub-assembly wrappers fall in highly susceptible regions. 

Extensive studies were carried out on the effect of N on fusion zone and HAZ cracking in these 
materials. The essential observations from these studies are that N has no detrimental effect on cracking 
if Creq/Nieq is maintained to obtain a favourable solidification mode in the weld metal. N could be 
detrimental if ferrite is absent or solidification mode becomes austenitic (A mode) and when S level is > 
0.01%. This situation is possible during autogenous welding of base metal or when HAZ cracking is 
envisaged. During structural welding of components, the risk of cracking during autogenous welding is 
small due to stringent specifications, particularly for impurity elements. HAZ cracking is a strong function 
of ferrite content or ferrite potential of the underlying material, but is likely only in extremely high restraint 
situations. Both these factors are therefore not a serious concern during structural welding. 

Application of Varestraint test criteria such as crack lengths and BTR to practical welding 
situations is complicated by the fact that in the actual case, strain, strain rate and stress are difficult to 
quantify as a function of weld geometry. Investigations showed that the TCL parameter is subject to 
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variations because of weld bead geometry, while BTR is not influenced by these factors that are related 
to fluid flow effects in the weld pool. It has been shown (Fig. 9) that if TCL is normalised using the weld 
width; the correlation with BTR is very good. For the E316-15M weld metal with limits of ferrite content of 
3-7 FN is located in the FA mode of solidification and would essentially be free from hot cracking in the 
weld metal and HAZ.  
 
Table 3 Chemical composition requirement as per PFBR and chemistry of weld metals produced by 
different electrodes 

SMAW weld metals Elements PFBR 
specificati
on E1 E2 E3 E4 E5 E6 E7 

C 0.08 – 
0.12 

0.09 0.06 0.062 0.1 0.085 0.10 0.1 

Cr 8.0 – 9.5 9.00 9.8 9.0 8.64 8.30 9.00 9.0 
Mo 0.85 – 

1.05 
1.0 0.8 1.1 0.94 1.0 1.00 1.0 

Mn 0.5 – 1.20 0.55 0.6 1.5 0.7 0.7 0.70 0.75 
Si 0.15 – 

0.30 
0.20 0.35 0.3 0.25 0.28 0.24 0.32 

S 0.01 (max) 0.007 0.015 0.01 0.01 0.015 0.012 0.008 
P 0.01 (max) 0.015 0.015 < 0.007 0.006 0.015 0.009 0.01 
Ni 0.4 – 1.0 0.6 0.1 0.9 0.6 0.5 0.70 0.52 
Nb 0.04 – 

0.07 
0.06 – 0.03 0.05 0.069 0.06 0.065 

V 0.15 – 
0.22 

0.07 0.012 0.012 0.19 0.004 0.17 0.21 

N 0.03 – 
0.07 

0.033 0.025 0.03 0.046 0.025 0.055 0.06 

O  0.07 0.05 0.04 -- -- 0.068 0.08 
Cu 0.25 (max) 0.05 0.05 < 0.05 0.03 0.05 <0.05

0 
 

Al 0.04 (max) 0.034 0.034 – 0.003 – <0.01  
Cr*eq  7.26 10.85 5.46 8.12 6.71 6.79  
Ferrite 
Factor (FF) 
# 

 5.88 10.24 5.04 5.48 6.46 4.3 6.24 

*Creq = %Cr + 6%Si + 4%Mo + 1.5%W + 11%V + 5%Nb + 12%Al + 8%Ti – 40%C – 2%Mn - 4%Ni – 
2%Co – 30%N - %Cu 

#FF = %Cr + 6%Si + 4%Mo + 8%Ti + 2%Al + 4%Nb – 2%Mn – 4%Ni - 40 (%C +%N) 

 

Table 4 Summary of the results drop weight tests and impact tests to determine RTNDT. 

Electrode TNDT(°C) 68J Temp. 
(°C) 

0.89 mm LE 
Temp (°C) 

TCV 

(°C) 

(TCV-33) 
(°C)   

RTNDT 

(°C) 

E1 (Synthetic) <50 165 160 165 132 132 
E6 (Non-
synthetic) 

-5 <30 30 30 -3 -3 

E7 (Non-
synthetic) 

-5 28 28 28 28 -5 
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 Fig. 6: Impact toughness of  weld metals of different electrodes at 20ºC 
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3.2  Tube-to-tubesheet welding in intermediate heat exchangers (IHXs) 
There are four IHXs in the primary circuit, which transfers heat generated in the reactor core to 

the secondary sodium. The IHXs are of shell and tube type, counter-current, sodium-to-sodium heat 
exchangers. The IHXs are very important components of the reactor, as it forms the boundary between 
radioactive primary sodium in the reactor pool and non-radioactive secondary sodium. The primary 
sodium of the reactor flows through the shell side and secondary sodium flows in the tube side. The 
principal material of construction of IHX is 316LN SS. Each IHX has 3600 straight seamless tubes 
welded to either ends of the top and bottom tubesheets. Expanded and seal welded joint are specified 
for tube and tubesheet of IHX (Fig. 10). The material specification for both tubesheets and tubes are 
stringent to ensure good welding. It is found that Al, a deoxidizing element added during steel making, 
can increase the fluidity of the molten pool causing sharp changes in the weld pool contour. Further, at 
high Al levels, oxide that is formed on the weld surface can crack off and carried to the pump bearing. 
Considering these, the Al content in both the tube and tubesheet is maintained below 0.07%, with the 
upper limit chosen based on experience of IHX fabrication of the Fast Flux Test Facility (FFTF) in USA, 
in which tubes with Al content higher than 0.07% was replaced with tube of lower Al content. Hence both 
the tubes and tubesheets are produced by electric arc melting with tight control on inclusion content to 
achieve sound welds. Ultrasonic testing is done on the entire length of each tube in accordance with 
ASME Sec. III Class I. Each tube is subjected to hydro-testing to ensure the integrity of tubes. Grain size 
and chemical composition of tubes and tubesheets have been precisely specified with upper and lower 
values to optimize mechanical and creep properties.  

The IHXs consist of 150 mm thick 316LN SS tubesheet made of forging at the top as well as at 
bottom end. Each tubesheet is drilled with 3600 holes in a circular pitch. Each hole is provided with two 
inside grooves at a distance of 20 and 45mm from the bottom face of top tubesheet and from the top 
face of bottom tubesheet for additional longitudinal load resistance. The strength rolling of the tubes is 
carried out on these grooves, during which expanded tube grips inside the grooves. This arrangement 
also acts as a mechanical seal for arresting the entry of primary sodium into the gap between the tube 
OD and tubesheet hole. Thus, deep crevices are eliminated in the present design by strength and 
contact rolling of the tubes in the upper and lower regions of the tubesheets. The face grooves are 
machined with very tight tolerances on the face of each hole on the tubesheet which provides a thinner 
section across the seal/lip welding to get the desired weld profile. This helps in minimizing the heat input 
required for seal welding and makes a perfect fusion of the base materials (tube and tubesheet). The 
thickness of thinner section on the face groove is approximately same as that of tube wall thickness.  

The straight tubes are inserted in the tubesheet hole such that the ends of tubes are flushed with 
the face of the tubesheet. Tubes are held at regular intervals by anti vibration belts to minimize the effect 
of flow induced vibration. Even though conventional heat exchanger tube-to-tubesheet joints are done 
first by welding and then by rolling, here tube-to-tubesheet joints are executed first by rolling by using 
mechanical tube expanders and then single-pass welding by automatic pulsed GTAW process without 
filler wire, to avoid induced stresses and cracks on the welds during tube expansion step and 
subsequent failure of the weld joints during transient reactor operating conditions. The weld is executed 
in 5G position (tube axis horizontal). The process parameters of welding include pre purge time, up 
slope, speed of welding, down slope, post purge time. The weld quality with respect to shape and 
soundness are controlled by process parameters. The welds produced satisfying all the NDT 
requirements were also subjected to pullout test and found to have strength of about 29 kN. The IHXs 
with these tube-to-tube sheet joints have been successfully fabricated and installed in site. 

 

4.0  Weldability studıes on modıfıed 9Cr-1Mo steel 
HAC susceptibility of modified 9Cr-1Mo steel plates and welding consumables produced as per 

PFBR specifications was evaluated using implant test. Both base plate and implant specimens were 
prepared from 12 mm thick plates and test beads were made using the P91 electrode. Initially, Lower 
Critical Stress (LCS) below which no cracking occurs was determined without any preheating. 
Subsequently, LCS for different preheat temperatures were determined. Specimen did not fracture even 
after several days of loading for welds made with a preheat of 250°C. Accordingly, this preheat 
temperature was chosed as the safe preheat temperature for welding of this steels. Figures 11 and 12 
show the results of implant tests carried out without preheating and with preheating for determination of 
LCS. Cooling times (t8/5 and t100) estimated from the cooling curves obtained for the weld metal by 
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plunging a W-Rh theromcouple into the molten weld meatl is also shown in the Fig. 12. 
 

 

Fig. 10: Tube to tube joint in IHX 
 
As the role of preheating is essentially to reduce the diffusible hydrogen (HD) content in the weld metal, a 
separate study to know the effect of preheating and post heating on HD content of the weld was also 
undertaken. As the HD for modified 9Cr-1Mo steel is very low (~2 ml/100g of weld metal), this study was 
carried out for both mild steel as well as modified 9Cr-1Mo steel consumable for comparison purpose. 
Specimen for HD measurement were prepared as per ISO 3690 guideline; but the copper block used the 
specimen preparation was provided with heating arrangement so that specimen along with the block can 
be heated to required preheating or post heating temperatures. To study the effect of preheating alone, 
the specimen was removed from the copperblock after it has cooled a) down to 100°C, b) down to 
preheat temperature and c) for 10 minutes. Results of HD measurements for all the three conditions 
indicate that value obtained for specimens cooled down to 100°C is more realistic and hence can be 
used to study the effect of preheating on HD content of the welds. Variation of HD content in the modified 
9Cr-1Mo weld with different preheat temperatures is shown in Fig.13and considerable reduction in HD 
content with preheating can be observed. However, postheating after welding is more effective in 
reducing the HD content of the weld than preheating alone (Fig. 14). HD content in the weld metal is 
almost nil for welds prepared with both preheating and postheating at 200°C and above, indicating 
preheating and postheating at this temperature would eliminate the risk of cracking during welding of 
modified 9Cr-1Mo steel. This result is in agreement with general welding procedure employed for 
welding of this steel. 
 

5.0 Fabrication of steam generators 
Steam generator (SG) [Fig. 15] is one of the most critical components of PFBR because in this 
component high temperature sodium flows in the shell side and water/steam in the tube side and the 
boundary separating them is the tube wall of thickness of 2.3 mm. Any leak in the tube or in the tube-to-
tubesheet joint can result in direct sodium-water reaction with dangerous consequences. As SGs are 
made of grade 91 steel, this necessitates a dissimilar joint between stainless steel piping headers of 
grade 91 steel. Unlike austenitic stainless steels, PWHT after welding is mandatory for welds of this steel 
and this is another challenge that needs to be overcome during fabrication of SGs. As the steam 
generators to be subjected to hydro-testing, minimum toughness requirement has been specified for 
both the weld metal and base metal. Hence choice of welding process and consumable that would 
ensure good toughness for the weld metal was also a challenge to be overcome for SG fabrication.  

Even though the natural choice of welding procedure for thick section welding of the SG shell, 
tubesheet and headers would have been a combination of GTAW (for root pass) and SMAW (for 
remaining pass), the all GTAW process using hot-wire Narrow Gap GTAW (NG-GTAW) process was 
chosen for the SGs of PFBR. This eliminated the uncertainty over toughness of the weld metal and the 
requirement of subzero RTNDT could be easily met. The impact toughness obtained for the all GTA weld 
metal was ~75 J in contrast to ~43 J obtained for weld metal produced by GTAW+SMAW process, which 
also had high scatter. In addition, the risk of cold cracking could also be reduced considerably by 

TUBESHEET

TUBE

TIG WELDING
WITHOUT
FILLER WIRE
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adopting the NG-GTAW process. This is also important considering the considerably long time gap that 
would exist between the welding and PWHT during fabrication of such huge components and difficulty in 
conducting localized PWHT around the welds. In fact, the hot-wire NG-GTAW process was employed 
first time in India for fabrication of PFBR steam generators. 

Dissimilar metal welds (DMWs) between austenitic stainless steel and modified 9Cr-1Mo steel 
have long been recognised to pose a potential problem, because of large thermal stresses generated 
due to difference in thermal expansion characteristics of the two steels. Thermal cycling during power 
plant operation plays a major role in premature service failure of this joint. Although similar failures are 
reported in creep-rupture tests, there is general agreement that in operating plants, stresses responsible 
for failure of this DMW are due to thermal cycling that occurs during plant start-ups and shut-downs. 
Laboratory test results and service experience have shown that a significant improvement in service life 
of this DMW can be achieved by using Ni-base welds instead of austenitic SS welds. However, service 

failures of DMWs with Ni-base welds have also been reported. Indeed, Ni-base welds only buy more 
time, but eventually fail before the plant’s design life. Among various approaches attempted for 
development of improved DMWs, one approach is a trimetallic DMW with transition piece having 
coefficient of thermal expansion (CTE) intermediate to the ferritic and austenitic steels for obtaining a 
more gradual change in CTE and consequent decrease in magnitude of stresses from thermal cycling. 
Alloy 800, the most attractive choice for the transition piece, reduces hoop stress near the root of the 
ferritic steel by 37%, besides providing excellent resistance to oxidation and creep at elevated 
temperatures. 

Numerous reports available on premature failures of these DMWs in fossil power plants 
worldwide encouraged us to carry out a detailed systematic study on the performance of the DMW 
between 316LN SS and grade 91 steel much before actual SG fabrication was taken up. A new 

Fig.13: Effect of preheat on HD content in weld 
for modified 9Cr-1Mo steel weld 

Fig.14: Effect of preheat+ post heaton 
HD content in weld 

t100= 8.5 m 
t8/5=12 s 

8.75 m 
15 s 9.8 m 

17 s

13.9 m 
25 s

15.4 m 
27 s

Fig. 11: Determination of LCS from implant test Fig. 12: Increase in LCS with preheat temperature 
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trimetallic DMW configuration, which would last for entire life of the plant, was developed using a 
transition piece of Alloy 800. Comprehensive work was carried out on choice of welding consumables, 
evaluation of hot cracking susceptibility, high temperature stability of weld interface, and service 
performance using thermal cycling tests. Based on these investigations, the trimetallic DMW joint 
configuration was evolved for the SG circuit (Fig. 16), in which Inconel 82/182 is used for the 
grade 91/Alloy 800 joint, and ER16-8-2 for welding the Alloy 800/316LN SS joint. Performance 
evaluation by thermal cycling tests indicated a four-fold increase in the life of this joint with the trimetallic 
configuration as compared to bimetallic configuration. Accordingly, for PFBR, the trimetallic joint 
configuration has been adopted (Fig. 5, Detail-A). 

In spite of extensive studies conducted and experienced gained on this trimetallic joint, this 
dissimilar weld did give some surprises during actual fabrication of SG. The intermediate pipe piece of 
Alloy 800 was produced by rolling Alloy 800 plate and L-seam welding it with Inconel 82 into a pipe. 
However, during C-seam welding of 316LN SS and Alloy 800 pipes using 16-8-2 welding consumable, 
hot cracks developed at the L-seam/C-seam junction. Consequently, the welding procedure for this 
location was modified to include buttering of the Inconel weld area with 16-8-2 weld metal prior to C-
seam welding (Fig. 17). 
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Fig. 15: Schematic of steam generator of PFBR and its tube-to-tubesheet joint configuration 

 
 

 
Fig. 16: Schematic of configuration of the trimetallic transition joint adopted in PFBR for joining SG 

header with SS piping developed (number below each material denotes mean CTE, in µm/m/K, 
upto 600°C 

 

6.0  Hardfacing of grid plates 

Grid plate of PFBR is a massive structure consisting of a two plates (top and bottom of ~6.5m in 
diameter and large number of sleeves in which foot of the sub assemblies rest. This subassembly rests 
on core support structure and acts as boundary between cold and hot sodium in the reactors. Both the 
grid plate assembly and the core support structure are made of 316LN stainless steel and immersed in 
flowing sodium. Hence, there should not be any self welding between these components at their contact 
location. Hardfacing using Ni base alloy (AWS Ni-Cr-B alloy) is proposed on two annular grooves 
machined on the bottom plate of the grid plate. These grooves are located towards the periphery of the 
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grid plate and hence, diameters of these grooves are close to that of the grid plate itself and total length 
(circumference) of single harfaced deposit was close to 21 m. The component is designed in such a way 
that area of contact between grid plate and the core support structure is confined to these hardfaced 
grooves in the bottom plate. 
 

 

Buttering 
with 16-8-2

 
Fig. 17: Modified procedure adopted to avoid hot cracking at the L-seam/C-seam junction 

 

As the Ni base hardfacing alloys are highly prone to cracking, hardfacing such a massive 
component was not very easy. The process chosen for deposition is plasma transferred arc welding 
(PTAW) which uses hardfacing alloy powder as the consumable. During technology development of the 
grid plate (using plates of the similar dimensions as that of the actual PFBR grid plate), extensive 
cracking of the deposit was observed when deposition was carried out as per the procedure finalized 
initially based on trails carried out on 80 mm thick 1000 mm diameter plate.  Subsequently a detailed 
review of the design of the groove, welding process, procedure, heat treatment etc. was taken up in 
which designers; materials engineers, hardfacing agency and manufacturer of the grid plate were 
participated. The groove width was reduced from 45 to 20 mm and the groove angle increased from 30 
to 60°. This enabled to carry out hardfacing in single layer and single pass of deposition. Preheat 
temperature for deposition increased from 500 to 650°C and furnace for preheating and stress relieving 
heat treatment was modified to ensure that the temperature variation across the component during 
heating or cooling is reduced considerably. Insulation was improved to reduce the heat losses. It was 
also decided to carry out hardfacing continuously using four PTAW machines position on a circular track 
which is placed concentric to the bottom plate. Machine controls were suitably modified to have smooth 
deposition between starting and ending location of the deposits, which are found to be more prone to 
cracking than the other location so the deposit. New trials were taken up during technology development 
for hardfacing of the grid plate and cracking of the deposits reduced considerably in these attempts. The 
process was further refined and it was demonstrated on the grid plate for technology development that 
crack free deposit that meet all the design requirement could be made using this improved procedure. 

After successfully demonstrating the procedure on the technology development grid plate, 
hardfacing of PFBR grid plate was taken up. Because of prior experience, it was possible to achieve 
much better control over temperature during heating and the heat treatment stages. Deposition was 
carried out simultaneously using four PTAW machines mounted on the track at 90° apart. After bottom 
plate reached preheat temperature the entire operation hardfacing two grooves of ~6.5 m dia took only 
few hours. Figure 18a) shows the grid plate mounted on the furnace with hardfacing operation in 
progress and Fig. 18b) shows a close up of the deposit and the torch. Neither cracks, nor debonding nor 
surface porosities were observed on the deposits. There was no need to carry out any repair though a 
procedure for repair had been finalized. The deposits made on the PFBR grid plate are certainly better 
than deposits made during technology development. This was possible only because of the dedicated 
efforts of designer, engineers, hardfacing agency and the manufacturer of the components.  
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Fig. 18  a) Hardfacing of grid plate mounted on the furnace b) close up view of the deposit while 
hardfacing is in progress. 

 

7.0  SUMMARY 
 With a technology development programme, conceived by the designers with foresight and 
implemented with close participation from the fabricators, it was possible to overcome most of the 
challenges encountered in fabrication of various components for PFBR. Many of these components have 
already been delivered and installed at PFBR site. The experience gained during technology 
development and fabrication are often very unique and based on this, the design and fabrication 
technologies to employed for future FBRs are being reviewed with an objective of simplifying the design, 
reducing the fabrication cost and time and ensuring the safety. 

a) b)
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Abstract 
In the year 2010 the VGB – committee TC Hydro Power Plants founded a project group to 
the live call with the task to employee a guideline for design and operation of high strained 
components in hydropower plants. This paper gives an overview to the scope of work and 
the work progress.  

1 Introduction / Motivation 
Operators of hydroelectric power plants are required to demonstrate the persistence and 
robustness of their facilities. At the same time it is designated to minimize the investment 
costs. Owners must know accurately the condition of its facilities and this over decades. He 
has to document responsibly high plant safety continuously. Operators need to optimize 
reparations and refurbishment measures. 

The state of the art requires not only static dimensioning but fatigue analysis of mechanical 
equipment and in addition and increasingly considerations of remaining lifetime. These 
calculations are in principle very useful and significant, but they require that a series of 
boundary conditions are fulfilled. These boundary conditions range from the applicability of 
calculation methods and material properties to testing. 

 

2 Scope of Work 
In the year 2010 the VGB – committee TC Hydro Power Plants founded a project group to 
the live call with the task to employee a guideline for design and operation of high stressed 
components in hydropower plants. At this time, the guideline is a work in progress and shall 
be finished as a draft version by the end of this year. Prior to being released as a final report, 
the guideline shall be approved by relevant technical institutes as well as by operators and 
suppliers. 

The guideline shall provide assistance to prepare specifications and undertake the relative 
calculations and testing. 

 

• It shall cover the requirements of new projects and existing facilities. 
• It shall be in step with actual practice and give efficient support for design 

engineering, supplying and operating. 
• It shall provide high degree of practicability by means of calculation examples and 

description of case studies. 
 

The scope of the guideline will be limited to the mechanical main components of hydro power 
plants (turbines, pump turbines, pumps and alternators and governors). 

It is one of the substantial aims to achieve a fair balance between the different requests of 
operators, institutes and suppliers. Therefore the number of specialists of the working group 
consists of one third of each of them. Depending on the specific task there will be additional 
experts invited to several meetings. For reasons of effectiveness the total number of 
participating professionals wills not exceed fifteen.  
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3 Groups of Themes 
The guideline consists of recommendations in following areas: 

3.1 Preparation of Lifetime Calculations 
The recent application of computer aided design and analysis methods has enabled the 
steadily increasing utilization of material properties. This allows for more economic facilities 
and at the same time higher performance of the equipment. As the utilization of materials is 
driven further and further, more care must be taken to assure that these retain a sufficient 
service life at the same high level of safety under the stresses of operation.   

The cycling of the power plants, especially of pumped storage power plants, which are used 
for power and frequency regulation, is increasing continuously. The numbers of starts and 
stops and the amplitudes of regulation procedures are steadily increasing. This tendency is 
being forced by the development of the renewable power generation such as wind and 
photovoltaic. 

The behavior of material under dynamic stress shows generally a relatively wide statistical 
spread. Therefore it is necessary to interpret the statements of life time calculations under 
consideration of probability of survival. This is especially true for the mechanical main 
components of large pumped-storage power plants which are generally one-of-a-kind 
designs. Beside the statistical spread of the behavior of materials, there are often notable 
uncertainties regarding to dynamic loads and forces. 

The guideline provides support to handle these uncertainties. It includes example 
calculations completed on the basis of different codes and compares the calculation with 
verified testing of prototypes. Load spectra are necessary inputs for the analyses. The 
guideline provides a chart with all relevant load spectra and their classification. 

For the examination of calculations the guideline also provides a checklist of all required 
topics. With adherence to these topics, the results of the calculations will be verifiable and 
comparable for the costumer.  

 

3.2 Materials and Material Qualification 
In combination with maximum utilization, recent high-tensile materials enable slighter designs 
with significant advantages in construction and operation. The considerable advantages in 
the behavior of conventional materials are only partially valid. Appreciable differences can 
occur in production, heat treatment, mechanical processing and welding. High level quality 
assessment is most important, particularly when considering the globalization of 
manufactories and suppliers. Strength analysis as postulated in basic rules and standard 
codes for conventional materials are no longer automatically valid.   

This includes for instance, stress validation taking into account the tensile elastic limit ratio. 
Corresponding rules are developed from the fact that the difference between the tensile 
elastic limit and the tensile strength varies considerably. In case that the tensile elastic limit 
will be increased to higher values closer to the tensile strength, the difference between them 
decreases notably. 

With application of recent, especially trimmed materials, the conventional procedures of 
quality management cannot be universally valid. It may therefore occur that the adjustment of 
particular characteristics can influence other specific material properties in a 
disadvantageous way. This fact must be considered while defining the testing and certifying 
of materials. Under certain circumstances it will be necessary to enhance the range or type 
of quality measures. 
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4 Structure 
The guideline is composed in three main sections: 

 

4.1 Section 1 – Calculation, Construction and Proofing 
This section will include an explanation of the fundamental basics of lifetime calculations as 
well as the corresponding calculation rules and codes. These rules and codes are assigned 
to all substantial parts of turbines, governors and alternators by means of a comprehensive 
construction parts list. In addition, all relevant load cases were categorized and assigned to 
the corresponding construction parts. In this way the corresponding load can be determined 
as input data for the life time calculations. 

 

The aforementioned construction parts list will also include further information regarding to 
special materials and associated testing. 

4.2 Section 2 – construction of new plants 
Fatigue design and dimensioning require multiple input values, calculation parameters and 
load spectrum data. Generally all of the necessary information is not available at the outset 
of the work on the basic design. Therefore it is necessary to follow a step-by-step approach 
from the first calculations of feasibility studies up to the final detail engineering. This section 
will provide several recommendations for this approach. This chapter is meant to be 
particularly useful to the designer and to the engineer preparing the tender documents as 
well as to the construction engineer.  

 

In order to offer the specific recommendations in a demonstrative way there were added 
some typical examples of calculations in the attachment. 

 

4.3 Section 3 – Approach in Existing Plants 
This chapter is dedicated to the examination and assessment of existing facilities and their 
remaining lifetime. Suitable approaches for the appropriate examination will be 
recommended according to the particular motivation. Some specific examples of 
investigations and calculations are given in the attachment. 

 

4.4 Attachment 
Beyond the above mentioned recommendations, example calculations and the construction 
parts list and the load case schedule, the attachment includes of a glossary with the 
frequently used terminology and references to common and useful rules and codes. The 
attachment includes a summary of the referenced literature. 

 

5 Conclusion 
The working group has been in service for nearly one and a half years. In face of the 
ambitious content of this guideline, we have collected extensive expert knowledge during this 
time. All the work is done voluntarily and without any reimbursement. Many thanks to all the 
members of our working group for their engagement and effort!  
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Abstract 
In the year 2010 the VGB – committee TC Hydro Power Plants founded a project group to 
the live call with the task to employee a guideline for design and operation of high strained 
components in hydropower plants.  

Due to complex geometries and varying operational loading conditions of hydro power plant 
components, the fatigue analysis requires more and more very detailed numerical calculation 
models. Normally finite element calculations are used to determine the locally varying 
stresses and strains. Standards and guidelines, e. g. ASME Code, Eurocode or the FKM 
Guideline include fatigue evaluation procedures and are in common use for the design of 
hydro power plant components.  

In the present paper the fatigue analysis is described, using the example of the pole fixation 
of a motor generator. This includes general requirements for finite element calculations and 
the evaluation of results, comparison of the fatigue analysis according to ASME Code and 
FKM Guideline and the influence of the material models used (linear-elastic vs. elastic-
plastic). 

1 Introduction  
For high stressed components in hydro power plants, lifetime considerations become more 
and more important and the quantitative fatigue assessment of such components is 
indispensable. Based on the extensive research and increasing knowledge during the last 
few years and the now available advanced calculation methods, such a quantitative 
assessment can be performed economically. The main items of the fatigue analysis are: 

 Detailed knowledge about the actual loads, especially load-time functions and 
based on this the relevant load spectra. 

 Verified data on the fatigue strength (S-N Curve, endurance limit) within the 
relevant load ranges (LCF and/or HCF) of the materials used and considering the 
present environmental conditions (e.g. water or air environment). 

 Consideration of different influencing factors on the fatigue strength, like e.g. 
mean stress, notch sensitivity, surface finish, residual stresses or the 
environmental conditions (no distinct endurance limit under corrosive 
environment). 

 Detailed calculation of local stresses/strains (stress- respectively strain-
amplitudes and mean stresses) 

 Detailed knowledge about the as-built design. Herewith local areas like radii, 
notches, transition of wall thickness or surface finish (grooves, roughness, 
machining process) are of major concern. 

 Availability of appropriate calculation models for the fatigue design.  
 
This paper shows the application of the fatigue assessment acc. to the ASME Code, 
[1, 2], and the FKM Guideline, [3], in conjunction with finite element analyses. 
 

2 Description of the example problem 
Motor Generators of pumped storage power plants are highly fatigue loaded due to cyclic 
centrifugal loads. The integrity of the pole fixation of the generator rotor, Figure 1, is of most 
importance for the safe and reliable operation of the power plant. Therefore a reliable fatigue 
analysis is indispensable for the rotor design as well as for the evaluation of machines under 
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operation. This example demonstrates the fatigue analysis for the very high local stresses at 
the hammerhead of the pole endplate, Figure 1 (right). 

 

 
 

Figure 1: Example of the rotor of the motor generator of a pumped storage power plant  

For the fatigue usage, the most important load cases which have to be considered are start-
stop and overload (runaway speed, load rejection) cycles. In addition, load changes due to 
the change of the operation mode or possible superimposed high frequent small amplitude 
dynamic loads might have to be considered. Figure 2 shows schematically the typical load 
history of motor generators of pumped storage plant.  

 

 
Figure 2: Typical load history of motor generators of pumped storage plant (schematically) 
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3 Finite Element Analysis (FEA) 
3.1 Finite Element Model 
For the calculation of the required stresses and strains 3D Finite Element analyses have 
been performed using linear elastic and elastic plastic material behavior. The submodelling 
technique was applied for the accurate determination of the very local stresses at the radius 
of the hammer head, Figure 3. 

 
Figure 3: Submodelling technique applied for the stress analysis of the pole fixation 

Based on a sensitivity study, using FE-models with different mesh sizes, Figure 4, the 
accuracy of the FE-Submodel was evaluated. The difference of the maximum local stresses 
between the coarse mesh and the refined mesh is within a few percent and below 1% 
between the standard and the refined mesh. Therefore the standard mesh was used for the 
meshing of the submodel. 

Two load cases were considered, Figure 5,  

 Load case LC(I) – load rejection speed up to 948 rpm, 
 Load case LC(II) – normal operation speed 600 rpm, 

and two scenarios for the load history of this tow load cases (with and without initial 
overload), Figure 6. Because of the residual stresses which were induced by an initial 
overload, the sequence of the load cases are of importance if elastic plastic material 
behavior is used. 

The used stress-strain curve and the relevant material data are shown in Figure 7. 

  

 

Rotor 3D model
(using axial and 
radial symmetry)

Pole 3D model
(using axial 
symmetry)

Submodel
Pole Fixation

Submodel
Hammer Head
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Figure 4: Different mesh sizes used for the evaluation of the required mesh size. 

 
Figure 5: Considered load cases  

Coarse Mesh Standard Mesh Refined Mesh

Considered Load Cases (LC)

Initial Overload Nominal Speed (Start/Stop)

Nominal speed
600 rpm

Small dynamic
Load changes 

Change of 
operation mode

LC (I) LC (II)

Subsequent Overload

Laod rejection
speed 948 rpm

Laod rejection
speed 948 rpm
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Figure 6: Considered load histories 

 
Figure 7: Stress-strain curve and strength properties 

nominal stress-strain curve

true stress-strain curve

material properties

Yield stress (Rp0,2) 844 MPa

Young‘s modulus 209,000 MPa
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3.2 Results  
3.2.1 FEA using linear elastic material behavior 
The maximum stresses are calculated at the radius of the hammer head near the front side 
of the pole endplate, Figure 8. The maximum elastic equivalent stress at this position is 
about 2,500 MPa and is significantly above the yield strength (Rp0,2 = 844 MPa) of the 
material. Even for normal operation the maximum local stress is above the yield strength. 

For linear elastic material behavior are these results independent of the sequence of the 
calculated load cases. 

 
Figure 8: Result of linear elastic finite element calculation 

3.2.2 FEA using elastic plastic material behavior 
In the case of elastic plastic material behavior, two scenarios for the load history (with and 
without initial overload) have been analyzed. 

- Without initial overload 
Figure 9 shows the result of the elastic plastic finite element calculation without initial 
overload in comparison with the linear elastic calculation. The maximum equivalent stress is 
limited to the yield strength of stress-strain curve. After a subsequent overload, compressive 
residual stresses up to the yield strength have been calculated. 

- With initial overload 
Figure 10 shows the results of the elastic plastic finite element calculation with initial overload 
in comparison with the linear elastic calculation. During the first overload, the material is 
plastically deformed. After unloading compressive residual stresses up to the yield strength 
are induced. During subsequent start-stop cycles, only compressive stresses have been 
calculated at this local position. Subsequent overload cycles induce cyclic plastic 
deformations above the yield strain of the material. 
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Figure 9: Result of elastic plastic finite element calculation without initial overload 

 
Figure 10: Result of elastic plastic finite element calculation with initial overload 
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4 Fatigue Analysis 
4.1 Fatigue analysis according to the “ASME Code” 
The fatigue analysis acc. to ASME Boiler & Pressure Vessel Code, Section III, Division 1 – 
NH, 2010 uses an equivalent strain range to determine the accumulated fatigue damage for 
both elastic and inelastic analysis. The equivalent strain range is computed as follows.  

(1) Calculate all strain components for each point (i) in time for the complete cycle. When 
conducting inelastic analysis, the stress and strain concentration effects of local 
geometric discontinuities are included in this step.  

(2) Select a point when conditions are at an extreme for the cycle, either minimum or 
maximum. Refer to this time point by a subscript 0. 

(3) Calculate the history of the change in strain components by subtracting the values at 
the time, 0, from the corresponding components at each point in time, i, during the 
cycle.  

 
0,yi,yi,y

0,xi,xi,x








 

 Etc. 

(4) Calculate the equivalent strain range for each point in time as:  
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 where 5,0*   when using inelastic analysis 
 where 3,0*   when using elastic analysis 

(5) Define max  as the maximum value of the above calculated equivalent strain 
ranges i,equiv . 

The above five step procedure may be used regardless of whether principal strains change 
directions. 

The result of this calculation for LC(I) is shown in Figure 11 and for LC(II) in Figure 12 
respectively. Based on this strain ranges max the fictitious elastic stress amplitudes 

maxmax,,
2

 
E

va
 can be calculated. Than the allowable number of load cycles for the 

different load cases are determined using the ASME design fatigue curve (Annex 3-F, Table 
3-F.2, ASME 2011a Section VIII, Division 2), Figure 13. 

For the combination of different load cases the Miner rule is used for the determination of the 
fatigue usage D: 

 
1
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n...

n
n

n
n

k

k
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1

1D  
ˆˆ  

and  

n1, n2, nk: actual or specified number of load cycles for stress amplitude 1, 2, …, k 

k21 nnn ˆ,ˆ,ˆ : allowabel number of load cycles for stress amplitude 1, 2, …, k 
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Figure 11: Calculated maximum equivalent strain range for load case LC (I) 

 
Figure 12: Calculated maximum equivalent strain range for load case LC (II) 

 

 

Contour plot value: calculated equivalent strain range max

elastic elastic-plastic

load case (I): overload
material

Overload
max

elastic 0.01189

elastic-plastic 0.01846

elastic elastic-plastic *

load case (II): start/stopp

* With / ** Without initial overload

material Start/Stopp

elastic 0.00473

elastic-plastic 0.00347*

elastic-plastic 0.00415**

elastic-plastic **

Contour plot value: calculated equivalent strain range max
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Figure 13: Fatigue evaluation acc. to ASME Code, Section VIII. 

 

4.2 Fatigue analysis according to the “FKM Guideline” 
The main elements of the fatigue assessment procedure of the FKM Guideline are shown in 
Figure 14. 

 

 
Figure 14: Procedure of fatigue assessment acc. to FKM Guideline 

The application is demonstrated in Table 1 for the Load Case LC(II). 

 

maxmax,v,a 2
E

 

material Overload Start/Stopp

elastic 94 1.250

elastic-plastic 28* 3.667*

elastic-plastic --- 1.865**

* With initial overload
** Without initial overload

number of allowable load cycles

Load Values
stress amplitude

mean stress
load spectrum

Material Data
tensile strength
fatigue strength

influencing factors

Design Values
geometry

notch effect
surface Safety Factors

Proof of Fatigue Strength

component alternating 
fatigue strength

component endurance 
limit including mean stress

component
fatigue strength
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Table 1: Example of FKM calculation (Load Case (II) – Start/Stop cycles) 

Stresses 

Load case (II) 

Stresses at surface point 

 mean stress  1-direction sigma_1,m 529,97 MPa 

stress amplitude 1-direction sigma_1,a 500,47 MPa 

mean stress  2-direction sigma_2,m 23,94 MPa 

stress amplitude 2-direction sigma_2,a 21,93 MPa 

Stresses at subsurface point 
 

 stress amplitude 1-direction sigma_1,a,innen 387,38 MPa 

stress amplitude 2-direction sigma_2,a,innen 57,98 MPa 

Distance between suface and  
subsurface point 

delta_s 1,147 mm 

stress ratio 1-direction R_sigma,1 0,0286 

stress ratio 2-direction R_sigma,2 0,0438 

 

Material Data 

Material Steel 

Fabrication Forged 

Tensile strength (MPa) R_m 960 MPa 

 
f_W,sigma 0,40 

Endurance limit sigma_W,zd 384,0 MPa 

Construction Data 

User Input 

Surface roughness (µm) R_z 50 µm 

Property of Surface Layer Without hardening 

material Steel 

Calculated Values 
Relativ stress Gradient 1-direction G_sigma,1 0,1969 1/mm 

Relativ stress Gradient 2-direction G_sigma,2 0,0000 1/mm 

Constant a_G 0,50 

Constant b_G 2700 

Notch factor 1-direction n_sigma,1 1,0619 

Notch factor 2-direction n_sigma,2 1,0000 

Surface roughness factor K_R,sigma 0,7454 

Surface layer factor K_V 1,00 

Coating factor K_S 1,00 

Constant K_NL,E K_NL,E 1,00 

Constant a_R,sigma 0,22 

Constant R_m,N,min 400 MPa 

Constant K_f 2,0 

Construction factor 1-direction K_WK,sigma,1 1,1026 

Construction factor 2-direction K_WK,sigma,2 1,1708 
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Component Fatigue Strength 

User Input 

Select over load case F4 constant mean stress 

Type of component Wöhler Curve Typ I (Steel and Cast Iron) 

Type of fatigue evaluation above endurance limit 

Design load Cycles (recommended) 12000 

Calculated Values 
Component fatigue strength (without mean stress) 

1-direction sigma_WK,1 348,3 MPa 

2-direction sigma_WK,2 328,0 MPa 

Amplitude of component fatigue strength including mean stress 

Constant a_M 0,35 

Constant b_M -0,10 

Mean stress sensitivity M_sigma 0,2360 

Residual stress factor K_E,sigma 1,00 

Mean stress factor direction-1 K_AK,sigma,1 0,706074158 

Mean stress factor direction-2 K_AK,sigma,2 1,265695628 

Maximum stress amplitude of:  
  

Component endurance limit direction-1 sigma_1,AK 245,9 MPa 

Component endurance limit direction-2 sigma_2,AK 415,1 MPa 

Component –fatigue strength 
 

 Fatigue strength factor direction-1 K_BK,sigma,1 2,421942068 

Fatigue strength factor direction-2 K_BK,sigma,2 2,421942068 

Maximum stress amplitude of:  
 

 Fatigue strength direction-1 sigma_1,BK 595,6 MPa 

Fatigue strength direction-2 sigma_2,BK 1005,4 MPa 

Safety Factor 

User Input 
Recurrent inspections No 

 
Consequences of failure high 

 
Calculated Values 

Safety factor for steel 1,5 

 Proof of fatigue strength (Fatigue usage) 

Calculated Values 

Stress components 
 

 Fatigue usage factor 1-direction a_BK,sigma,1 1,260457969 

Fatigue usage factor 2-direction a_BK,sigma,2 0,032721684 

Equivalent stresses 
 

 Maximum stress a_NH 1,260457969 

v. Mises a_GH 1,244419821 

Fatigue usage factor LC(II) a_BK,sigma,v 1,2444 

Allowable number of load cycles LC (II) n_allowable 9,634 
 

225



The influence of surface roughness and different safety factors to the allowable load cycles 
of the two load cases (I) and (II) are shown in Table 2. The results are varying between 8938 
and 14465 start-stop cycles and 44 and 71 for overload cycles. 

Table 2: Results of FKM calculation 

 
 

4.3 Evaluation of the results 
For this example problem, with very high local stresses at the pole fixation, the FKM 
Guideline calculates for LC(II) (start-stop cycles) about 3 times higher allowable load cycles 
than the ASME Code considering elastic plastic material behavior. The reason for these 
differences can be explained by the more detailed consideration of the influencing factors by 
the FKM Guideline, as there are mean stress, surface roughness, dynamic notch effects and 
actual material data. 

For the overload case the applicability of the FKM Guideline is restricted. The application of 
the FKM Guideline is limited to load cycles higher than 104. Never the less the results are 
below the elastic analysis of the ASME Code. 

The comparison of elastic and elastic plastic analysis demonstrates the influence of an initial 
overload. The allowable start-stop cycles are increased by a factor of about 3.  

But in contrast the allowable overload cycles are significantly reduced. This shows that 
overloads with high local plastic deformations might increase the fatigue usage of the 
component significantly. 

 

5 Summary 
In the present paper the fatigue analysis according to ASME Code and FKM Guideline was 
described, using the example problem of the pole fixation of a motor generator with very high 
local stresses at the pole fixation. The influence of elastic plastic material behavior and initial 
overloads have been considered and compared with the results of a linear elastic analysis. 

The FKM Guideline can be used for the more detailed consideration of the influencing 
factors, as there are mean stress, surface roughness, dynamic notch effects and actual 
material data, but the application is limited to load cycles higher than 104. 

The ASME procedure can be used for elastic as well as elastic plastic material behavior and 
also for low cycle fatigue (LCF) loadings. For this example problem the fatigue assessment 

Material 
behavior

Rz S allowabel load cycle

mm - Overload Start/Stopp

elastic polished 1.5 55 11701

elastic 50 1.5 47 9643

elastic 200 1.5 44 8938

elastic 50 1.0 71 14465

elastic 200 1.0 66 13407
S = Safety Factor, Rz = Roughness 
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acc. to the ASME procedure is more conservative the FKM assessment. But this is not 
generally the case. Other examples show also opposite results. 

The elastic plastic analysis shows that one initial overload increases the allowable number of 
subsequent normal operation loads. But repeated overload cycles with high local plastic 
deformations might reduce the fatigue life significantly.  

 

6 Literature 
[1] 2010 ASME Boiler & Pressure Vessel Code, Section III, Division 1 – NH. 

[2] 2011 ASME Boiler & Pressure Vessel Code, Section VIII. 

[3] FKM-Richtlinie: Rechnerischer Festigkeitsnachweis für Maschinenbauteile aus Stahl, 
Eisenguss- und Aluminiumwersktoffen, 5. erweiterte Ausgabe 2003. 
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Abstract
Double regulated axial runners, like in Kaplan units and bulb turbines, feature a runner
mechanism which regulates the blade opening angle. During operation, this regulation is
inevitable to guarantee high efficiency for all heads and discharges. As most of the old
Kaplan units were designed for flow regulation (i.e. level control in run-of-river plants), the
runner mechanism was originally not subject to high cycle fatigue and therefore designed for
static loading. Due to new grid regulations there is an increasing demand for primary
controlled power stations which would mean much more frequent regulation; hence parts
within the units will be subject to high cycle fatigue.

In this specific example, a runner mechanism of a Kaplan turbine is analysed in terms of
fatigue loading. The goal of the analysis is to ensure the mechanical integrity of partially old
parts (more than 70 years in operation) and to define measures to make the mechanism fit to
withstand high cycle fatigue.

Two out of six analysed parts (piston, lever, link, pins, hinge and adjusting crosspiece) show
stresses above the endurance limit. It can be shown, that with relatively simple measures the
stresses can be decreased and safe operation of the runner mechanism can be achieved.

1 Introduction / Motivation
Old Kaplan machines were often not designed for high cycle fatigue as they were subject
only to static loading. This was true since the number of cycles was low due to flow
regulation. If a mechanism which was not designed for high cycle fatigue is subject to too
many cycles, rupture due to fatigue can occur. The number of cycles as well as the loading
conditions have a direct influence on the life time of the internal components of the runner
mechanism as demonstrated in [1]. As a matter of fact, old designs often show sharp edges
or too small radii which lead to stresses above the fatigue endurance limit.

In the course of a rehabilitation of the unit, the runner mechanism is analysed and according
measures are identified in order to make the runner fit for high cycle fatigue. A design which
suits the fatigue endurance limit allows a free choice of cycle number. As the trend is towards
primary controlled units, in future much more cycles can be present than today [2]. Such an
operating scheme is according to the need of the electricity market from today and tomorrow.

Figure 1-2 shows the hub including the runner blades which contain the runner mechanism.
The servo motor transfers the oil differential pressure to a force onto the piston which then
lifts / lowers the adjusting crosspiece in axial direction. The axial movement is converted into
a rotation of the blades by means of the link and lever. The functional principle is depicted in
Figure 1-1.

Figure 1-1: Functional principle of runner mechanism
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Figure 1-2: Labelling of components

The following parts of the runner mechanism are analysed (see Figure 1-2):

 Lever (cast steel)

 Link (steel)

 Pin (steel)

 Hinge (steel)

 Adjusting crosspiece (cast steel)

 Piston (steel)

The analysis is performed using the commercial software code ANSYS [3]. Quadratic
elements, SOLID 185 and SOLID 187 are used.

The examined unit shows the following characteristics:

 Maximum power P: 22.05 MW

 Maximum head H: 9.8m

 Runner diameter D1: 6450mm

2 Proceeding
As in the course of rehabilitation the blades will be exchanged, two sets of analyses are
carried out: the analysis of the “current design” shall identify parts of the runner mechanism
which have had seen stress amplitudes higher than the fatigue endurance limit. This gives a
basis for the inspection during refurbishment and further treatment of the parts. The analysis
of the “2013 design” (with new blades) shall identify the health of the mechanism in terms of
high cycle fatigue and define, if necessary, according measures which then leads to the
“Modified 2013 design”.

The two sets of analyses vary not only in different blades but also, due to changed hydraulic
behaviour of the unit, in different loads. Also, slight modifications on the runner mechanism
will be performed for the “2013 design” as an additional anti-twist device is introduced (see
Figure 2-1). The anti-twist device prevents the adjusting crosspiece from rotation when the
blade angle is adjusted.

In this document, only results from the “2013 design” and the “Modified 2013 design” will be
discussed.
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Table 2-1: Description of designs

Current Design 2013 Design Modified 2013 Design

Design as it has been in

operation since the 1940ies.

The link and the pins were

exchanged in the meantime.

The blades will be exchanged.

Hence new load conditions are

present. Also, an additional

anti-twist device will be

installed.

Design which includes

modifications based on the

present life time analysis.

Figure 2-1: Anti-twist device

3 Assessment for fatigue strength

It is decided, that the fatigue assessment shall be based on the FKM guideline [4]. Using an
approach like the FKM guideline takes into account various parameters as for example the
mean stress, notch factors, size and surface influences. This allows the evaluation of an
individual fatigue endurance limit for every part at every location.

There is a direct link between the ultimate strength and the fatigue endurance limit of the
material. This ratio can be found in literature for different materials and load conditions, i.e.
[5] and [6]. Comparing these values with the ones derived using the FKM guideline, a good
agreement can be found.

As the mechanism is submerged in oil, no corrosion is present; hence fatigue curves for air
are used. This proceeding is justified as [7] states that the fatigue endurance limit can be
slightly higher for parts bathed in oil than in air due to air humidity.

The design fatigue curve is created by taking into account the mean stress, reduction factors
(surface roughness, surface influence, size effect, reinforcement factor) as well as safety
factors (see Figure 3-1). For the safety factors the values 1.5 for steel and 2.1 for cast
material are chosen. According to FKM guideline this corresponds to “severe consequences
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of failure” with “no regular inspection”. The fatigue endurance limit is calculated for every part
at its highest loaded location.

Figure 3-1: Fatigue curve

The degree of utilisation is then calculated for every part in dependence of the governing
parameters such as mean stress, stress amplitude and material properties / finish. The
degree of utilisation is the ratio between the occurring stress amplitude and the fatigue
endurance limit divided by the safety factor. In order to do that, the design fatigue curve
including reduction and safety factors is used. A degree of utilisation of 1 means that still the
entire safety factor is present.

4 Load case
The governing load case is defined as to overcome the friction band of the mechanism as
depicted in Figure 4-1. This means, that before the blades start to rotate, a certain amount of
rotating torque is used to overcome the friction within the mechanism. This amount is called

friction band. The loading of the
mechanism depends on the opening
angle as the width of the friction band
slightly varies over the operating range.
As the stresses within the parts will also
depend on the opening angle (due to
geometric reasons), different load cases
at different opening angles and heads
are defined in order to cover the worst
case. For the assessment of the fatigue
endurance limit, the mean stress as well
as the amplitude are of importance. The
mean stress is directly dependant from
the absolute position of the friction band
whilst the amplitude stands in
correlation with the width of the band.
This results in having a separate FE
model for each blade angle.

Figure 4-1: Runner blade torque over runner blade opening angle
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The hydraulic loads are based on similar model runner tests which were adapted to the final
design using CFD.

The analysis is set up in different load steps in order to take into account sequence effects
and also to ease the convergence process. As a first step only contact definitions are active
while for next steps bolt pre-tension, centrifugal and gravity forces and finally hydraulic
torque and forces are subsequently applied.

5 Calculation model
As mentioned above, the entire model including hub, blades and runner mechanism is taken
into account for the analysis (see Figure 5-1). Due to a non-symmetric adjusting crosspiece,
no cyclic symmetry could be used. The connection between the parts of the mechanism is
realised by means of contact definitions. Since there are four identical mechanisms inside
the hub, only one mechanism consists of a fine mesh. The other three mechanisms were
meshed coarsely which is sufficient if only the forced deformations are of interest. Also, non-
linear contacts are introduced only to the finely meshed mechanism whilst the others are
modelled with linear contact definitions. This approach saves time and eases the
convergence process noticeably. Due to the small movements the errors are considered as
negligible.

The adjusting crosspiece and the piston are connected by a pre-stressed bolt which is
implemented by the bolt pre-tension function of ANSYS. The connection of the adjusting
crosspiece and the hinge is realised in a similar manner.

Figure 5-1: Calculation Model

6 Results
As mentioned before only the results of the “2013 design” and the “Modified 2013 design” will
be presented. Section 6.1 shows the results of the “2013 design” (no measures introduced
so far). Section 6.2 identifies according measures and presents the “Modified 2013 design”
as it will be implemented. Results will be shown for degrees of utilisation.
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6.1 Results for “2013 Design”
Figure 6-1 shows the global deformation (enlarged) of the entire mechanism. The
deformation includes gravitational, centrifugal and hydraulic forces as well as the piston
force.

Figure 6-1: Global deformation

Figure 6-1 shows clearly that by modelling the entire mechanism and connecting the parts by
means of non-linear friction contacts, forced deformations are introduced. For example, the
adjusting crosspiece is loaded in the middle by the piston and held at its four corners by the
hinges. Hence a slight deflection of the adjusting crosspiece arises which leads to a pre-
deformed and –stressed hinge. This leads to a relative motion between the parts as can be
seen between the pin and the link.

The degree of utilisation is calculated for all six parts, see Table 6-1. The piston as well as
the adjusting crosspiece show degrees of utilisation above 1 which means that the required
safety factor cannot be met for the fatigue endurance limit.

Table 6-1: Degree of utilisation for “2013 design”

Part Maximum degree of utilisation at critical location

Lever 0.98

Link 0.48

Pin 0.60

Hinge 0.61

Adjusting crosspiece R1=3.63;R2=1.32; R3=1.49

Piston 1.09

6.2 Measures and results for “Modified 2013 Design”
As mentioned above, the mechanism was originally designed for static loading as not many
cycles were present for flow regulation. A too high degree of utilisation is present at locations
were the radius is too small. By enlarging the radius, the stress can be reduced substantially
and degrees of utilisation below 1 can be achieved.
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6.2.1 Adjusting crosspiece
The adjusting crosspiece shows three radii (R1, R2 and R3) which are relatively small as
seen in Figure 6-2. As these radii are located close to the flux of force, they are predestined
for high stresses and therefore high degree of utilisation. The values can be brought down by
enlarging the radii.

Figure 6-2: Critical radii of adjusting crosspiece

Whilst R3 is simply enlarged, R1 and R2 are combined to one large radius R in order to
decrease the high degree of utilisation of 3.63 to below 1 (see Figure 6-3). The radius is
enlarged such, that the degree of utilisation is just below 1 as it is recommended not to
remove more material than necessary. Also, having a degree of utilisation close to 1, means
that the entire safety factor is present.

Figure 6-3: Combining of R1 and R2 to one large radius. Degree of utilisation decreased
from 3.63 to 0.99
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6.2.2 Piston
At one location the piston shows a degree of utilisation slightly too high. By enlarging the
radius, the degree of utilisation can be brought down from 1.09 to 0.87.

During an undefined period of time, high stresses were introduced to the piston due to lack of
pre-tension between the piston and the adjusting crosspiece. For the “2013 design” the pre-
tension is realised using super bolts. This will prevent any loosening of the bolts. Lack of pre-
tension led to a degree of utilisation above 1 for some critical locations at the piston. With the
new blades and the correct pre-tension (“2013 design”), the degree of utilisation is now
below 1 for these locations. This would mean at first hand that no measures have to be taken
for these locations. But in order to get rid of the potentially pre-damaged surface, a thin layer
of material will be removed at these locations.

7 Summary and conclusion
By means of a non-linear analysis, the runner mechanism was analysed in terms of fatigue
loading. Different load cases for different opening angles were considered in order to cover
the worst case.

It could be shown that by using an entire model, stresses due to forced deformation of the
parts within the runner mechanisms are considered as well. By doing so, the degree of
utilisation of every part within the mechanism could be analysed in an accurate manner.
Further analyses have shown that by analysing the parts separately, partially too
conservative values are derived. Especially since this analysis serves as basis for the
modifications (“Modified 2013 design”), it is of importance that not too pessimistic values are
calculated. This helps to prevent any unnecessary measures.

The degree of utilisation was calculated for all critical parts and measures for locations with a
degree of utilisation above 1 were defined. In all cases the reason for a degree of utilisation
above 1 was a too small radius. It could be shown that with relatively simple measures the
runner mechanism can be made fit for high cycle fatigue, i.e. primary control. By simply
enlarging the corresponding radii the degree of utilisation could be decreased to below 1.

The table below summarises the degree of utilisation for the critical parts for the “2013
design” and the “Modified 2013 design”

Table 7-1: Degree of utilisation; “2013 design” and “Modified 2013 design”

Part Maximum degree of utilisation

2013 design Modified 2013 design

Lever 0.98 0.41

Adjusting crosspiece R1 = 3.63; R2 = 1.32; R3 = 1.49 R1 – R3 = 0.99

Piston 1.09 0.87

236



References

[1] Carlos Alberto Dias Costa, Renato J. Baccili Castilho, Wilson Takao, Wanderley Silva:
Kaplan Runners, discussing a case of internal mechanism fracture and proposal for
predictive monitoring, HydroVision, Sacramento Convention Centre, CA USA, July 19-
22, 2011

[2] Wurm, E., Benda, S.: Praktikerkonferenz Wasserkraft. Lebensdauer von Laufradteilen
bei unterschiedlichen Betriebsarten von Kaplanturbinen, ANDRITZ HYDRO , Verbund
Hydro Power AG, Graz, 22.09.2011

[3] ANSYS Workbench User’s Guide, release 13.0, November 2010
[4] FKM – Richtlinie, Rechnerischer Festigkeitsnachweis für Maschinenbauteile, 5.,

erweiterte Ausgabe 2003, VDMA Verlag
[5] Wellinger, K., Dietmann, H.: Festigkeitsberechnung. Grundlagen und Technische

Anwendungen, 3., erweiterte Auflage, Kröner, Stuttgart 1976
[6] Niemann, G.: Maschinenelemente. Bd. I, 2. Neubearb. Aufl., Springer, Berlin,

Heidelberg, New York 1975
[7] Günther, W.: Schwingfestigkeit, 1. Auflage, VEB Deutscher Verlag für

Grundstoffindustrie, Leipzig 1973

237



From conventional to renewable power plants – any lesson to be 
learnt? 

Dipl. Ing. Ute Hartfil 

RWE Innogy GmbH 

38th MPA-Seminar 
October 1 and 2, 2012 in Stuttgart 

 
 

 

 

 

238



Abstract 
RWE Innogy GmbH is still a young company within the RWE Group with a main focus on 
renewable energies. The company's strategy rests on the four core technologies of wind 
onshore, wind offshore, biomass and hydropower and aims to reach a share at least 20% by 
2020 of renewable energies in RWE's generation mix. Large-scale projects with investments 
similar to those in conventional power plants have to be realised in order to achieve this aim. 
The experience we have gained with the planning and erection of power plant facilities will 
help us meet the challenges of large-scale projects. On the other hand, we have to meet the 
specific requirements of the individual projects, especially in wind offshore.  

Meeting the statutory requirements and complying with the applicable rules and regulations 
are mandatory in our wind offshore projects in order to obtain the certification for our wind 
farms in the end. The manufacture of the individual parts, components and subassemblies is 
similar to other large-scale projects in the RWE Group with respect to manufacturing 
processes and control as well as potential problems. The installation of the wind power 
systems and the subsequent operation as well as the performance of in-service inspections 
and recurrent tests of wind power plants constitute a very wide range of tasks, problems, 
risks and challenges which have to be resolved and managed. In these areas, we do not 
have decades of experience which the RWE Group can draw on when it comes to 
conventional power plants.  

 

1 Introduction / Motivation 
RWE Innogy is RWE's operating company for renewable energies. Founded in February 
2008, RWE Innogy pools the activities of the Group in this area. With all our know-how and 
our wide-ranging expertise, we operate as an independent company aligned with the 
requirements of the market. RWE Innogy plans, erects and operates plants with the aim of 
generating profits from green power and improving the carbon footprint of the Group. 

Being a competence centre for renewable energies, RWE Innogy is focussed on 
technologies that have reached or are about to reach commercial maturity. The portfolio 
comprises onshore and offshore wind farms as well as biomass-fuelled plants and 
hydroelectric power stations. 

RWE Innogy is also looking ahead and keeps advancing the development of new 
technologies. In doing so, RWE Innogy does not confine itself to applied research and 
development. RWE Innogy also plans and operates facilities using new technologies, such 
biogas facilities or solar thermal power plants. 

RWE Innogy has a particularly strong presence in its home market of Germany, followed by 
the United Kingdom, Spain, Poland and the Netherlands. 

 

 

Figure 1: Business Areas 

 

In all business areas, projects are carried out which are similar to the conventional power 
plant sector of RWE Power. Wind offshore projects are a particular challenge for us.  
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2 Full Description  
The construction of a power plant is subject to statutory requirements and has to comply with 
the pertinent technical rules, standards and directives. Moreover, operators describe their 
collected experience in technical specifications. Any unclear specifications in the product 
and/or supply standards or requirements missing altogether are defined in technical 
specifications or are described by way of additional standards. This baseline situation is the 
same for all power plant projects of RWE. 

Table 1 shows some of the requirements to be met in a comparison of power plant projects 
selected – conventional and wind offshore. 

 Conventional power plant 

construction 

Wind Offshore 

Statutory 

requirements 

German Federal Immission Control 

Act 

(Bundesimmissions-schutzgesetz) 

German Act on the Safety of 

Appliances 

(Gerätesicherheitsgesetz) 

German Offshore 

Installations Ordinance 

(SeeAnlV) 

Standards/ 

directives  

Pressure Equipment Directive 

Machinery Directive 

Industrial Safety Ordinance 

Harmonised product standards 

.. 

German Federal Maritime 

and Hydrographic Agency 

(BSH) 

GL Guidelines 

Machinery Directive 

DNV Offshore 

IEC.. 

Specifications Technical specifications Technical specifications 

Table 1: Comparison of requirements for power plant projects 

 

A clearly structured project organisation with defined roles and responsibilities is in place for 
projects. This is required if the projects are to be brought to a successful conclusion (budget, 
schedule, quality) applying identical project management specifications. 

The aims of conventional power plants and RWE Innogy's wind offshore projects are pretty 
much the same: Erection of a safe plant with operations as smooth as possible during the 
defined lifetime. Quality assurance is thus of major importance in the offshore business, too. 

Like under other large-scale projects, contracts are currently awarded on a component 
and/or service-specific basis in wind offshore projects.  
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The key components in wind offshore projects essentially include: 

- Offshore substation (HVS) 

- Wind turbine generator (WTG) 

- WTG foundation 

- Meteorological mast (if necessary) 

- Inter-array cable / export cable   

 

Moreover, a number of support services are required, such as  

- harbour lease and port services 

- certification 

- surveillance / monitoring during manufacture and installation 

- operation & maintenance (O&M) 

- wind farm management system 

- logistics and construction. 

 

The individual parts and components are manufactured and assembled at many production 
sites in Germany, Europe and to some extent even outside Europe. The same holds true for 
the assembly of the key components. From an operator's point of view, it has to be ensured 
that the specified requirements are met for the products and components. This is imperative 
in order to obtain eventually the certificate of the certification company as well as the permit 
to operate the offshore wind farm.  

Different stages of a jacket manufacturing process are shown in pictures 2 to 4 of an 
example. The jacket is the foundation structure of a wind power system. The dimensions and 
widths are indeed impressive and challenging at the same time. The production planning, 
manufacturing sequence and logistics have to be well thought out, planned and implemented  
down to the smallest manufacturing and/or transportation step. 
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Figure 2: Jacket structure                                         Figure 3: Transition Piece (TP) 

 

Figure 4: Project NSO – Jacket sail out 

 

Once manufactured, some components are delivered to an onshore site for partial or 
complete preassembly. This is aimed at reducing the remaining offshore activities to a 
minimum. The degree of assembly is determined by the installation concept, the capabilities 
of the installation equipment (e.g. vessel, devices, tools), the dimensions of the individual 
components and the port (e.g. entrance and exit). 
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Figure 5: Project Thornton Bank 2 - Hub and Blade assembled 

 

The installation of wind power systems, foundations and the substation as well the laying of 
cables pose the biggest challenge to be met. Compliance with the industrial safety 
requirements applicable to the offshore sector are in the focus here. The weather cannot be 
controlled which may lead to more difficult conditions and delays in the installation process. 
The offshore activities cannot be carried out under every weather conditions. 

 

 

Figure 6: Example - Wind Offshore Project Thornton Bank 2&3 - installation of wind power 
system 

 

Once the wind power systems have been installed, the plant is put into service. 

 

The immediate environment of the site, i.e. the open sea, already creates a difficult situation 
for the operation and maintenance of wind offshore plants. The personnel has to be 

Technical Data 
Project name: 

 Thonton Bank 1, 2 and 3 

Status: 

 Thornton Bank 1 – operational 

 Thornton Bank 2, 3 – under construction 

Capacity: 

 330 MW 

RWE share: 

 89 MW 

243



transferred to the plant irrespective of the reason for a necessary job on a wind power 
system. Pictures 7 and 8 show two relevant options. 

   

Figure 7: Transfer with boat        Figure 8: Transfer with helicopter 

 

All activities during operation and for the maintenance of offshore wind power systems have 
to be carefully planned taking account of the difficult environmental conditions. It is obvious 
that these environmental conditions constitute a major cost factor for O&M. The requirements 
for safety and the qualification/training of the personnel are enormous and must not be 
underestimated. Strict attention is paid to compliance with all the relevant requirements and 
standards. 

3 Summary and conclusion 
Many requirements for a wind offshore project can be compared with other large-scale 
projects. RWE Innogy should benefit from the experience available at RWE. The special 
requirements and challenges we are facing with our wind offshore projects have to be 
mastered successfully. To this end, the individual issues have to be analysed and the 
offshore-specific requirements have to be duly taken into account. Staff must be adequately 
qualified and trained.  

The decades of experience, which is already available for conventional power plant 
construction and from the operation of the plants, have to be collected in the offshore wind 
sector in the years ahead. This experience will help RWE Innogy professionalise the project 
business and optimise the operation and maintenance of the plants. 
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Abstract 
In the following paper new methods are demonstrated with these it is possible on the one 
hand to permit higher allowable bolt forces and on the other hand to determine the relaxation 
of bolt forces for flange joints made of glass fiber reinforced polymers (GRP). In the chemical 
industry flange joints made of GRP are applied especially because of the lower weight and 
their good chemical resistance against aggressive media. 

1 Motivation 
The motivation for this work is the need for a tightness proof and a strength test for flange 
joints made of GRP.  

Currently there is no information available about allowable bolt forces for flange joints of 
GRP. Due to that fact the same design used for flanges made of steel is used with the aid of 
reduction ratios. In established engineer standards there is also no difference in calculation 
for loose flanges and integral flanges or a proposal for the calculation of the occurrent loss of 
bolt force. 

2 Full Description  
 

  

Figure 1: Left: Loose flange system with PTFE gasket; Right: influencing factors on a flange 
joint 

A flange system (e.g. a loose flange system, Figure 1) consists of two collars, two loose 
flanges and a gasket between them forming the required sealing system. The difficulty for a 
save operation consists in conducting of an exact design especially for flange joints made of 
GRP. If the bolt force during assembly is high, the flange joint is tight, so the leakage rate is 
small. But because of the smaller allowable bolt range compared to flanges made of steel, 
the joint can be overloaded faster. If the bolt force is too small the mechanical strength of the 
GRP flanges is not compromised but the joint becomes untight more easily with time. So for 
a save operation a strength test and a tightness proof are needed. To determine the 
allowable bolt forces for a flange joint made of GRP, compression tests on loose flanges, 
collars and integral flanges were conducted. In the two pictures below (Figure 2) the tests on 
loose flanges are shown. For testing the flanges independently from the other parts of the 
joint, a metal plate as a replacement for the GRP collar was used with the same dimensions. 
The tests were conducted with five different nominal diameters, DN 50, DN 65, DN 100, DN 
150, DN 250, all made of SMC. The flanges were tested in the press machine until failure. 
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The load transmission was implemented with separated bolt heads, so it was possible to test 
under realistic conditions. 

 

 

Figure 2: Left: scheme of a test; right: a loose flange after testing with cracks at the washer 

In Figure 3 are the measured values. The axial stress is plotted above the Nominal Diameter. 
The axial stress is used so the comparability between the different Diameters is given, 
because the breaking strength is related to a standardized pressed sealing surface. 

 

 

Figure 3: Results of the conducted compressions tests on loose flanges 

For the flange with the smallest diameter of DN 50 the lowest axial stress at failure is 24 MPa 
at room temperature. A decrease of the maximum bearable axial stress can be observed at a 
temperature of 80 °C about 20 to 33 %, so the value falls to 19 MPa.  

The scheme of compression tests on collars of SMC and a collar after testing are shown in 
Figure 5. For inserting the bending moment a tipping device was used (Figure 4). It consists 
of a ring with pins put in it and flexible segments above.  
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Figure 4: Tipping device, with pins and flexible segments 

 

 

 

 

 

 

Figure 5, scheme of test, left; right: a collar after testing with cracks in the radius 

 

Figure 6: Results of the conducted compression tests on collars 

press 
machine 
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As shown in Figure 6 in contrast to the loose flanges the collar with the highest diameter (DN 
250) fails at the lowest bearable axial stress of 37 MPa, respectively 31 MPa under 
temperature. 

In addition to the determination of the allowable bolt forces the crush tests offer the possibility 
to identify the weaker component by comparing the results of collars and loose flanges. For 
this material the loose flange is only for small Diameters until DN 100 the load limiting 
component. From Nominal Diameter of DN 150 the maximum bearable axial stresses of 
collars and loose flanges converge. So for components of higher Diameters both, collar and 
loose flange, have to be tested. 

 

Reverting to AD 2000- Merkblatt N1 (a directive for pressure vessels made of glass fiber 
reinforced polymers) [1] the allowable bolt forces can be determined. They are defined as: 

 

Fallow= Fmax/ S 

 

S results from the safety against rupture (2.0) multiplicated with reduction ratios: 

 

 A1: creep rupture behaviour: 2.0 

 A2: atmospheric conditions: 1.2 

 A3: variation and inhomogeneities: 1.4 

 A4: influence of temperature: 1.4 

 

The total reduction ratio factor is 8.064 
 

With regard to that rather high safety factor, the tightness with time cannot be warranted, 
because of too much bolt relaxation, but if certificated by testing it is possible to reduce this 
factor, which is discussed in the following: 

The reduction ratio for creep rupture behavior (A1) could be set to 1, because this factor was 
implemented under the assumption that a constant load by a bolt force leads to a decrease 
of strength. In reality there is a decrease of bolt force by relaxation of the flanges within 
operating time so tightness cannot be ensured. So creep rapture behavior must taken into 
account for the tightness proof.  

If the coating is intact the reduction ratio for atmospheric conditions (A2) can also be set to 1. 

By testing a sufficient number of samples the reduction ratio for variation and inhomogenities 
(A3) can be set to 1.  

At least the reduction ratio for temperature (A4) can be set to 1 if samples were tested under 
service temperature. 

 

The factor that remains is the factor against rupture (2). For studing if this safety factor is 
enough, we determined the elastic ranges of the conducted crush tests at room temperature 
(Figure 7).  
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Figure 7: Example of a measured compression curve of a loose flange DN 50 (SMC) 

 

The limit for the axial stress values is the end of the elastic range. The results are plotted in a 
diagram: 

 

 

Figure 8: Analysis of the elastic ranges of loose flanges 

 

 

By comparing the end of the elastic range and the axial stress at safety against rupture 2 
(Figure 8), it gets obvious, that a maximum utilization is reached by taking a safety factor 
against rupture of 2.  
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Figure 9: Analysis of the elastic ranges of collars 

For the conducted tests on collars the elastic range is exceeded for DN 100 and DN 250 by 
using a safety factor against rupture of 2 (red circles, Figure 9). In this case, the useful elastic 
range is small compared to the high breaking strength. For this material a safety factor of 2 is 
not enough. 

A possibility for determining an appropriate safety factor could be to calculate the ratio of 
breaking strength and elastic range of the conducted compression tests. 

For the investigated collars and loose flanges a safety factor of 4 would be sufficient. But this 
has to be determined in individual cases and in dependence of the used materials.  

 

For the chemical industry the TA- Luft- Technische Anleitung zur Reinhaltung der Luft- is 
valid [3] and specifies a Leakage rate of 1 *10 ^-4 mbarl/sm at 1 bar atmospheric pressure. 
This means that a DN 50 loose flange joint under 16 bar pressure is technical tight if a 
leakage rate of 1.6*10^-3 mbarl/sm isn’t exceeded. So a tightness proof was realized with a 
so called component test.  

 
 

Figure 10: DN 50 flange joint tightened with a PFTE gasket; bolt relaxation measured with 
strain gauges applied to the four bolts  
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The minimum surface pressure of the used PTFE gasket in compliance with TA Luft was 
determined to 2.5 MPa according to DIN EN 13555 [2] with a compression test. So the axial 
stress of the whole flange joint may not fall below this value. 

For the component test (Figure 10), the whole flange joint was tightened with a bolt force of 
40 kN (that correlates to an axial stress of 7.5 MPa), then put in a oven, heated with a 
temperature of 80 °C and cooled down after 140 h. Then tightened a second time and after a 
further time of 200 h of heating cooled down to room temperature again. 

 

 

Figure 11: Time dependent behavior of the relaxation bolt force of a DN 50 flange joint 
(SMC) 

For an evaluation of the measured curve (Figure 11), it must be considered, that the test was 
conducted without internal pressure, but pressure leads to an unloading of the gasket. For a 
flange joint of DN 50 the calculated decrease of the gasket stress is 1.7 MPa. Either the 
curve has to be scaled down by this amount or the limit for the TA Luft criterion can be 
scaled up by 1.7 MPa. For determining a time limit, when the minimum surface pressure falls 
below the TA- Luft criterion, the calculated value is here for simplicity added to the minimum 
of 2.5 MPa. So the new limit is 4.2 MPa. (The bolt force increasing by internal pressure is 
neglected in this diagram because this approach is already conservative and the difference 
between FS1 (bolt force without internal pressure) and FSB (bolt force with internal pressure) is 
small, seen in Figure 14). 

Now it gets obvious, that the axial stress (green curve) falls below this limit after short time. A 
second tightening is necessary so the TA- Luft criterion can be maintained in service.  

For a determination of the gasket load and the bolt force in operation a load deflection 
diagram is helpful. For this the stiffnesses of the single components are needed. These 
values are obtained from the conducted compression tests. The stiffness is defined as the 
gradient in linear range (Figure 12). In the table attached are the single stiffnesses for the 
loose flange and the collar DN 50 (SMC) for room temperature and 80 °C. For creating the 
load deflection diagram the total stiffness is used, which is defined as the sum of the 
reciprocal single stiffnesses values. For the proof, that these single values may be put for the 
total stiffness, a crush test in the press machine was conducted with a whole flange joint 
including the PTFE gasket. This test was made with different materials, but all of Nominal 
diameter of DN 50. In the picture two loose flanges made of BMC and two collars hand 
laminated are shown (Figure 13). 
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Figure 12: Determination of the stiffness from the measured compression tests (SMC) 

 

 

Figure 13: Whole flange joint DN 50 with a PTFE gasket (loose flanges made of BMC, collars 
hand laminate) after testing 

 

Room
temperature

Loose
flange
(BMC)
measured

collar
(Handlaminated)
measured

Gasket
(PTFE)

Total stiffness
Calculated from
single stiffness

Total stiffness
measured

Stiffness
[kN/mm]

150 766 400 54 55

Room
temperature

Loose
flange
(BMC)
measured

collar
(Handlaminated)
measured

Gasket
(PTFE)

Total stiffness
Calculated from
single stiffness

Total stiffness
measured

Stiffness
[kN/mm]

150 766 400 54 55

 

Table 1: Measured and calculated values of the component stiffnesses   

In table 1 the measured single stiffnesses of the loose flange, the collar and the gasket are 
listed. The total stiffness that results from the measured single stiffnesses is 54 kN/mm. The 
measured total stiffness obtained from the crush test of the whole flange joint is 55 kN/mm.  
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This shows the correctness of the approach. Now all values are available for generating the 
load deflection diagram (Figure 14). 

According to DIN EN 13555 for gaskets the residual axial stress (value of 3.8 MPa, taken 
from the component test) after 4h is used, that correlates to a bolt force of 20 kN (FS1).  

The bolt force in service that results after generating the diagram under a pressure of 16 bar 
is 20.5 kN (FSB) and the gasket load is 12.3 kN (FDB)  

H includes the loss of displacement of the gasket, the flanges and collars caused by 
relaxation.  

M is the whole axial displacement of all components after tightening with 40 kN (FS0) of bolt 
force 

FPi is the internal pressure force 

CS/L/B is the total stiffness of the flanges, collars and the bolts, CD the stiffness of the PTFE 
gasket, which are integrated as the gradients of the straight lines 

 

It's remarkable that the bolt force decreases within only 4h at a temperature of 80°C by 
nearly one half. This can be explained by the considerable loss of axial displacement H, 
which is caused basically by creep and relaxation processes in the GRP material. This 
shows the importance of the knowledge of the mechanical behavior of flange joints made of 
GRP, therefore this joints can be operated in a safe manner. 

 

 

 

 

 

Figure 14: Load deflection diagram of a DN 50 flange joint made of SMC with a PTFE- 
gasket  
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3 Summary and conclusion 
 

The aim of the study was to determine allowable bolt forces for flange joints made of GRP 
and to study the occurrent bolt relaxation, thereby obtained specific values can be influenced 
in a design.  

An experimental strength test and a tightness proof for testing flange joints made of GRP 
was presented. 

With crush tests on loose flanges and collars the allowable bolt forces can be determined 
and it could be shown, that the actually used safety factor of 8.064 is estimated to be too 
high, so the potential of the GRP is not utilized sufficiently.  

A proposal for reducing the reduction ratios was made, so it is possible to permit higher 
allowable bolt forces, thereby the occurrent bolt relaxation doesn't lead so quickly to a falling 
below the minimum surface pressure.  

The same approach can be applied for integral flanges, where the tipping device for inserting 
the bending moment can also be used in crush tests. 

With component tests the decrease of bolt relaxation can be measured. In form of a factor 
(equivalent to the PQR factor (the ratio of residual and initial gasket stress) it can be 
integrated in a design for example according to DIN 1591-1. Here is it necessary to take a 
value for the residual axial stress at a latest possible time point (for example by extrapolating 
the value) because the curve progression (Figure 11) has shown that the bolt relaxation after 
4h is not yet finished. 
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1 Abstract 
The present discussion on environmental impact leads to the need to reduce fugitive 
emissions in the processing industry. In Europe, the IPPC requires national governments to 
put standards - such as VDI-guideline 2290 [1] - into place that force plant operators to meet 
the best available techniques.  

In this study, an approach is presented, to estimate the effects of inhomogeneous gasket 
stresses, geometry changes and combinations of different gasket materials to improve the 
sealing performance and reduce fugitive emissions. Compression and leakage tests 
according to DIN EN 13555 [2] formed the basis to characterize the gasket pressure-closure 
behaviour and permeability of a homogeneous stressed sheet gasket material. Provided that 
linear pressure dependency is applicable, transporttheory according to heat conduction can 
be applied to calculate the effects of inhomogeneous gasket stress distribution or variation of 
gasket geometry such as gasket width.  

The method implies a two-stage procedure. In the first step, the local gasket stress 
distribution and thus the corresponding permeability in a flange connection is calculated. The 
local permeability is allocated for each element in terms of a unique material definition. 
Solving the steady state in the second step under inner and ambient pressure-constraint 
leads to the internal pressure distribution, the local leakage flow and the overall leak rate.  

The approach is applied and verified at an inhomogeneous stressed sheet gasket and 
enables us to predict the reduction in the leak rate by factor 3000 of a prestressed PTFE-
sheet gasket due to the decreased gasket width. 

A m² area 

l m gasket thickness 

m   g/(s m²) specific mass flow 

M   g/s mass flow   mass leakage rate 

p bar pressure 

RS J/(kgK) specific gas constant 

r/φ/z  cylindric coordinates 

V   mbarl/s volume leakage rate 

x/y/z  cartesian coordinates 

 ° flange rotation 

∆t s time interval 

σ N/mm² gasket stress 

 g/(m s bar) permeability 

   - nabla operator 
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2 Introduct ion 
In terms of optimization of gaskets, the gasket manufacturers apply measures to modify 
gaskets, like the reduction of effective gasket width, material combinations (rubber gasket 
with PTFE envelope) or kammprofile gaskets that enable to meet the leakage rate criterion of 
TA Luft [3] even at low bolt forces. 

The development of that kind of optimized gaskets is carried out by following well known 
patterns as well as by trial and error. There exists no procedure to calculate the benefit of 
using the above described techniques in terms of leakage behavior. In the past, work has 
been done to describe leakage on micro scale, using the association of an capillary tube, 
which is flowed through by a laminar flow, overlaid by diffusion process [4,5]. 

3 Objective 
In this work, a numeric approach to characterize leakage through gaskets is presented, that 
doesn’t account for micro scale effects like laminar flow through capillary but uses the 
measured leakage behavior of homogeneous stressed gaskets, to calculate the effects of 
inhomogeneous gasket stress distribution or geometric changes to the leakage rate of flat 
gaskets. The leakage behavior of a flat gasket is achieved by gasket testing according to DIN 
EN 13555. The basic assumption to model leakage through gaskets is shown in figure 1.  

The leakage through a one-dimensional porous media with homogeneous properties, 
subjected to a pressure difference will lead to a linear pressure drop inside the porous media. 
This continuum-mechanic approach can be described by transport equation. 

 

Fig.1: Pressure profile inside a one-dimensional flowed through  
porous media with constant permeability 

If the mass flow M  through the porous media is linear dependent on the pressure gradient, 
the mass flow can be derived from Eq. (1). 
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Whereby  represents the material property in terms of permeability. If x approaches zero, 
Eq.(1) can be rewritten in differential form accordingly Eq.(2). 
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Real flange connections are usually built in three dimensions, so that the formulation of 
Eq.(2) has to be transferred to the three dimensional representative volume-element shown 
in figure 2.  
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Fig.2: differential volume element 

Balancing the mass flow during the time interval t leads to Eq.(3). 

tM
dt

dM
V  

  (3) 

Carrying out the Taylor expansion as well in the y- and z-direction and applying Eq.(2), the 
stationary mass flow in association with a constant pressure distribution follows Eq.(4): 
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in equivalence to Eq.(5): 

02  p  (5) 

See [6] for more mathematical background information. The flat gasket in a flange 
connection corresponds to a flowed through hollow cylinder with inner diameter di, outer 
diameter da und length l. Therefore, the formulation of the directional derivative in cylindric 
coordinates is applicable accordingly to Eq.(6), written in cylindric coordinates with r (radius), 
 (perimeter) and z (height):  
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Solving Eq.(6) under the boundary conditions (constant inner and outer pressure and 
homogeneous permeability) shown in figure 3, the radial pressure distribution in a flat gasket 
correlates to Eq.(7) 
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with the local mass flow density m  accordingly Eq.(8). 
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Fig. 3: Boundary condition of an flowed through sheet  
gasket with homogenous properties  

Integration of Eq.(8) about the surface area leads to Eq.(9), the global leakage rate of a 
homogenous stressed sheet gasket.  
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Eq.(9) describes the dependency of the mass flow of a homogeneous stressed sheet gasket 
from the gasket dimensions, the permeability and the inner pressure. This relationship is 
suitable for linear pressure dependency of the leakage rate. 

In reverse, the permeability can be evaluated from the results of the leakage test according 
to DIN EN 13555, since the gasket is subjected to a uniform compression and therefore a 
constant gasket stress. The relationship between mass leakage and volume leakage at room 
temperature is given by Eq.(10). 

KRMV S 293  . (10) 

4 Numeric Approach 
The scope of this work is to characterize the leakage behavior of inhomogeneous stressed 
gaskets, material combinations and geometric changes of the gaskets. Since this cannot be 
done analytically, the derived approach leads to a two stage numeric approach, which 
considers the local permeability of inhomogeneous stressed gaskets. 

Designing flange connections, finite element method comes more and more into play. The 
FE-software ANSYS provides a material model, which accounts for the specific non-linear 
pressure-closure behaviour of gasket materials 

The pressure-closure dependency is determined by the gasket test procedure according to 
DIN EN 13555. Thus, the local gasket stress distribution in a flange connection is calculated 
in the first step for each service condition in a structural analysis. The relationship between 
the local gasket stress and the local permeability is provided from the results of the leakage 
test procedure in DIN EN 13555, where a flat gasket is subjected to a homogeneous gasket 
stress. The local permeability derived from the measurement according to Eq.(11) is 
assigned to every element with respect to its local stress according to the structural analysis: 
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In the second step, the pressure distribution inside the gasket and the overall leakage rate is 
calculated by applying the boundary conditions according to figure 3 and solving the steady 
state. Since the presented formulation refers to the physics of heat conduction, the element-
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formulation for thermal analysis is used, replacing heat by mass and temperature by 
pressure. In figure 4, the two step approach is illustrated schematically.  

Carrying out the presented approach enables to 

 model the axial force due to the pressure distribution inside the gasket in the 
structural analysis.  

 predict the quantitative effect of flange rotation to the global leakage, caused by the 
inhomogeneous gasket stress distribution. 

 optimize the gasket dimensions in terms of leakage behaviour. 

 conduct a realistic tightness proof for flange connections, using finite elements. 

With the following restrictions: 

 The pressure dependency of the leakage rate is assumed to be linear. 

 Using the pre-defined material model to calculate the pressure-closure behaviour of 
gaskets, the underlying element formulation is defined to be one-dimensional. 
Complex gasket geometries, which are subjected to multiaxial loading, cannot be 
modelled. 

5 Verification of the Approach 
To verify the applicability of the presented approach, a PTFE sheet gasket is subjected firstly 
to a homogeneous gasket stress and secondly, to an inhomogeneous gasket stress while 
measuring the radial pressure distribution. The tests are conducted in the gasket test rig 
according to DIN EN 13555. To determine the radial pressure distribution, the sealing 
surface is provided with three circumferential grooves with equally spaced radial clearance. 
The grooves are connected to a pressure transducer. The inhomogeneous gasket stress is 
realized by a sloped tightness surface. The angle  of the slope was adjusted to 2,5°, what 
corresponds to a fairly high value in comparison to real flange connections.  
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Fig.4: Schematic illustration of the two-stage numeric approach 

This will lead to significant differing pressure distributions between homogeneous and 
inhomogeneous gasket stress. The two experimental set-ups are shown in figure 5 and are 
modelled and calculated via the numeric approach as well. The pressure-closure curve and 
the leakage behaviour from the gasket tests are shown in figure 6 and 7.  
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Fig.5: Test set up to measure the pressure profile of an homogeneous stressed gasket (left) 
and a inhomogeneous stressed gasket (right)  
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Fig.6:  Tension-compression behaviour Fig.7: Leakage diagram  
(homogeneous stressed) 

The results of the numeric approach are displayed in figure 8 to figure 10. Since the results 
do not vary in circumferetial direction, they are plotted in radial direction from inside 
(ri=25mm) to the outside (ra=45mm) of the gasket. On the left side, the results of the 
homogeneous stressed gasket are shown next to the results of the inhomogeneous stressed 
gasket on the right side. The experiment and the numeric approach were carried out at three 
medium gasket stress levels (5/10/20 MPa).  

Per definition, gasket stress distribution of the homogeneous stressed gasket is constant and 
correlates to the three gasket stress levels. The gasket stress distribution of the 
inhomogeneous stressed gasket shows a broad variation with low gasket stress at the inner 
and high values at the outer region of the gasket.  

In figure 10, the pressure distribution according to the numeric approach is compared to the 
experimental results. The pressure distribution of a homogeneous stressed gasket is 
expressed by Eq.(7), irrespective of the gasket stress. Therefore, the numeric results are the 
same for the three gasket stress levels. The experimental results verify the outcome of the 
numeric approach. 

In comparison to the homogeneous stressed gasket, the results for the inhomogeneous 
stressed gasket show a complete different picture. Since high gasket stress combined with 
low permeability occurs at the outer regions of the gasket, the pressure drop is shifted 
towards the outside of the gasket. The higher the medium gasket stress, the more significant 
is this effect. The predicted pressure distribution is completely covered by the experimental 
results and thus proves the physical correctness of the presented approach. 
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6 Applying the Approach to Optimize a PTFE-Sheet gasket in 
Terms of Leakage 

The presented approach is applied to calculate the effect of reducing the effective gasket 
width of the PTFE-gasket, which has been used to verify the approach. The reduction of the 
effective gasket width is done by partial prestressing.  
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Fig.8:  Compression distribution of the homogeneous stressed gasket (left) and the 
inhomogeneous stressed gasket (right) according to the structural analysis 
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Fig.9:  Radial pressure distribution of the homogeneous stressed gasket (left) and the 
inhomogeneous stressed gasket (right) according to the structural analysis 
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Fig.10: Experimental and calculated pressure distribution of the homogeneous stressed  
gasket (left) and the inhomogeneous stressed gasket (right)  
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In order to prevent changing the mechanical behaviour of the gasket in terms of lever arm of 
the gasket force, the prestressing is done in the middle of the gasket, leaving two fillets 
remaining, which underlie elevated gasket stress. Since the sealing area is reduced by factor 
five, the local gasket stress is five times higher than the medium stress, considering the 
same bolt force. The prestressed gasket before the leakage test is shown in figure 11.  
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Fig.11: Prestressed gasket Fig.12: Gasket stress distribution 
(structural analysis)  

The local gasket stress, calculated by the structural analyses at a medium gasket stress or 
2,5 MPa, is shown in figure 12. The prestressed region is modelled with a minimum stiffness 
and a sufficient permeability to ensure that the prestressed region has no significance neither 
in gasket stress nor in the leakage behaviour.  

The prestressed and the original gasket are subjected to 2,5 / 5 / 10 / 20 / 40 / 80 MPa 
medium gasket stress, while measuring the leakage rate (40 bar, He). In figure 13 the 
measured leakage of the untreated gasket is compared to the results of the prestressed 
gasket and the prediction of the numeric approach for the prestressed gasket. Prestressing 
of the gasket leads to a significant reduction of the leakage rate in the range from 10 MPa to 
40 MPa medium gasket stress. The results of the numeric approach and the measurement 
for the prestressed fit extraordinary well. Since the prestressed region of the gasket comes 
into play at about 30 MPa, the local stresses calculated by the numeric approach become 
unrealistic. Therefore, the simulation is stopped at 20 MPa. Finally the leakage rate could be 
reduced by factor 3000 considering 20 MPa medium gasket stress – a typical gasket stress 
for mounting steel flange connections. According to this, the leakage rate criterion of TA Luft 
(0,01 mbarl/(sm) at 40 bar) can be met at reasonable mounting bolt forces, optimizing the 
gasket by prestressing the middle region. 
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Fig.13: Measurement of the leakage behaviour of the original and  
optimized gasket and predicted leakage behaviour by the  
numeric approach.  

7 Conclusions  
In this work, a two-stage approach is presented that enables to predict the leakage rate of 
inhomogeneous stressed gaskets and gaskets with modified geomety, using finite elements. 
The pressure-closure dependency and the local permeability are achieved from gasket tests 
according to DIN EN 13555. The results of the approach in terms of pressure distribution and 
leakage rates for inhomogeneous stressed gaskets correlate with comparative 
measuremens. Finally, the approach is applied to reduce the leakage rate of a sheet gasket 
by factor 3000. 

8 Future Work 
The numeric approach has to be applied and verified at other gasket materials such as 
graphite- and fibre based gaskets. Changing the element formulation to three dimensions will 
enable to calculate the leakage behaviour of multiaxial stressed gaskets with complex 
geometries. 
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Abstract 
In the pig trap station KRA, Heilbronn-Böckingen, of Gas Supply Süddeutschland GmbH 
(GVS) during the introduction of gas on 17th September 2009 a kammprofile gasket 
(grooved gasket) burst at 25 bar in a blind flange connection DN 400. Thereupon 
investigations were carried out at MPA University of Stuttgart to find the cause of the gasket 
failure. 

1 Introduct ion 

To find the cause of the gasket failure, the following steps were carried out: 

• Damage analysis of the remaining pieces of the kammprofile gasket (Type ANSI B 16.5 
Class 600 NPS 16 (DN 400) of 1.4541, convex form). Using fractographic analyses we 
sought to obtain information regarding the type of fracture, the location of the fracture 
initiation points and any maybe already existing features that could be causally related to 
the incident in context. Furthermore the chemical composition and hardness of the 
metallic core of the kammprofile gasket were verified. 

• Calculation of the blind flange connection. A proof of strength and tightness test of the 
blind flange connection was conducted according to KTA 3211.2 /1/ respectively DIN 
2505 E 1990 /2/ to determine the maximum allowable and minimum required bolt torque 
under assembly conditions. 

• Component examination with blind flange connections. For comparison of both design 
types of kammprofile gaskets – standard form and convex form – concerning blow-out 
safety experimental investigations should be carried out on a blind flange connection 
with kammprofile gaskets of both types at different torques. By increasing the internal 
pressure to a point of very high leakage or blow-out, evidence of discrepancies or 
advantages of one of both design types should be sought. 

In the following will be a brief report on the damage analyses carried out as a focal point and 
then on the component tests. 

2 Investigations 

2.1 Dam age Analysis 
The fractographic investigations have shown that the damaged gasket has numerous fatigue 
cracks. Fig 1 shows a cross-section through a new convex type kammprofile gasket in the 
form of a step block with stiffness jump and predetermined breaking point between the 
kammprofiled metal core and centering ring. This step block form is not equivalent to the 
„original“ convex form as it should be used (Profil B 27 A of Kempchen Dichtungstechnik 
GmbH). 

In Fig. 2 the photograph of some of the remaining pieces of the damaged gasket is shown. 
The centering ring was completely detached. The actual kammprofiled sealing element was 
broken into several pieces which had partly been blown out from the flange joint. There were 
not only circumferential cracks on the predetermined breaking point between the 
kammprofiled metal core und centering ring and on the stiffness jump (Fig. 3) but also radial 
cracks could be observed. 

By means of fractographic investigations with a scanning electron microscope numerous 
fatigue cracks were found, each emanating from both surfaces and in their continued course 
united to a circumferential severance. According to this, alternating bending stress caused 
the failure of the gasket. The fatigue cracks are situated immediately on a cross-sectional 
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transition within the sealing element. The radial cracks observed have probably arisen as a 
result. An example is shown in Fig. 4 with distinct fatigue marks on the fracture surface in the 
area of a radial crack. 

 

 

Fig. 1: Cross-section through a new convex kammprofile gasket of the type used and 
comparison to B 27 A of Kempchen Dichtungstechnik GmbH 

 

Fig. 2: Some remnants of the convex kammprofile gasket 
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Fig. 3: Circumferential crack formation in the stiffness jump 

 

 

 

 

 

 

 

 

Fig. 4: Fracture surface of a radial crack with fatigue marks  
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2.2 Component testing 
2.2.1 Test facility and test programme 
A blind flange connection DN 100/PN 160 with a welding neck flange DIN 2638 (material C 
22.8) and blind flange DIN 2527 (material C 22.8) with sealing face type E were used. The 
pipe connection for the welding neck flange was closed and provided with a pressure 
connection for the initiation of internal pressure. The inside of the flange connection was filled 
in with  a solid body in order to reduce the pressurized volume (pressure volume approx. 1l). 

Two types were used as gaskets: 

• Kammprofile gasket DN 100/PN 160 in standard configuration (description B9A of 
Kempchen Dichtungstechnik GmbH) 

• Kammprofile gasket DN 100/PN 160 convex type (description B29A of Kempchen 
Dichtungstechnik GmbH) 

For tightening 8 especially prepared, calibrated measuring bolts M27 (quality 8.8) were used. 
The thread area of these measuring bolts were drilled out hollow in the center. A measuring 
pin was placed inside the drilled hole and welded to the bolt head. When loaded the bolt is 
stretched while the measuring pin remains undeformed. This difference in length between 
bolt and measuring pin is recorded using dial gauges – for this the thread end of the bolt was 
especially prepared. After individual calibrating of the bolts, in order to record the relation 
between bolt force and length difference of bolt and measuring pin, the force of the individual 
bolts during assembly and the following conditions could be determined in this way. 

The assembly of the flange connection described was carried out in two different ways: 

a) With a total bolt force of 130 kN below the minimum total bolt force of 187 kN for 
tightness according to the calculation (calculation according to KTA 3211.2 resp. DIN 
2505 E 1990); the assembly was carried out crosswise in 4 steps with the following 
bolt elongation: 4 / 8 / 12 / 16.5 µm. Afterwards all the bolts were tightened equally. 

b) With a total bolt force of 293 kN and unevenly tightened individual bolts in order to 
simulate the bolt force scattering or an improper assembly. The procedure is 
described in Table 1. 

After assembly the internal pressure was raised gradually then the blind flange connection 
was closed. As long as there is any leakage, the pressure falls during the following dwell 
time. From this decrease in pressure the leakage rate is determined according to the 
pressure drop method. The following procedure is implemented for this: 

The time of beginning t0, the current pressure pt0 and the temperature Tt0 are measured. The 
time t1 at the end of testing (∆t = t1 - t0), the pressure pt1 and the temperature Tt1 were 
measured. The leakage rate [mg/(s·m)] was calculated according to the following formula: 
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VD is the pressurized volume, TN the normal temperature (273,15 °C), pN the normal pressure 

(1,013 bar), 2Nρ  the density of the test medium nitrogen and Dm the mean gasket diameter. 

The first term of the formula shows a time-independent parameter, the second term equates 
to the increase of the function pt / Tt over time. 
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Assembly 
step 

 

1 S1-S8 hand-tight 

2 S4-S8 unscrew by one turn 

3 S1 & S3 tighten up to 12kN  

4 S5 & S7 tighten up to 12 kN  

5 S2 / S6 / S4 / S8 tighten up to 12 kN  

6 
From here crosswise in steps of 12 kN further tighten up to 50 kN for each 
bolt. 

7 S5 / S6 / S7 unload to 10 kN 

Table 1: Procedure for simulation of improper assembly (Si: bolt i) 

The complete test programme arises from table 2. 

Test No.  V1 V2 V3 V4 

Quality of Assembly Ideal Assembly Poor Assembly 

Type of Seal 29A 9A 29A 9A 

Total bolt  force at assembly [kN] 130 130 293 293 

Mean gasket surface pressure at 
assembly [MPa] 

36,4 36,4 81 81 

Total bolt elongation [µm] 16,5 16,5 36,6 36,6 

Table 2: Test programme 

2.2.2 Test Results 
In Fig. 5 the results of the internal pressure tests are shown in a graph, in Figs. 5a and 5b the 
relatively low total bolt force 130 kN with ideal assembly, in the Figs. 5c and 5d the high total 
bolt force of 293 kN but with poor assembly. The left hand diagram shows the dependencies 
of the total bolt force, the internal pressure force(= internal pressure x cross section with 
radius according to the mean gasket diameter) and the gasket surface pressure from the 
internal pressure. The right hand diagram shows the leakage rate (scaled logarithmically) 
depending on the internal pressure. 

Test V1 and V2 (proper assembly with uniform bolt force) 
In the tests V1 and V2 by definition the internal pressure force increases linearly with the 
internal pressure. The bolt force remains constant at first with increasing internal pressure 
and asymptotically approaches the internal pressure force at 125 bar. The gasket surface 
pressure decreases constantly to 125 bar to very low values  2,5 MPa. The leakage rate 
(with test V2 this was not determined) is up to 70 bar below the measurement threshold of 
the pressure drop method, above 120 bar it increases to 150 bar by several orders. 

Due to the danger of a spontaneous blow-out the tests were carried out in a closed blasting 
chamber so that observation during the tests was only possible on a limited basis. However, 
during test V1 and V2, from 150 bar internal pressure blasting sounds could be heard. The 
photograph of a gasket which was removed after the test, Fig 6, arouses the assumption that 
parts of the outer rim of the graphite overlay had been blasted off due to the internal 
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S3 

S8 
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S6 
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pressure. Even so it did not come to a spontaneous and total failure of the gaskets, on the 
contrary the internal pressure could be held further and even increased. 

Tests V3 and V4 (improper assembly) 
The dependence of the total bolt force, the internal pressure force and the gasket surface 
pressure from the internal pressure is fundamentally similar as with the tests V1 and V2. 
However, the pressure needed for an asymptotic approach towards the internal pressure 
force from the bolt force is not reached by far. The leakage rate is compared to the tests V1 
and V2 from the beginning by 3 to 4 orders higher. 

When carrying out tests V3 and V4 a loud hissing could be heard already from 15 bar. 

In test V4 when further increasing the internal pressure up to a point where vibration 
occurred within the gasket which was acoustically audible as a loud whistling sound, this test 
was aborted at 84 bar because due to the very high leakage rate the pressure could no 
longer be maintained. The whistling sound which was produced by the vibrations of the 
gasket was recorded using an audio video camera while repeating pressurization. These 
observations support the assumption that the reason for the failure in the pig trap KRA, 
Heilbronn-Böckingen was that due to high leakage flows, high-frequency vibrations in the 
gasket were induced which already after a short time lead to fatigue cracks in the metallic 
kernel of the kammprofile gasket and therewith to blow-out.  

In Fig. 7 a comparison of the leakage rates that were determined in the tests V1, V3 and V4 
was carried out. With proper assembly using even bolt force even below the minimum value 
for tightness the leakage rate is limited at an operating pressure of 70 bar and testing 
pressure of 105 bar. Only when gasket surface stress with further internal pressure increase 
reaches an unacceptable value below minimum stress (15 MPa for kammprofile with graphite 
layer) it can result in a high leakage. With improper assembly (Tests V3 and V4) already with 
low pressures far below the operating pressure high leakage was observed. 
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Fig. 5: Results of the internal pressure tests V1 to V4 
Left: Dependence of the total bolt force, of the internal pressure force and the gasket 
surface pressure from the internal pressure 
Right: Leakage rate (logarithmically scaled) depending on the internal pressure 

 

3 Summary and result interpretation 
The following conclusions can be derived from the investigations carried out. 

• With proper assembly (even bolt force above the minimum value) the kammprofile 
gasket of either type – standard and convex type – can be securely sealed at operating 
and testing pressure. There are large reserves in terms of the risk of blow-out. Both 
variations of kammprofile gasket – standard or convex type – do not differ from each 
other very much. 

• With improper assembly, which in this case was intentionally provoked there is already 
at low pressures danger of high leakage on both gasket types. The convex type gasket 
has a tendency towards a lower leakage rate while a higher internal pressure can be 
reached and maintained. However, from both of these individual tests in view of the 
inability to reproduce an improper assembly a comparable evaluation of both gasket 
types regarding blow-out safety could not be carried out. 

• The results from the investigations carried out leads to the conclusion that the failure in 
the pig trap KRA, Heilbronn-Böckingen, causally lay in connection with an improper 
assembly. With non-uniform and low local pressure on the gasket high leakage flows 
can induce high frequency vibrations of the gasket which already after only a short 
period can lead to fatigue cracks and eventually to blow-out. 

 

Fig. 5c 

Fig. 5d 
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Fig. 6: Removed gasket showing broken off graphite and traces of leakage flow (Test V2) 

Traces of lekage flow 
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Fig. 7: Comparison of those leakage rates depending on pressure determined in tests V1, 
V3 and V4 
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Abstract 
Practical experience shows that after remarkable abrasion of graphite based packings in 
valves due to stem stroke cycling under internal pressure (partial) blow-out of packings can 
happen resulting in huge leakage with the danger of subsequently following hazards. 
Presently neither the boundary conditions for blow-out are known nor a clear description of 
the term „blow-out safety of stuffing box sealings (packings)“ is defined so far. 

In order to close this gap basic research work was carried out to investigate the mechanism 
of blow out and to determine the critical service parameters. First an existing friction test rig 
which is in use to investigate the frictional behaviour of the system stem/packing was 
modified for blow-out tests with supercritical steam at 400 °C and 300 bar internal pressure. 
The following components were supplemented: pressurized steam tank, nitrogen energy 
store tank, water fill-in and leakage measuring unit. After usual assembly of the packing and 
internal pressure application blow-out was provoked by reduction of the compressive packing 
stress to critical low values. 

A usual packing consisting of 4 graphite sealing rings (specific density 1.6 g/cm3) and 2 basic 
rings (1.8 g/cm3) was used for the tests. The following stem variants were investigated and 
compared in view of blow-out safety: 

 Standard stem made of material 1.4057 (A1) 
 HVOF (High-Velocity-Oxygen-Fuel) chromium carbide coating (G2) 
 Inductive Coat - Nickel based alloy (B2) 
 Boron treated stem (H1) 
 Nitrided stem (F1) 

The varying safety margin against blow-out can be described by means of a blow-out 
coefficient defined for the first. Finally a specially developed “blow-out safe” packing was 
investigated in combination with the standard stem (A1, 1.4057). In fact blow-out was not 
observed. 

The main results of these investigations are the following:  

 Modern graphite packings in use today ensure a high intrinsic safety margin against 
blow-out 

 Only at unacceptable low compressive packing stresses σP below the applied internal 
pressure pi (P < pi) blow-out was observed and has to be expected 

 Sophisticated and improved packing design and composition will raise the safety 
margin against blow-out 

1 Investigations on blow-out safety of graphite packings in valves 
Extensive abrasion of graphite due to stem cyclic movements can according to practical 
experience lead to blow-out of complete parts of the packing and to leakage under existing 
pressure. A clear definition of the term “blow-out safety of stuffing box sealing” does not yet 
exist. It is recommended to use the investigations on “blow-out safety of flange gaskets” 
which was investigated at the IMWF Universität Stuttgart within the scope of the AiF-
research-project No. 14264 “blow-out safe gaskets for flange connections with enameled and 
glass fiber reinforced plastic flanges in the chemical industry” as a guideline. This definition 
for blow-out safety of flange connections shows that a connection can be looked upon as 
safe if no huge leakage occurs, which is two orders larger than the required tightness class 
L. The gasket class L0,1 allows a maximum specific leakage rate of max=0,1 mg/(sm). In 
accordance to this point of view and within the scope of this work a limited leakage rate of 
bo=10 mg/(s·m) is to be determined as the blow-out limit. 

To investigate the proof of the blow-out safety of packing in stuffing box sealings a testing 
facility has to be designed, created and put into operation. For the investigations standard 
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packing based on graphite are used. As pressure medium supercritical steam at a 
temperature of 400 °C (673,16 K) and a steam pressure of 300 bar was chosen. The steam 
pressure curve for the interpretation of the test conditions is given in Figure 1. 

Steam and water are not distinguishable from each other as far as their density is concerned 
above the critical point (374,12 °C/221,2 bar). Due to that this condition is described as 
supercritical. Below this critical point the water vapour is subcritical whereby it is balanced 
with the liquid water. “Overheated steam” occurs if the water steam were heated after 
complete vaporizing to above the vaporizing temperature. This kind of steam no longer 
contains water droplets and is equivalent to a gas due to its physical behavior and is not 
visible. 

 
Fig. 1: Steam pressure curve of water 

2 Extending the test facility for blow-out tests 
The modification of the friction test facility for the performance of blow-out tests is shown in 
Fig. 2. Investigations have to be performed in this test facility which represent the 
problematic case “damaged packing at existing pressure”. A pre-calculated water amount is 
heated in a suitable pressure reservoir with a filling volume of 2000 ccm. The specific volume 
of supercritical H2O at 300 bar and 400 °C amounts according to the water-vapour board to 
0,002831 m3/kg. The total volume consists of the volumes from the stuffing box (150 ccm), 
the feeding pipes (170 ccm) and the pressure storage (2000 ccm). The total volume amounts 
to 2320 ccm (0,00232 m3) and has a water volume for one filling of approx. 0,82 kg. A further 
non-heatable pressure reservoir with a filling volume of 4000 ccm is filled with 300 bar 
nitrogen. This reservoir serves as an energy reservoir if there is a leakage in the stuffing box. 
Both pressure reservoirs were designed and manufactured according to the PED. The 
pressure reservoir for steam is made out of the forged material 1.4903 and the pressure 
reservoir for nitrogen out of the material 1.4303. The partition to the steam reservoir is 
realized using a check valve between both reservoirs. The filling of the system with the 
amount of water to be vapourized is carried out using special filling apparatus. This consists 
of a Woulf’s bottle with pressure gauge and an attached vacuum pump, Fig. 3. The attached 
filling apparatus is filled with the previously calculated water volume of 820 ccm and then the 
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vacuum pump is switched on. This evacuates the steam energy reservoir, the stuffing box 
housing and the supplying pipelines up to an absolute pressure level of 30 mbar. 
Subsequently the Woulf’s bottle is opened and the atmospheric environmental pressure 
forces the previously measured amount of water into the evacuated part of the test 
apparatus. Then the closed system is electrically heated using high temperature valves. The 
temperature measurement/control is carried out using a thermocouple directly in the steam. 
After reaching the test temperature of 400°C in the steam in the test system the internal 
pressure adjusts itself to 300 bar. 

 

In order to be able to detect the steam leakages qualitatively during the blow-out tests the 
test rig was modified according to Fig. 4. A pressure piece attached underneath the gland 
transfers applied surface pressure on the packing rings by means of gland bolts. A stainless 
steel pipe with an internal diameter of 4 mm was welded into this pressure piece sideways 
and sealed as well as possible and so that a possible pressure increase due to a leakage 
could be measured with a differential pressure transducer. The measuring range of the 
differential pressure transducer is 0 to 700 mbar. Furthermore there is an relief valve 
attached to this piping system with an opening pressure of also 700 mbar. A possible 
leakage in the packing system produces in this way a pressure increase in the pressure 
piece which can be measured using the differential pressure transducer. Above 700 mbar 
excess pressure the relief valve opens and conveys the steam to the outside into a safety 
receptacle. In this way the exact time of the start of the leakage can be determined. 
Moreover escaping steam due to high leakage can be collected. In order to protect the 
testing personnel against abruptly released energy when a failure of the packing occurs, the 
blow-out tests were conducted in a blast chamber at MPA Stuttgart. Fig. 5 shows the 
complete test rig set-up.  
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Fig. 2: Test concept for blow-out in a friction test rig 
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Fig. 3: Filling equipment 

 
Fig. 4: Test concept for evidence of steam leakages 
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Fig. 5: Complete test rig for blow-out tests 

3 Test Procedure of the Blow-out Tests 
Assembly of the packing kits for the blow-out tests was carried out using 6 graphite packing 
rings. With this series of tests the packing rings were predeformed three times using 60 MPa 
and afterwards permanently distorted using 40 MPa. After a dry run heating the stuffing box 
housing up to 400°C with the stem 10 stroke cycles were carried out with the stuffing box 
housing open, and then the housing was cooled back down to room temperature and the 
surface pressure was adjusted to 60 MPa. As described earlier, the stuffing box and the 
reservoir were filled with 820 ml of deionized water and heated to 400°C. The progress of the 
surface pressure, the temperature and the internal pressure were thereby measured and 
recorded. After reaching the test temperature of 400°C the essential part of the blow-out test 
begins. Using two interconnected hydraulic cylinders, which are connected to a controllable 
high pressure pump, a uniform unloading of the packing is achieved via the gland bolts. 
During the continuous reduction of the surface pressure on the pressure piece beneath the 
gland the blow-out differential pressure is monitored and recorded. 

4 Results of the Blow-out Tests 
In Fig. 6 the results of the blow-out test using the stem A1 are given. The surface pressure is 
approx. 57 MPa at the beginning of unloading and the steam temperature on the inside of the 
housing is 400°C. The internal pressure increases to 292 bar due to heating. The graph 
shows through the time axis to 1060 seconds a slight increase in the blow-out differential 
pressure in addition to the steady decrease in the surface pressure due to the specific basic 
leakage in this packing kit. After a test period of 1070 seconds, a sudden increase of the 
blow-out differential pressure is to be noted. At the same time an increase of the axial 
surface pressure from 22,3 MPa to 27 MPa takes place. In this phase the packing is released 
from the spindle and slides upwards by a few millimeters. Simultaneously in doing so a high 
surface leakage occurs. Above a differential pressure of 700 mbar the relief valve in the 
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piping system opens in order to measure the pressure increase and a steam leakage 
becomes visible at the pipe exit, Fig. 7.  

 
Fig. 6: Blow-out test using valve stem A1 and a packing set with 6 graphite rings 

 
Fig. 7: Beginning of high leakage in a blow-out test 

 

The high steam leakage remains almost stable over a period of approx. 8 minutes. 
Subsequently, after a total test period of 1540 seconds the surface pressure is set to a higher 
level. With this re-tightening of the packing performed afterwards a related sealing of the 
sealing connection and a reduction of the steam leakage was being striven for. After brief 
operation of the high pressure pump to increase the surface pressure it can come to a 
spontaneous blow-out of the packing, Fig. 8, by which the packing is completely destroyed, 
Fig. 9. The graphite blown out of the packing is spread evenly within the vicinity of the test 
rig, Fig. 10. 

This test not only shows that it can definitely come to a total failure of stuffing box sealing but 
also that with properly tightened packing, damage of it will only occur when a very low 
surface pressure has been reached. This can be even less than the pressure resulting from 
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the internal pressure. With an internal pressure of 290 bar 29 MPa surface pressure has an 
axial effect on the packing set. With the spindle A1 high leakage only began at 22,3 MPa. 
The radial forces caused by the radial conversion coefficient keep the packings in this test 
phase firmly in their place.  

 

 
Fig. 8: Blow-out of a graphite packing (Screenshot) 

 
Fig. 9: Damaged packing after blow-out 
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Fig. 10: Blown out graphite particles 

Besides the spindle A1 further blow-out tests were carried out on coated and surface treated 
stems. In all cases the same type of packing was used - graphite packing with a total of six 
rings. The test results of these blow-out tests have been summarized in table 1.  

Fig. 11 shows the measured results of the blow-out test with a HVOF-coated stem. The blow-
out already took place during reduction of the surface pressure. The steam leakage began at 
24,1 MPa surface pressure. Particularly striking is the high basic leakage with this stem. 
Similarly high leakage rates were also already observed in a previously conducted friction 
test. The cause of this high leakage rate is the porosity of the  HVOF-coating. 

The blow-out coefficient given in table 1 demonstrates the relationship between the surface 
pressure built up through the gland bolts at the moment of blow-out and the surface pressure 
resulting due to the internal pressure. It can be derived from the test results that a higher 
blow-out coefficient means a greater danger of blow-out. 

 

 
 

Table .1: Blow-out tests with coated and surface treated stems and packing kits made of 
graphite 
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With the blow-out test using the nitrided stem F1 high leakage also occurred which could be 
reduced after a holding time of 12 minutes through an increase in surface pressure. With the 
blow-out test with the borated stem H1 the leakage could also be reduced again by 
increasing the surface pressure again (re-tightening), i.e. the high steam leakage was in this 
case reversible. Only with the second rapid reduction of the surface pressure did it also come 
to a blow-out of the packing, Fig. 12. 

 
Fig. 11: Blow-out test with the valve stem G2 and a packing kit with 6 graphite rings 

 

 
Fig. 12: Blow-out test with the valve stem H1 and a packing kit with 6 graphite rings  
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Fig. 13 shows the destroyed graphite packings. In the order from left to right the blow-out 
coefficient reduces. 

 

 

 
Fig. 13: Graphite packing after the blow-out tests 

5 Blow-out safe packing 
In order to increase blow-out safety a packing kit was developed that apart from the usual 
sealing rings of graphite (4 graphite rings with density of 1,6 kg/m3) also contains graphite 
rings with stainless steel foil inlays which serve as top and bottom sealing rings (basic rings). 
For the blow-out test this packing was tightened using 60 MPa. After pressurizing the stuffing 
box with 400°C hot steam at an internal pressure of 300 bar, the axial surface pressure of the 
packing was reduced continuously. 

In doing so the pressure could be lowered to 25 MPa before the internal pressure (induced 
pressure 30 MPa) raises the packing from the stuffing box base. An increased leakage 
cannot be detected even at a surface pressure below 60 MPa. Afterwards the surface 
pressure was increased again to 60 MPa. After a holding time of 4 minutes the packing was 
unloaded such that it was only still loaded through the internal pressure. After this second 
unloading the packing was again re-tightened to 60 MPa. Subsequently the surface pressure 
was reduced abruptly by quickly opening the shut-off valve of both hydraulic cylinders. This 
process was subsequently repeated one more time so that altogether 4 unloadings took 
place, Fig. 14. Blow-out or an increased leakage was not detected. 

After this a friction test was carried out using this packing, Fig. 15. During the friction 
process, the friction force is continuously increased up to ±22 kN. It is assumed that the 
graphite abrasion due to the sturdy stainless steel foil cannot be exported to the outside. 
Wedging action in the transition from stem and packing produces unwanted prevention of 
sliding. During this frictional loading it came to an automatic shutdown of the stem drive. The 
motor switch had triggered due to the thermal overload and the friction test was put to an 
end. The blow-out test performed with reinforced stainless steel foil shows that it is in 
principle possible to produce a suitable packing construction of blow-out safe sealing 
systems for valve stems. However, further improvements with regard to dimensional stability 
and the layer structure are required to keep the frictional forces that occur at a manageable 
level. Fig. 16 shows a blow-out safe packing after the friction test. 
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Fig. 14: Blow-out test with a blow-out safe packing with stainless steel foil 

 
Fig. 15: Friction test with blow-out safe packing 
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Fig. 16: Blow-out safe packing with stainless steel foil and top and bottom rings after the 
friction test 
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Abstract 
In the European Standard EN 1591-1 which is used for the calculation of bolted flanged joints 
further developments are under discussion at present. In this paper the results of the study to 
implement the realistic gasket behavior in the calculation code are presented. The flange 
rotation and the resulting gasket stress distribution in radial direction during the assembly of 
the flanged joint is the fundamental idea in this consideration. The effective compressed 
gasket width has influence on the required gasket forces for the tightness proof as well as on 
the mechanical behavior of the flanged joint and thus also on the stress analysis. 

Therefore, additional or modified gasket characteristics such as the stiffness-independent 
gasket deflection caused by creep of the gasket material or formulas for the description of 
the gasket compression curves are required. Several tests with diverse gasket materials 
were performed to generate generally admitted procedures to determine these required 
characteristics which are the basis for the advanced calculation procedure. 

1 Introduct ion 
Standardization according to the European Pressure Equipment Directive 97/23/EC (PED) 
[1] is of considerable importance in Europe. The essential safety requirements (ESR) of the 
PED are specified and harmonized in European Standards (EN). But also the demands on 
industry to reduce fugitive emissions become more and more important. Therefore, the 
European Union has released the Integrated Pollution Prevention and Control (IPPC) 
directive [2] and has set up the European Integrated Pollution Prevention and Control Bureau 
to organize an exchange of information between Member States and industry on Best 
Available Techniques (BAT). 

The Member States have chosen various approaches to implement the IPPC Directive, such 
as case-by-case permitting or use of General Binding Rules for industry sectors. In German 
law, the emission limit values and other emission-limiting requirements are laid down in the 
form of abstract and general regulations in the sub statutory body of rules. 

The central body of rules governing the determination of emission limit values and other 
emission-limiting requirements relating to air quality for licensable installations pursuant to 
the 4. BImSchV [3] is the TA Luft [4] (Technical Instructions on Air Quality Control). These 
instructions explain in detail the requirements which the competent enforcement authorities 
should take into account when granting licenses for industrial and commercial installations. In 
the section dealing with precautions, the instructions contain emission limit values designed 
to guard against harmful environmental effects, thereby conferring substantive meaning on 
this indeterminate legal concept of the Federal Immission Control Act and so allowing the 
licensing authorities a margin of discretion. 

In matters of bolted flange connections (BFC´s) the TA Luft says that they should only be 
used where they are necessary for reasons regarding process technology, safety or 
maintenance. In this event, technically tight BFC´s in compliance with VDI Guideline 2440 
"Emission Reduction - Mineral Oil Refineries" [5] with "high-grade sealing systems" shall be 
used. In VDI guideline 2200 "Tight Flange Connections" [6], the testing conditions of the type 
test are specified in detail.  

In completion to VDI guidelines 2440 and 2200 the new VDI guideline 2290 which was 
published in June 2012 is dealing with detailed information on flange calculation procedures, 
with concrete tightness demands, and with quality management needs in respect of the 
assembly of BFC´s. In Table 1 different available calculation codes are summarized. As 
shown in this table, only EN 1591-1 [7] and FE Analysis can be used for stress, tightness and 
TA Luft analysis for floating type of flanges.  

Therefore, regarding the demands of the European IPPC directive or the German TA Luft the 
calculation procedure EN 1591-1 and the required gasket characteristics according to 
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EN 13555 [8] will gain in importance in the near future to fit all the requirements of these 
directives or instructions. And because there is meanwhile a lot of experience in the 
application of EN 1591-1 and EN 13555 since they have been released, some improvements 
should be implemented promptly into these codes. In this paper some of these required 
improvements regarding the testing procedure as well as the calculation algorithm are 
presented. 

2 Gasket Characteristics 
For the selection of a gasket and for the calculation of the BFC for the given requirements 
(loads, media, demanded tightness class) according to EN 1591-1 gasket characteristics are 
defined in EN 13555. In Table 2 these gasket characteristics according to EN 13555 are 
listed: 

 The maximum gasket contact stress QSMAX that can be safely applied to the gasket at the 
service temperature without damage,  

 the modulus of elasticity EG of the gasket at the service temperature,  

 the creep-relaxation factor PQR which is the ratio of the residual and the initial gasket 
surface pressure,  

 the minimum gasket surface pressure on assembly QMIN(L) required at ambient 
temperature to achieve the tightness class L,  

 the minimum operating gasket surface pressure QSMIN(L) which depends on the assembly 
gasket stress QA to achieve the tightness class L.  

In addition, some gasket characteristics which are not yet defined in the testing standard 
EN 13555 are of interest: 

 The friction factor µ, which is necessary for the treatment of shear forces and torsion 
moments, and 

 the safety factor SBO against blow-out of the gasket.  

2.1 Comp ression Test 
In the calculation procedure of EN 1591-1 the gasket thickness in the different load cases 
must be known, because the modulus of elasticity refers to the compressed gasket 
thickness, and also the clamping length depends on the compressed gasket thickness. 
Therefore, either the gasket thickness at different gasket surface pressure levels must be 
tabled, or the compression curve must be described by an analytic function that the gasket 
thickness can be calculated for all load conditions. 

In an extensive study it was determined that the best approximation method to describe the 
gasket deformation behaviour is the use of a rational function of two polynomial functions: 

2
21

3
3

2
21*

XBXB1
XAXAXA

)X(Y



  (2.1) 

The parameters Aj must be determined for fixed parameters B1 and B2 according to the 
method of least squares to get the best possible fitting to the measured data. In a second 
step, also the parameters B1 and B2 are varied, so that the least squares overall are 
achieved.  

In Figures 1 and 2 the compression curves and the determined approximation functions of a 
graphite sheet material and a kamprofile gasket with graphite layer are shown. With this 
mathematical function the compression curves of all types of gasket can be described. This 
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is the basis for the determination of the gasket deflection or the gasket thickness for each 
bolt force or gasket surface pressure in the assembly condition. 

Also the modulus of elasticity EG which is determined for several gasket surface pressure 
levels can be approximated by such a rational function. With this approach also the recovery 
behaviour of the gasket material can be determined for all gasket stress levels applied during 
assembly. In Figure 3 an example of this approximation is given for a PTFE based sheet 
material. 

2.2 Creep/rel axation Test 
In the creep/relaxation test the superposition of the creep (at constant load) and relaxation 
(at constant gasket deflection) behaviour of the gasket material is determined. The ratio 
between the residual gasket stress at the end of the test QR and the initial gasket stress QA is 
defined as the creep/relaxation factor PQR: 

A

R
QR Q

Q
P   (2.2) 

Because this factor is depending on the gasket stress level, the temperature level, and the 
stiffness of the bolted flanged joint a lot of tests are necessary to get a comprehensive 
knowledge of the creep/relaxation behaviour of the gasket material. Therefore, the definition 
of a test procedure which allows a reliable characterisation with only a few tests was also a 
goal of the study. 

All test results obtained for an ePTFE gasket at ambient temperature are shown in Figure 4. 
In total, 9 tests have been carried out, at 3 different initial gasket stress levels and also for 3 
different stiffness's. If the gasket deflection is scaled to the initial gasket thickness, all 
compression curves during the loading procedure are comparable, and also for the 
remaining gasket stresses a regularity is distinguishable. With the previously explained 
method, the envelope curve of the creep/relaxation behaviour can also be described with a 
rational function. And this envelope curve can also be determined with pure creep tests at 3 
or 4 different initial gasket surface pressure levels which can be carried out in a much simpler 
way than creep/relaxation tests. 

In tests at 100 °C it was verified that this approximation is also valid for tests carried out at 
elevated temperatures. Now, it is sufficient to have the formula for the compression curve 
and for the envelope curve of the creep/relaxation tests to determine either the gasket 
deflection due to creep/relaxation effects or the creep/relaxation factor for each initial gasket 
surface pressure which can be used in the calculation procedure, see Figure 5. 

2.3 Leakage Test 
The test procedure of the leakage test defined in EN 13555 to determine the tightening 
characteristics of the gasket materials must be improved only slightly. On the one hand, 
additional gasket surface pressure levels might be added to the test procedure, and on the 
other hand the measuring time in each test step at one gasket stress level should be long 
enough that a constant leakage rate is measured. 

In particular the increment of the gasket surface pressure QA in the leakage tests is too large 
to find appropriate values for the gasket characteristics for which the tightness and the 
strength requirements can be met. In this case, either additional stress levels or an adequate 
interpolation method between the measured gasket characteristics is necessary. 

An interpolation algorithm is defined in VDI guideline 2290 which allows the determination of 
the gasket characteristics for all assembly stresses, temperatures, and internal pressure 
levels. But of course, no extrapolation algorithms are available. So at least, additional levels 
at low gasket stress levels are required in the leakage test. 
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2.4 Friction Test 
Goal of the investigation in friction tests is the determination of the friction factors µH (stiction) 
und µG (slide friction) of the gasket materials. These factors are necessary to estimate the 
capability of the bolted flanged joint to counterbalance the acting shear forces and torsion 
moments. In bolted flanged joints with floating type of gasket, the effect of these kinds of 
external loads can be constrained only by friction between the gasket and the flange 
surfaces. If the effective friction forces are too small, the flanges would slide against each 
other. Up to now, no test procedure for the determination of friction factors of gaskets is 
defined in any testing standard. 

For the experimental set-up the universal gasket testing equipment TEMESfl.ai1 can be used. 
Between the heated raised faces of the test rig two gaskets on the bottom and on the top as 
well as an additional heatable platen in the centre are adjusted. The centre platen can be 
removed in radial direction using a hydraulic spanner. If the axial load which is applied on the 
gaskets and the centre platen and the hydraulic force for the radial movement are measured, 
the friction factors can be determined very easily. 

In Figure 6 the course of the friction test with a graphite sheet material with stainless steel foil 
insertion at 300 °C is shown. The stiction coefficient is approximately 0.24, the slide friction 
factor is 0.11. For the assessment of the friction effects in a bolted flanged joint, the stiction is 
of more importance than the slide friction. In all tests which have been carried out up to now, 
the stiction factor is higher than the factors which can be found in the literature [9]. 

2.5 Blow- out Test 
The safety against blow-out is the prevention of a sudden leakage under operational 
conditions. Therefore, the safety margin of the required gasket stress in service QSmin(L) 
against a sudden failure of the gasket is determined in the blow-out test, which can be 
described by the gasket stress level at blow-out QBO. Similar to the friction coefficient, also for 
the determination of this gasket characteristic, no test procedure is defined in a standard. 

The test procedure and the definition of the blow-out condition were developed in a research 
project at the MPA Stuttgart [10], they could now be implemented into the testing standard 
EN 13555. If the safety factor SB0 between QSmin(L) and QBO is too low, the estimated 
minimum required gasket surface pressure in the calculation procedure must be increased. 

3 Calculation Procedure 
With the European standard EN 1591-1 a calculation code was issued in the year 2001 
which provides stress analysis and tightness proof of a floating type of bolted flanged joints. 
In 2009 an Amendment to EN 1591-1 was published to adjust it to EN 13555. This was 
required as a result of the finalization of the EN 13555 test method and the consequential 
changes made to the gasket parameters.  

The calculation procedure of EN 1591-1 is meanwhile widely-used in the industry, the 
acceptance of the method increases steadily with the rising published gasket data sheets. 
But there are still some details of the calculation procedure in discussion, also the additional 
or modified gasket characteristics described in the previous chapter presuppose a revision of 
the calculation code. The following aspects should be treated in such a new revision: 

 Deformation of the gasket to determine the gasket thickness in assembly condition, 

 simplified creep/relaxation behaviour of the gasket, 

 consideration of shear forces and torsion moments, 

 consideration of washers and/or anti-fatigue sleeves in respect of the clamping length 
and the stiffness of the BFC, 
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 modification in the determination of the effective gasket width in the assembly condition, 

 tightness proof under consideration of the blow-out safety, 

 stress analysis with limitation of the allowable local plastification. 

3.1 Axial flexibility modulus of the components 
If there are mathematical functions as described in chapter 2.2 for the gasket deflection 
available, the gasket thickness can be calculated very easily for each gasket surface 
pressure in assembly condition. This compressed gasket thickness can be used to determine 
the clamping length of the bolts, the axial flexibility modulus of the gasket XG, the recovery of 
the gasket in subsequent conditions caused by different thermal expansion or by internal 
pressure, the thermal expansion of the gasket, and also for the treatment of all deformation 
equilibrium conditions.  

Also washers or anti-fatigue sleeves provide a contribution to the flexibility of the BFC. In the 
existing code this effect is not treated. Especially anti-fatigue sleeve are used to increase the 
flexibility of the BFC by enlarging the clamping length of the bolts. But also the sleeves 
themselves have a finite stiffness which should not be neglected. 

The axial flexibility modulus of the anti-fatigue sleeve XW must be taken into account as an 
additional term when the axial compliance YGI, YQI and YRI of the BFC is determined. 

3.2 Effective width of the gasket 
Caused by the rotation of the flange rings which result from the acting moment on the flanges 
and which is produced by the gasket force FG0 und the corresponding lever arm hG, the 
gasket is not compressed uniformly over the width of the gasket. EN 1591-1 meets this 
concern by introducing an effective width of the gasket. This effective width must be 
determined iteratively because the flange rotation F, the lever arm hG and the effective width 
eGeff are interdependent. It is necessary to determine first the deformation of the gasket eG 
for a (minor) gasket force FG0, and also for the theoretical gasket width eGt the lever arm hG 
and thus the flange rotation F, cp. Figure 7. 

The gasket width is divided into several sections, so that for each section the resulting 
deformation can be determined in dependence on the flange rotation. Based on the gasket 
deformation the gasket stress and the gasket force in each section can be calculated. The 
sum of the forces in all sections must be equal to the applied gasket force FG0. By adding a 
constant deformation portion over the total width the forces in each section can be increased, 
and therefore the balance to the assembly gasket force FG0 can be adjusted. This ends up in 
a non-linear gasket stress distribution over the width of the gasket, in which the highest 
stress level at the outer diameter of the gasket occurs. 

In the next step the balance point of the acting moment must be determined. Therefore the 
moments in each section are summarized, and the section, in which 50% of the total moment 
is reached, is identified. The diameter of this section dGM is taken as the new contact point of 
the lever arm. Thereby, also the flange rotation will change, and the calculation of the 
distribution of the gasket force in the sections must be repeated. 

As soon as an acceptable accuracy of all values is obtained, the gasket surface pressure in 
the balance point is defined as the effective gasket surface pressure Qe which will be held 
constant over the effective gasket width bGe. The effective gasket width itself can be 
determined from the effective gasket stress, the outer gasket diameter and the applied 
gasket force. In Figure 8 the relation between the effective width and the diameter of the 
balance point of the acting moment is shown as well as the gasket stress distribution and the 
effective gasket surface pressure. 
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Exemplary is in Figure 8 the gasket deformation, the resulting distribution of the gasket 
stress and gasket force and the effective dimensions of the gasket presented. Although, 
there is a lift-off at the inner diameter, the gasket is still compressed over a wider part as it is 
indicated by the effective width. 

With this approach, for the first time the real gasket deformation behaviour and hence the 
resulting gasket stress distribution is considered to determine the effective compressed 
gasket dimension. In Finite Element calculations this method has been validated, a satisfying 
agreement of the results could be found. 

3.3 Shear forces and torsion moments 
Up to now, in EN 1591-1 only axial forces FAI and bending moments MAI are considered as 
external loads. But also shear forces FLI and torsion moments MTI can occur as external 
loads and should therefore be treated in the calculation procedure. These external loads 
have an influence on the required gasket force FGImin in subsequent load conditions. 

To prevent leakage, and to prevent the loss of the contact at the bolts or nuts due to the 
external axial force (compression force) or to negative fluid pressure, and to guarantee axial 
load on the gasket in order to counter its potential sliding due to external torsion moments or 
shear forces by friction, the following minimum gasket force is necessary and must be 
included in the calculation procedure: 
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4 Summary and conclusion 
In the present study several developments and improvements in gasket testing for the 
evaluation of gasket characteristics which are required in the calculation of bolted flanged 
joints have been worked out. The modified test procedures or additional evaluations and the 
supplemental gasket characteristics allow a much more detailed analysis of the gasket 
performance and of the mechanical behavior of a BFC. The results of this study represent a 
considerable input to the ongoing standardization work. 

Also, the demands of the European IPPC directive or the German TA Luft and the associated 
VDI guideline 2290 can be covered with the described procedures. Calculational tightness 
analysis can be performed in a simple way, and reliable results on-site can be expected if an 
appropriate assembly procedure including a quality assurance procedure is used. 
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Table 1: Calculation procedures and their field of application 

Calculation
method

Floating
Type

MMC
Type

Testing
Standard

Stress
Analysis

Tightness
Proof

TA-Luft
Proof

EN 1591-1 x EN 13555 x x x  1)

TS 1591-3 x - x x x  1)

AD 2000 x - EN 13555 x x 2) x  1,2)

EN 13445-3
(Section 11)

x - - x - -

Finite Element Analysis x x
EN 13555
(extended 
evaluation)

x x x  1)

1)  only in combination with a first-time test acc. VDI 2440 / VDI 2200 and a qualified assembly
2)  only in conjunction with EN 1591-1  
 

 

 

Table 2: Gasket characteristics according EN 13555 

Mechanical characteristics
QSmax(RT) MPa Maximum allowable gasket surface pressure at RT

QSmax(T) MPa Maximum allowable gasket surface pressure at T

EG MPa Modulus of elasticity

PQR - Creep/relaxation factor

Tightness characteristics

Qmin(L) MPa
Minimum required gasket surface pressure for tightness class L 
during assembly

QSmin(L) MPa
Minimum required gasket surface pressure for tightness class L in 
operation (in dependence on the gasket surface pressure QA 

applied during assembly)
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Figure 1: Compression curve of a graphite sheet material 

Compression curve  
P01-IBC-GR 92x49x1.535 mm 
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Figure 2: Compression curve of a kamprofile gasket with graphite layer 

Compression curve  
O01-KP-GR 69.8x54.1x4.009 mm 

Test number: 11-201
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Figure 3: Modulus of elasticity of a PTFE based sheet material 

Modulus of elasticity  
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Figure 4: Creep/relaxation test results of an ePTFE based sheet material 

Relaxation Tests
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Figure 5: Envelope curves to describe the creep/relaxation behavior of an ePTFE based 
sheet material 

Relaxation behaviour
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Figure 6: Friction coefficient of a graphite sheet material 

Course of test  
P02-IBC-GR 92.15x49.67x4.23 mm 

Test number: 11-123
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Figure 7: Flange rotation and resulting gasket deformation

 

 

 

 

Figure 8: Definition of the effective gasket width 

 

 

Figure 9: Radial gasket force and stress distribution  

Distribution of gasket force
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Abstract 
Boron enhances the boundary and sub-boundary hardening in creep of tempered martensitic 
9Cr steel base metal and welded joints at 650 oC.  Excess addition of nitrogen to the 9Cr-
boron steel promotes the formation of large boron nitrides during normalizing heat treatment, 
which consumes most of soluble boron and degrades the creep strength.  A NIMS-9Cr steel 
(MARBN; Martensitic 9Cr steel strengthened by boron and MX nitrides) with 120-150 ppm 
boron and 60-90 ppm nitrogen exhibits much higher creep strength of base metal than P92 
and also no Type IV fracture in welded joints at 650 oC. 

1  Introduction 
   The materials development projects for advanced ultra-supercritical (A-USC) power plants 
with steam temperature of 700 oC or above have been performed to achieve a high efficiency 
in Europe, in the US, in Japan and recently in other countries, China, India and so on.  These 
projects involve the replacement of 9 to 12% Cr martensitic steels with Ni-base superalloys 
for the components subjected to the highest temperature.  To minimize the requirement of 
expensive Ni-base superalloys, 9 to 12Cr martensitic steels can be used for the components 
subjected to the next highest temperatures.  Therefore, the development of 9 to 12Cr 
martensitic steels is highly desirable for expanding the present temperature range of 610-620 

oC in maximum up to 650 °C.  Critical issues for the development of ferritic steels for 650 oC 
USC boilers are the improvement of oxidation resistance as well as long-term creep strength, 
including welded joints.   This paper describes the effect of boron for achieving the 
improvement of long-term creep strength of base metal and welded joints for tempered 
martensitic 9Cr steel at 650 oC by microstructure stabilization near prior austenite grain 
boundaries (PAGBs).  The improvement of oxidation resistance in steam at 650oC is also 
achieved by pre-oxidation treatment. 

2  Experimental Procedure 
The 9Cr-3W-3Co-0.2V-0.05Nb steel with different boron concentrations of 0, 48, 92 and 

139 ppm was used to investigate the effect of boron on creep strength of 9Cr boron steel 
base metals [1].  Nitrogen was not added to the steel to avoid the formation of BN during 
normalizing heat treatment at high temperature.  The 9Cr-3W-3Co-0.2V-0.05Nb steel with 
140 ppm boron but different nitrogen concentrations was used to investigate the effect of 
nitrogen on creep strength of 9Cr boron steel [2].  The steels were basically prepared by 
vacuum induction melting to 50 kg ingots.  Hot forging and hot rolling were performed to 
produce plates of 20 mm in thickness.  Creep tests were carried out at 650 oC for up to about 
9 x 104 h, using specimens of 10 mm in gauge diameter and 50 mm in gauge length. 

The welded joints were prepared by means of multi-layered Gas Tungsten Arc (GTA) 
welding [3].  The simulated heat-affected-zone (HAZ) specimens were also prepared.  Finally, 
the post-weld heat-treatment (PWHT) was carried out for each specimen including the base 
metal at 740 oC for 4.7 h. 

3  Experimental Results and Discussion 
3.1  Effect of Boon on Creep Strength and Microstructure 

Fig.1 shows the creep rupture data for 9Cr-3W-3Co-0.2V-0.05Nb steel with different 
boron contents (0, 48, 92 and 139 ppm B) at 650 oC.  Nitrogen was not added in the steel.  
The base steel without boron (0 ppm B) exhibits a loss of creep rupture strength at long 
times above about 1000 h at 650 oC.  With increasing boron content, however, the time to 
rupture significantly increases at low stress and long time conditions.  The long-term creep 
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rupture strength of T/P92 [4] is roughly the same as the present 9Cr steel with 92 ppm boron, 
while that of T91 [5] is roughly the same as the present 9Cr steel with 48 ppm boron. 

   The addition of boron also improves the creep rupture ductility at 650 oC and long times as 
shown in Fig.2 for the reduction of area, although the reduction of area is roughly the same 
among the steels containing 48 to 139 ppm boron.  This suggests that the localization of 
creep deformation near prior austnite grain boundaries (PAGBs) is less pronounced by the 
addition of boron.  The reduction of area after long-term creep rupture testing is in order of 
9Cr-boron steel => T91 > T/P92.  The improved reduction of area by the addition of boron is 
advantageous to the creep-fatigue life, because the creep-fatigue life is proportional to the 
reduction of area in creep rupture test, namely, proportional to the creep ductility but not 
proportional to the creep strength [6].   

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1  Effect of boron on creep rupture strength of 9Cr-3W-3Co-0.2V-0.05Nb steel at 650 ºC, 
together with data for T91 and T/P92 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2  Effect of boron on reduction of area of 9Cr-3W-3Co-0.2V-0.05Nb steel at 650 ºC, 
together with data for T91 and T/P92 

 

   The effect of boron on creep deformation behavior is shown in Fig.3, where the creep rate 
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tempered martensitic 9Cr steel that the transient creep is basically a consequence of the 
movement and annihilation of high-density dislocations produced by martensitic 
transformation during cooling after normalizing, and that the acceleration creep is a 
consequence of the gradual loss of creep strength due to the microstructure recovery [7].  
The onset of acceleration creep is closely correlated with the migration of lath or block 
boundaries, causing the coarsening of the laths or blocks.  In Fig.3(a), the onset of 
acceleration creep is retarded and the transient creep region continues for a longer time with 
increasing boron content.  The longer duration of transient creep results in a lower minimum 
creep rate and a longer time to rupture.  The logarithm of creep rate increases linearly with 
strain for a wide range of strain in the acceleration creep region after reaching a minimum 
creep rate, Fig.3(b).   

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3  Effect of boron on (a) creep rate versus time curves and 
(b) creep rate versus strain curves of the steels at 650 oC and 80 MPa 

 
   In the base steel without boron, a fine distribution of M23C6 carbides is observed after 
tempering but extensive coarsening takes place in the vicinity of PAGBs during creep [8].  
This promotes the migration of lath and block boundaries during creep and hence the onset 
of acceleration creep takes place earlier in the steels containing low boron contents. The fine 
distribution of M23C6 carbides along PAGBs is maintained for up to long times in the steel 
with 139 ppm boron at 650 oC, indicating the reduction of coarsening rate of M23C6 carbides.  
The boundary and sub-boundary hardening enhanced by the distributions of M23C6 carbides 
along boundaries is the most important factor in long-term creep strengthening.  

3.2  Additive Strengthening Due to Boron and MX nitrides 

   The solubility product for BN in 9 to 12Cr steels at normalizing temperatures of 1050 to 
1150 °C is given by  

log [%B]  =  -2.45 log [%N]  -  6.81,                                   (1) 

where [%B] and [%N] are the concentrations of soluble boron and soluble nitrogen in 
mass%, respectively, Fig.4 [9].  At a boron concentration of 140 ppm, only 95 ppm nitrogen 
can dissolve in the matrix without the formation of any BN at a normalizing temperature. 

   The nitrogen concentration dependence of the time to rupture and minimum creep rate of 
the 9Cr steel containing about 140 ppm boron at 650 °C and 120 MPa is shown in Fig.5 [2].  
The peaks of the time to rupture and minimum creep rate are located at about 80 to 100 ppm 
nitrogen, which corresponds to the maximum solid solubility of nitrogen in equilibrium with 
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BN in the steel containing 140 ppm boron at a normalizing temperature of 1100 °C, see 
Fig.4.  This indicates that the addition of nitrogen without the formation of any BN during 
normalizing significantly improves the creep strength but excess addition of nitrogen causes 
the formation of BN during normalizing heat treatment, degrading the creep strength. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4  Composition diagram of boron and nitrogen for formation of solid  solution and 
boron nitride BN in 9 - 12Cr steels at normalizing temperatures of 1050 - 1150 oC 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5  Time to rupture and minimum creep rate of 9Cr-3W-3Co-0.2V-0.05Nb-0.08C steel with 
140 ppm boron at 650 oC and 120 MPa as a function of nitrogen concentration 

   Fig.6 compares the enrichment of boron in M23C6 carbides between the 0.0015N and 
0.065N steels.  In the 0.0015N steel, no boron nitride forms during normalizing heat 
treatment and hence most of boron can contribute to the grain boundary segregation and to 
the enrichment in M23C6 carbides near PAGBs.  On the other hand, in the 0.065N steel, a 
large amount of BN forms during normalizing at high temperature.  Therefore, most of boron 
is consumed to form the BN.  The present results suggest that a critical issue for the 

10-4

10-3

10-2

10-3 10-2 10-1

Large  BN 
Small  BN
No  BN

Nitrogen  ( mass % )

B
or

on
  (

 m
as

s 
%

 )

Nitrogen  ( ppm )

B
or

on
  

( 
pp

m
 )

BN

P122

P92

Solid solution
1050 - 1150 oC

10                      100                    1000

100

10

110-4

10-3

10-2

10-3 10-2 10-1

Large  BN 
Small  BN
No  BN

Nitrogen  ( mass % )

B
or

on
  (

 m
as

s 
%

 )

Nitrogen  ( ppm )

B
or

on
  

( 
pp

m
 )

BN

P122

P92

Solid solution
1050 - 1150 oC

10                      100                    1000

100

10

1

105

104

103

102

10

T
im

e 
to

 r
up

tu
re

  (
 h

 )

M
in

im
um

 c
re

ep
 r

at
e 

 (
 1

 / 
h 

)

Nitrogen concentration  ( ppm )

650oC, 120MPa

0.08C-9Cr-3W-3Co-0.2V-0.05Nb-0.014B

10-7

10-6

10-5

10-4

10-3

101 102 103

Time to rupture
Minimum creep rate 

10-3 10-2 10-1
Nitrogen concentration  ( mass % )

105

104

103

102

10

T
im

e 
to

 r
up

tu
re

  (
 h

 )

M
in

im
um

 c
re

ep
 r

at
e 

 (
 1

 / 
h 

)

Nitrogen concentration  ( ppm )

650oC, 120MPa

0.08C-9Cr-3W-3Co-0.2V-0.05Nb-0.014B

10-7

10-6

10-5

10-4

10-3

101 102 103

Time to rupture
Minimum creep rate 

10-7

10-6

10-5

10-4

10-3

101 102 103

Time to rupture
Minimum creep rate 

10-3 10-2 10-1
Nitrogen concentration  ( mass % )

309



stabilization of martensitic microstructure is to increase soluble boron free from BN but not 
total boron concentration. 

 

 

 

 

 

 

 

 

 

Fig.6  Concentration of boron in M23C6 carbides in the steels after creep rupture testing at 
650 oC for 3000 - 4000 h, as a function of distance from prior austenite grain boundary. 

 
3.3  Suppression of Type IV Fracture in HAZ of Welded Joints 

   Figure 7 compares the creep rupture data between the base metals and welded joints for 
9Cr-boron steels containing different boron and nitrogen concentrations and P92 at 650 oC 
[10].  Although P92 contains 20 ppm boron, the degradation of creep rupture strength is quite 
large in welded joints due to Type IV fracture.  This suggests that even if the steel contains 
boron, it does not necessarily suppress the Type IV fracture.  The degradation in creep 
rupture strength of welded joints is negligibly small in the 9Cr-boron steels even if it contains 
only 47ppm boron but no addition of nitrogen (Fig.7(a)) and also even if it contains 85 ppm 
nitrogen (Fig.7(e)). 

   We have systematically examined the effect of boron and nitrogen concentrations on grain 
refinement behaviour for the 9Cr steel during heating.  No addition of boron causes the grain 
refinement at around Ac3 temperature, irrespective of nitrogen content.  The addition of boron 
and nitrogen without any formation of BN during normalizing causes no grain refinement, 
while the formation of BN during normalizing produces the fine-grained microstructure.  The  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.7  Creep rupture data for base metals and welded joints of the steels at 650 oC 
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formation of BN consumes most of soluble boron.  Soluble boron is essential for the 
suppression of grain refinement during heating. 

   Fig.8 shows the mechanisms responsible for the effect of grain boundary segregation of 
boron on the suppression of diffusive /transformation in HAZ of welded joints during 
heating and on the reduction of coarsening rate of M23C6 carbides in the vicinity of PAGBs 
during creep at 650 oC [11].  The segregation of boron at grain boundaries is estimated to be 
several % near the AC3 temperature of 950 oC as shown in Fig.8(a). 

   The grain refinement behaviour in Gr.92 and no grain refinement behaviour in the 9Cr-
boron steel during heating are explained as follows.  In Gr.92, the nucleation of  phase takes 
place preferentially at PAGBs during heating, Fig.8(b).  This is an initial stage of diffusive / 
transformation.  The nucleation and growth of  phase produces fine-grained microstructure 
when the peak temperature is not so high, at around AC3 temperature.  Carbonitrides such as 
M23C6 also become dissolved during heating but cannot re-dissolve completely, when the 
peak temperature is not so high, near the AC3.  In the 9Cr-boron steel, on the other hand, the 
grain boundary segregation of boron reduces the interfacial energy  for / boundary and 
makes the / boundaries less effective as heterogeneous nucleation sites for  phase.  This 
retards diffusive / transformation and hence martensitic reverse transformation by shear 
can take place during heating, similar as maraging steel [12].  The direct observation of the 
9Cr-130 ppm B steel surface using a confocal scanning laser microscope during heating 
clearly shows a high surface relief, suggesting that martensitic or displacive transformation 
takes place in the 9Cr-130 ppm B steel during heating [13].  The resultant microstructure of 
9Cr-boron steel after PWHT is substantially the same as that of the original microstructure. 

   Ostwald ripening in a solid matrix requires the accommodation of a local volume change 
around a growing particle, because the specific volume of carbides is larger than that of the 
alloy matrix [11].  During Ostwald ripening, as a small carbide goes into solution, carbon 
atoms take up interstitial sites in the matrix and vacancies are created at the carbide 
interface, as shown in Fig.8(c).  Then vacancies migrate through the matrix and arrive at a 
growing carbide interface, which accommodates local volume change.  If the enriched boron  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.8  Schematics of (a) GB segregation of boron, (b) diffusive / transformation at GB 
during heating and (c) reduction of coarsening rate of M23C6 carbides by boron during creep 
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atoms at PAGBs occupy vacancies around the growing M23C6 carbides, the local volume 
change cannot be accommodated.  This reduces the coarsening rate of M23C6 carbides in 
the vicinity of PAGB.  We think that the main effect due to boron is to occupy vacancies 
around the growing carbide particles in the vicinity of PAGBs.  This makes it difficult to 
accommodate local volume change.   It is concluded that the enrichment of soluble boron 
near PAGBs by the segregation is essential for the reduction of coarsening rate of M23C6 
carbides in the vicinity of PAGBs and for the production of same microstructure between the 
base metal and HAZ in welded joints. 

3.4  Optimization of boron and nitrogen concentrations: MARBN steel 

   Based on the suppression of Type IV fracture using boron and the improvement of long-
term creep strength of base metal using both boron and MX nitride without any formation of 
BN during normalizing heat treatment, a 9Cr-3W-3Co-0.2V-0.05Nb steel containing 120-150 
ppm boron and 60-90 ppm nitrogen was alloy-designed.  The steel is denoted MARBN, 
which means martensitic 9Cr steel strengthened by boron and MX nitrides.  Figure 9 shows 
the creep rupture data for the base metal and welded joints of MARBN at 650 oC, together 
with those for the 9Cr-3W-3Co-0.2V-0.05Nb steel containing 139 ppm boron and 34 ppm 
nitrogen shown in Fig.1 and P92.  MARBN exhibits a little bite higher creep rupture strength 
of base metal than the 9Cr steel containing 139 ppm boron and 34 ppm nitrogen, resulting 
from the nitrogen effect.  It should be noted that MARBN exhibits not only much higher creep 
rupture strength of base metal than P92 but also subatntially no degradation in creep rupture 
strength of welded joints compared with base metal. 

 

 

 

 

 

 

 

 

 

 

 

Fig.9  Creep rupture data for MARBN, P92 and 9Cr steel containing 139 ppm boron  
and 34 ppm nitroigen at 650 oC 

 

 

 

 

 

 

 

 

Fig.10  Appearance of MARBN pipe and circumference TIG welding of MARBN pipe 
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  The production of a thick-walled MARBN pipe and subsequent circumference welding of the 
pipe have successfully been performed from a 3 ton ingot, Fig.10.  This is based on the 
collaboration between NIMS and private companies in Japan [10]. 

 

3.5  Improvement of Oxidation Resistance in Steam by Pre-oxidation Treatment 

   In conventional 9 to 12Cr steels, it is well known that thick scale consisting of Fe3O4 in the 
outer layer and Fe-Cr spinel oxides in the inner layer forms on the surface in high 
temperature steam environment.  In the present research, the formation of protective Cr-rich 
oxide scale is achieved by several pre-treatments, such as the pre-oxidation treatment in 
argon gas at 600 to 700 oC [14-15].   

  The long-term stability of Cr2O3 scale formed by the pre-oxidation treatment has been 
examined for the three steels, MARB1 with 100 ppm boron, MARB2 with 200 ppm boron and 
MARN with 0.05 % nitrogen but no addition of carbon in steam at 650oC, after the pre-
oxidation treatment in Ar gas at 700 oC for 50 h, Fig.11 [15].  For the three steels MARB1, 
MARB2 and MARN, the oxidation resistance in steam is significantly improved by the pre-
oxidation treatment, which produces the thin scale of Cr-rich oxides.  The thin scale of Cr-rich 
oxides is stable during oxidation in steam at 650 oC for a long time exceeding 20,000 h. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.11  Weight gain of 9Cr-3W-3Co-VNb steel MARB1, MARB2 and MARN  
with and without  pre-oxidation treatment in steam at 650 oC 

4  Summary 
1) The addition of boron and nitrogen to 9Cr-3W-3Co-VNb steel without any formation of BN 

during normalizing heat treatment improves the long-term creep strength of base metal 
and suppresses the brittle Type IV fracture in HAZ of welded joints at 650 oC.  The addition 
of boron also improves the creep rupture ductility. 

2) The enrichment of soluble boron near PAGBs by the GB segregation is essential for the 
reduction of coarsening rate of M23C6 carbides near PAGBs, enhancing the boundary and 
subboundary hardening near PAGBs, and also for the change in  transformation 
behaviour in HAZ of welded joints during heating of welding, producing the same 
microstructure in HAZ as in the base metal.  The enhancement of boundary and 
subboundary hardening by fine distributions of M23C6 carbides along boundaries retards 
the onset of acceleration creep, which effectively decreases the minimum creep rate and 
increases the creep life. 
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3) 9Cr-3W-3Co-0.2V-0.05Nb steel (MARBN) with 120-150 ppm boron and 60-90 ppm 
nitrogen exhibits not only much higher creep rupture strength of base metal than P92 but 
also subatntially no degradation in creep strength due to Type IV fracture in HAZ of welded 
joints at 650 oC. 

4) The formation of protective Cr-rich scale is achieved on the surface of 9Cr steel by pre-
oxidation treatment in Ar gas.  This significantly improves the oxidation resistance of 9Cr 
steel in steam at 650 oC. 
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Abstract 
The feature of the Type IV failure in the creep strength enhanced ferritic steel welds is 
reported and discussed considering the effect of specimen size and shape, and creep test 
conditions.  And also the effect of weld configuration and stress conditions on the creep 
life/strength of welds is discussed comparing the data of large size uniaxial cross-weld creep 
tests and the internal pressure creep tests of longitudinally seam-welded pipe elbow.     

1 Introduction 
The steam conditions of power plants have been elevated since the development of a creep 
strength enhanced ferritic (CSEF) steel, Gr.91 (9Cr-1Mo-V-Nb steel) in early 1980s.  In 
recently constructed facilities, the steam temperatures have been successfully elevated to 
around 600℃ through the use of Gr.91, and other CSEF steel grades introduced in 1990s, 
Gr.92 (9Cr-0.5Mo-1.8W-V-Nb steel), Gr.911 (9Cr-1Mo-1W-V-Nb steel) and Gr.122 (12Cr-
0.4Mo-2W-1Cu-V-Nb steel), which claim at least modest strength advantage over Gr.91 at 
around 600℃.  However recently power plant steam lines made of these steels experienced 
with steam leaking not only in the longitudinal seam welds but also in the girth welds. The 
failure to cause steam leaking is in the typical Type IV region of the heat affected zone of 
welds.  The Type IV failure has been studied worldwide from the aspect of creep life/strength 
of standard size cross-weld specimen to determine the weld strength reduction factors.   
Hoever the creep life/strength and creep failure behavior strongly depend on the specimen 
size and shape, and creep test temperature/stress conditions. High temperature components 
must therefore take appropriate weld strength reduction factors into account considering 
those conditions, and suitable creep life assessment must be performed.  The present paper 
reports the feature of the Type IV failure observed in the standard/large-size cross-weld 
specimens dealing with the microstructures, hardness and rupture lives, and the effect of 
weld configuration and stress condtions on the creep rupture life/strength obtained from the 
comparative studies on the large size uniaxial cross-weld creep tests and the internal 
pressure creep tests of longitudinally seam-welded pipe elbow.    

2 Feature of Type IV failure in CSEF steels 
In general the standard size cross-weld creep rupture specimens with diameters of 6 to 10 
mm and gauge length of 30 mm in which the fusion line must be placed at the longitudinal 
center of the specimen is machined from the welded joints to include weld metal (WM), heat 
affected zone (HAZ), and base metal (BM) in the parallel portion.  In this study the creep 
rupture tests were conducted at temperatures of 550℃, 600℃ and 650℃, and at stress 
ranging from 95 to 255MPa, reaching a maximum of apploximately 20,000 hours rupture time 
for Gr.92 steel.  The cross-weld creep rupture tests revealed the rupture time, ductility 
(represented by rupture strain or elongation), and rupture mode.  The location of failure was 
also determined by the visual examination of ruptured specimens and by the cross-sectional 
observation of macrostructure.  According to the creep rupture data [1] there was little 
difference in the creep rupture strengths of the welds at lower test temperatures and short-
term region, indicating that the differences in the product forms between plate and pipe were 
small.  However the specimens ruptured in the heat affected zone at rather long-term region 
and higher test temperatures exhibiting lower creep strength compared with base metal 
strength. The rupture elongation tended to decline with the time to rupture, and the heat 
affected zone failure in particular showed lack of ductility.  Fig. 1 [1] shows sectional 
macrostructures of creep rupture specimens from the Gr. 92 steel welded joint.  The heat 
affected zone failure is observed at 160MPa and 600℃, and at the stress of 125MPa and 
temperatures of 600℃ and above.  In the case of the rupture specimens from Gr. 92 steel 
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welded joint, heat affected zone failure occurred under stress of 125MPa at temperatures of 
600℃ to 650℃, and base metal failure took place at 660℃. Fig. 2 [1] demonstrates the 
failure mode of the Gr. 92 steel welds in terms of the stress and temperature of creep rupture 
tests.  In the case of the plate welded joint, the failure map is not clear due to weld metal 
failure at stresses between 90 to 100MPa, considered to be caused by the small difference 
of the hardness between the softened region of the heat affected zone and the base metal.  
However, the location of failure shifted from weld metal at temperatures below 650℃ to heat 
affected zone at 660℃ under the stress of 125MPa.  This suggests that heat affected zone 
failure occurs more easily at higher temperatures and lower stresses.  On the other hand, the 
pipe welded joint clearly showed a failure map with two regions, divided into base metal 
failure and heat affected zone failure by the line from the point of 175MPa at 600℃ to that of 
125MPa at 650℃.  From these observations, it is said that the heat affected zone failure 
takes place at higher temperature and lower stress.   

 

 

 

 

 

 

 

 

 

 

 

Fig.1 Sectional macrostructures of standard size Gr.92 cross-weld creep specimens 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 Creep rupture failure map for Gr.92 welds 
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Two types of uniaxial creep specimens, namely a large size specimen having a 30 mm 
square cross section and a 175 mm gauge length, and standard specimens having a 9 mm 
square cross section and a 25 mm gauge length, were taken from the gas tungsten arc 
welded joint of a Gr.122 steel with the center of each specimen placed at the fusion 
boundary.  The large and standard size specimens were subjected to creep testing at 675℃ 
and 70Mpa, and 650℃ and 130Mpa, respectively.  The large and standard specimens of the 
Gr.122 steel welds ruptured at 689.0 h and 340.8 h, respectively.  The creep rupture times of 
these specimens were shorter than that of the base metal for these creep conditions.  The 
macrostructure of the welds after creep rupture is shown in Fig. 3 [1].  Both specimens 
ruptured in the fine-grained zone at a location approximately 1.2 mm away from the fusion 
boundary in the heat affected zone, and the creep fracture mode was the typical Type IV 
failure.  It was posited that the reason why the welds ruptured in a shorter time than the base 
metal was that the creep strength of fine-grained zone was weaker than that of the other 
parts.  

 

 

 

 

 

 

 

 

Fig. 3 Sectional macrostructures of Gr.122 ross-weld creep rupture specimens  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4 Sectional structures of large size Gr.91 cross-weld creep rupture specimen 
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Fig.5 Creep cavities at 4 mm depth from surface in heat affected zone 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.6 Changes in carbide morphology in fine-grained and coarse-grained heat affected zone 

 

Fig.4 [2] shows the macro- and microstructures at the central cross-section of the Gr.91 
creep rupture specimen with 30 mm square section which was exposed at 650℃ and 57Mpa 
for 5071 h.  The crack occurred in the soft area of the heat affected zone, with many creep 
cavities inside, indicating this to be the point of initiation, and it is thought that the exterior 
surface ruptured in a ductile manner at the end of rupture event.  Although almost no creep 
cavities were seen in the surface layer, numerous cavities were observed internally, 
particularly at a depth of 4 mm from the outer surface.  Fig.5 [2] also shows the 
microstructures with higher magnification than that in Fig.4 at a depth of 4 mm from the outer 
surface where the highest cavity density was recognized.  Creep cavities at the rupture 
location grew to the size of the grains of the martensite lath, and the shape is horned and 
irregular, while the cavities at the opposite side of the heat affected zone appear to be round 
and growing towards shape seen at the rupture location.  Although a substantial decline in 
hardness was found at the surface after rupture, it can be seen from the results of hardness 
measurement that an even greater decline in hardness occurred in the soft zone and base 
metal.  From the foregoing, it is hypothesized that even greater creep damage occurred 
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internally within the wall of welded joint than was detected at the external surface.  It is 
considered, then, that cavities were generated and accumulated internally, and that damage 
proceeded.  Fig.6 [2] shows the structures observed with a transmission electron microscope 
on the extraction replica taken from the heat affected zone of the cross-weld creep test weld 
specime to compare the carbide morphology in the fine-grained and coarse-rained zones.  In 
the fine-rained zone the carbides at the prior austenitic grain boundary grew rapidly to 
agglomerate as compared with the coarse-rained zone. This suggests that degradation due 
to creep accumulates in the fine-rained zone which coincides with soft zone.  

Fig. 7 [3] shows the typical Type IV failures observed in the fine grain heat affected zone of 
Gr.122 end cap welds of the header in the pressure vessel test rig creep-exposed at 655℃ 
and 33Mpa of internal pressure (calculated hoop stress: 55.5Mpa) for approximately 8,000 h, 
which also included longitudinal cracks in the base metal initiated from this heat affected 
zone.  Type IV cracks were observed on both sides of the fine grain heat affected zone of 
welds, while the end cap side heat affected zone suffered greater damage than that of the 
header side.  These cracks were surrounded by numerous creep cavities.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.7 Typical Type IV failure in Gr.122 header end cap welds in pressure vessel test rig 

 

3   Effect of weld configuration and stress conditions 
The internal pressure creep rupture tests using clam shell type longitudinally seam-welded 
pipe was conducted [1].  Concurrently large size cross-weld creep rupture tests were also 
carried out.  The test results are listed in Table 1 [1], and the ruptured specimens are also 
shown in Fig. 8 [1].  These are for welded joints with X- and U-grooves having 40 m by 32 m 
cross-sections for large size uniaxial cross-weld specimen, and internal pressure creep 
rupture tests on seam-welded pipe tested at 650°C and 66MPa (caulculated hoop stress in 
case of internal pressure tests).  The rupture locations were all in the fine grain heat affected 
zone, and rupture times were longer in the uniaxial specimen and U-groove configulation.  
Also in the seam-welded pipe internal pressure creep rupture tests, the rupture location was 
intrados of elbow.   

The following analysis is based on these results and creep rupture data for Gr.91 base metal 
and welds [4].  The estimated rupture times for stress of 66MPa at 600°C and 650°C, from  
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Table 1 Gr.91 large size cross-weld and internal pressure creep rupture test results  

                              

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8  Sectional failure view in Gr.91 large size cross-weld and internal pressure specimens 

 

the creep rupture master curve corresponding to the Gr.91 steel welded joint, with the 
Larson-Miller parameter constant C set to 20 and the optimal value of 31 [4].  The 650°C 
creep rupture time of 2,041.9 h estimated using the constant of 31 was extremely close to 
the large size uniaxial test rupture time of 2,048.6 h.  Applying this result to an actual service 
temperature of 600°C an estimated rupture time of 188,802.1 h was obtained.  Using a 
constant of 20, however, the estimate becomes 24,225.6 h, reduced by a magnitude of 
approx. 8, making for an alarmingly dangerous situation.  Next, using experimentally 
obtained rupture times to estimate stress in the case of the large size uniaxial cross-weld 
tests, the estimates produced X-groove data and a constant of 31 corresponded well with the 
experimentally set stress, while estimates in other cases were lower than actually set 
stresses in the corresponding tests.  On the other hand, the estimated stress was higher than 
the actual stress in the case of the internal pressure tests, with the value being the same with 
respect to the constant, and with the X-groove indicating greater stress than the U-groove.  
The stress estimated using an X-groove was approx. 1.1 times higher than the 
experimentally set stress, and this is considered to be due to the newly applied stress related 
to the influence of the construction shape on the inside (intrados) of the bend portion of the 
seam-welded pipe.  Furthermore, when the estimated stress is used to estimate the rupture 
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time at a service temperature of 600°C, the result is approx. 200,000 h when using the 
constant of 31 in the large size uniaxial test, and about 1/5 of this figure when using the 
constant of 20.  Similarly, internal pressure test rupture time of approx. 90,000 h was 
estimated using 31, and about 1/5 using 20.  Comparing the X- and U-groove configurations 
in terms of rupture time, the X-groove resulted in approx. 30% shorter life than the U-groove 
in the case of the large-scale axial test, and approx. 15% shorter life in the case of the 
internal pressure test.  

From the preceding results, the groove configuration and the component construction 
(related to stress conditions) of seam-welded pipe can be stated as joint influence factors 
apart from those based on the probability distribution of the material itself, while the 
treatment of estimation results for rupture time (including the strength extrapolation method) 
must also be considered.  The X-groove is seen to be disadvantageous compared to the U-
groove, but the range of time reduction is 15 to 30%, which is less than for the component 
construction of seam-welded pipe.  From the life obtained in actual laboratory tests on 
uniaxial cross-weld specimen, the reduction associated with component construction is 
considered to be 30-60%. Although there is no major difference in the stress that is 
generated in the seam-welded pipe itself when using a constant of 20 compared to life 
prediction that relies completely on a Larson-Miller parameter constant of 31, the latter 
results in life prediction of about 5 times longer. 

4   Summary 
The standard size and large size cross-weld creep specimens were observed and 
investigated in order to understand effect of specimen size and shape on the Type IV failure 
in creep strength enhanced ferritic steels.  And also the internal pressure creep rupture tests 
of Gr. 91 steel using a full size seam-welded pipe component with two types of groove 
configuration was conducted to reproduce Type IV failure and to discuss the efect of weld 
configuration and stress conditions on the creep rupture strength of welded joint.  As a result, 
the failure mode and creep rupture strengths of the welded joints of these steels were 
clarified in terms of stress, temperature, welding groove configuration and component 
constructions.  The typical creep rupture mode was identified to be Type IV failure in the fine 
grain heat affected zone, which was reproduced in the cross-weld specimens and full size 
components.  From the rupture life obtained in the internal pressure creep rupture tests on 
seam-welded pipe as a structural element, the life reduction associated with component 
construction is considered to be 30-60% in relation to the weld configuration and multi-axial 
stress conditions.  Although there is no major difference in the stress that is generated in the 
seam-welded pipe itself when using a constant of 20 compared to life time prediction that 
relies completely on a Larson-Miller parameter constant of 31, the latter results in life 
prediction of about 5 times longer.  Those results will be helpful to consider the weld 
reduction factors and weld joint influence factors. 
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Abstract 
Creep rupture strength and creep deformation behaviour of ASME Grades T/P92 steels were 
investigated. Creep rupture strength of ASME Grades T/P92 steels was analyzed by means 
of a region splitting analysis method with four types Time-Temperature parameters of 
Larson-Miller, Orr-Sherby-Dorn, Manson-Haferd and Manson-Succop. Influence of type of 
parameter and order of polynomial equation on the analysis result was studied with reference 
to indexes of standard error and coefficient of determination, and the validity of extrapolation 
to the long-term. For both stress regimes, a Manson-Haferd parameter was meager 
applicability in comparison to the other three parameters. Turn back of the extrapolated long-
term creep rupture life predicted by Orr-Sherby-Dorn parameter was observed in the 
relatively short-term. A Larson-Miller parameter was selected as the best one among the four 
parameters used in the present study, and 3rd and 2nd orders polynomial equation of 
logarithm stress were selected as the recommendation for high- and low-stress regimes, 
respectively. Remarkable drop in creep rupture ductility was observed in the long-term where 
a ratio of stress to 0.2% offset yield stress is 50% and below. Although accelerating creep 
stage is observed even in the low stress regime, a reduction of area of the steels is reduced 
to almost zero in the long-term. Creep strain at the onset of accelerating creep stage 
decreases with decrease in stress corresponding to decrease in creep rupture ductility. 
Stress dependence of the minimum creep rate indicates an inflection similar to stress vs. 
time to rupture curves, however, good linear relationship is recognized in the Monkman-
Grant plot. Stress dependence of creep deformation behavior and creep rupture strength of 
ASME Grades T/P92 steels evaluated by the recommended analysis condition was 
demonstrated. 

1 Introduction 
Creep strength enhanced ferritic (CSEF) steels have been widely used as high temperature 
structural components of Ultra Supercritical (USC) power plant and heat recovery steam 
generator (HRSG) of combined cycle power plant. Energy efficiency of such modern thermal 
power plant has been improved by increasing steam temperature and pressure through the 
introduction of CSEF steels. On the other hand, it has been revealed that precise evaluation 
of long-term creep strength property of CSEF steels is difficult. Because of unexpected large 
drop in creep strength in the long-term, prediction of long-term creep rupture strength by 
extrapolating a short-term experimental data provides considerable overestimation [1]. In 
order to ensure the soundness and reliable operation of the plants, precise evaluation of 
long-term creep strength of the materials is fundamental and important, therefore, several 
new methods have been proposed to improve accuracy of evaluation and prediction of long-
term creep strength of CSEF steels [2-4]. A region splitting analysis method evaluates creep 
strength independently for high-stress and low-stress regimes with a boundary condition of 
50% of 0.2% offset yield stress at the temperature [2]. Multi region analysis of creep rupture 
data in consideration of change in activation energy for creep rupture life was proposed by 
Maruyama et al. [3]. A rationalization and extrapolation method of creep fracture data based 
on relationships which involve the activation energy for matrix diffusion and the ultimate 
tensile stress values at the creep temperature was proposed by Wilshire et al. [4]. A common 
importance of these new methods is that creep deformation mechanism and/or controlling 
factor of creep strength is not constant throughout a range of stress from short-term to long-
term. On the other hand, remarkable drop of not only creep strength, but also creep rupture 
ductility was recognized on CSEF steels in the long-term [5], and stress dependence of 
ductility drop in the long-term was found to be a similar to that of creep strength drop [6]. In 
the previous study on the long-term creep strength evaluation of CSEF steels by means of 
region splitting analysis [2, 7], creep rupture data was analyzed by a Larson-Miller parameter 
with second order function of logarithm stress. In the present study, influence of type of 
Time-Temperature parameter and order of regression formula on the accuracy and validity of 
creep strength evaluation was investigated on ASME Grades T/P92 steels. 
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2 Experimental Procedures 
Creep and creep rupture data of ASME Grades T/P92 steels [8] was used in the present 
study. Chemical composition, dimension and heat treatment condition of the steels are 
shown in Tables 1 and 2 [9]. The following four types Time-Temperature parameter [10-13] 
was used for creep rupture data analysis. 

Larson-Miller: PLM = T(Log tR + C) (1) [10] 

Orr-Sherby-Dorn: POSD = Log tR-Q/(2.3T) (2) [11] 

Manson-Haferd:  PMH = (Log tR-Log ta)/(T-Ta) (3) [12] 

Manson-Succop: PMS = Log tR + BT (4) [13] 

where T is absolute temperature (K), tR is time to rupture (h), C, ta, Ta and B are the constant. 

Boundary condition of high- and low-stress regimes for region splitting analysis [2] is 
determined as 50% of 0.2% offset yield stress at the temperature [9]. Regression analysis 
was conducted on creep rupture data in the high- and low-stress regimes independently with 
second, third, fourth and fifth order functions of logarithm stress. 

 

Table 1 Chemical composition (mass %) of the steels studied. 

Code C Si Mn P S Ni Cr Mo 

ASME 

CC2179-7 

0.07 

-0.13 
≤ 0.50 

0.30

-0.60
≤ 0.020 ≤ 0.010 ≤ 0.40 

8.50 

-9.50 

0.30

-0.60

T92 (MJT) 0.098 0.29 0.42 0.007 0.0013 0.13 9.50 0.36

P92 (MJP) 0.110 0.10 0.41 0.012 0.0037 0.17 9.26 0.42

 

Code W V Ti Al B N Nb Zr 

ASME 

CC2179-7 

1.50 

-2.00 

0.15 

-0.25 
≤ 0.01 ≤ 0.02

0.001

-0.006

0.030 

-0.070

0.04 

-0.09 
≤ 0.01

T92 (MJT) 1.74 0.19 0.003 0.009 0.002 0.0462 0.062 <0.001

P92 (MJP) 1.67 0.16 0.003 0.01 0.002 0.0462 0.057 <0.001

 

 

Table 2 Product form, dimension and heat treatment condition of the steels studied. 

Code Form Dimension Normalizing Tempering 

T92 
(MJT) 

Tube 57.0 OD, 10.2 t 1100°C/12min. AC 780°C/60min. AC 

P92 
(MJP) 

Pipe 315.0 OD, 38.0 t 1070°C/120min. AC 780°C/120min. AC 

        OD: outside diameter, t: thickness, AC: air cooling 
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3 Results and Discussion 

3.1 T TP analysis 
3.1.1 High stress regime 
Regression analysis of creep rupture data of the steels in the high-stress regime where the 
applied stress is higher than 50% of 0.2% offset yield stress was conducted by four types 
Time-Temperature parameters of Larson-Miller [10], Orr-Sherby-Dorn [11], Manson-Haferd 
[12] and Manson-Succop [13] with second, third, fourth and fifth orders regression formula. 
The average value of standard error of estimate (SEE) and coefficient of determination 
(COD) obtained for P92 (MJP) and T92 (MJT) steels are shown in Figure 1. A result of 
regression analysis with a Manson-Haferd parameter was not obtained for fourth and fifth 
orders regression formula. For all the Time-Temperature parameters investigated, magnitude 
of SEE of second order regression formula was larger than the others and that of COD was 
smaller than the others, therefore, accuracy of regression analysis with second order 
regression formula was lower than the higher order formula. On the other hand, accuracy of 
regression analysis was almost the same for third, fourth and fifth orders regression formula. 
Difference in accuracy of regression analysis among three TTP’s of Larson-Miller, Orr-
Sherby-Dorn and Manson-Succop parameters was relatively small, however, a regression 
accuracy of Larson-Miller was slightly higher than the others and that of Orr-Sherby-Dorn 
was the lowest among the three parameters. 

Comparison of predicted creep rupture life curves in the high-stress regime of P92 (MJP) and 
T92 (MJT) steels obtained by a Larson-Miller parameter with second and third orders 
regression formula is shown in Figure 2. Within the range of creep rupture data used for 
regression analysis, predicted creep rupture life is almost the same for second and third 
orders regression formula, however, extrapolated creep rupture life with a second order 
regression formula indicates turn back in the stresses below the lowest stress condition of 
the analyzed creep rupture data. The difference in extrapolated creep rupture life is 
considered to be associated with the differences in a magnitude of SEE and COD for second 
and third orders regression formula. 

 

Figure 1 Comparison of standard error of estimate (SEE) and coefficient of determination 
(COD) obtained by creep rupture data analysis in the high-stress regime for four types Time-

Temperature parameter and second, third, fourth and fifth orders regression formula. The 
magnitude of both values is an average value obtained for P92 (MJP) and T92 (MJT) steels. 
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If the degree of accuracy is essentially the same, the lower order is the better for regression 
formula, consequently, creep rupture life predicted by three Time-Temperature parameters 
with a third order regression formula was compared. Comparison of creep rupture life curves 
in the high-stress regime of P92 (MJP) and T92 (MJT) steels obtained by three types Time-
Temperature parameter of Larson-Miller, Orr-Sherby-Dorn and Manson-Succop with a third 
order regression formula is shown in Figure 3. Within the range of creep rupture data used 
for regression analysis, predicted creep rupture life is almost the same each other. However, 
extrapolated creep rupture life in the stresses lower than the lowest stress condition of the 
analyzed creep rupture data with Manson-Succop parameter was longer than the others and 
that of Orr-Sherby-Dorn parameter was the shortest. Extrapolated creep rupture life below 
the lowest creep rupture data with Larson-Miller parameter was the intermediate among 
three TTP’s and the degree of regression accuracy of Larson-Miller parameter was the best. 
According to the above results, Larson-Miller parameter and a third order regression formula 
was selected as the best condition for creep rupture data analysis in the high-stress regime. 

 

 

Figure 2 Comparison of predicted creep rupture life curves in the high-stress regime of 
P92 (MJP) and T92 (MJT) steels obtained by a Larson-Miller parameter with second and 

third orders regression formula. 

 

 

Figure 3 Comparison of creep rupture life curves in the high-stress regime of P92 (MJP) 
and T92 (MJT) steels obtained by three types Time-Temperature parameter of Larson-Miller, 

Orr-Sherby-Dorn and Manson-Succop with a third order regression formula. 
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3.1.2 Low  stress regime 
Regression analysis of creep rupture data of the steels in the low-stress regime where the 
applied stress is lower than 50% of 0.2% offset yield stress was conducted by four types 
Time-Temperature parameters with second, third, fourth and fifth orders regression formula. 
The average value of standard error of estimate (SEE) and coefficient of determination 
(COD) obtained for P92 (MJP) and T92 (MJT) steels are shown in Figure 4. A result of 
regression analysis with a Manson-Haferd parameter was not obtained for fourth and fifth 
orders regression formula along with the high-stress regime as shown in Figure 1. For the 
three Time-Temperature parameters except for Manson-Haferd parameter, magnitude of 
SEE and COD are almost the same and the influence of order of regression formula is also 
small. As a result of that, the second order regression formula is considered to be the best 
one because of the fundamental concept as mentioned above. 

In order to examine the relevance of creep rupture data prediction and extrapolation for the 
three Time-Temperature parameters, predicted creep rupture lives in the low-stress regime 
are compared. Comparison of creep rupture life curves in the low-stress regime of P92 (MJP) 
and T92 (MJT) steels obtained by three types Time-Temperature parameter of Larson-Miller, 
Orr-Sherby-Dorn and Manson-Succop with a second order regression formula is shown in 
Figure 5. Within the range of creep rupture data used for regression analysis, predicted 
creep rupture life is almost the same each other. However, extrapolated creep rupture life 
with Orr-Sherby-Dorn parameter indicates turn back in the stresses below the lowest stress 
condition of the analyzed creep rupture data. Similar to the high-stress regime, extrapolated 
creep rupture life in the stresses lower than the lowest stress condition of the analyzed creep 
rupture data with Manson-Succop parameter was longer than the others and that of Orr-
Sherby-Dorn parameter was the shortest. Extrapolated creep rupture life below the lowest 
creep rupture data with Larson-Miller parameter was the intermediate among three TTP’s. 
According to the above results, Larson-Miller parameter and a second order regression 
formula was selected as the best condition for creep rupture data analysis in the low-stress 
regime. 

 

 

Figure 4 Comparison of standard error of estimate (SEE) and coefficient of determination 
(COD) obtained by creep rupture data analysis in the low-stress regime for four types Time-
Temperature parameter and second, third, fourth and fifth orders regression formula. The 

magnitude of both values is an average value obtained for P92 (MJP) and T92 (MJT) steels. 
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Figure 5 Comparison of creep rupture life curves in the low-stress regime of P92 (MJP) 
and T92 (MJT) steels obtained by three types Time-Temperature parameter of Larson-Miller, 

Orr-Sherby-Dorn and Manson-Succop with a second order regression formula. 

 

3.1.3 Creep rupture life evaluation 
In the previous sections, influence of type of Time-Temperature parameter and order of 
regression formula on the accuracy and validity of creep rupture life evaluation was 
investigated, and Larson-Miller parameter was selected as the best one for both high- and 
low-stress regimes. Third and second orders of regression formula were recommended as 
the best one for high- and low-stress regimes, respectively. According to the selected 
condition for regression analysis, creep rupture data of P92 (MJP) and T92 (MJT) steels was 
analyzed. Predicted creep rupture lives of P92 (MJP) and T92 (MJT) steels by means of 
region splitting method with Larson-Miller parameter of third and second order regression 
formula for high- and low-stress regimes, respectively, are shown in Figure 6. The creep 
rupture data of both steels are precisely described by the predicted creep rupture life curves 
obtained by the selected condition of regression analysis. 

 

 

Figure 6 Predicted creep rupture lives of P92 (MJP) and T92 (MJT) steels by means of 
region splitting method with Larson-Miller parameter of third and second order regression 

formula for high- and low-stress regimes, respectively. 
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Comparison of observed and predicted creep rupture lives of P92 (MJP) and T92 (MJT) 
steels predicted by means of region splitting method with Larson-Miller parameter of third 
and second order regression formula for high- and low-stress regimes, respectively, are 
shown in Figure 7. In the figures, value of Z parameter that is an indicator of the 
effectiveness of life prediction proposed by European Creep Collaborative Committee [14] is 
indicated. A magnitude of Z parameter is evaluated by the following equation (5); 

   Log tRprd = Log tRobs± 2.5 SE = log tRobs ± log (Z) (5) [14] 

where tRprd is predicted creep rupture life, tRobs is observed creep rupture life and SE is a 
standard error of estimate, and for a normal distribution, about 99% of the observed creep 
rupture lives would be expected to exist within the boundaries defined by the Equation (5). 
Ideally magnitude of Z parameter should be equal or less than 2 [14]. Obtained Z parameter 
in the both stress regimes for both steels are less than 2, and accuracy of life prediction by 
means of region splitting analysis with the selected condition of TTP and order of regression 
formula is clearly demonstrated. 

Master creep rupture curves plotted against Larson-Miller parameter for high- and low-stress 
regimes of P92 (MJP) and T92 (MJT) steels are shown in Figure 8. Since creep rupture data 
is analyzed on high- and low-stress regimes independently, best fit parameter constant of 
Larson-Miller is different for high- and low-stress regimes. Consequently, creep rupture data 
is not described by a single master curve against Larson-Miller parameter, and there are two 
master creep rupture life curves for high- and low-stress regimes. For both stress regimes, 
creep rupture life is precisely described by master creep rupture life curves with Larson-Miller 
parameter. In addition, boundary condition of region splitting analysis which is 50% of 0.2% 
offset yield stress depends on temperature in associated with temperature dependence of 
0.2% offset yield stress. As a result of temperature dependence of boundary condition for 
region splitting analysis, overlapping of the master creep rupture life curves is recognized at 
the intermediate stress condition. In order to apply the master creep rupture life curve, 
appropriate master creep rupture life curve should be chosen in consideration of stress 
condition at the temperature. 

 

 

Figure 7 Comparison of observed and predicted creep rupture lives of P92 (MJP) and T92 
(MJT) steels predicted by means of region splitting method with Larson-Miller parameter of 
third and second order regression formula for high- and low-stress regimes, respectively. 
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Figure 8 Master creep rupture life curves plotted against Larson-Miller parameter for high- 
and low-stress regimes of P92 (MJP) and T92 (MJT) steels. 

 

3.2 Creep rupture ductility 
In the long-term, remarkable drop of not only creep rupture strength but also creep rupture 
ductility was recognized as important problem of the CSEF steels [5, 6]. Creep rupture 
elongation and reduction of area of the steels are plotted against time to rupture and shown 
in Figure 9. Good rupture ductility is observed in the short-term, however, it decreases with 
increase in time to rupture and indicates remarkable drop in the long-term beyond about 
1,000 hours. Reduction of area of the steels decreases to almost zero per cent after several 
tenth thousands hours of creep exposure. 

 

 

 

Figure 9 Changes in creep rupture elongation and reduction of area of the P92 (MJP) and 
T92 (MJT) steels with increase in time to rupture. 
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The same ductility data shown in Figure 9 is plotted against a ratio of stress to 0.2% offset 
yield stress, hereinafter referred as yield ratio, and shown in Figure 10. Remarkable drop in 
creep rupture ductility with decrease in yield ratio is clearly observed at 0.5 of yield ratio, 
which is half yield, independent of temperature. Since half yield is considered to be a 
macroscopic elastic limit where successive plastic deformation of polycrystalline material 
initiates [15], stress dependence of minimum creep rate and creep rupture life changes at 
half yield. Remarkable drop in rupture ductility in the long-term should be also derived from 
the change in stress condition from high-stress regime exceeding elastic limit to low-stress 
regime below it. Shift of stress condition from plastic regime in the short-term to elastic 
regime in the long-term is considered to be a dominant factor of significant drop in creep 
rupture ductility. 

 

 

Figure 10 Creep rupture elongation and reduction of area of the P92 (MJP) and T92 (MJT) 
steels plotted against a ratio of stress to 0.2% offset yield stress. 

 

3.3 Creep deformation 
Creep rate versus time curves at 650°C of the P92 (MJP) and T92 (MJT) steels are shown in 
Figure 11. Creep deformation consists of transient and accelerating creep stages with a 
minimum creep rate and no obvious wide stage of steady state creep is recognized in a 
logarithmic time scale for both steels. With decrease in stress, time to rupture increases in 
accordance with decrease in minimum creep rate. 

The same creep rate data at 650°C of the steels shown in Figure 11 is plotted against creep 
strain and shown in Figure 12. As mentioned on Figure 11, creep deformation mainly 
consists of transient and accelerating creep stages. In contrast to creep rate versus time 
curves, stress dependence of creep deformation is recognized on creep rate versus creep 
strain curves and a magnitude of creep strain at the onset of accelerating creep stage 
decreases with decrease in stress. Transient creep stage shifts to the accelerating creep 
stage at relatively higher creep strain in the higher stress condition, in contrast to the lower 
stress condition. It is considered that decrease in creep strain at the onset of accelerating 
creep stage with decrease in stress is associated with transition of stress from high-stress to 
low-stress regimes. The bottom line seems to be that accelerating creep stage is clearly 
observed even in the low stress condition where creep rupture ductility is extremely low and 
reduction of area is almost zero per cent. 
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Figure 11 Creep rate versus time curves at 650°C of the P92 (MJP) and T92 (MJT) steels. 

 

 

Figure 12 Creep rate versus strain curves at 650°C of the P92 (MJP) and T92 (MJT) steels. 

 

Regression analysis of minimum creep rate of the steels was conducted in the same manner 
as that for time to rupture by means of region splitting method with Larson-Miller parameter 
of third and second orders regression formula for high- and low-stress regimes, respectively. 
Predicted minimum creep rate of P92 (MJP) and T92 (MJT) steels are shown in Figure 6. 
The minimum creep rate of both steels is precisely described by the predicted minimum 
creep rate curves obtained by the selected condition of regression analysis, and inflection of 
stress versus minimum creep rate curve is also precisely described. 

The Monkman-Grant plots of the steels are shown in Figure 14. Inflection is clearly observed 
on both stress versus time to rupture (Fig.6) and stress versus minimum creep rate curves 
(Fig.13), however, good linear relationship is observed between time to rupture and minimum 
creep rate in both logarithmic scales for both steels over a wide range of about five orders of 
magnitude. Although remarkable drop in creep rupture ductility is recognized in the low-
stress regime below half yield, good linear relationship is observed on the Monkman-Grant 
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plot over the wide range. Change in stress dependence of time to rupture which derives 
inflection of stress versus time to rupture curve is consistent with stress dependence of 
minimum creep rate. Remarkable drop of creep rupture ductility in the low-stress regime 
does not influence on linear relationship of Monkman-Grant plot. Creep deformation and 
creep rupture strength property of the steel is essentially different in high- and low-stress 
regimes, therefore, prediction of long-term creep strength property should be investigated 
only in the low-stress regime lower than 50% of 0.2% offset yield stress. 

 

 

Figure 13 Stress versus minimum creep rate curves predicted by means of region splitting 
method for the P92 (MJP) and T92 (MJT) steels. 

 

 

Figure 14 Monkman-Grant plots of the P92 (MJP) and T92 (MJT) steels. 

 

4 Conclusions  
Regression analysis method of creep rupture strength was investigated and creep strength 
property was analyzed on ASME Grades T/P92 steels. A Larson-Miller parameter was 
selected as the best Time-Temperature parameter for both high- and low-stress regimes, 
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and third and second orders of regression formula were recommended as the best one for 
high- and low-stress regimes, respectively. The creep rupture strength property of the steels 
evaluated by the selected condition was demonstrated. Not only creep rupture strength, but 
also remarkable drop in creep rupture ductility and stress dependence of minimum creep rate 
were explained in consideration of 50% of 0.2% offset yield stress. Good linear relationship 
of Monkman-Grant plot was confirmed, regardless of inflection of stress versus time to 
rupture and minimum creep rate curves and remarkable drop in creep rupture ductility. 
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Abstract 
 

Power Industry has decided to tackle future demand for power combined with CO2 reductions 
by selecting the 600°C technology for the construction of new coal fired USC power plants. In 
the context of these evolutions, many new advanced creep resisting materials have been 
developed or modified during the last decade based upon existing alloy compositions and 
resulting in the use of advanced austenitic stainless steels for superheater/reheater tubes. In 
these high temperature regions of the boiler, materials must be characterized by high creep 
rupture strength and high temperature corrosion resistance.  

The Belgian Welding Institute (BWI) in collaboration with Laborelec undertook during 2010-
2011 a collaborative research program focusing on the characterization and weldability of 
type 304HCu creep resisting stainless steels. 

Via thermal simulations a parameter window for welding has been established for similar and 
dissimilar welds which has been qualified afterwards. Reheat cracking sensitivity, aging, hot 
ductility tests as well as creep rupture strength testing were performed. Metallographic 
examinations (LOM/SEM) have been conducted focusing on the impact of aging and PWHT 
on the microstructure. As a result, it can be concluded that 304HCu shows a similar behavior 
as 347H with regard to relaxation and hot cracking sensitivity (550°-650°C) and that a PWHT 
in the range of 740°C is promoting carbide precipitations increasing the risk for intergranular 
corrosion. 

Another topic of the research program assessed the DMWs (Dissimilar Metal Welds) 
between martensitic and austenitic steels present in modern boiler design. Different welding 
methodologies were investigated and tested regarding mechanical properties and creep 
rupture strengths. Direct connections as well as buttering techniques have been evaluated. 
Recently developed filler metals, matching and innovative, have been selected. Moreover 
Normalizing and Tempering has been analyzed as an alternative to conventional PWHT. So 
far promising results have been obtained on the standpoint of mechanical properties while 
first short term cross weld creep results show an acceptable and satisfactory behavior. 
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1 Introduct ion 
 

State-of-the art for fossil-fired UltraSuperCritical Power Plants (USC PP) with efficiencies 
close to 50% is the 600°C technology using steam parameters up to 620°C and 300 bar. The 
main driving force for these developments is the reduction of CO2 emission via increased 
efficiency and potential co-combustion. Moreover Carbon Capture and Storage (CCS) 
concepts will need energy and as such will lower the net efficiency of the plant. As a result, it 
is clear that new advanced materials had to be developed to cope with the extreme steam 
conditions. These materials must be characterized by high creep rupture strengths, 
resistance to low cycle fatigue, high temperature oxidation and corrosion resistance. Today’s 
market driven power plants need high levels of availability, reliability and flexibility. Hence 
materials must outperform in severe conditions and it becomes obvious that low alloys are 
superseded by more elaborated and complex alloys. The 600°C technology uses advanced 
austenitic stainless steels for the superheater/reheater systems where heavy wall headers 
are fabricated from 9%Cr martensitic steels (Grades P91/P92). There are several austenitic 
stainless steels developed for modern USC PP a.o. TP347HFG, Super304H/DMV304HCu, 
HR3C/DMV310N, Tempaloy AA-1/A-3, Sanicro25…[1] The higher the temperature the higher 
Cr-content is needed in order to guarantee adequate fluegas corrosion resistance. 

The project focused on the characterization of the major properties of advanced stainless 
steel tubes Type 304HCu and the assessment of weldability related to similar and dissimilar 
welding. The mechanical characteristics of the base metal have been determined at room 
and high temperature using chemical analysis, (hot) tensile testing and uni-axial isothermal 
creep rupture testing. 

Thermal simulations (single and multi-cycle) are performed for the weldability assessment 
and followed by reheat cracking and hot ductility testing. 

Welding procedures are qualified according to the European Standards and welds were 
characterized using conventional mechanical testing including metallographic examination 
and uni-axial crossweld isothermal creep rupture testing. 
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2 Experimental work  

2.1 Characterization of the base material 
 
304HCu boiler tubes with an outside diameter of 45,0 mm and a wall thickness of 9,2 mm 
were delivered. The properties of 304HCu fulfilled the requirements stated in VdTÜV 
Werkstoffblatt 550. The chemical composition is given in Table 1.  
 

Table 1: Chemical composition 304HCu 

Wt-% C Si Mn Cr Ni Cu Nb N B 
Min. 0,07 - - 17,0 7,5 2,50 0,30 0,05 0,002 
Max. 0,13 0,30 1,00 19,0 10,5 3,50 0,60 0,12 0,006 

Heat 351180 0,09 0,24 0,63 18,4 8,6 2,90 0,47 0,09 0,004 
 
The delivered tubes are solution annealed at 1145°C after cold finishing. As shown in  
Figure 1, the heat treatment leads to a fully austenitic, fine grained microstructure  
(ASTM E 112 grain size 9) with niobium-precipitates inside the grains. The mechanical 
properties at room temperature are shown in Table 2. Specimens were sampled in 
longitudinal direction. 
 
 

(a) LOM (Etching: glyceregia + CuCl2) (b) SEM 

Figure 1: Microstructure 304HCu at mid thickness as delivered (longitudinal cross section) 

 

Table 2: Mechanical properties 304HCu at room temperature 

Rp0,2 

(MPa) 
Rp1,0 

(MPa) 
Rm 

(MPa) 
A5 
(%) 

Impact toughness  
(J) 

Min. 235 Min. 270 590-850 Min. 35 Avg.  Min. 85 
407 449 680 49 196 / 205 / 199 
425 467 679 46 Avg. 200 (250J/cm²) 
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2.2 Weldability study [2] 
 
At the Research Center of the BWI, weld simulation, reheat cracking and hot ductility testing 
are standard procedures which are used to study the basic weldability of newly developed 
steels and to examine the cracking behavior of the material. Such investigations are intended 
to study the influence of welding parameters and PWHT on different regions of the HAZ.  
 
The weldability of 304HCu is considered to be similar as 347H. To prevent hot cracking, 
welding with a heat input below 2 kJ/mm,  using  an interpass temperature below 150 °C, is 
recommended. After a PWHT at 750 ± 10°C which is mandatory in dissimilar welding to 
martensitic steels like T92, 304HCu was found to be susceptible to relaxation cracking. This 
was more or less expected as it is generally accepted that precipitation hardening stabilized 
austenitic grades are susceptible. Actual cases of relaxation cracking have been 
encountered in austenitic stainless steels type 347 (Nb stabilized) and type  
321 (Ti stabilized). However, cracking requires the presence of high stresses and is therefore 
more likely to occur in thicker sections, T- joints, like header-tube connections, or joints with 
dissimilar metal thickness, where the higher restraints can lead to higher residual stresses 
after welding than in thinwalled superheater/reheater tubing with butt welds.   
 
The stabilization with niobium gives the HAZ of 304HCu its resistance to intergranular 
corrosion after welding. After PWHT in dissimilar welding, 304HCu and its HAZ obtain a 
sensitized microstructure increasing the risk for intergranular corrosion. Careful shipment, 
surface protection and storage conditions can prevent exposure to corrosive media [3]. To 
avoid stress corrosion cracking, contact with certain solutions, particularly those containing 
chlorides should be avoided. Extra care needs to be taken during plant shutdowns as 
chloride containing condensates can be formed leading to stress corrosion cracking. This 
applies however also for other stabilized stainless steels like 347H. 
 

2.3 Similar metal welds  
 
Butt welds between 304HCu tubes were realized using the GTAW process with consumables 
matching to 304HCu and nickel-based (ERNiCrCoMo-1) consumables. The chemical 
composition of both wires with diameter 2 mm is given in Table 3.  
 

Table 3: Chemical composition of consumables 

Wt-% C Si Mn Cr Mo Ni Nb Cu Co N Ti Al Fe 
Matching 0,098 0,38 3,33 18,04 0,67 15,67 0,45 3,05  0,189    

ERNiCrCoMo-1 0,057 0,09 0.05 22,03 8,7 55,6  0,02 10,83  0,31 1,25 0,68
 
The tubes were welded in PC position, with a low heat input (below 2 kJ/mm) and an 
interpass temperature below 150 °C. Preheating and a PWHT is not mandatory.  A 
macrograph of the welded joints can be seen in Table 4. HAZ grain growth has been 
observed while no liquation cracks were found [2]. 
 
Both weld procedures were qualified according to EN ISO 15614-1 and fulfilled the 
requirements. They passed visual and radiographic examination; no surface cracks were 
detected after penetrant testing. The results of the mechanical tests at room temperature are 
summarized in Table 4. 
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Table 4: Mechanical properties at room temperature of similar welded joints 

Butt weld with filler metal matching 304HCu Butt weld with ERNiCrCoMo-1 filler metal 

  

Transverse tensile test 

Rm (MPa) Rupture Location Rm (MPa) Rupture Location 

652 BM 659 BM 

652 BM 664 BM 

Impact test 

Notch Location Impact toughness (J/cm²) Notch Location Impact toughness (J/cm²) 

WM 127 / 157 / 132 : avg. 139 WM 213 / 185 / 198 : avg. 199 

HAZ 237 / 250 / 242 : avg. 243 HAZ 233 / 238 / 252 : avg. 241 

Tansverse  bend test (former: 4xWT, bending angle: 180°) 

Testing direction Bend angle - result Testing direction Bend angle - result 

Root 
no cracks 

Root 
no cracks 

crack <3mm no cracks 

Face 
no cracks 

Face 
no cracks 

no cracks no cracks 

Hardness test across weld 
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Aging tests up to 10khrs and creep tests are running at a temperature of 650°C. This is close 
to the maximum design temperature for 304HCu in shot peened condition, i.e. 640°C.  

After 3000 hours at 650°C, the impact toughness of 304HCu base material drops to           
163 J/cm². The impact values for 304HCu filler metal drop significantly after a fairly short time 
of operation and remain at a level of around 34 J/cm² from 1000 hours up to 3000 hours. The 
drop in impact toughness is caused by the formation of chromium carbides on the grain 
boundaries, no sigma phase was found. This drop in impact toughness must be kept in mind 
during shutdowns, hydrostatic pressure tests, etc.  

The creep strength of the 304HCu base material and the welded joints, with ruptures in the 
base material, is close to the mean curve according VdTÜV Werkstoffblatt 550 as can be 
seen in Figure 2. 
 

 
Figure 2: Creep strength at 650°C of 304HCu base material and similar metal welds 
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2.4. Dissimilar metal welds  
 
Superheater/reheater systems are designed for temperatures far above 600°C, requiring 
high creep rupture strength and corrosion/oxidation resistance. The actual design 
temperatures of 650°C are above the maximum allowable operating temperatures for 
martensitic steels and as a consequence stainless steel or nickel base alloys have to be 
used. Advanced stainless steels such as modified 304HCu and 310N have been developed 
to fulfill this role. 

There is a specific need to address the issue of dissimilar welding because modern 600°C 
power plants see components made from low alloys, martensitic and stainless steels. As 
such, locations in the boiler where martensitic steels have to be connected to stainless steels 
are numerous.    

The welding of dissimilar metals however is always a challenge. Differences in 
mechanical/physical properties, creep rupture strength and oxidation/corrosion resistance as 
well as microstructural instabilities need to be considered. Especially in the case of 
martensitic/austenitic DMW’s, the difference in thermal expansion and carbon migration 
effects caused by the strongly differing Cr-contents determine the life expectancy of the 
DMW’s. Cycling resulting from a market driven demand for energy, may cause these welds 
to be susceptible to thermo-mechanical fatigue cracking mechanisms. 

There are a number of practical solutions for welding martensitic/austenitic DMW’s. 
Connections can be made welding the two materials using Nickel-based filler metals or 
specially designed 9%Cr filler metals (EPRI P87) and including a PWHT. As an alternative, 
martensitic components can be buttered first using Nickel-based filler metals (e.g. A82 or 
A617) or P87, PWHT’ed and than welded to the austenitic component without further PWHT. 
After buttering, a PWHT is applied either as a tempering or as a full normalizing and 
tempering heat treatment. Otherwise transition pieces in Nickel alloys (e.g. A617) can be 
used avoiding a martensitic/austenitic stainless steel DMW. 

The DMW Grade 91/92 to 304HCu by direct joining is of particular interest. The stabilizing 
effect of Nb is not sufficient in modern 304HCu and as a consequence renders the joints 
sensitive to intergranular SCC already after PWHT.  

Ni-base filler metals are recommended for DMW’s for their metallurgical compatibility, 
intermediate creep rupture strengths and high creep ductility as well as their intermediate 
thermal expansion coefficient. Ni-base filler metals restrict the carbon migration inherent to 
the Cr-content differences of both components. However, a very thin Cr-carbide layer formed 
at the fusion line of the martensitic component may initiate microvoiding and premature creep 
failures [4]. Using a Ni-alloy transition piece does not avoid this phenomenon. Also after 
buttering and PWHT or in service this thin carbide layer may form at the martensitic side. 

In this project the opportunity has been taken to select recently developed P87 
(EPRI/Metrode) Ni-base filler metals [5]. The main drivers for selecting this filler metal are the 
closely matching coefficient of thermal expansion and the matching C/Cr level. This results in 
a much lower stressed area at the martensitic side of the DMW as well as the avoidance of 
carbon migration and formation of detrimental type I carbides at the interface. Also the fact 
that P87 only contains low levels of Al and Ti prevents the weld from precipitation hardening, 
accompanied by a ductility reduction, during service. In view of these advantages, P87 tends 
to be a promising filler metal for DMW’s. 
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2.4.1. Direct welding 
 
In the case of thin-walled tubes (e.g. for superheaters) the transition between T92 and an 
austenitic steel can be done by direct welding using preheat and a nickel-base consumable 
followed by PWHT. Preheat and a PWHT are mandatory for martensitic T92 base material.  
Butt welds between 304HCu and T92 tubes were realized using the GTAW process with 
ERNiCrCoMo-1 (dia. 2,0mm) and P87 (dia. 2,4mm) consumables. The chemical 
compositions are given in Table 5. 
  

Table 5: Chemical composition of consumables 

Wt-% C Si Mn Ni Cr Mo Nb Co Al Ti Fe 

ERNiCrCoMo-1 0,057 0,09 0,05 55,60 22,03 8,70 - 10,83 1,250 0,31 0,68 

P87 0,1 0,3 1,5 Bal 9 2 1 - - - 38 

 
The tubes were welded in PC position, with a low heat input (below 2 kJ/mm) and a  
preheat/interpass temperature between 100-150 °C. The tubes were postweld heat treated at 
740°C during 30 minutes. A macrograph of the welded joints can be seen in Table 6. No 
liquation cracks nor reheat cracks were found in the HAZ of 304HCu.   
 
Both weld procedures were tested according to EN ISO 15614-1. No surface cracks were 
detected after penetrant testing. Some welded joints were rejected after radiographic 
examination due to lack of fusion, but this was avoided in new weld trials by applying a 
minimum heat input of 0,7kJ/mm. It was also experienced during welding that ERNiCroMo-1 
filler metal is more susceptible to the formation of hot cracks. 
 
The results of the mechanical tests at room temperature are summarized in Table 6.  
 
Transverse tensile test at room temperature showed that P87 weld metal is weaker than the 
base materials [6]. The tensile strength is below the minimum required tensile strength for 
T92 (= 620 MPa), but above the minimum requirement of 590 MPa for 304HCu base 
material. Transverse tensile tests at 625°C however fractured in the T92 base material.  

 
After welding 304HCu with nickel-based filler metals followed by PWHT, hardness up to and 
above 220HV10 could be measured in the HAZ of 304HCu. In literature, a lot has been 
published by H. van Wortel [7], about relaxation failures in service of alloys with an austenitic 
microstructure. Cracking always occurred within 0,5-2 years service in (repair) welded and 
cold formed areas where a hardness above 200HV5 was found and the metal temperature 
was between 500-750°C. Because 304HCu and DMW’s will operate in this sensitive 
temperature range, they may be susceptible to relaxation cracking in service.  

Further research (influence of aging on hardness, precipitation behaviour, etc.) is on-going, 
but also here applies the remark that cracking requires the presence of high stresses which 
are less likely in thin-walled superheater/reheater tubing with butt welds. The susceptibity to 
relaxation cracking of 304HCu and P87 filler metal in service is subject to further 
investigation. ERNiCrCoMo-1 is a precipitation hardening filler metal which is known to be 
susceptible to relaxation cracking. 
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The creep strength of the DMW’s at 625°C is shown in the Figure 3. 
 

 

  

Figure 3: Creep strength at 625°C of dissimilar metal welds 

 

For stresses below 140MPa, there was a transition from Type IV failure, rupture in the fine-
grained HAZ of T92, to rupture near the fusion line at the T92 side with ERNiCrCoMo-1 filler 
metal, as can be seen in Figure 4a. This is caused by one of the known failure modes of 
DMW’s during high temperature service [8-9] fabricated with high chromium, nickel based 
filler metals. The formation of so-called Type I carbides that form along the interface due to 
carbon migration, provides a site for nucleation and growth of creep cavities eventually 
leading to premature cracking. 

Creep specimens sampled across the joint welded with P87 filler metal always broke in the 
Type IV zone of T92 (Figure 4b). This confirmed that by using P87 filler metal a carbon 
denuded zone (Figure 5), indicating carbon migration, can be avoided, extending the creep 
lifetime of the DMW.  
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(a) Butt weld with ERNICrCoMo-1 filler metal (b) Butt weld with P87 filler metal 

Figure 4: Fracture location of creep specimens tested at 625 °C / 105 MPa 

 

 

Figure 5: Carbon denuded zone near FL at T92 side  

in creep specimen with ERNiCrCoMo-1 filler metal tested at 625 °C / 105 MPa 
 

2.4.2. Buttering  

Some welding trials within this project used buttering to eliminate the PWHT on 304HCu, 
which is not mandatory for 304HCu. T92 was first buttered in PA position with 3 layers using 
ERNiCrMo-1 filler metal. A preheat/interpass temperature of 100-150°C was applied. After a 
PWHT at 760°C during 30 minutes the buttered T92 tube was welded in PC position on site 
to the austenitic steel using the consumable matching to 304HCu. 

The creep strength of this joint is also shown in Figure 3. The fracture location in the creep 
specimens is the same as when direct welding is applied: a transition from Type IV failures 
towards the fusion line between T92 and the ERNiCrMo-1 butter layer below 140 MPa. 

 
A similar creep program is started on DMW’s between buttered T92 (P87 electrode 3,2 mm), 
followed by tempering or full normalizing and tempering heat treatment, and 304HCu with the 
GTAW process  using P87 filler. Isothermal creep rupture testing is currently on-going.  
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3 Summary and conclusion 
 
The weldability of 304HCu is considered to be similar as 347H. Welding procedures for 
similar and dissimilar welding are available and qualified. It was found that using a heat input 
below 2 kJ/mm with an interpass temperature below 150 °C results in crack free welding (no 
hot cracks). No relaxation cracks were found in the HAZ of 304HCu after a PWHT in DMW’s. 
 
For similar joints, a consumable matching to 304HCu looks to be a good alternative to nickel-
based consumables. There is no mismatch, the costs are reduced and the cross weld creep 
strength is stronger than the 304HCu base material. 
 
For dissimilar joints, P87 tends to be a promising filler metal. The use of this filler metal 
seems to result in an increase in creep lifetime by avoiding carbon migration. This must be 
confirmed by creep tests at lower stresses. 

Research (aging and creep testing) is on-going to further evaluate the behavior of welded 
joints at high temperature.  
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Abstract 
The application of high performance materials for high-temperature pressure parts in 
conventional power plants is controlled by the pressure equipment directive (PED). EN 
standards like the EN 12952 are widely used in Europe to fulfill the PED. More restrictive 
VGB standards like the materials specification VGB-R109 are applied especially for critical 
components. 

Within the last ten years, renewable energy production in Germany increased by a factor of 
approximately 3 and this progression is predicted to continue. The priority of this renewable 
energy supply leads to a high demand on flexible energy production from conventional power 
plants. 

The flexible service conditions of conventional power plants may differ from initial design 
criteria and may produce different damage characteristics compared to the established 
practice such as non-destructive investigation procedures. Therefore a VGB working group 
was founded to analyze and develop calculation methods especially for thick walled 
components, for weldments, for start-up and shut-down procedures and for the interaction of 
static and cyclic loading of critical components. The current status of these activities is 
presented and demands for future work are addressed.  

1 Introduct ion  
In Europe, the application of high performance materials for high-temperature pressure parts 
in conventional power plants is controlled by the PED [1]. The presumption of conformity with 
the PED is given if applicable EN standards are used for the calculation of component 
loading history due to power plant service loads (i.e. internal pressure, temperature) and if 
these component loads do not exceed material properties which are defined within the EN 
standards, respectively. The EN standards EN 12952, EN 13445 and EN 13480 are mainly 
used for the design of high-temperature pressure parts. More restrictive VGB standards like 
the materials specification VGB-R109, the specification for fabrication and installation of pipe 
works in conventional power plants VGB-R508L, or the specification for repeated inspections 
VGB-R509L are applied especially for critical components. 

Within the last ten years, renewable energy production in Germany increased by a factor of 
approximately 3 and this progression is predicted to continue. Figure 1 summarises the plans 
of the federal government of Germany for the gross electrical energy production until 2050. 

 

Figure 1: Gross Electric Energy Production in Germany [2]  
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The priority of this renewable energy supply leads to a high demand on flexible energy 
production from conventional power plants. Figure 2 compares the residual load 
characteristics, which is the current difference of electric energy consumption and the supply 
by renewable sources, for week 6 to 9 in 2008 with a prediction for the same period in 2050.  

 

Figure 2: Residual Load characteristic for week 6 to 9 in 2008 (left) and in 2050 (right). 

 

For the residual load in 2008, a power plant fleet with base load, mid-load and peak-load 
power plants was needed the ensure the electric power supply. In 2050 a power plant fleet 
designed for many load changes, high load gradients and low minimum load needs to be 
available. 

2 Demands on Materials and Components  
In the future, the flexible service conditions of conventional power plants may differ from 
initial design criteria and may produce different damage characteristics compared to the 
established practice such as non-destructive investigation procedures. Therefore a VGB 
working group was founded to analyze and develop calculation methods especially for thick 
walled components, for weldments, for start-up and shut-down procedures and for the 
interaction of static and cyclic loading of critical components. 

2.1 Thick Walled Components 
The analytical stress calculation methods implemented in the EN standards assume linear 
elastic materials behaviour in the whole temperature range and were developed mainly for 
thin walled components. Therefore alternative analytical stress calculation methods which 
are more appropriate for thick walled components and which allow stress redistribution due 
to the materials’ creep behaviour are in the focus of the VGB working group. These methods 
will allow calculating more realistic (lower) stress values and as a consequence will reduce 
the minimum required wall thickness for thick walled components and will allow more flexible 
power plant service. 

2.2 Weldments 
Welded pipe to pipe connections and other weldments undergo a complex loading history 
due to the gradients of material properties of base metal, heat effected zone material states 
and the weld metal, respectively. In addition, geometric and process details like the 
orientation of the weldments with respect to the orientation of maximum principle stresses, 
pre- and post-weld heat treatment and the resolution of non-destructive testing should be 
considered consistently. Here, the VGB working group aims for a concept with separate weld 
reduction factors, one for material degradation and another for geometrical details including 
details of non-destructive testing. 
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2.3 Start-up and Shut-down Procedures 
During start-up and shut-down procedures of conventional power plants, thermally loaded 
(thick walled) components undergo a superimposed fatigue load due to the constrained of 
components’ thermal expansion. The resulting stress ranges are calculated and limit the 
number of allowable start-up and shut-down procedures. This allowable number differs in 
case of thick walled components comparing the (old) TRD standard, which is the current one 
for older power plants, with the EN standard up to a factor larger than ten, although they refer 
to the same data base. The VGB working group addresses the underlying calculation 
methods and the data base, respectively. 

2.4 Interaction of Static and Cyclic Loading 
For quantitative lifetime assessment of critical power plant components, the component 
loading is split in static (creep) and cyclic loading parts. If both parts of this lifetime 
consumption are relevant, the interaction has to be taken into account. The (old) TRD 
standard and the EN standard EN 12952-4 proposes a linear superposition of the results for 
static and cyclic loading, respectively. This superposition method differs substantially from 
the method implemented in the ASME code [3]. The ASME code proposes a strong non-
linear interaction of creep and fatigue lifetime consumption, where the interaction is reported 
as material dependent [3]. The strongest interaction is found for low alloyed ferritic material, 
where a cyclic lifetime portion of 15% will reduce the allowable creep lifetime portion down to 
15%. The comparison given is valid only for the superposition methods implemented and not 
for the material properties implemented. The VGB working group addresses a strong need 
for a verified calculation method applicable for the interaction of static and cyclic loading and 
for specific test results for materials used in existing power plants at relevant load levels. 

3 Summar y 
The future service of conventional power plants is controlled by the growing demand on 
flexible production of electric power. The power plant fleet should allow more load changes, 
high load gradients and low minimum loads. Specific attention should be given to the 
calculation methods for thick walled components, weldments, start-up and shut-down 
procedures and the interaction of static and cyclic loading portions. Therefore a VGB working 
group was founded to analyze and to develop further these calculation methods. 
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Abstract 
Increasing the live steam parameters of coal fired power plants to 700 °C and 350 bar leads 

to an improved efficiency. State of the art steel does not have the ability to resist these 

parameters in power plants. Therefore, the application of nickel-base alloys is necessary. 

Within the last 10 years several projects have been launched to identify the challenges of 

these materials during fabrication and operation. Apart from comprehensive laboratory 

investigations, test facilities such as COMTES700 were installed in commercially operated 

power plants. First it was demonstrated that fabrication of such components is possible. 

During operation new problems have emerged. Therefore, it was decided to initiate further 

projects such as COMTES+ which includes the high temperature test rigs HWTII and ENCIO 

to solve open problems. One important issue is the verification of a repair concept which was 

developed after the dismantling of COMTES700. This concept will be verified by reinstalling 

service exposed material from COMTES700 in a 700 °C test facility. Different welding 

procedures will be applied to illustrate the ability to simulate repairs in a 700°C power plant in 

the future. Another example is the test of a large scale valve which was initially designed for 

a 500 MW demonstration plant and redesigned for the use in a test rig. Final results of the 

current projects are expected by the end of this decade. It is planned to generate all the 

knowledge necessary to construct and operate a 700 °C demonstration power plant after 

finalization of the above mentioned projects. 

It has to be shown within the next years that: 

1. The technical risk for a 700 °C power plant can be minimised 

2. The manufacturing costs can be reduced  

3. A 700°C power plant matches the demands in terms of flexibility due to the increasing 

influence of renewable energy production in Europe 

354



1 Introduction / Motivation 
The political and social demand to reduce the CO2 emissions for modern coal power plant 

stations has risen considerably within the last years.  

To reach the aim of reduction of CO2 emissions of a coal-fired power plant, there are two 

technical attempts. On the one hand the capture and storage of CO2 can prevent its output to 

the atmosphere. The other possibility is by raising the efficiency with technical measures to 

reduce the necessary quantity of coal and the CO2 amount for each generated kilowatt hour. 

It is necessary to raise the steam parameters (temperature and pressure) for the new 

generation of plants to increase the efficiency and to reduce the emissions. The steam 

temperature of high efficient coal power stations under construction reaches about 600 °C. 

These stations have an efficiency of about 46 %.  

The increase of efficiency to 50 % results in 700 °C steam temperature and 350 bar pressure 

combined with further measures. At the same time an increase of the plant flexibility in 

comparison to state of the art plants is required due to the increasing influence of renewable 

energy production in Europe. 

The strength and corrosion values of iron based materials do not satisfy the requirements of 

a 700 °C plant. In the areas with corresponding temperatures within the power plant 

materials are used based on nickel like the A617 B.   

In order to test these materials, which are not applied in existing power stations, different 

product types of nickel based alloys were tested in particular the alloy A617B. 

The first test plant with large components from A617 B was implemented in the E.ON power 

plant Scholven. The component test facility COMTES700 is an European cooperation 

project, is funded by European Commission “Research Fund for Steel and Coal” and is 

supported by well known European suppliers and utilities.  

At first it was demonstrated that a manufacture of such components is possible. During 

operation problems with thick-walles nickel based components arose. Therefore, it was 

decided to initiate further projects such as COMTES+ which includes the high temperature 

test rigs HWTII and ENCIO. 
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Figure 1: Public funding and partners of COMTES700, HWTII and ENCIO 

Utilities and manufacturers have to face many challenges during the development of a 

700 °C power plant. The following chapters deal with the results of former investigation such 

as from COMTES700 and current activities, for example HWTII. The topics high temperature 

valves, repair concept for thick-walled A617 B components, flexibility and costs of nickel 

based alloys are focus of the following text.  

2 High temperature valves 
Different valves were tested in the COMTES700 facility such as gate valves, a safety valve 

and a high pressure bypass valve. These valves were in operation for four years from 2005 

until 2009. Some of the valves were investigated afterwards. The experiences were 

transferred to the follow-up projects HWTII and ENCIO. The high pressure bypass valve of 

COMTES700 and the high pressure bypass valve of HWTII are described in detail in this 

chapter as an example.  

 

2.1 Experience from COMTES700 high pressure bypass valve 

The planned operation parameters for the high pressure (hp) bypass valve were 100 to 500 

hours of operation and 10 to 20 times operation in bypass mode at maximum temperature. In 

contrast to that theory, the real operation conditions in the power plant during operation led to 

a much higher load factor. The valve was during start-up and shut-down times from July 

2005 to August 2009 in daily operation due to changed load profiles of the host power plant 
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Scholven Unit F. In addition, the valve was in full operation since the test facility was 

switched to complete bypass operation during April 2008 to August 2009. 

The experience from operation and from the valve investigations after the dismantling 

showed that full functionality of the hp bypass valve was given during the four years of 

operation and that graphite and metallic gaskets are applicable for 700 °C applications. Only 

slight but reasonable indications of erosion at seat area and at throttle bores could be 

detected. 

But the investigations of the valve body and the temperature profiles from operation exposed 

cracks in the valve body and high temperature gradients during operation. These items did 

not lead to a breakdown of the valve during operation, but the formation of cracks and high 

temperature gradients have to be avoided in future applications by design optimisations and 

optimised operation modes.   

Figure 2 shows a part of the hp bypass valve close to the steam outlet. Two perforated discs 

for the pressure reduction were installed in this part of the component. 

 
Figure 2: Investigation of COMTES700 high pressure bypass valve after 4 years of operation 
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The pictures a, b and c in figure 2 lead to required modifications within future designs.  

Small radii shall be avoided to reduce notch effects and therefore stress peaks. Favourable 

are large radii and smooth transitions in geometry. In addition, a good surface quality avoids 

notch effects. Specific designs which lead to high temperature differences and to high 

thermal stresses in the component shall be avoided wherever possible. 

Threads shall be avoided in pressure bearing parts by other design solutions as far as 

possible since notch effects and differences in temperature can lead to high local stresses. 

Welds shall be avoided inside the valve body if possible. Notch effects in the root can be 

reduced by an optimised geometry of the root area. Notch effects at the outer surface of the 

weld can be eliminated by grinding. The welds shall be located in parts of the component 

where thermo mechanical stresses are low. 

The formation of cracks was encouraged by high temperature gradients which occurred 

sometimes during operation. Figure 3 shows temperature curves from one specific day of 

operation as an example. Graphs of the live steam temperature, the steam temperature after 

the hp bypass valve, the material temperature of the valve and the mass flow through the 

valve are parts of the diagram. 
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Figure 3: Evaluation of measuring data from COMTES700 

 

Obviously, the hp bypass valve had to suffer high temperature gradients sometimes, which 

will lead to increased thermal stresses and to a reduction of life time. 

High temperature gradients have to be avoided in general, their impact on Ni-base alloys is 

not fully investigated up to now.  

358



In addition to the above mentioned suggestions, further recommendations for high 

temperature valves regarding pre-heating, heat treatment and seals can be derived. 

 

 

Figure 4: Recommendation for high temperature valves design 

 

2.1.1 Preheating system 

A well-engineered preheating system for the valve is essential. The preheating temperature 

shall be similar to the operation temperature before the valve entry (Figure 4a). It is important 

that the preheating steam advice affects all parts of the valve, but especially the seat area. A 

good insulation can help to avoid heat losses during preheating.  

 

2.1.2 Heat treatment of welds 

Thick welds can not be avoided for the connection from the valve body to the inlet and outlet 

pipes. Residual stresses in the weld can cause ductility dip or relaxation cracking during 

operation since the grain inside does not have the capability to plastically deform in the 

hardened condition and the grain boundary itself is not strong enough to bear the stresses or 

reduce them by very localized deformation (Figure 4b). A heat treatment of the weld by oven 

or heating mats at 980 °C for 3 h reduces the residual stresses. Figure 5 shows the results of 

two bending relaxation tests at 700 °C. The weld sample of the left hand side is not heat 

treated and broken during the tests. A second sample from the same weld but with a heat 

treatment at 980 °C for 3 h did not show any cracks. 
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Figure 5: A617 B weld after bending relaxation test at 700 °C 

 

2.1.3 Seals 

Seals based on graphite cannot withstand temperatures of 700 C°. Problematic seals are the 

spindle seal and the valve cover gasket (Figure 4c). The distance from the flown valve body 

to the seals shall be align with the requirements and therefore larger to have a lower 

temperature in the sealing part. Another possibility is the implementation of cooling fins 

between the flown valve body and the spindle sealing to increase the dissipation by 

convection and therefore to a reduced temperature at the seal. 

 

2.2 High pressure bypass valve for HWTII 

E.ON and HORA supply a large scale high pressure bypass valve for the project HWTII. The 

valve was originally planned to be one of four valves for the 700°C demonstration plant 50+ 

with a steam mass flow of 83 kg/s. Therefore, the valve had to be adapted to the new 

requirements. 

The valve body is made of forged A617 B. The steam temperature is 725 °C. A Flow to Open 

design (FTO) was chosen since the valve takes over a safety function and has to be in open 

position in case of a safety incident. A three stages pressure reduction with parabolic plug 

containing two concentrical cages was installed. The spindle is driven by a hydraulic cylinder 

and sealed with a graphite stem packing. The 2.6 t valve has an inlet diameter of 245 mm 

with a wall-thickness of 65 mm and an outlet diameter of 168.3 mm with a wall-thickness of 

10 mm. The following steam cooler is a steam assisted water injection cooler.  
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Figure 6: hp bypass valve with Flow to Open design (FTO) for project HWTII 

 

The most difficult design adaptation was the reduction of the valve seat. A diameter of 

105 mm was designed for the E.ON project 50plus. It had to be reduced for HWTII to 25 mm 

due to the mass flow decrease from 83 kg/s to 2.75 kg/s. Many concepts were discussed in 

order to bring about a decision. A build-up weld in the seat area was decided to be the best 

solution.  
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Figure 7: Valve seat adaptation by build-up weld 

 

Figure 7 shows the electrode build-up weld on the right hand picture. The weld surface was 

machined after welding and the complete valve body was heat treated at 980°C for 3 hours 

duration to reduce the internal welding stresses. The left hand picture shows the result of a 

penetration test of the completed weld. 

The completed valve was installed in the HWTII test facility and starts operation in October 

2012. 

3 Repair concept for thick-walled A617B pipes 
Repair welds in the thick-walled A617B steam pipe part of COMTES700 posed a major 

challenge during the operation of the facility. 

Some welds from the erection time whose quality was fulfilled had do be welded again or had 

to be replaced with fitting pieces during operation since samples were taken or repairs of 

components had to be undertaken. These repair welds were conducted according to the 

weld procedure specification from the facility erection time. These repair welds caused to 

problems since small cracks appeared in the weld affected zone along the grain boundaries 

(Figure 8). The wall-thickness in the 700°C steam piping part was 50 mm. Potential 

improvements such as switching from electrode to tungsten inert gas welding or changes in 

the bead sequence did not lead to the desired result. 

PT test of build-up weld

build-up weld at seat
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Figure 8: Repair welds of COMTES700 

 

Three point bending relaxation tests at 700°C were done to understand the behaviour of the 

service exposed material. The left hand picture in figure 9 shows the result of a three point 

bending test applied on new A617B material which is in solution annealed condition. The 

material was able to bear and to reduce the stresses by plastic deformations during the 

relaxation time in the test. The right hand picture shows the same material, but after 3 years 

of operation. The material in this condition is not able to bear and to reduce the stresses by 

plastic deformation since a crack was formed. Obviously, the microstructure and therefore 

the mechanical properties of the material changed. The material hardened during operation 

and lost the ductility. 

 

New A617B 
after 3-point relaxation bending test

Service exposed A617B 
after 3-point relaxation bending test  

Figure 9: Three-point relaxation bending tests on new and service exposed A617B 
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SEM and TEM investigations were carried out in order to understand the changes in the 

microstructure. Figure 10 shows an SEM and TEM picture of new solution annealed A617B 

material. Some Cr carbides are visible at the grain boundaries but the inside of the grain is 

generally free of precipitations. 

 

SEM TEM

100nm100nm20μm

 
Figure 10: SEM and TEM investigations of new A617B 

 

Contrary to these pictures service exposed material shows a series of Cr carbides at the 

grain boundaries and inside the gain (see figure 11). In addition formations of γ‘ were found 

inside the grain. These precipitations found will lead to a significant  hardening effect . 
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SEM TEM
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Figure 11: SEM and TEM investigations of service exposed A617B 

 

Welding tests with service exposed pipe material from COMTES700 (219x50mm) were 

initiated after the dismantling of COMTES700 to develop a repair concept for thick-walled 
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A617B components. The test revealed the influence of the welding procedure and the 

influence of a heat treatment of the base material before welding (see figure 12). The heat 

treatment was made at different temperatures, 980 °C for 3 hours and 1160 °C for 1 hour 

which correspond with the solution annealing parameters. A post weld heat treatment at 

980 °C for 3 hours was carried out in any case to reduce to the internal welding stresses.  
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Figure 12: Welding tests of COMTES700 

 

It was expected that the mechanised TIG welds will deliver better results than the electrode 

welds since the bead sequence and the heat input is more homogeneous. In addition the 

mechanised TIG technique lead to a significant reduction in weld size. Internal stresses are 

therefore reduced (see figure 13).   
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Figure 13: Comparison between electrode weld and mechanised TIG weld 

 

An improved result with increasing heat treatment temperature was expected in addition to 

that. Service exposed A617 contains a high number of carbides and γ‘ precipitations (see 

figure 14). The γ‘ precipitations can be solved with a 980°C heat treatment for 3 hours. 

Carbides being present can not be solved either at 980 °C or 1160 °C. But their number and 

size changed significantly at 1160 °C which has an influence on the ductility of the material. 

A617B service exposed (22kh) A617B service exposed (22kh)
plus 980°C / 3h

A617B service exposed (22kh)
plus 1160°C / 1h

γ’ Carbid Carbid Carbid

 
Figure 14: Precipitations in A617B depending on heat treatment 

 

The results of the metallographic weld investigation correspond with the assumptions 

regarding weld technique and heat treatment (see figure 15). 

The mechanised TIG technique leads to better results. The welding tests on service exposed 

material without heat treatment before welding showed quite large widening effects along the 

grain boundaries in the heat affected zone. A heat treatment of the service exposed material 
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before welding has a positive influence on the results. The widening effects could be reduced 

significantly with a heat treatment at 980 °C. No defects could be realized with a heat 

treatment at 1160 °C.  
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Figure 15: Metallographic results of COMTES700 test welds 

 

The best results could be achieved with the parameters applied for the welds 4, 5 and 6. 

These welds will be reproduced and tested in a weld test rig at MPA Stuttgart. The welds will 

be heated up to 700 °C and stressed with internal pressure and external forces. 

Furthermore, the repair concept will be verified in the project ENCIO, where repair welds 

produced with COMTES700 material will be tested in a power plant test rig. 

To verify that heat treatment at temperatures above 1000 °C is applicable under site 

conditions simulation of this heat treatment at these conditions was performed. In 

comparison to a typical heat treatment at 1160 °C in a workshop, only equipment which can 

be applied in a power plant was used. Quenching in water, which is usually applied after the 

solution annealing in a workshop, is not possible in a power plant. The temperature has to be 

reduced to a temperature of 700 °C as rapid as possible. A spray water device was 

manufactured for this task. 

 

An experimental test heat treatment was done, in order to investigate: 

• If a temperature of 1160 °C can be reached by using heating mats 

• If a rapid cooling is possible 

• How the temperature decreases next to the heat treated part. 
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Figure 16 shows the experimental setup. A service exposed Alloy 617 B pipe (219,1x50mm) 

from COMTES700 was used for the test. 

 
Figure 16: COMTES700 1160 °C heat treatment test – experimental setup 

 

The pipe was heated with a maximum rate of 150 °C/h. The temperature of 1160 °C could be 

reached at the outer and inner surface of the pipe. A defects of the heating mats were not 

observed. The holding time at 1160 °C was one hour. The pipe was cooled down as rapidly 

as possible after the holding time of one hour at 1160 °C was reached. Two spray water 

cooling devices were manufactured for this task (see figure 17) 
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Start of water
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Pipe internal
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Complete
insulation

removed after
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COMTES700  
Figure 17: COMTES700 1160 °C heat treatment test – heating and cooling down 
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The cooling rate is illustrated in figure 18 based on the data from two temperature 

measurements fixed at the internal pipe surface. The cooling rate of the upper thermocouple 

TE11 is higher than the cooling rate of TE12. The spray water device was preferably applied 

from above. This is the reason for the temperature difference. A temperature of 700 °C was 

achieved in about 11 minutes in case of TE11 and in about 15 minutes in case of TE12. The 

maximum cooling rate achieved at the inner surface was 53 K/min. 
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Figure 18: COMTES700 1160°C heat treatment test – cooling rates 

 

A good limitation of the heat treated part is possible since the temperature reduction with 

increasing distance from the heat treated part is very high due to the low thermal conductivity 

of nickel based alloys (see figure 19). 
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Figure 19: COMTES700 1160 °C heat treatment test – temperature reduction with increasing 

distance 

369



4 Challenges on the way to the 700 °C power plant 
COMTES+ with the projects HWTII and ENCIO is intended to be the final step before 

realization of the first 700 °C demonstration power plant. There are still some challenges. 

Some of the technical challenges were described in the previous chapters. In addition there 

are financial challenges and challenges regarding flexibility. 

4.1 Financial challenges 

The price for nickel based alloy is much higher compared to conventional ferritic and 

martensitic steels (see figure 20). 

43

44

45

46

47

48

520 570 620 670 720

η

°C

Material price based
on trade prices for
elements (18.07.2012)

Processing to
pipes, round bars,…

NiBa Alloy
54% Ni
21% Cr
11% Co
09% Mo

Martensite
87% Fe
09% Cr
02% W
0.5%Mo

Ferrite
97% Fe
01% Cr
0.5% Mn
0.5% Mo

250 bar
540 °C
540 °C

270 bar
580 °C
600 °C

285 bar
600 °C
620 °C

300 bar
625 °C
640 °C

300 bar
700 °C
720 °C

Data Source: Power Generation from Solid Fuels – H. Spliethoff

550 °C
620 °C

725 °C€/kg

25

0

price for small scale
application 

possible price for
large scale application 

 

Figure 20: Costs of nickel based alloys in comparison to martensitic steels 

 

The efficiency increase is more or less proportional to the temperature in the considered 

range. But in contrast to this, the raise of the price for materials is exponential to the 
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temperature. But the price might decrease for a large scale application in future. Further 

additional costs arise from the subsequent processing of material such as turning or milling. 

These costs are much higher in comparison to conventional steels due to the difficult 

machineability of nickel based alloys. 

The price for nickel based components has to be reduced as much as possible among others 

by novel manufacturing methods which will be tested in COMTES+. 

4.2 Flexibility challenges 

Increased flexibility capability is required in Europe due to the increasing influence of 

renewable energy production. Coal fired power plants need to change their load very fast in 

the future. For economical reasons it is necessary to guarantee high load gradients, 

minimum shut-down and start-up time, minimum down time, minimum min. load and an 

increased number of starts (see figure 21). 
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Figure 21: Flexibility requirements for future power plants 

 

From the first point of view, nickel based alloys do not have good characteristics in terms of 

thermal flexibility due to their low thermal conductivity and their high thermal expansion. 

The low thermal conductivity in comparison to martensitic steels leads to a late equilibrium of 

the temperature in a component in case of temperature changes in the steam system (Figure 

22). That results in higher thermal induced stresses. The high thermal expansion of nickel 

based in comparison to martensitic steels is disadvantageous since higher thermal induced 

stresses can be expected during changes of the steam temperature (Figure 23). 
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Figure 22: Thermal conductivity of nickel based alloys in comparison to martensitic steels 
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Figure 23: Thermal expansion of nickel based alloys in comparison to martensitic steels 

 

This behaviour of nickel based alloys has to be considered in the design of the components 

and in the modes of operation for the power plant. The current projects have to show that 

nickel based components fulfil the flexibility requirements of the future. 
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5 Summary and Conclusion 
Many hurdles have been overcome and solutions have been developed on the way to the 

first 700 °C power plant in the last years. For example, design optimisations were identified 

for high temperature valves, heat treatments were adopted for thick welds to reduce internal 

stresses and pre-heating optimisations reduce thermal stresses in thick-walled valve bodies. 

The understanding of nickel based material microstructure was improved, especially of 

service exposed and heat treated material. A repair weld concept was developed and it has 

been demonstrated that at 1160 °C heat treatment is applicable in a power plant. 

But there are hurdles left in terms of technique, finance and flexibility. The remaining 

technical challenges have to be solved so that the technical risk for a 700 °C demonstration 

plant can be reduced even more. Material and processing costs have to be minimised. Last 

but not least it has to be shown that nickel based components can withstand the required 

thermal flexibility. 
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Abstract 
 

After the first edition of the VGB “Material Specification R109L” was issued five years ago, 
followed by the second edition one year later, the third edition will now be published. The 
experience and knowledge of experts, working for suppliers, manufacturers and customers, 
gathered during various power plant projects produced a constructive and critical review. 
This review was most influenced by quality assurance discussions in the project. Owing to 
the demise of the TRD (German Technical Directives for Pressure Parts) the review 
recognized the important information of TRD.  

The presentation describes the process and structure of the development of the new version 
and explains, using some examples, the difficulties in the technical discussion. It will show 
that the material specification tries to take the different sides of the issue into consideration 
and come to a conclusion which safeguards the good quality of pressure parts in fossil-fired 
power plants. 

The presentation shows hints on the formulation of order conditions and which possibilities 
for the “qualification” of material the equipment manufacturer can apply, if material had been 
already delivered (stock material) without observing VGB “Material Specification R109L”. 
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1 Introduction 
The guideline R109 is just one of the many guidelines and specifications published by the 
VGB. Nevertheless, it has an outstanding position in this group of guidelines. 

With the start of a large number of new-build fossil fired power plants in 2005, a starting shot 
was given for the generation of a common material specification for pressure parts for fossil 
fired power plants. Especially due to the changes in the rules and standards with the PED, 
the AD2000, the TRD, the DIN EN and other international regulations, it was necessary to 
look closely at the internal acceptance standards and the internal material specifications and 
adjust them to the current situation. At the beginning it was clear this could only work if all 
parties from material manufacturer, semi finished part manufacturer, the material supplier, 
the manufacturer of the components and the customer (the power plant operator) take part in 
the working group. 

The first edition was published in August 2007. Already one year later the second edition was 
released which mainly included a section focusing on filler metals. 

After five years the 3rd version will be published. This version was born from the practical 
knowledge gathered during several projects.  

 

VGB Guidelines and Specifications Examples:

R 101 Guideline for Ordering High-Capacity Steam Boilers

R106 Tubes for Condensers and other Heat Exchangers for the 

Operation

R107 Ordering and designing of fittings in thermal power plants

R109 Material specification for components in fossil-fired power 

plants

R 145 Guide for the Procurement of Steam Turbine Plants

R504 Guideline for the Inspection and Testing of Large Forgings 

and Castings for Steam and Gas Turbine Generators Sets

R 505 Guideline for the Use of High-Temperature Bolting

Review organised by 
VGB and FDBR

 

Figure 1 A list of VGB specifications within the important R109; their revision was 
organised and steered by the VGB and the FDBR  

 

2 The Structure of the Review of R109 of VGB 
The review started in 2010. It was strongly influenced by the power plant projects. The 
projects were closely involved with the workings of the review. It was, however, an extremely 
busy period for all and not every participant could attend each session. Thus more time was 
required to complete the technical discussions than had been previously scheduled. 

As in the working phase for the first edition, the working group consists of a various number 
of companies from the energy industry, from material manufacturers, semi-finished part 
manufacturers, the material suppliers, the manufacturer of the components and power plant 
operators. Unclear points from the 2nd edition and also new findings from the projects came 
into the focus of the technical discussions for the 3rd edition. For these reasons, all 
companies were asked in the run-up to this process to collect all important working points 
and to send these to the VGB. But this step needed more time than was planned, because 
all specialists responsible for this working step were deeply involved in the projects and were 
not readily available. The cause of this capacity dilemma was not only the limited number of 
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specialists in the field of metallurgy and material engineering but also due to a multitude of 
questions and tasks in the projects brought about by the worldwide sourcing of semi-finished 
products, components or their manufacturing and assembling. 

Knowing the complex challenges of the worldwide sourcing of manufacturing, the participants 
were aware of the present and future importance of R109 in a global setting. 

After the first collection of comments had been gathered, nine meetings of the working group 
were held. Each meeting produced the minutes of the proceedings, a revised version of the 
collected statements and, parallel to these, an adapted R109. All these documents lay in the 
hands of the VGB and FDBR representatives. 

 

involved:
Alstom, BBS, Benteler, BGH, BHR, 
E.ON Anlagenservice, HPE, 
Schmidt+Clemens, SMST, Steinmüller
Engineering, V&M, TK Steel, 

involved:
EnbW, E.ON, Evonik Steag, RWE

FDBR
VGB

involved:
TÜV Nord

Notified Bodies

Working Pool

 

Figure 2 Overview of the different companies, which work together to find the best 
technical proposal for difficult technical questions related to material specification 

 

 

Collection of Statements

nth Meeting
Minutes of Meeting

Changes in the R 109

Collection of Statements rev. nth Meeting

nth Meeting
Minutes of Meeting

Changes in the R 109

Collection of Statements rev. nth Meeting

Start

n+1th Meeting
Minutes of Meeting

Changes in the R109

Collection of Statements rev. n+1th Meeting

3rd Edition of R109
 

 

Figure 3 The workflow to review the 2nd edition of R109 and to create the 3rd edition of 
R109  
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2.1 Implementation of parts of the TRD 
When reviewing the demise of the TRD (Technische Regeln für Dampfkessel), it was 
decided to work through all of the related TRD numbers to find out which ones are not 
implemented in the EN specification but would  be helpful to safeguard a high level of quality. 

A TRD working group was set up by the VGB similar to the R109 working group. It was 
intended to hold working meetings more frequently than had been done in the R109, in order 
to work through the TRD guidelines from 100 to 200 in a very short time. This work was not 
easy because of the necessary permanent cross-checking with the current rules and 
regulations. For the participants it was clear that the major part of the TRD was already 
integrated into the regulations such as DIN EN. However, the topics concerning tests and the 
used classification of results for forging parts, casting parts and especially for screw and 
bolts were discussed at great depth. 

 

Collection of Statements

nth Meeting

Minutes of Meeting

Changes in the R 109

Collection of Statements rev. nth Meeting

Start

n+1th Meeting
Minutes of Meeting

Changes in the R109

Collection of Statements rev. n+1th Meeting

3rd Edition of R109

TRD-Work Group

Notes

Collection of Statements

TRD 100-200

 

Figure 4 Workflow between the working group of the TRD and the R 109 Working Group 
 

 

3 Examples of Technical Discussions 
There were three possible ways of introducing new comments to the collection of statements 
to realize a change in the 3rd edition. These were improved knowledge, problems in quality, 
an unclear situation between the different specifications and regulations and also small 
errors in the 2nd edition. All the discussions followed a central structure with the first point 
being – to reach a common, correct understanding of the proposed solution, the second point 
being – to verify if  there is a real technical necessity and the third point being – to check if 
the solution will work. It is clear that it was not always possible to reach a common 
agreement.  
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Here are four examples of technical discussions: 

3.1 Example 1 – Flattening tests for special materials 
At the beginning of 2010, a tube manufacturer delivered tubes made of P91 for a part of a 
super heater in a hard coal-fired power plant. All mechanical tests performed well apart from 
the flattening test. Crack indications were found at the inner surface at the 6 and 12 o’clock 
position. 

The question was, is it unacceptable or is the test too severe for this specific material under 
this specific geometry dimension of the tube. At first the DIN EN declares the test for this 
geometry as obligatory, but, on the other hand, the DIN EN describes “slight incipient cracks 
at its edges shall not be regarded as justification for rejection”.  A helpful answer is delivered 
by the VdTÜV511-2 and the ASTM-A999/A999M-11. It describes a situation with a too high 
strain at the 6 and 12 o’clock position for T/D>0.1 for the material P91. 

To understand the situation better, some FEM calculations were performed. The results are 
shown in figure 6 and 7. The deformation of the tube in figure 6 is very homogenous at the 
inner side around 6 and 12 o’clock. In the case which is shown in figure 7 the strain at these 
positions is higher than the elongation at the rupture in the tensile test. The deformation of 
the tube in picture 7 is similar to the diagram in the ASTM 513 shown in figure 5.    

One conclusion from this information - only an investigation (maybe only a small one) into the 
behaviour of the test in this special case (material and geometry) could help to completely 
clarify the situation. 
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ASTM-A 999/A999M-11 / 21. Flattening Test Requirements:
„21.3.4 When low D-to-t ratio tubular products are tested, because the strain imposed due to  
geometry is unreasonably high on the inside surface at the six and twelve o’clock locations, 
cracks at these locations shall not be cause for rejection if the D-to-t ratio is less than 10.“

VdTÜV 511-2 (12-2009):
„10.6  Der Ringfaltversuch ist entsprechend DIN EN 10216-2 ….
Bei Rohrabmessungen mit einem T/D-Verhältnis>0,1 können bei Ringfaltversuchen in der 6Uhr 
und 12 Uhr Position der Prüfstücke an der Rohrinnenseite überhöhte Dehnungen auftreten. 
Diese lokalen Dehnungen können das Verformungsvermögen des Werkstoffes überschreiten 
und zu Rissen an den inneren Oberflächen der Ringproben führen. Rissartige Anzeigen in 
diesen Positionen sind nicht prüfungsrelevant und dürfen nicht als Rechtfertigung für eine 
Zurückweisung betrachtet werden.“

Pictures from ASTM A 513

DIN EN 10216-2 eng(2007-10):
„11.3. Flattening test
… . After testing, the test piece shall be free from cracks or breaks. However, slight incipient 
cracks at its edges shall not be regarded as justification for rejection.“

 

Figure 5  Principle of flattening test and quotations of DIN EN 10216-2, ASTM-
999/A999M-11 and VdTÜV511-2 with the reflection of the difficulties of the 
interpretation on the results, diagram (lower part) from ASTM 513[1] 
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Figure 6 FEM results for a flattening test – variant A 
  

 

Figure 7 FEM results for a flattening test – variant B 
 

 

 

3.2 Example 2 – Interpretation of material structure for P91 and P92 
With the new build of the ultra super critical power plants, P92 evolved as the major material 
of main steam piping, hot reheat piping and headers for final super heaters. After the first 
stage of delivery of thick walled semi-finished P92 parts, deltaferrite was detected in several 
microsections. Deltaferrite is known as an unwelcome part in austenitic alloy and formerly 
also as a problem for P91 which is prevented by the use of the CNB-equation for alloy 
composition of P91 reported under [2]. The microsection in figure 8 illustrates that the 
deltaferrite is a separate part in the tempered martensitic structure. This is the result of the 
existence of the deltaferrite before the martensitic transformation takes place and that this 
transformation does not influence the deltaferrite. The question arises - what is the influence 
of the deltaferrite on the mechanical properties. One short term mechanical answer of such 
material structure is the reaction in toughness. As is shown in the microsection, the 
deltaferrite interrupts locally the homogeneous structure. With the increase in the amount of 
deltaferrite, a network of deltaferrite stringer develops. The statistical probability increases 
that firstly the deltaferrite lies in the critical zone of the V-notch specimen and, as a 
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consequence, the crack propagation will spread from one deltaferrite part to next. That leads 
to a continuous decrease in toughness (figure 9). 

In respect of these results and due to the technical possibility of preventing deltaferrite, the 
new requirement for the structure is “100% angelassener Martensit”. 

 

 

Figure 8 An example of deltaferrite in a microsection of P92 (red arrows show the 
deltaferrite) 
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Figure 9 Influence of the deltaferrite on the toughness of several P92 charges measured 
in the Charpy impact test with V-notch specimens  
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3.3 Example 3 – Hardness Values of P91 and P92 
There has been a long-term discussion about hardness, microstructure and creep strength 
for the steel grade P91. All metallurgists are clear that the hardness gives only a partial 
indication of the structure especially for this complex material. But it was realized that in 
some projects a too-low hardness of the P91 was tested. The reason of a too low hardness 
was in most cases an irregular PWHT (post weld heat treatment). On the other hand a 
correct hardness is not sufficient to say, “The material is ok.” But if the hardness is too low 
then the material is not really in the correct condition. 

The whole topic is not easy for the quality assurance. If they use the mobile hardness 
measurement devices on the construction site then they will have an expanded scatter band 
in the results as in figure 10. The shown figure is a result of welds with correct and incorrect 
hardness influenced by the methodical, statistical failure of the measurement device. 

To help everyone in this situation, one point would be to give a safer initial status of the base 
material. Because, without a correct hardening and tempering procedure for the semi-
finished base material at the material manufacture, incorrect microstructure and hardness in 
all further technological steps is possible. 

When increasing the wall thickness, the possible achievable hardness decreases and, also 
with high tempering temperature, a small reduction in hardness is observable. Therefore the 
hardness limit for the semi-finished parts is raised to 200HV10 for P91 and P92 

An individual comparative study for thick-walled parts of P92 with tempering conditions near 
to the upper temperature limit shows that the mean value is ca. 200HV10 and over a long 
term of simulated PWHT at 780°C the hardness value does not fall under 190HV10 (figure 
11). 

Example of a statistical Analysis of mobile measured Hardness - P91
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Figure 10 A statistical analysis of hardness measurements of a P91 piping from a 
construction site  
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P92 PWHT Simulation 780°C
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Figure 11 Individual results of influence of prolonging annealing of P92 on those hardness 

3.4 Example 4 Additional Tests on Special Tubes 
At least one example about the correlation of application issue and: testing methods 

For supporting tubes holding all of the superheater tubes in the steam boiler, the stress is a 
combination of the stress from internal pressure and the weight load from the supported 
tubes. The stress from the weight load is in most cases the dominate part. Therefore the tube 
is subject to higher stress in the transverse direction. By contrast the internal pressure leads 
without this additional load to the highest stress in the circumferential direction. 

Therefore the tubes for this application should be tested additionally with UT on transverse 
imperfections. It is clear that the purchaser should give a note in the order such as “tubes for 
supporting tubes” and or “additional UT on transverse imperfection”. 

 

Figure 12 Example for the application of supporting tubes (left) and the normal appearance 
of a supporting tube (right) 
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4 Application of VGB-R 109 / Requirements for Order Conditions  

4.1 Application of VGB-R 109 
The application of VGB-R 109 must be agreed between the Customer and the Manufacturer 
(see VGB-R 109, Clause 2 Terminology). The agreement can relate to options, a complete 
degree of completion and a partial application (see VGB-R 109 Preface). 
This means that the order conditions between the contractual partner and all subcontractors, 
and the associated information flow, are of great importance. 
This is because, when VGB-R 109 enters into force as the contractual basis for the project, 
VGB-R 109 must become a component of all material-related orders. This applies on three 
levels, the “primary level” between the Customer and the Manufacturer and the “secondary 
levels” between the Manufacturer and the Material Supplier and also the sublevel between 
the Material Supplier and Material Manufacturer. 
This means that fulfilment of the requirements for the relevant materials (see VGB-R 109, 
Clause 3 Field of Application) must be made known and communicated to all the parties. 
Otherwise, problems cannot be excluded for the Manufacturer and within the document 
review before equipment is installed. 
 

4.2 Requirements for order conditions 
4.2.1 Basic requirements for Order Conditions  
As already described above, the application of VGB-R 109 is based on contractual 
arrangements between the Customer and the Manufacturer and is therefore considered to be 
an “additional order condition”. The Manufacturer is therefore obliged to ensure that in all 
material-specific order conditions, not only the basic requirements of the Pressure Equipment 
Directive (Directive 97/23/EC) and the requirements of the product-specific EN standards are 
named, but also all of the agreed requirements of VGB-R 109. 
 
In practice, this can take different forms:  
 

a) In the “Order”, a generally applicable note can be included which states that the 
requirements of VGB-R 109 have to be fulfilled,  

b) In a “Material Specification” which is valid alongside the contract, a generally-
applicable note can be included which states that the requirements of VGB-R 109 
have to be fulfilled,  

c) Additional material-specific requirements in accordance with  
VGB-R 109 can be described in an “Order Specification” or “Material 
Specification”, without explicitly naming VGB-R 109.  

 
Here attention must be paid to the fact that VGB-R 109 on the one hand contains direct 
product-specific requirements (test requirements) and on the other hand indirect product 
requirements (requirements for the Material Manufacturer, basic material-specific proofs to 
be provided by the Material Manufacturer). 
The first aspect can be fulfilled by means of test-specific measures, the second only through 
proofs provided by the Material Manufacturer himself. 
 
It is essential that at the stage when the order is drafted, attention is clearly and 
unambiguously drawn to the need for observance and fulfilment of the requirements of VGB-
R 109 in relation to material manufacturers and also in relation to tests and examinations. 
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4.2.2 Special recommendations for order conditions / orders  
The basis for the additional material-related requirements according to VGB-R 109 is 
fulfilment of the basic material-related requirements according to Directive 97/23/EC and the 
product-specific EN standards. 
Therefore independently of the requirements of VGB-R 109, the following basic requirements 
should always be mentioned in the order conditions: 
 

- Directive 97/23/EC, Annex I, Section 4.3 

- Number and title of the “product-specific EN standard” /edition 
 
The relevant product-specific EN standard then states, in a clear form, the minimum 
information that must be included in the order text for the material. 
 

For example, in the case of “seamless tubes” according to EN 10216-2 these are as follows: 

a) The quantity (mass or total length or number); 

b) The term "tube"; 

c) The dimensions (outside diameter D and wall thickness T or a set of dimensions 

d) The designation of the steel grade in accordance with this Part of EN 10216  

e) The test category  

f) Additional requirements (Options acc. to Standard or delivery specification) 

 

In so far as VGB-R 109 is an agreed component of the contract, this falls under f) “Additional 
requirements” and must be communicated to the Material supplier or Material Manufacturer 
as an additional applicable requirement “VGB-R 109” or in the form of additional 
requirements in the form of a “material specification”. 
 
As it cannot be assumed that the requirements of VGB-R 109 for the Material Manufacturer 
and the basic product requirements are known by all concerned, it is necessary to draw 
attention to the following requirements expressly and in an emphasised form:  
 
- VGB-R 109, Section 4, Basis of the material acceptance, 

- VGB-R 109, Section 5, Requirements for the material manufacturer or supplier, 

- VGB-R 109, Section 6, Requirements on the material for pressure equipment, 

- VGB-R 109, Section 7, further processing within the component manufacturer.  

 
Without entering into too great a level of detail, at this point attention is drawn to the fact that 
in the case of certain products (e.g. fastening elements) the requirements of the AD2000 
Merkblätter or, in the case of materials not named in the EN standards, those of the VdTÜV 
Werkstoffblätter, are a constituent part of VGB-R 109.  
In so far as the requirements of VGB-R 109 are to be included in a “Material Specification”, 
this should be taken into consideration.  
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4.3 Information in Inspection Certificates according to EN 10204 
It is recommended that attention is already drawn to the confirmation of the requirements in 
accordance with VGB-R 109 in the Inspection test certificate 3.1 or 3.2 in accordance with 
EN 10204. In so far as a “Material Specification” that is applicable along with the contract 
contains the requirements of VGB-R 109 this should also be specified in the “Material 
Specification” as a requirement of the documentation. 
In inspection certificates according to EN 10204 it is therefore clearly documented that the 
requirements of VGB-R 109 have been fulfilled. 
In this way it is ensured that the confirmation of the requirements placed on the materials is 
consistently documented and that no unnecessary discussions of formal aspects occur 
during the various acceptance tests for the pressure equipment or with regard to the 
documents. 
 
At this point, attention is drawn to a particular requirement of VGB-R 109. 
The country of origin of the material manufacturer shall be shown on the acceptance material 
inspection certificate. 
 
 

4.4 Subsequent qualification of materials  
In practice, it cannot be excluded that the materials fulfil the general requirements of the 
Pressure Equipment Directive and the product-specific EN standards, but that they do not 
fulfil the additional requirements of VGB-R 109. This basically applies to “Material in 
Storage”. 
 
A difference must be made between three cases in the discussion regarding “subsequent 
qualification”:  
 

a) Materials which do not fulfil the requirements of the Pressure Equipment 
Directive and / or the product-specific EN Standard. 

b) Materials that were assessed for the pressure equipment by means of a 
“Particular Material Appraisal (PMA)” in accordance with Annex 4.2 of the 
Pressure Equipment Directive. 

c) Materials which fulfil the requirements of the harmonised product-specific EN 
standard.  

 
For Case (a) subsequent qualification can only be achieved based on a “Particular Material 
Appraisal (PMA)” according to Pressure Equipment Directive, annex I, sec. 4.2. 
This means that, in this case, the Manufacturer and the notified body (NoBo) responsible for 
final inspection of the pressure equipment have to be involved. 
The additional requirements according to VGB-R 109 can be a constituent part of the PMA 
or, in so far as they are not named in the PMA, can be evidenced by additional 
tests/inspections/confirmations from the Material supplier (Test / Confirmation). 
 
For Case (b), subsequent qualification can only be achieved based on a “Particular Material 
Appraisal (PMA)” according to Pressure Equipment Directive, annex I, sec. 4.2. 
This means that here, the Material supplier has to receive the PMA and undertake the tests / 
assessment based on this. If nonconformities are identified, the Equipment Manufacturer and 
the Notified Body (NoBo) responsible for the final inspection of the pressure equipment must 
be involved.  
The additional requirements according to VGB-R 109 can be a constituent part of the PMA 
or, in so far as they are not named in the PMA, can be evidenced by additional 
tests/inspections/confirmations from the Material supplier (Test / Confirmation) 
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For case (c) subsequent qualification can be undertaken by the Material supplier, as this 
case exclusively relates of test condition / requirements and, if appropriate, assessments. 
 
If appropriate, it should be clarified here if these subsequent tests / assessments and the 
fulfilment of the requirements according to VGB-R 109 should be confirmed by an 
independent third party, in order to avoid unnecessary discussions and conflicts with further 
processors or before putting into operation.  
 
In cases (a) and (b) it is urgently recommended that both the direct product-specific 
evidences (tests) and also the positive assessment of indirect product requirements 
(manufacturer requirements, proofs for the qualification of the endurance values) are 
confirmed by an independent third party. 
 

5 Résumé 
Five years after the first edition of the VGB R109, the third version will be released. This is a 
result of teamwork of the material experts from material manufacturers, suppliers, 
manufacturers and power plant operators. It was influenced by the experience gathered from 
the project work over the last six years. It was steered and organized by the VGB and FDBR. 

Many small technical questions and further hints on how the application of VGB R109 is to 
be agreed between the customer and manufacturer were discussed and the answers lead to 
a better understanding and/or to new corrections to the VGB R109. 
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Abstract 
Future power plants will have to fulfill two requirements: High efficiency and high flexibility. 
This goes along with increased steam temperatures, steam pressures and a high number of 
load cycles. The components in future 700 °C power plants that are subjected to high 
temperature and loading will be made of Ni-based alloys (up to 725°C) and austenitic steels 
(up to 650°C). In order to assess the material behavior for power plant operation up to 725 
°C and 350/200 bar pressure two test rigs have been installed respectively are currently 
being installed in the Grosskraftwerk Mannheim AG (GKM). 

Test rig one (HWT 1 – Hochtemperatur-Werkstoff-Teststrecke 1) is focused on tubes. The 
operation of HWT 1 will deliver experiences with the  

- Oxidative and corrosive behavior of superheater tubes 

- Creep deformation and rupture behavior of tubes 

- Oxidative behavior of coated turbine materials 

- Function of high temperature control and shut down valves.  

Meanwhile almost 9000 h of operation under more than 700 °C have been accomplished 
with the operation of HWT 1.  

 

Test rig two (HWT 2) is aimed towards material behavior of thick walled pipes under cyclic 
load conditions with additional superimposed secondary stresses. Test rig two is currently 
under construction. By injection of cooling steam and water up to three thermal load cycles 
per day shall be achieved.  

The main focus of this test rig lays in the  

- component behavior under primary and additional secondary stresses 

- fatigue behavior with temperature cycles between 400 °C and 700 °C 

- stress-strain situation in headers 

- operation of high temperature control and shut off valves 

This paper describes the design of both test rigs. It will show the experiences with buildup 
and operation of test rig one and give an overview of the scientific research performed during 
this project. Also it shows the experiences with the manufacturing and installation of test rig 
two.  

1 Introduction / Motivation 
In the context of change in energy production and the abandoning of nuclear energy 
production coal will play an import role within the nearer future in the production of electricity 
in Germany. In the context of environmental protection it is necessary to increase the 
efficiency of coal fired power plants in order to reduce the emission of climate-damaging 
CO2. Also it is necessary in order to realize the targeted CO2-separation (CCS-technology) 
within an economically reasonable effort to increase the efficiency of coal fired power plants.  

The plant efficiency is directly connected with the steam parameters, meaning steam 
pressure and temperature. An increase in efficiency goes along with an increase of 
temperature and pressure. This results in significant higher demands for the characteristics 
of pipe and turbine materials. In order to achieve an efficiency of 50 % and more steam 
temperatures of more than 700 °C and steam pressures up to 350 bar are needed. In 
comparison to that modern coal fired power plants which are currently under construction in 
Europe, have a maximum steam temperature of about 610 °C and a maximum pressure von 
about 280 bar. Modern martensitic steels and austenitic steels have sufficient creep strength 
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for steam temperatures up to about 630 °C. For higher temperatures currently only nickel 
based alloys provide the necessary creep strength to withstand the stresses resulting from 
the pressure under the given temperature range. 

The focus of the two research projects HWT 1 and HWT 2 lies on the one hand in the 
material testing at a temperature range up to about 630 °C. This temperature range will also 
play a role in future power plants with much higher maximum steam temperatures. The 
investigated materials will be the currently used martensitic chromium steels and austenitic 
steels since nickel based alloys are, in comparison with ferrite based materials, more difficult 
to machine, to weld and are also higher priced. Nickel based alloys will only be used in a 
temperature range where conventional materials cannot be used anymore.  

The research projects HWT 1 and HWT 2 shall provide the basis for installation of future 
power plants with steam temperatures up to 700 °C. Also it shall provide experiences with a 
highly flexible plant operation, which will become more important for coal-fired power plants 
due to the increase of regenerative energy production, meaning wind and solar power. The 
results will be used in order to develop a quality assurance concept for the build-up and also 
deliver the knowledge base for operation, maintenance and repair concepts for future 700 °C 
power plants.  

 

2 Concept of the test rig HWT 1 and HWT 2 
The test rigs of the research projects HWT 1 and HWT 2 are both installed in unit 6, boiler 
17, of the Großkraftwerk Mannheim AG (GKM). HWT 1 started operation in 2009, the test rig 
HWT 2 is currently under construction. The targeted set of operation date is in September 
2012.  

The steam parameters of the main boiler are: live steam pressure 167.6 bar, live steam 
temperature 530 °C, reheater temperature: 530 °C. 

HWT 1 has its focus on the oxidative behavior of thin walled pipes, used for superheater 
tubes, on the creep strength of the respective materials, on the investigation of turbine 
materials and on the high temperature control and shut-off valves in a temperature range up 
to 725 °C. 

The core of the project is a specifically designed steam loop. It consists of different parts: one 
part of this test loop is installed inside the boiler, another part, the creep- and turbine test 
loop is placed outside. Due to this exceptional arrangement of the test rig, the damage 
development of future key materials for the 700°C Power Plant under service like loading 
conditions can be evaluated. 

The test loop, Figure 1, is integrated into the steam generator K17 of the power plant GKM. 
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Figure 1: Schematic view of test loop HWT 1 

 

The steam flow leading to the test rig is taken from the superheater outlet header of the main 
boiler with a steam temperature of approx. 530°C. In the test loop, the steam is heated up to 
a steam temperature of approx. 725 °C. Afterwards, the steam is relaxed to reheater 
pressure in a multistage steam regulation valve. The steam regulation valve regulates the 
steam quantity in order to reach the steam temperature of 725 °C before the steam 
regulation valve. The relaxed steam is mixed in a mixing section with a cold steam flow. The 
steam temperature for the mixed steam flow should be at approx. 530 °C after the mixing 
section, in order to return the steam flow into the heat reheater pipeline.  

The design data can be summarized as follows: 

Steam flow: 0.33 kg/s 

Steam conditions at the inlet: 166.5 bar / 530 °C 

Steam conditions at the outlet: 156.0 bar / 725 °C 

Flue gas temperature: approx.1260 °C 

Tube dimensions: 38 x 8.8 mm 

Tube length (heated): approx. 35m 

 

The test loop HWT 2 is focused on thick walled components under cyclic load conditions with 
additional superimposed secondary stresses. The cyclic loads will be realized through 
temperature cycles in a range between 400 °C and 725 °C. This will be achieved by injection 
of cooling steam and water. Up to three thermal load cycles per day shall be achieved.  

A schematic view of the test rig is shown in Figure 2.  

 

The focus of this test rig lays in the  

- component behavior under primary and additional secondary stresses (1) 

- fatigue behavior with temperature cycles between 400 °C and 700 °C (2) 

- stress-strain situation in headers (3) 
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- function of HDU bypass valve (4) 

- operation of high temperature control and shut off valves (5) 

 

 

Figure 2: Schematic view of test rig HWT 2 

The isometric view of test rig HWT 2 is shown in Figure 3. 

Figure 3: Isometric view of test rig HWT 2 [4] 

 

Area with cyclic 
load due to water 
and steam injection 
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2.1 Over view materials 
 

In the test rig 1 (HWT 1) the following materials have been used, see Table 1. 

 

Table 1: Materials used in test rig HWT 1 

 

Superheater  / 635°C 

T92 VM12SHC SAVE12AD Sanicro 25 

Tempaloy AA1 (SB) Super 304H (SB) DMV 304HCu (SB) HR6W 

Post Super 304H XA704 (SB) HR3C HR35 

DMV 310N NF 709 Tempaloy A3 Sumitomo A617 

A617 mod.    

 

Superheater  / 725°C 

DMV 310N HR3C Sanicro 25 A617 B 

HR6W HR35 HN55 A263 

Sumitomo A617   A740 

 

Creep test loop  / 635°C 

T92 Save 12AD DMV 304HCu (SB) DMV 310N 

Sanicro 25 A617 B  

 

Creep test loop  / 725°C 

HR35 A617B A617 B stab. A263 A740 

 

In test rig 2, HWT 2, the investigated materials are the two nickel based alloys Alloy 617 B 
and Alloy 263. These materials are also part of the test rig HWT 1. 

Different fabricators of semi-finished products have been implemented in both research 
projects. SB is standing for a shot blasted inner surface. The nickel-alloy A 617 was used in 
a modification (“B”) with a controlled chemistry specification [2]. A 617 in principle was 
welded without previous heat treatment. As an option in order to investigate the behavior of 
stabilization annealing at 980°C (“stabilized”) the stabilization annealing was performed for 
one example in the creep test loop HWT 1. All thick walled components in HWT 2 made of 
Alloy 617 B have been stabilization annealed. 

Figure 4 shows the microstructure in the initial state of base material Alloy 617 B in project 
HWT 1.  
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Figure 4: Initial state of microstructure Alloy 617 B 

Parallel with the operation of the test rig HWT 1 detailed material investigations have been 
performed at the MPA Stuttgart.  

The material investigations include:  

- Creep tests 

- LCF tests 

- Friction of moving parts (valves)  

- Metallographic analysis 

 

For almost all LCF samples the metallographic analysis show transgranular crack 
propagation, for example Alloy 617 B, Figure 5.  

 

 Figure 5: Crack forming in LCF-sample Alloy 617 B 
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Only the nickel based alloy HR35 und IN740 show partially intergranular crack propagation 
after transgranular crack initiation.  

 

2.2 Damage behavior and life assessment 
In HWT 1 currently 8900 hours of operation with steam temperatures of more than 700 °C 
have been reached. 

In the external creep test loops the creep damage behavior of the built-in materials, see 
Table 1, is being investigated and evaluated. In order to reduce the time to failure the tubes 
in these test loops have been notched, Figure 1. Thus a theoretical creep rupture time of 
approximately 50000 h is estimated. In order to prevent shut down of the boiler caused by 
unexpected failure of the tubes, the longitudinal and circumferential creep strain is recorded 
by using HT-strain gauges to permit anticipation of premature rupture.  

Creep tests of all materials used in the creep test loop and also with materials with no PMA 
are running in advance. The creep tests started before the test rig was set into operation. 
The aim of these tests is to deliver data for a single material appraisal and also for 
constitutive creep laws. By means of inelastic FE-calculations with implemented creep laws 
the rupture time will be assessed and verified by the strain recordings.  

Microstructural investigations are aimed to determine the changes in the microstructure due 
to temperature, load situation and load time. The findings about the changes in relation with 
the identified damages in shape of cavities and cracks will be collected in a database, which 
could be used later for condition based monitoring of real components.  

3 Project status 
The test rig has been in operation since August 2009. The length of the super heater tubes 
was extended from 24 m up to 35 m in September 2009 to have stable temperatures and to 
improve the performance of the high temperature control valves. Also the thermal insulation 
of the external piping and fittings was significantly improved. Thus a steam flow in the 
external creep test rigs with very high temperature accuracy was achieved which is also a 
result of the effectiveness of the control valves. Actually an operation time of 8900 h is 
reached. In July 2010 samples from both the internal superheater test loop as well as from 
external creep test loop were taken out. Metallographic examinations were performed 
focusing on the determination of the corrosion and oxidation behavior but also on changes in 
the microstructure including the shot blasted inner surface of the austenites. 

 

The test rig HWT II is under construction. Intended date for the start of operation is end of 
September, 2012. Currently the experimental identification of material properties is being 
performed. Also the numerical analysis for the components with the presumably highest load 
situation is being carried out, for example Fehler! Ve rweisquelle konnte nicht gefunden  
werden..  
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4 Summar y 
 

The GKM test rigs HWT 1 and HWT 2 act as a test platform for the realization of the future 
700 °C power plant, as key components are tested under realistic operational conditions. The 
fabrication of the material, including all further processing, was performed under typical 
conditions of usual boiler fabrication with previous optimization of welding and bending. 
Typical components with realistic dimensions, thin and thick walled pipes, valves, etc., are 
part of the test rigs. The load situation is aimed towards an economical operation of future 
coal fired power plants considering the volatility of renewable energy resources. Therefore an 
operation mode with a high number of cycles is realized in test rig HWT 2. A detailed quality 
engineering strategy was developed in order to meet code requirements under detailed 
consideration of material behaviors which can be directly transferred to the realization of a 
complete 700°C power plant. Detailed numerical and metallographic analysis has been 
performed in order to allow an understanding of material behavior. In the frame of the project, 
the necessary experience with component and material behavior will be generated which will 
be implemented in monitoring concepts for the 700°C power plant. 
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Vorwort 

Die Leistungs- und Wirkungsgradsteigerung in konventionellen, fossilen Kraftwerken wird 

vornehmlich durch steigende Prozessdrücke und –temperaturen erreicht. Dies macht eine 

stetige Weiterentwicklung der eingesetzten Materialien notwendig. Warmfestes Gusseisen 

mit Kugelgraphit (GJS) ist als Gehäusewerkstoff für Turbinenanlagen seit Jahren eine kos-

tengünstige Alternative zum Stahlguss. Ziel der vorgestellten Arbeiten war, durch  eine Modi-

fikation der Legierungszusammensetzung und des Herstellungsprozesses warmfestes 

Gusseisen mit Kugelgraphit für den Einsatz bei Temperaturen > 500°C weiterzuentwickeln.  

Dazu wurde hinsichtlich der Legierungszusammensetzung eine systematische Variation der 

Legierungselemente Silizium, Molybdän, Niob und Kobalt mit dem Ziel durchgeführt, höhere 

Festigkeiten bei gleichbleibender Verformungsfähigkeit zu erreichen.  

Eine statistische Versuchsplanung und thermodynamische Berechnungen bildeten die 

Grundlage für die Auswahl an Legierungskombinationen, die zunächst im Labormaßstab 

abgegossen wurden. Die Qualifizierung und Auswahl der GJS-Legierungen erfolgte anhand 

umfangreicher Gefügeuntersuchungen, die Rückschlüsse auf die Güte des Gießprozesses 

zulassen, sowie der Ermittlung von Kurzzeit-, Ermüdungs- und Langzeiteigenschaften. 

Nach der Beurteilung des Gussgefüges und der mechanischen Eigenschaften folgten Ab-

guss und Untersuchung von großen Bauteilproben, um die Übertragbarkeit der Ergebnisse 

auf große Wanddicken zu prüfen.  

Die neu entwickelte GJS-Legierung enthält neben Silizium und Molybdän auch Niob und 

Kobalt. Die Kombination aus Mischkristall- und Ausscheidungshärtung bei gleichzeitig ho-

mogener und nahezu fehlerfreier Graphitausbildung in überwiegend ferritischer Matrix sorgt 

für hohe Festigkeiten bei Temperaturen oberhalb 500 °C, ohne die Verformungsfähigkeit auf 

für die Anwendung nicht akzeptable Werte zu senken oder das Ermüdungsverhalten der 

Legierung zu reduzieren. Dies ist ein deutlicher Fortschritt gegenüber des bisher eingesetz-

ten GJS-400SiMo. 

Schlüsselwörter: 

Gusseisen mit Kugelgraphit, Warmfestigkeit, Legierungselemente, Gefügeausbildung 
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1. Einleitung 

Mit dem Einsatz von warmfestem Gusseisen wird im Vergleich zu kostenintensiven Stahl-

guss- oder Stahlschweißkonstruktionen eine deutliche Senkung der Herstellkosten von etwa 

Faktor  2 angestrebt. Dieses ist einerseits bei Stahlguss durch den höheren Gieß- und Spei-

sungsaufwand und andererseits bei Stahlschweißkonstruktionen durch den Füge- und 

Nachbehandlungsaufwand bedingt. Im Vergleich dazu lassen sich die bei gegossenen Bau-

teilen weitergehende konstruktiven Gestaltungsmöglichkeiten vorteilhaft nutzen, um eine 

möglichst optimale Ausnutzung des Werkstoffs zu erreichen. 

Gleichzeitig sind mit der geforderten Wirkungsgradsteigerung zukünftiger Energieerzeu-

gungsanlagen und der damit einhergehenden Leistungssteigerung von Komponenten höhere 

Anforderungen hinsichtlich der mechanischer Beanspruchung und der Temperaturbelastung 

verbunden. 

Ziel des zugrundeliegenden BMBF-Verbundvorhabens [1], [2] war die Entwicklung eines 

warmfesten Gusseisenwerkstoffes mit Kugelgraphit (Sphäroguss, „GJS“) mit verbesserten 

Werkstoffeigenschaften zur Herstellung dickwandiger Gussstücke im Anwendungstempera-

turbereich bis über 500°C mit dem Schwerpunkt auf Anwendungen im Gas- und Dampfturbi-

nenbau sowie dem allgemeinen Anlagenbau.  

Für stationäre Gasturbinen zur Stromerzeugung haben sich die Anforderungen an die Be-

triebsweise geändert. Im Vordergrund steht heute die Forderung nach deutlich erhöhter Fle-

xibilität, also dem schnellen An- und Abfahren von Turbinen zur Senkung der Stromentste-

hungskosten und damit auch zur Energieeinsparung. Dies bedeutet für die Werkstoffe insbe-

sondere die Notwendigkeit zur Verbesserung der Ermüdungsfestigkeit bei hohen Temperatu-

ren unter Beibehaltung bzw. Erhöhung der Zeitstandfestigkeit.  

Die Betriebserfahrung mit stationären Gasturbi-

nen hat gezeigt, dass kommerziell verfügbare 

GJS – Gusseisenwerkstoffen unter Belastungen 

mit erhöhter Transienz rasch an ihre Leistungs-

grenze stoßen. Bild 1 zeigt einen mit Anrissen 

behafteten Leitschaufelträger aus GJS.  Um das 

Auftreten der Anrisse aufgrund thermischer Er-

müdung zu vermeiden, wurde das Bauteil auf 

Stahlguss umgestellt, was jedoch zu einer deutli-

chen Steigerung der Bauteilkosten führte.  

 

Bild 1. Verdichterleitschaufelträger mit An-
rissbildung aufgrund gesteigerter Anfahr-
transiente (Quelle: Siemens AG) 

Zur Erweiterung der Einsatzmöglichkeit der Sphärogusssorten ist deren Weiterentwicklung 

mit dem Ziel erhöhter Anwendungstemperaturen bei gleichen mechanisch-technologischen 

Eigenschaften bis über 500°C bzw. verbesserten Werkstoffeigenschaften im mittleren An-

wendungstemperaturbereich bis 450°C notwendig. Gusseisenwerkstoffe haben ein noch 

nicht ausgeschöpftes Entwicklungspotential. Anstrengungen zu Weiterentwicklungen wurden 

in den vergangenen zwei Jahrzehnten kaum unternommen. Gegenüber 1%Cr-Stählen ergibt 

sich aufgrund geringerer Produktionskosten bei gleichzeitig verbesserten konstruktiven Mög-
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lichkeiten ein deutlicher wirtschaftlicher Vorteil. Somit stellten die technischen Grenzen der 

bisherigen GJS-Werkstoffe und Kostengründe die Hauptmotivation für die vorliegende Arbeit 

dar. 

2. Legierungsentwicklung 

In der Gasturbine sind, je nach Maschinentyp und deren Belastungsprofil, Bauteile aus GJS-

Legierungen als Verdichtergehäuse, Außengehäuse, im Bereich des Verdichteraustritts-

diffusors und als Turbinenlagergehäuse vorstellbar. Im Fall von Dampfturbinen lassen sich 

warmfeste GJS-Werkstoffe je nach Eigenschaften für Außen- und Innengehäuse einsetzen, 

die zurzeit noch aus warmfesten Stahlgusssorten hergestellt werden. 

Gusseisensorten mit höherer Festigkeit, die auf einer perlitischen Grundmatrix basieren, zei-

gen bei Dauereinsatztemperaturen oberhalb 400°C Gefügeumwandlungen (Zerfall des Per-

lits zu Ferrit und Graphit), die mit einer Volumenänderung einhergehen. Diese Gefügeum-

wandlung kann bei langen, betriebsrelevanten Einsatztemperaturen im Temperaturbereich 

von 450 bis 500°C vollständig erfolgen. 

 

 
Bild 2. Schematische Darstellung zur Vorgehensweise bei Legierungsentwicklung sowie der Werk-
stoffqualifizierung 

Im Rahmen des oben genannten Verbundvorhabens „Entwicklung einer warmfesten GJS-

Gusseisenlegierung für dickwandige Gussstücke bei höchsten Anwendungstemperaturen ≥ 

500°C“ [1], [2] erarbeiteten das Institut für Metallurgie der TU Clausthal (IMet) und das Insti-

tut für Werkstoffkunde der TU Darmstadt (IfW) gemeinsam mit den Partnern Siemens AG 

Energy Sector (Siemens) und Friedrich Wilhelms-Hütte Eisenguss GmbH (FWH) eine GJS-

Legierung, die auf die Anforderungen in Gas- und Dampfturbinen bei einer Anwendungstem-

peratur von 500°C auf der Gehäuseinnenseite abgestimmt wurde. Die Legierung sollte im 

Wesentlichen auf Grundlage des aktuell eingesetzten GJS-400SiMo ein verbessertes Kriech- 
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und Zeitstandverhalten, vor allem bei 500°C, bei gleichzeitig besserem Ermüdungsverhalten 

und gleichbleibender Verformungsfähigkeit aufweisen. 

Die Legierungsentwicklung erfolgte in 4 Schritten (Bild 2). Zunächst wurde untersucht, wel-

che Legierungselemente in welchen Konzentrationen die Festigkeit bei hohen Temperaturen 

steigern, ohne das Verformungsverhalten und die Gefügeausbildung zu beeinträchtigen. 

Dabei wurden auch Erkenntnisse aus dem Motorenbau berücksichtigt und deren Übertrag-

barkeit auf dickwandige Bauteile geprüft. 

Nach der Aufstellung eines Versuchsplans nach der Methode des Design of Experiment [3] 

wurden 22 Testschmelzen mit einer Masse von 80kg sowie der GJS-400SiMo als Referenz-

legierung im Technikum des IMet [1] abgegossen. Die Herstellung erfolgte im Labormaßstab 

unter Berücksichtigung der im Großguss bei FWH herrschenden Prozessbedingungen. Un-

tersuchungen hinsichtlich der Gefügeausprägung und der mechanischen Eigenschaften, mit 

besonderem Schwerpunkt auf den zeitabhängigen Eigenschaften des GJS, wurden am IMet 

und im IfW durchgeführt. 

Eine Auswahl von 6 Kandidatlegierungen stellte die Grundlage für anschließend bei FWH 

abgegossene Bauteilproben dar. Auch diese wurden bei IMet und IfW umfassend untersucht, 

um die Übertragbarkeit von kleinen (80 kg) auf dickwandige (2 t) Gussteile herzustellen. Es 

wurde eine Kombination aus Legierungszusammensetzung und Gießprozess identifiziert, die 

alle gestellten Anforderungen erfüllen kann. 

Mit dieser neu entwickelten Legierung wurde schließlich als letzter Schritt ein Gehäuseteil als 

Demonstrationsbauteil hergestellt und untersucht. 

Die im Rahmen des Vorhabens ausgewählte GJS-Legierung wird im Folgenden als „R2V3“ 

bezeichnet. Die Ergebnisse der Gefügebeurteilung und der Ermittlung der mechanischen 

Eigenschaften von R2V3 werden an den Probekörpern Testschmelze und Bauteilprobe stell-

vertretend dargestellt und mit GJS-400SiMo (Tabelle 1) verglichen. 

Zahlreiche Veröffentlichungen zu bereits durchgeführten Legierungsentwicklungsarbeiten [4] 

bis [7] zeigen eine Verbesserung der mechanischen Eigenschaften bei erhöhten Temperatu-

ren infolge von Mischkristall- oder Ausscheidungshärtung durch Legierungszusätze. In GJS-

400SiMo wird die Kombination aus Eisen-Kohlenstoff-Silizium-Mischkristall und Molybdän-

Ausscheidungen genutzt. Da der Mischkristall bei Temperaturen oberhalb 450°C jedoch sei-

ne verfestigende Wirkung verliert, müssen bei Einsatztemperaturen oberhalb dieser Grenze 

weitere Zusätze für die Beibehaltung der Festigkeit sorgen. Aufgrund der vorgesehenen 

Verwendung als Gehäusewerkstoff in Gas- und Dampfturbinen ist ein nahezu perlitfreies 

Gefüge mit Graphiten der Form V und VI [8] unerlässlich. 

Dies schloss mögliche Legierungsbestandteile aus, die perlitisches Gefüge und Graphitent-

artungen begünstigen. Weiterhin sollte die Verformungsfähigkeit des als Grundlage dienen-

den GJS-400SiMo nicht unterschritten werden, was Zugaben unmöglich machte, die zu einer 

Bildung von plattenförmigen oder nadeligen Gefügebestandteilen führen. Ebenso war auf die 

Langzeitstabilität der sich bildenden Ausscheidungen und die technische Umsetzung im 

Maßstab einer Industriegießerei zu achten. 
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Tabelle 1. Chemische Zusammensetzung des Versuchswerkstoffs GJS-400SiMo, in Gew.-% [5], 
Stückanalyse, Probenentnahme aus dickwandigen Gussproben 

Werkstoff C Si Mn P S Mg Cr Mo 

GJS-400SiMo 3,360 3,097 0,197 0,031 0,003 0,074 0,028 0,507 

 

Tabelle 2. Maximale, kumulierte und durchschnittliche chemische Zusammensetzung der untersuch-
ten GJS-Legierungen, in Gew.-% [2] 

C, Si, Mo, Nb, Co C+Si+Mo+Nb+Co S Mg 

< 5,0 < 10 0,01 0,047 

Unter Berücksichtigung der oben genannten Punkte wurden der warmfesten GJS-Legierung 

neben Silizium und Molybdän in Anlehnung an Erkenntnisse im Stahlguss nun auch Niob [3] 

und Kobalt [10] zugegeben. Kobalt sollte als Mischkristallbildner ähnlich wie bei der Verwen-

dung in warmfesten Stählen für eine Mischkristallverfestigung oberhalb 450°C sorgen. Feine 

kubische stabile Niob-Ausscheidungen wurden zur Verbesserung der Zeitstandfestigkeit ein-

gesetzt, ohne das Ermüdungsverhalten zu beeinträchtigen. Die zugegebenen Mengen orien-

tierten sich hierbei an den in der Literatur vorgegebenen Konzentrationen. Dabei überstieg 

kein Zusatz einen Wert von 5 Gew.-%. Die Gesamtmenge der zugegebenen Elemente blieb 

stets unter 10 Gew.-%, Tabelle 2.  

Experimente auf Grundlage der statistischen Versuchsplanung [10] erlauben durch die sys-

tematische Variation von Parametern das Aufzeigen von Einflüssen und Wechselwirkungen 

zwischen diesen und ermöglichen weiterhin eine Vorhersage von Eigenschaften von Legie-

rungsvarianten, die außerhalb des Versuchsplans liegen. 

Unter der Annahme, dass alle äußeren Einflüsse konstant und vorhandene Störfaktoren ver-

nachlässigbar sind, wurde ein vollfaktorieller Versuchsplan mit den vier Faktoren Silizium 

(und Kohlenstoff), Molybdän, Niob und Kobalt in je zwei Stufen, einer hohen und einer nied-

rigen Konzentration, erstellt. Dem wurden punktuell ergänzende Legierungen hinzugefügt. 

Das Ergebnis waren 22 mögliche Testschmelzen sowie der GJS-400SiMo als Referenzlegie-

rung, die hergestellt und qualifiziert werden konnten. 

Die Bildung und Stabilität der aus diesen Zusammensetzungen entstehenden Phasen wur-

den am IMet durchgeführt. Das in Bild 3 dargestellte Phasendiagramm zeigt den relevanten 

Bereich der Legierungsvariante R2V3.  
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Bild 3. Mit Thermocalc erstelltes Phasen-
diagramm der GJS-Legierung R2V3 [1] 

 

Es wurde mit Hilfe der Software Thermocalc und der Datenbank TCFE6 berechnet. Dabei 

wurden die Elemente Eisen, Kohlenstoff, Silizium, Molybdän und Niob berücksichtigt. Be-

dingt durch den hohen Silizium-Gehalt verschiebt sich der eutektische Punkt zu niedrigeren 

Kohlenstoff-Gehalten. Innerhalb des stabilen eutektischen Erstarrungsintervalls scheiden 

sich neben Austenit und Graphit die Phasen NbC und M6C aus. Das metastabile eutektische 

Erstarrungsintervall, berechnet durch Unterdrückung der Graphitphase, liegt mit einer Start-

temperatur von 1083 °C und einer Endtemperatur von 1067 °C deutlich unter dem stabilen 

eutektischen Erstarrungsintervall.  

Die Phase M6C ist ein Molybdän-Mischkarbid, bestehend aus 51,1 Gew.-% Molybdän, 31,5 

Gew.-% Eisen, 14 Gew.-% Silizium und 3,19 Gew. % Kohlenstoff. Nach Abschluss der eu-

tektischen Erstarrung besteht der Austenit aus 94,2 Gew.-% Eisen, 1,3 Gew.-% Kohlen-

stoff,  4,06 Gew.-% Silizium und 0,354 Gew.-% Molybdän. Bis zum Beginn der eutektoiden 

Umwandlung bei 900°C reduziert sich die Löslichkeit des Mo im Austenit auf 0,054 Gew.-%. 

Dies führt laut der Thermocalc - Berechnungen zu einer Erhöhung des Anteils an M6C im 

Gefüge, die bis zum Abschluss des Abkühlungsvorganges stabil bleiben [1].  

Zur Optimierung des Gießprozesses führte FWH Formfüllungs- und Erstarrungssimulationen 

durch. Ein aufgesetzter exothermer Speiser auf der Testschmelze (Bild 4)  sorgte für Erstar-

rungs- und Abkühlbedingungen, wie sie in dickwandigen Bauteilen herrschen. Durch einen 

im Vergleich zur Testschmelze größeres Verhältnis von Bauteilvolumen zur Bauteiloberflä-

che bei der Bauteilprobe wurden diese Bedingungen zusätzlich verschärft, da sich die Erstar-

rungszeit im Vergleich zur Testschmelze verdreifacht. Das Ergebnis war ein Gefüge, wie es 

in Gussteilen mit sehr hoher Wandstärke auftreten kann. Die Einsatzmaterialien stellte der 

Projektpartner FWH zur Verfügung. 

Roheisen sowie Kreislaufmaterial wurden in einem Mittelfrequenzinduktionsofen (Fassungs-

vermögen ca.150kg) erschmolzen. Nach der Einstellung der gewünschten Legierungsgehal-

te und einer Siliziumkarbid-Behandlung (SiC) erfolgte der Ofenabstich und die Magnesium-

Behandlung (Mg) in der Pfanne durch Übergießen unter Zugabe von Antimon (Sb). Eine kon-

tinuierliche Temperaturüberwachung sorgte für die Vergleichbarkeit der Prozessschritte aller 
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Testschmelzen untereinander. Die Schmelze wurde beim Abguss in die Sandform im Gieß-

strahl geimpft [1].  

Die Bauteilproben (Bild 5) und das Demonstrationsbauteil (Bild 6) wurden in der Eisengie-

ßerei FWH hergestellt. Hier wurde zur Erschmelzung ein Mittelfrequenzinduktionsofen mit 

einem Fassungsvermögen von 12t verwendet. Die Legierungszusammensetzung wurde im 

Ofen eingestellt, es folgte die Behandlung der Schmelze mit SiC. Die Mg-Behandlung wurde 

im Tauchverfahren in der Pfanne durchgeführt und anschließend Sb zugegeben. Die 

Schmelze wurde ebenfalls beim Abguss in der Form geimpft.  
 

 

Bild 4. Planung und 
Umsetzung der Test-
schmelzen 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Bild 5. Planung und Umsetzung 
der Bauteilproben 

 

 

Bild 6. Planung und Umsetzung des 
Demobauteils 

 

3. Gefügecharakterisierung 
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Zur Analyse des Einflusses der Gefügebestandteile der GJS-Legierungen (Bild 7) ließen 

sich wenige wichtige Parameter identifizieren [11]. Dabei handelt es sich zunächst um den 

Perlitanteil und die Graphitkugelzahl, die sich aus den Abkühlbedingungen und dem Keim-

haushalt der Schmelze ableiten lassen. Weiter konnte die Zugfestigkeit als Parameter für die 

Festigkeit des Fe-C-Si-Co-Mischkristalls herangezogen werden. Anzahl und Ausprägung der 

Niob- und Molybdän-Ausscheidungen können als Maß für die Ausscheidungshärtung heran-

gezogen werden. 

 

 

Bild 7. Metallographischer Schliff einer Test-
schmelze mit Gefügebestandteilen  

 

 

 

 

 

 

 

 

 

 

Der prozentuale Flächenanteil der skelettartig vorliegenden Molybdänausscheidungen wurde 

aus Schliffen bestimmt. Wie die Auswertung in Bild 8 zeigt, stehen die Molybdänausschei-

dungen in positivem Zusammenhang zum Molybdängehalt der Schmelzen [1]. Dieser Zu-

sammenhang ließ sich auch für Niobausscheidungen und Niobgehalt zeigen.  

  

Bild 8. Zusammenhang von Molybdänausscheidungen und Molybdängehalt (a) bzw. Niobausschei-
dungen und Niobgehalt (b) im Gefüge von Testschmelzen [1] 

 

Graphitkugeln und Ausscheidungen sind in eine mischkristallverfestigende Ferritmatrix mit 

perlitischen Anteilen eingebettet. Die Festigkeit des Mischkristalls und die Härte lassen sich 

im vorliegenden Fall positiv korrelieren. Bei der Analyse der temperaturabhängigen Zugfes-

tigkeit wurde bei Raumtemperatur ein Anstieg mit zunehmendem Siliziumgehalt beobachtet, 

der bis zu Temperaturen von 450 und 500°C erhalten bleibt, bei 550°C aber nicht mehr auf-

tritt (Bild 9).    

a) b) 
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Bild 9. Zusammenhang zwischen Festigkeit 
des Mischkristalls, hier ausgedrückt in Zugfes-
tigkeit und Siliziumgehalt in Abhängigkeit von 
der Temperatur [11]  

 

 

 

 

 

Die Gefügecharakterisierung der Legierungszusammensetzung R2V3 zeigte eine überwie-

gend kugelige Graphitausprägung mit Entartungen <10%, Bild 10. Es wurde ein direkter 

Vergleich des Gefüges der Testschmelze mit dem Gefüge des Bauteils vorgenommen, wo-

bei die Bauteilproben im Bereich des Bodens (Flanschboden) sowie im Bereich hoher 

Wanddicken (Flanschmitte)  entnommen wurden (Tabelle 3). 

Tabelle 3. Ergebnis der Gefügeuntersuchungen an Testschmelze und Bauteilprobe. 

Schliff Kugelzahl [Stk./mm2] Perlitanteil [%] Molybdän-
Ausscheidungen 

Testschmelze 45 20 skelettartig 

Bauteilprobe 
Flanschboden 

25 0 fein nadelig 

Bauteilprobe 
Flanschmitte 

150 30 (kugelig) eingeformt skelettartig 

Hohe Kugelzahlen, das Fehlen von perlitischem Gefüge und die feinen nadeligen Molybdän-

Ausscheidungen im Flanschboden der Bauteilprobe waren die Folge einer kurzen Erstar-

rungszeit und einer darauf folgenden langsamen weiteren Abkühlung. Das Gefüge aus Test-

schmelze und aus der Flanschmitte zeichnete sich durch eine geringere Anzahl von Graphit-

kugeln und skelettartigen Molybdän-Ausscheidungen aus, die mit kugelig eingeformtem Per-

lit umgeben sind. Bei diesen Bereichen handelte es sich um erstarrte Restschmelze, somit 

ein Zeichen für lange Erstarrungszeiten. Kleine kubische Niob-Ausscheidungen fanden sich 

in allen untersuchten Bereichen in gleicher Menge, Größe und in gleichmäßiger Verteilung. 

Insgesamt war ein äußerst dichtes Gefüge mit geringen Anteilen von Poren und Lunkern 

festzustellen [2], [11]. 
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Bild 10. Gussgefüge der Legierung R2V3 (Tabelle 1), links: Testschmelze, Mitte: Bauteilprobe 
Flanschboden und rechts: Bauteilprobe Flanschmitte, Vergrößerung 100fache und 200fach, geätzt [2] 

4. Kurzzeiteigenschaften 

Die Ermittlung der Kurzzeiteigenschaften erfolgte an mehreren Stellen der Probekörper. Ein 

wichtiges Akzeptanzkriterium für Bauteile aus GJS-Legierungen und daher von besonderem 

Interesse ist die im Zugversuch bei Raumtemperatur mindestens zu erreichende Bruchdeh-

nung A5 von 10%. Die GJS-Legierung R2V3 erreichte diesen Mindestwert bei allen unter-

suchten Probekörpern (Bild 11). Auch leichte Änderungen im Gießprozess und Variation der 

Legierungsbestandteile Niob und Molybdän, wie bei den Bauteilproben Varianten drei bis 

sechs vorgenommen [2], erfüllten die Anforderungen. 

 

Bild 11. Ergebnisse der Zugversuche bei 
Raumtemperatur, Schmelze R2V3; Nr. 1: 
Testschmelze, Nrn. 2 bis 6: Varianten der 
Bauteilprobe und Nr. 7: Demobauteil [2] 

 

Die aufgrund der versprödenden Wirkung von zusätzlicher Mischkristallverfestigung und gro-

ben Ausscheidungen mögliche Verschlechterung des Verformungsvermögens war zwar er-

kennbar, jedoch in ihrer Ausprägung innerhalb der Herstellerspezifikationen. Eine homogene 

Graphitausbildung mit geringen Anteilen von Graphitentartungen wurde als bei verspröden-

den Faktoren besonders gutmütig identifiziert. 

 

 

 

5. Ermüdungsverhalten 
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Die Ermüdungsversuche wurden dehnungsgeregelt an Rundproben mit einem Verhältnis 

Rε=-1 durchgeführt. Sie decken Bereiche bis teilweise 70 000 Zyklen anrissfrei ab. Die 

Streubandbreite liegt deutlich über dem beim LCF-Verhalten zu beobachten Wert von 2. 

Vergleicht man die Ergebnisse der Ermüdungsversuche bei 450°C der Schmelze R2V3 mit 

Daten am Werkstoff GJS-400SiMo aus [5], so ist eine deutliche Verbesserung des zykli-

schen Verformungs- und Anrissverhaltens erkennbar (Bild 12). Diese Ergebnisse ließen sich 

auch für höhere Temperaturen von 500°C und stichprobenartig auch für 550°C bestätigen 

[11]. 

 

Bild 12. Ergebnisse der Dehnwechsel-
versuche bei 450°C, Schmelze R2V3, 
Testschmelze und Varianten der Bau-
teilprobe [2], [11] im Vergleich zum 
Werkstoff GJS-400SiMo [5] (a), An-
rissschaubild für 450, 500 und 550°C 
(b) und REM-Aufnahme der Bruchflä-
che einer Dehnwechselprobe 
(T=450°C) (c) 

 

 

 

 

 
 

 

Da die meisten GJS-Werkstoffe im Bereich von 450°C ein stark reduziertes Verformungs-

vermögen, das sog. Duktilitätsminimum, aufweisen, ist eine Betrachtung des Dehnwechsel-

verhaltens bei dieser Temperatur von besonderem Interesse, da die Gefahr von Ermüdungs-

rissen und –brüchen dort am größten ist. 

a) 

b) c) 

407



 

Bild 13. Risse an Proben aus Ermüdungsversuchen (Pfeile), aufgetragen nach Temperatur und 
Dehnschwingbreite, Testschmelze R2V3 (gGM) und Bauteilprobe gGM2_BTP [2], [11] 

Metallographische Befunde (Beispiel Bild 13) zeigen eine Rissinitiierung an Gefügeungän-

zen an bzw. nahe unter der Oberfläche, siehe auch Bild 12c. Die Rissausbreitung erfolgt bei 

allen betrachteten Temperaturen den gleichen Gesetzmäßigkeiten. Risse breiten sich im 

fehlerfreien Gefüge von Graphitkugel zu Graphitkugel unter Einbeziehung von perlithaltigen 

Bereichen mit skelettartigen Molybdän-Ausscheidungen aus. Fehlen diese Bereiche, werden 

deutlich höhere Anrisszyklenzahlen erreicht. Interkristalliner und transkristalliner Rissfort-

schritt sind gleichermaßen zu beobachten. Wie die Auswertung von Bruchflächen und Schlif-

fen zeigt, sind mehrere Rissstartpunkte meist an Ungänzen unter oder an der Oberfläche für 

den Rissfortschritt maßgebend. Die Rolle der Niob-Ausscheidungen bei Ermüdungsbean-

spruchung wurde nicht abschließend geklärt. In Bereichen hoher plastischer Verformung 

fanden sich viele kubische Nb-Ausscheidungen, was auf eine Reduzierung der Rissfort-

schrittsgeschwindigkeit hindeutet. 

Zusammenfassend lässt sich das ausgeprägt gute Ermüdungsverhalten durch eine duktile, 

ferritische Matrix erklären, die porenfrei ist und fein verteilte Ausscheidungen sowie viele 

kleine intakte Graphitkugeln enthält. Dies drückt sich in einer im Vergleich zu GJS-400SiMo 

stark reduzierten inneren Kerbwirkung aus, die schon bei den Kurzzeiteigenschaften beo-

bachtet wurde.    

6.  Zeitstandverhalten 

An allen Probekörpern wurden Zeitstandversuche an Rundproben bei 450°C, 500°C und 

550°C auf verschiedenen Spannungshorizonten durchgeführt. Die maximal erreichte Ver-

suchsdauer betrug rd. 22 000 h. Aufgetragen werden die Versuchsergebnisse im Larson-

Miller-Schaubild (Bild 14). Das Potenzial der GJS-Legierung R2V3 gegenüber GJS-400SiMo 
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ist deutlich zu erkennen. Als wichtigster, die Langzeiteigenschaften steigernder Faktor waren 

feindisperse Molybdän-Karbide identifiziert worden, die das Versetzungskriechen behindern.   

 

Bild 14. Ergebnisse der Zeitstandversu-
che bei 450 bis 550°C in der Larson-
Miller-Auftragung, Schmelze R2V3, 
Testschmelze und Varianten der Bau-
teilprobe [2] 

Zeitstandschädigung war bei den durchgeführten Versuchen bei 500°C und höher frühestens 

nach 10 000 h in Form von Rissen an den Graphitkugeln senkrecht zur Hauptbelastungsrich-

tung erkennbar. Die Zugabe von Niob und Kobalt bewirkte eine Verbesserung der Kriech- 

und Zeitstandfestigkeit vor allem bei 500°C. 

7.  Demonstrationsbauteil 

Eine wichtige Aufgabe im Rahmen dieses Verbundvorhabens bestand im Abguss eines De-

monstrationsbauteils (Bild 15), begleitet von entsprechenden Gießsimulationsrechnungen. 

Es handelte sich dabei um einen Leitschaufelträger der nach Vorgabe des Projektpartners 

Siemens beim Projektpartner Friedrich Wilhelms-Hütte hergestellt wurde.  

 

Bild 15. Entnahmeplan für Zugversuche am 
Demobauteil [2] 

Zur Charakterisierung der Eigenschaften des Demonstrationsbauteils wurde das Kurzzeit- 

und  Ermüdungsverhalten bestimmt. Die chemische Zusammensetzung liegt im in Tabelle 2 

aufgeführten Bereich. Insgesamt weist das Demonstrationsbauteil größere Streuungen in 

den Gefügebefunden auf, was für derartig großvolumige Bauteile nicht ungewöhnlich ist. 

Heraus lässt sich Bedarf an weitergehenden Simulationsarbeiten ableiten, um den Gießpro-

zess für  komplexere Legierungen optimieren zu können.  
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8. Zusammenfassung und Ausblick 

Ziel des Projekts war die Entwicklung einer GJS-Legierung für die Anwendung in dickwandi-

gen Bauteilen oberhalb 500°C. Als Grundlage diente dabei die aktuell in diesem Anwen-

dungsfeld bis 450°C vielfach eingesetzte Legierung vom Typ GJS-400SiMo. 

Eine ausführliche Literaturrecherche, statistische Versuchsplanung und thermodynamische 

Berechnungen bildeten die Grundlage für eine Auswahl an Legierungskombinationen, die 

zunächst im Labormaßstab hergestellt wurden. Nach der Beurteilung des Gussgefüges und 

der mechanischen Eigenschaften folgten Abguss und Untersuchung von großen Bauteilpro-

ben, um die Übertragbarkeit der Ergebnisse auf große Wanddicken zu prüfen. Ein Demonst-

rationsbauteil wurde aus derjenigen Legierungskombination und mit den Gießparametern 

gegossen, die in den Laborversuchen das größte Potenzial versprach. 

Die Qualifizierung und Auswahl der GJS-Legierungen erfolgte anhand umfangreicher Gefü-

geuntersuchungen, die Rückschlüsse auf die Güte des Gießprozesses zulassen, sowie auf 

Basis von Kurzzeit-, Ermüdungs- und Langzeiteigenschaften. 

Die neu entwickelte GJS-Legierung enthält neben Silizium und Molybdän auch Niob und 

Kobalt. Die Kombination aus Mischkristall- und Ausscheidungshärtung bei gleichzeitig ho-

mogener und nahezu fehlerfreier Graphitausbildung in perlitarmem Gefüge sorgt für hohe 

Festigkeiten bei Temperaturen oberhalb 500°C, ohne die Verformungsfähigkeit auf für die 

Anwendung nicht akzeptable Werte zu senken oder das Ermüdungsverhalten der Legierung 

zu reduzieren. Insgesamt konnten im Rahmen dieser Arbeit Fortschritte in der Legierungszu-

sammensetzung und dem Gießprozess gegenüber der etablierten Legierung vom Typ GJS-

400SiMo erzielt werden. 
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Abstract 
To reduce emissions and increase efficiency, power plants with ultra-critical steam conditions 
are under investigation with real steam temperatures of up to 725°C and pressures of up to 
300 bars. For their realization the use of Ni-based alloys is indispensable.  

For the qualification of the Ni-based Alloy 617B and the components made of this, a test rig 
was erected at GKM power plant in Unit 6, Boiler 17. Within this test rig different materials 
are exposed to pressure and high temperatures in order to examine their damage behavior, 
such as corrosion and oxidation, creep deformation and rupture. By means of the HP-control 
valve the temperature was kept constant at 725°C. Due to the shut-down and start-up load 
profile of the boiler in Unit 6 the control valve was exposed to cyclic temperatures and 
pressure loads.  

The design of valves was adjusted to this specific loading situation. With regard to machining 
and welding, experience has been gathered with this type of material considering the specific 
application. The functionality of the valve is guarantor for the accurate loading situation in the 
different loops of the test rig. It can be stated that the temperature was kept very close to the 
nominal value of 725°C within a total operation time of 28 months. The operational 
experience with the valve is to be reported. 

One open question at the beginning was the risk of sticking due to bad sliding behavior. Due 
to the high temperature standard material pairings with optimized wear behavior are not 
applicable.  Based on lab test material a pairing A617/A263 appears to be suitable for 
practical application in control valves at 725°C. After the end of the first operation phase 
within the GKM project the valve was removed and dismantled to determine possible effects 
of operation on the material.  Therefore, metallographic investigations were made on the 
stem with a total service time of 4250 h. A comparison between the changes in the surface of 
the lab test specimens and the real material behavior in the stem taking into account the 
specific parameters (load, environment) was carried out. 

1 Introduct ion 
In Germany in the future coal will supply a significant contribution to the production of energy. 
The demand for resource conservation and the reduction of CO2 means that only power 
plants with the highest possible efficiencies can be constructed. This could be achieved by a 
significant increase of the steam parameters, pressure and temperature. Especially the rise 
in temperature sets considerable demands on the proving of long-term creep stability and the 
resistance concerning corrosion (oxidation), the strength and the deformation ability of the 
structural materials to be used. These requirements will not be fulfilled by the standard steels 
already used. Therefore the realization of the future high-efficiency coal-fired 700°C power 
plants is based on the use of qualified Ni-based alloys. High temperature control valves 
(especially HP Bypass) are key components in the future 700°C power plant. Also for these 
components the Alloy 617 will be the structural material. However in comparison with valves 
made of standard steel grades only little experience is available with regard to the 
manufacturing process including welding, the design of the valve as well as specific material 
problems e.g. wear behavior. The operational behavior of such control valves is investigated 
now under real conditions in the test loop “725 HWT GKM” [1, 2] in the GKM power plant in 
Germany as shown in figure 1. For the pressure reduction from 165 bar to 20 bar it is always 
one of two Pressure Reducing Valves in parallel that alternates in operation. 
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Due to the unknown sliding behavior of the new material Alloy 617 and not knowing how to 
improve this, specific tribological investigations were carried out. The aim was to determine 
the wear behavior of the used material pairings but also to detect pairings with optimal sliding 
behavior, to avoid the risk of sticking during control operation. 

 

 

4 Tribological investigations concerning material pairing A617/ 
A263  

 

According to [2] wear and friction behavior experiments at ambient temperature and at high 
temperatures (up to 725°C) were made to investigate the behavior of the material pairing of 
A617/ A263. The results are compared to the material pairing of 1.4913/ Stellite 6, which is 
used in control valves at temperatures up to 550°C. A617/ A263 show an enhanced wear 
behavior due to increasing temperatures, meaning that the weight loss decreases (Figure 9). 

 

 

 
Figure 9: Temperature dependence of total wear for material pairings of A617/ A263 and 

1.4913/ Stellite 6  
 

 

 

 

 

419



Similar results are shown by the friction coefficient: At high temperatures the friction 
coefficient of A617/ A263 is only half of the value at ambient temperature (Figure 10). 

 

 

 
Figure 10: Plots of coefficient of friction (max.) against number of cycles for material pairings 

of A617/ A263 and 1.4913/ Stellite 6 
 

 

 

SEM EDX analysis describes different material layers that formed during the wear tests 
(Figure 11). The surface layer shows higher contents in nickel and oxygen due to decreasing 
of the chromium-content. Thus a boundary layer was formed which enhances the friction and 
wear behavior of A617/ A263 at high temperatures. 

 

The enhanced wear behavior of the favored material pairing of A617/ A263, shown in these 
investigations, seems to be a suitable material pairing for the application in control valves at 
high temperatures up to 725°C. 
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 EDS-Analysis on specimen No. 21-2 

 Percent by weight % 

Measuring Point   O  Cr  Co  Ni  Mo  Ti  Al  Ga 

1 31.26 3.66 2.22 49.97 1.82 0.39 1.02 4.94 

2 35.41 8.34 3.75 45.26 2.21 0.29 0.85 3.89 

3 23.38 11.48 4.73 50.12 5.78 0.72 0.87 2.92 

4 17.05 18.08 4.85 47.86 5.55 2.20 0.53 3.66 

5 19.73 30.80 1.21 28.97 3.24 13.16 0.53 2.37 

6 19.15 32.64 1.14 31.06 4.04 8.37 0.61 2.98 

7 4.91 15.24 9.84 52.46 6.40 2.09 0.53 3.32 

8 7.71 31.30 14.99 25.97 10.49 3.55 – 6.00 

 

Figure 11: Cross section and chemical analysis of a worn surface of A263 specimen after 
sliding at 725°C in laboratory test rig 

 

 

5 Microstructural investigation after operation 
After the design process and the manufacturing process the commissioning of the pressure 
reducing valves was very successful. The steam temperature 725°C is controlled with an 
accuracy of ± 1.5 %. Also the reliability to seal the stem with a stuffing box with graphite 
elements could be reached by avoiding high temperature at the stuffing box.  

After 4520 h of operation the valve was dismantled and the structural parts were inspected, 
Figure 12 - 13. Evaluating the tempering colour at the stuffing box it could be assumed that 
the surface temperatures should be lower than 400°C.  A similar situation could be observed 
on the stem. 
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Figure 20: (left) running surface with area (I) – origin surface and (II) – flattened surface, 
(right) detail of (I) and (II) initiating of a new flake (a) 

 

At higher temperatures an oxidation layer is formed, see Figure 19 - 20. During valve 
operation at lower temperatures this layer will be flattened by the motion of the disc in the 
inner throttling cage (area II). In the flattened area still valleys with the original oxidation 
surface with polyhedral crystals are existing (area I).    

 

In several valley detachment of flakes is observed (Figure 20). This indicates that the optimal 
sliding behaviour of the pairing of A263 (throttling cage) and A617 (stem) will be bothered by 
the loss of the protecting oxidation layer if the operation of the valve is carries out at a 
temperature below that at which oxidation occurs, see chapter 4. 

 

  

Figure 21: Control disc of A617 rotated 45°: (left) running surface with area (II) – flattened 
surface and (III) – ground area of detached flake, (right) the direction of stem-motion is drawn 
by an arrow. The outline of area (III) shows the position were the flake starts to detach. 
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6 Conclusions and summary 
 

A new pressure reducing valve for 725°C steam temperature was designed and 
manufactured. As structural material the Alloy 617 was used.  The operation in at test loop in 
the GKM Power plant was very successful: The steam temperature 725°C is controlled with 
an accuracy of ± 1.5 %. Also the reliability to seal the stem with a stuffing box with graphite 
elements could be reached by avoiding high temperatures on the stuffing box.  

After 4520h operation at 725°C the valve was dismantled and inspected. It could be 
demonstrated that the temperature in the stem shaft is rather low in the area of the stuffing 
box, which is a consequence of the applied thermal insulation. Thus no problems result with 
regard to the sealing. However if the thermal insulation will also include the area with the 
stuffing box an improvement of the sealing technology is required. 

Tribological investigations showed that the material pairing A617/A263 used in the valve 
appears to be suitable for practical application at 725°C. They also revealed that at a lower 
temperature the coefficients of friction will increase. The results of the microstructural 
investigations are in accordance with basic tribological investigations. It could be 
demonstrated that the good sliding behavior is influenced by the oxidation layer, which 
prevents a direct metal to metal contact. Also a local spalling off of the oxidation layer is 
observed. It could be assumed that the progressive loss of the oxidation layer will induce 
higher coefficients of friction. 

426



Acknowledgements 
The investigations presented in this paper are supported by the Federal Ministry of Economy 
and Technology (Bundesministerium für Wirtschaft und Technologie, (BMWi)) under contract 
no. 0327799. The support is highly acknowledged. Furthermore, the contributions of the 
other project partners: Alstom Power Systems Stuttgart, BHR Essen, KAM Muenchen, MVV 
Mannheim, ABB Mannheim, KSB Pegnitz, Burgmann Industries Wolfratshausen, EnBW 
Stuttgart, SLV Mannheim, TÜV SÜD Mannheim and VGB PowerTech Essen are truly 
appreciated. 

 

 

References 
[1] K. Metzger, K. H. Czychon, K. Maile, A. Klenk, A. Helmrich, Q. Chen: GKM Test Rig: 

Investigation of the long term operation behavior of tubes and forgings made of alloys 
for future high efficient power plants. 6th International Conference on Advances in 
Materials for Fossil Power Plants, Santa Fe, August 31 – September 3, 2010 

[2] B. Föllmer, K. Metzger, K. Maile, C. Hoffmann, M. Rohr: GKM Test Rig: High-
temperature control valves for the 700°C fossil fired power plant. 6th International 
Conference on Advances in Materials for Fossil Power Plants, Santa Fe, August 31 – 
September 3, 2010 

[3] F. H. Stott, D. S. Lin and G. C. Wood: The structure and mechanism of formation of the 
„glaze“ oxide layers produced on nickel-based alloys during wear at high temperatures. 
Corrosion Science, 1973, Vol. 13, pp. 449-469 

[4] F. H. Stott, D. S. Lin, G. C. Wood and C. W. Stevenson: The tribological behaviour of 
nickel and nickel-chromium alloys at temperatures from 20 °to 800 °C. Wear, 36 (1976) 
147-174 

[5] F. H. Stott: The role of oxidation in the wear of alloys. Tribology International, 1998, 
Vol. 31, Nos 1-3, pp. 61-78 

 

427



Creep behavior and microstructural characterization of Alloy 617 
and dissimilar joints 

F. Kauffmann, T. Klein, M. Speicher, A. Klenk, K. Maile 
Materialprüfungsanstalt Universität Stuttgart 

38th MPA-Seminar 
October 1 and 2, 2012 in Stuttgart 

 
 

 

 

 

 

428



Abstract 
The fossil-fired power plants aimed at service temperatures of 700 °C which are currently 
under development in Europe will utilize Ni-based alloys such as Alloy 617 for components 
operating at temperatures higher than 650 °C. For lower temperatures 2% Cr or 9 – 12% Cr 
steels will be used due to economic reasons. This makes not only the knowledge and 
understanding of the long-term behavior of the Ni based alloys, but also of the dissimilar 
joints between Ni-based alloy and Cr steel a necessity. 

This paper focuses on the microstructural development of Alloy 617 under creep load, and 
also takes a close look on dissimilar welds between Alloy 617 and a 2% Cr steel. 
Experimental results indicate that these joints are very susceptible for creep damage. One 
reason for the poor creep properties of these joints, which did not reach the expected values, 
has been clarified by in-depth microstructural characterization by SEM, FIB and TEM 
techniques. The investigations have shown a small zone in the weld metal near the fusion 
line exhibiting chromium depletion and clearly reduced amounts of fine chromium carbides, 
as well as the formation of coarse carbide chains in the steel near the fusion line. The former 
will lead to reduced creep properties, while the latter will result in reduced toughness. 

 

1 Introduct ion 

To improve the efficiency and reduce the CO2 emission of modern steam power plants the 
steam parameters have to be increased from their current optimum of about 620 °C at 280 
bar up to 700 °C at 350 bar [1]. To reach these parameters it is planned to apply Ni-based 
alloys instead of the currently used ferritic-martensitic alloys, as these cannot be used at 
these temperatures [2]. Due to economic reasons the Cr alloyed steels will be used in the 
components with lower temperature. Therefore the knowledge of the creep behavior of these 
alloys and of their welds as well as a profound knowledge of their microstructure is of key 
interest. 

In the present work a combined approach of investigations using conventional transmission 
electron microscopy (TEM), energy-filtered TEM (EFTEM) and energy-dispersive X-ray 
spectroscopy (EDX) as well as optical microscopy (OM) and scanning electron microscopy 
(SEM) investigations were applied to assess the microstructure at different length scales. 
The paper focuses on the microstructural evolution of Alloy 617 under creep load, and on the 
characterization of a dissimilar weld between a 2 % Cr steel and Alloy 617. 

Even similar welds introduce relatively weak regimes in the structural material. During 
welding, different microstructural zones form, with different mechanical properties. The weld 
metal itself was of course solidified from the melt, commonly exhibiting a dendritic 
microstructure. Adjacent to the weld metal is the so-called heat affected zone I (HAZ I), 
which in the case of steels consists of coarse prior austenite grains and has a high hardness 
along with a low toughness. The next region is the HAZ II with small prior austenite grains (in 
this case, the stabilizing carbides were not dissolved during welding), and finally the HAZ III 
or intercritical zone, where only a partial phase transformation between ferrite and austenite 
occurring during welding. This zone typically exhibits the lowest hardness values and creep 
strength, which leads to a strain localization in this area. The different microstructure zones 
also lead to a multiaxiality of the stress state [3]. The combination of these effects can lead to 
reduced creep strength by an amount of up to 20 %. For dissimilar welds one has 
additionally to consider chemical differences and diffusional process between the different 
zones. 

Cracking at or close to dissimilar welds is a persistent problem in joining technology [4, 5]. 
The fracture of these joints can often be related to the formation of carbides near the weld 
[6]. 
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2 Experimental Details 

2.1 Sample material and creep testing 
The dissimilar welds were produced by using tungsten inert gas welding. Alloy 617 was used 
as the weld material. The welds were heat-treated at 670 °C for 10 hours, which is the 
equivalent of a typical heat treatment in rotor components. The weld metal was located at the 
centre of the crossweld creep specimen.  

The crossweld samples were tested at different load levels at 500 °C and 550 °C with testing 
times of up to 10 000 h. For the data acquisition for the simulation, Gleeble specimen for 
simulated heat affected zones I-III was also tested, as well as the base material. The strain 
was measured discontinuously. 

For the creep testing of Alloy 617 700 °C was chosen as temperature. To compare the 
microstructure of differently loaded samples, the initial state was analysed together with a 
sample thermally loaded for 1000 h at 650 °C, a uniaxial creep specimen (with and without 
load) after 26000 h and a multiaxially loaded hollow cylinder after 15000 h. 

 

2.2 Microstructural characterization 
The sample preparation for the TEM analysis by focused ion beam technique was done in a 
Zeiss Auriga Crossbeam Workstation using the “lift-out” technique [7]. The same microscope 
was also utilized for EDX mapping and scanning TEM (STEM). 

Conventional TEM investigations were performed using a JEOL JEM 2000 FX operated at 
200 kV to determine microstructure and especially the precipitation state near the fusion line. 
For analytical measurements the TEM is equipped with an EDX detector (Kevex Sigma 1 
from NORAN, capable of detection of elements with an atomic number  11) and with a 
Gatan energy filter. The latter makes it possible to acquire elemental maps or electron 
energy loss spectra. A detailed description of EFTEM measurements can be found for 
example in [8, 9]. EDX line scans over the weld were recorded in the TEM with a beam 
diameter of about 10 nm. 

 

2.3 Simulation 
For the numerical simulations of the dissimilar weld, the weld was divided into 5 zones: Alloy 
617, HAZ I-III, 2 % Cr steel base metal. To simulate all three creep states, a modified 
Graham-Walles creep law has been applied [10]. For the tertiary creep behaviour an 
effective stress concept with a damage parameter D was used. The material laws were fitted 
phenomenologically to uniaxial creep data separately for each of the five zones. The 
formulation of the modified creep law is given below. 
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3 Results 

3.1 Alloy  617 
Figure 1 gives an impression of the growth of ´-precipitates during the exposure to high 
temperatures. The image on the left hand side shows the precipitates after 1000 h at 650 °C, 
with only a small amount of particles, the image on the right hand side is the situation after 
26 000 h at 700 °C (specimen head, no load) with circular shaped ´-precipitates. 

 

        

Figure 1: TEM images of Alloy 617 after thermal exposure for 1000 h at 650 °C (left) and 
after 26000 h at 700 °C (right). Notice the different magnification. 

 

In Figure 2 the results of the evaluation of the size and for the particle density of the ´-
precipitates is depicted. Besides ´-precipitates all samples contained Ti carbonitrides and 
Cr-rich M23C6 carbides. The samples with testing times over 10000 h did also show Mo-rich 
M6C carbides. The grain boundaries of all samples did exhibit a dense occupation by 
carbides. However, the carbides did not exhibit a recognizable dependence on the creep 
times or conditions. 

   

Figure 2: Size and particle density of ´-precipitates. 
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The dislocation density of Alloy 617 is comparably low in the initial state and increases with 
the accumulated plastic deformation of the material. The collected data on dislocation 
densities is given in Figure 3. 

 

Figure 3: Dislocation densities of Alloy 617 after different testing conditions. 

 

3.2 Dissi milar weld 
A detailed description of the behavior and microstructure of the dissimilar welds can be found 
in [11]. 

3.2.1 Creep testing 
The results of the creep experiments are given in Figure 4. The creep strength of the 
dissimilar welds did not reach the expected creep strength of the base material minus 20 %. 
Most samples did show fracture locations at or near the fusion lines. This stimulated the 
microstructural characterization of this fusion line to understand the relatively low creep 
strength. 

 

Figure 4: Creep tests at 500 °C (left) and 550 °C (right). The 500 °C data is given along 
with uniaxial testing of simulated heat affected zones. [11] 
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3.2.2 Microstructural characterization 
To investigate the failure location and weak creep strength of the dissimilar welds the 
microstructure of the fusion line was characterized in detail. Figure 5 shows an image of the 
sample location during the preparation. Figure 6 depicts an STEM image of the sample after 
thinning recorded in the Auriga Crossbeam Workstation. A high density of comparably large 
particles on the 2Cr steel side of the fusion line can be identified. Figure 7 shows the same 
sample in the TEM along with a superimposed EFTEM image. In the elemental map the 
mentioned particles are shown to be Cr-rich (indicated by the red colour), further studies 
revealed them as M23C6 carbides. 

 

Figure 5: TEM sample preparation by the FIB lift out technique. 

 

 

 

Figure 6: STEM image of a fusion line in the initial state. A dense formation of chromium 
carbides can be observed in the steel near the fusion line. [11] 
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Figure 7: TEM image of a fusion line in the initial state with superimposed EFTEM image. 
The chemical mapping indicates iron as green, chromium as red and nickel as 
blue. [11] 

 
Figure 8 also shows this sample, this time together with an EDX line scan of the matrix 
material over the fusion line. A reduced chromium content in the weld metal near the fusion 
line can be observed. At a distance of about 1 µm from the fusion line the chromium content 
is about 18 wt%. In this chromium richer area, chromium carbides with a mean diameter of 
25 nm and a density of 80 particles/µm² were measured. In a distance smaller than 1 µm to 
the fusion line, the chromium content is decreased to about half the amount and only a very 
low density of 15 particles/µm² was found (particle size was 23 nm). 

 

Figure 8: TEM image of a fusion line in the initial state with corresponding EDX line scan. 
In the weld metal (left side) chromium depletion can be seen near the fusion line 
along with an absence of fine chromium carbides in the weld. [11] 

 

The principal findings in a sample analysed after creep testing for 9000 h at 500 °C 
correspond to the initial state of the weld, with a decrease in chromium content in the weld 
metal close to the fusion line associated with the absence of fine chromium carbides, and the 
formation of coarser chromium carbides in the adjacent steel close to the fusion line. The 
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area of chromium depletion was in this case about 2 µm wide. The region of the coarse 
carbides in the steel was also broader than in the initial state, and was confined to about 
1 µm distance from the fusion line. 

 

3.2.3 Simulation 
Figure 9 gives the results of the finite element modelling of the strain of a sample tested for 
9000 h at 500 °C until fracture. The Alloy 617 weld metal exhibited almost no strain during 
the test. 

 

Figure 9: Simulation results of the equivalent strain near the center of the specimen and 
below the specimen surface. [11] 

 
In Figure 10 the evolution of the von Mises-stress is given for this sample. Due to the higher 
strain in the HAZ III the stresses can be accommodated in this area. The highest stresses 
are found in the HAZ I near the fusion line, as the rigid nickel-based weld metal hinders 
deformation of the steel. Due to the relatively high hardness values of the steel in the HAZ I, 
the material cannot reduce the stresses effectively with plastic deformation [11]. 

 

Figure 10: Simulation results of the von Mises stresses after different creep times. Unequal 
creep strengths of joint partners affect stress redistribution. Compared to similar 
welded joints the strain concentration in HAZ III develops faster. At the same time 
high stresses form in HAZ1 near the fusion line. In the Nickel-based alloy 
stresses increase. [11] 
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4 Conclusions  
 

The microstructural investigations of differently tested Alloy 617 specimens have shown that 
the increase of dislocation density and the increase in size and precipitation density of the 
the ´-precipitates bear important information on the state of the material with regard to creep 
exposure in the investigated time and temperature regime. The dislocation density is of 
course more influenced by the stress/strain history of the sample, whereas the state of the 
the ´-precipitates first and foremost hold information on the thermal history. 

The observed weak creep strength of the dissimilar welds can be attributed to several 
findings. On the nickel base side of the fusion line (in the weld metal), a depletion of small 
carbides was observed, reducing the creep strength of the material in this region. Most likely 
more important however is a formation of relatively coarse carbides near the fusion line on 
the steel side. In this area the fracture toughness of the material will decrease due to the high 
density of brittle carbides. As Finite Element Simulations have shown, this region coincides 
with the highest stress levels during the creep experiments. These two effects combined can 
explain the fracture location at the fusion lines as well as the low creep resistance. 
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Abstract 
This paper describes various measures and quality assurance procedures developed and 

followed by Alstom and GKM that assures the structural integrity of the welded membrane 

walls using the T24 material in the ultra-supercritical boiler in GKM Unit 9. Various investiga-

tions and tests performed by Alstom, GKM and MPA are presented. These activities include: 

 Studies on the effects of temperatures at root pass region of the butt welds and their de-

pendence on welding processes and parameters 

 Influence of weld root pass temperatures on the microstructure and hardness of the weld 

material 

 Tests on local heat treatment of butt welds under site conditions 

 Testing of the water-wall tube with loading conditions similar to those in service and identi-

fying critical parameters that influence the cracking of the welds 

 Analytical simulation of the butt welded tubes through finite element stress analysis and 

estimation the residual stresses and strains due to fabrication process 

 Metallographic examination of cracked water-wall tubes and identification of the damage 

mechanism. 

 

1 Introduction  

Beginning in the early 1990s the 7CrMoVTiB10-10 (T24) material was developed in Europe 

mainly for use in membrane walls in ultra-supercritical coal boilers in order to significantly 

increase plant efficiency and reduce specific CO2-emissions. The T24 was derived from a 

modified form of 10CrMo9-10 (T22). These modifications resulted in improved creep strength 

at higher temperatures, improved weldability due to reduction in carbon content, and limited 

increase of hardness in the heat affected zone (HAZ) and weld metal. For this reason and in 

compliance with the applicable Code, boiler tubes can be welded without post weld heat 

treatment (PWHT), which is a relatively complex undertaking. On the basis of wide-ranging 

analyses and tests, carried out by various organisations such as the VGB, VdTÜV etc., this 

T24 material has been qualified for Code application. As an outcome of this qualification ac-

tion, the T24 material and all corresponding procedures and standards (especially with re-

gard to T24 welding) have been specified in detail by EN and VdTÜV. For the new boiler 

GKM Unit 9, Alstom and GKM comply with all the applicable standards and specifications. 

This new grade T24 is used for membrane walls in several new European Power Plants. In 

2010 public reports became available about T24 tube weld cracking during the commission-

ing phase of newly built boilers, planned, designed and built by companies other than Al-

stom. As the dominant root cause, stress corrosion cracking was reported and the evapora-
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tor was identified as the most critical area. After publishing of the detection of cracks in the 

weld and HAZ of this steel, an intensive discussion started in the community of power plant 

operators, boiler manufacturers, steel and weld metal manufacturers as well as research 

organizations. Whereas Alstom as a boiler manufacturer had not experienced any similar 

findings, a detailed T24 investigation was launched to analyze all available information, to 

check Alstom’s design and procedures and to define potential risk mitigation measures. In 

the same way, GKM and MPA started with investigations for risk mitigation. Originating from 

this, a detailed review has confirmed that the design has taken the T24 specifics into consid-

eration in all areas, especially in the critical evaporator portion of the membrane walls includ-

ing the spiral walls, the connection from the spiral to the vertical walls as well as the wall 

openings. Additional tests with T24 material were carried out by Alstom with the result that 

beyond the applicable code and standard specific optimized procedures for fabrication, erec-

tion and commissioning need to be applied [1]. To summarize, the outcome of investigations 

of Alstom, GKM and MPA demonstrates the same technical understanding for risk mitigation. 

The derived actions have been mutually agreed for application of the new boiler GKM Unit 9. 

In the ultra-supercritical boilers for the Neurath project, which have been delivered by the 

consortium Hitachi/Alstom, T24 material has been used in the membrane walls of the boilers. 

Within this consortium, Alstom was responsible for the design, manufacturing and delivery of 

the critical evaporator part. In the meantime the boilers of the Neurath power plant have been 

in operation for more than 12,000 hours (Status August 2012). Until today, there has been no 

indication of any stress corrosion cracks in the critical evaporator part [1]. 

2 Basic Material Information to Grade T24 
The steel 7CrMoVTiB10-10 (T24) was developed on the basis of steel 10CrMo9-10 (T22) [2]. 

Compared to 10CrMo9-10, V, Ti and B were additionally alloyed in order to increase the 

creep rupture strength. Another objective was limiting the hardening of the steel during weld-

ing so that PWHT would not be necessary. In order to limit hardness caused by forming of 

martensite, on the one hand the maximum C-content was limited to 0.10 %, the maximum C-

content was limited to 0.10 % and alloying elements like V and Ti were added to bind the 

carbon far above Ms as special carbides to control the depletion of free carbon in the metal-

lic lattice which additionally inhibits the formation of martensite. 

The continuous cooling transformation (CCT) curve of T24 basic material for a heat with 

C=0.08% is shown in Fig. 2.1 [2]. It can be seen that the bainite-area is crossed with the re-

sult that a relatively low amount of martensite is formed. 
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Fig. 2.1: CCT-curve of Grade T24 [2] 

Grade T24 shows similar transformation behaviour like the initial steel Grade T22. In [3] it is 

explained that the transformation in the ferrite/carbide step only happens at a much lower 

cooling rate. If the cooling rate is high martensite with a maximum hardness of 360 HV10 is 

formed, Fig. 2.1. In the range of medium cooling rates, a mixture of bainite and martensite is 

formed. According to [3] for this range the hardness is supposed to be approximately 315 

HV10. The heat treatment condition of material from T24 in its delivery status is hardened 

and tempered,according to VdTÜV Material Data Sheet 533. Normalizing/hardening is car-

ried out at 980-1020 °C and tempering at 730-760 °C. In the final heat treatment condition 

the Code specifies hardness values in the range of 175-260 HV10. The microstructure con-

sists of bainite and tempered martensite. 

For welding without PWHT the existing CCT curves are only characteristically applicable 

as austenitization temperatures and times in the welding cycle cannot be compared with the 

homogeneous heat treatment conditions shown in the CCT diagram. 

If improper welding parameters are applied for T24 a high percentage of martensite in the 

HAZ and in the weld metal can be formed. Welding with the maximum allowable inter-pass 

temperature of 280 °C (VdTÜV Material Data Sheet 533) does not improve the material 

condition in respect of its martensitic percentage. Increased heat input expands the coarse 

grain area of the HAZ. The effect is primarily negative for the weld quality. 

During butt welding of tubes with thin wall thicknesses there is a very high risk of transformed  

microstructure with a high percentage of untempered martensite in the whole of weld materi-
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al and HAZ. In the area of the HAZ close to the fusion line there are remarkable differences 

from the hardness values predicted from the CCT diagram.  

3 Use of Grade T24 in GKM Unit 9 

3.1 Fields of Application 
For GKM Unit 9, currently under construction, and designed with the operation parameters 

600 °C/296 bar for SH-outlet and 610 °C/64 bar for RH-outlet, T24 is used for the hanger 

tubes and the membrane walls. The spiral part of the walls, with the upper part made of T24 

is arranged as evaporator. The vertical part of the T24 membrane walls is arranged as  

superheater surface. All T24 pressure parts are designed for operation in the creep range. 

According to the applicable code and standards, heat treatment after welding is not carried 

out. Only at the high loaded transition piece of spiral to vertical wall with large number of 

manual welds, controlled uniform furnace heat treatment is performed for the purpose of re-

ducing the magnitude of weld residual stresses. The specification of such a procedure, relat-

ed to the heat treatment of the transition piece, was decided at an early project stage to re-

duce weld residual stresses [4]. This decision was taken for all projects, independent of any 

discussions about use of T24 in the boiler business. 

3.2 Specific Quality Assurance Measures 
3.2.1 Stress-optimised Design and Manufacturing 

Regarding design and fabrication processes, membrane walls are one of the most challeng-

ing components of a boiler. Especially relating to T24, stress-optimised design and fabrica-

tion is important. Examples of stress optimised design and manufacturing measures [4]: 

 Controlled and optimized transfer of design-related additional static loads (e. g. transition 

pieces spiral to vertical drilling) 

 Component-optimized design of the transition piece spiral to vertical wall relating to proper 

conditions for practicable PWHT in common furnaces 

 Stress optimized design of wall penetrations 

 Definition of criteria for dimensional control and dimensional adjustment 

 Specification of welding and fabrication sequence to reduce fabrication-related additional 

stresses in view of: 

 The entire membrane wall 

 The respective membrane wall register 

 The local individual welding spots 

 Training of supervisors and welders 
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3.2.2 Special Measures for Welding 

For various types of welds, specific skill tests for T24 material are specified [4]. The scope of 

application regulates that the qualification of the more demanding welding task covers the 

simpler task. Besides the visual inspection and non-destructive tests (NDT), destructive tests 

are also specified. In view of the pressure-retaining tube butt welds, the following criteria are 

specified for manual skill tests: 

 Training of welder relating to T24 specific requirements 

 Simulation of real conditions at membrane walls 

 Supervision of weld process (parameters, layer build-up, welding sequence) 

 Visual inspection of weld seam  

 RT testing with focus on end crater at root pass  

 Surface crack testing at root pass 

 Impact test of weld 

 Macro section 

4 Experimental Heat Treatment Investigations 

Based on the reported stress corrosion cracking damages on T24 membrane walls and the 

discussions which have arisen in the industry, trials for local PWHT of butt welds under site 

conditions have been performed as trial at workshop [1]. 

Fundamental for this evaluation was to reproduce and realize the real conditions in regard of 

restrained thermal expansion during local heat treatment at membrane walls, Fig. 4.1. For 

heat input, resistance-heated mats in shape of isolated cassettes to cover 8 butt welds as 

one heat treatment lot and alternatively as single PWHT with resistance-heated mats, fixed 

on the outer tube surface, were used, Fig 4.2, 4.3. 

The temperature range for heat treatment was specified in accordance with VdTÜV Material 

Data Sheet 533 with 720 °C-750 °C. 
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Fig. 4.1: Test Rig local PWHT 

  

Fig. 4.2: PWHT by cassette Fig. 4.3: Single PWHT 
 

As outcome of the tests, following results can be summarised: 

 

 Heat treatment temperatures as specified could be reliably achieved 

 Hardness reduction by PWHT in weld and HAZ of about 80-100 HV 

 Plastic deformations of the heated areas were observed 

 However, in some extreme cases with restrained thermal expansion or additional load, 

cracking at attachment welds and butt welds occurred during PWHT. Cracks at butt welds 

were identified as relaxation cracks, Fig. 4.4, 4.5. 

 

Optimization of PWHT techniques was not further pursued in light of the difficulties in per-

forming local PWHT at site and emergence of new welding techniques which will be de-

scribed in the following sections. 

 

Butt welds 

Butt welds 
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Fig. 4.4: LOM (500:1) - Butt weld with intergranular crack-
ing in HAZ in laboratory trials 

Fig. 4.5: LOM (1000:1) - Detail of Fig. 4.4  

 

5 Optimized Welding Technique for Circumferential Tube Welds of Grade T24 
Membrane Walls 

5.1 Experimental Investigations and Qualification 

Weld tests were performed to optimize weld quality of circumferential butt welds of T24 

tubes. To prevent the type of damages reported, the main attention was focused on a possi-

ble optimization of material properties in the root pass area of the weld seam. 

To collect continuous temperature profiles during welding process for all layers, several 

thermocouples were applied uniformly distributed at the inner circumference near root layer. 

On that basis the influence of an induced temperature in the root pass area during welding 

could be evaluated. 

As an outcome for boiler tube butt welds a significant hardness reduction in the root pass 

area can be reached by an optimized welding process. 

Tubes welded with to high heat input, showed hardness values above 360 HV10 in the root 

pass area. 

Therefore welding of butt welds with a two layer build-up in general leads to overheating of 

the root pass area and coarse grain martensitic structures. 

Fig 5.1 shows 2 hardness profiles of root pass area of butt welds. For a comparable basis, 

the welding tests were done by use of identical heats of base and filler material. In compari-

son with a connection welded with to high heat input, the optimized welded joint shows a 

reduction of the hardness level by 50-100 HV10. Generally hardness values below 350 HV10 

can be achieved. Corresponding welding procedure qualifications (WPQR) based on the 

related codes and standards were performed [1]. 
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Fig. 5.1: Hardness profiles across butt welds close to the root pass areas 

 
For the proof that the hardness reduction is related to a tempering effect of martensitic struc-

tures in the welded area, transmission electron microscopy (TEM) investigations were per-

formed by MPA Stuttgart. Compared to an overheated weld, high concentrations of carbide 

precipitations were determined in the root pass area of an optimized welded connection. The 

results showed that a tempering effect, accompanied by carbide precipitates in the root pass 

area, is present. 

5.2 Temperature Distribution Measurement during Welding of Demonstration Welds 

To verify the output of the experimental investigations mentioned, further demonstration 

welding tests were performed.  

For properly welded joints between T24 boiler tubes, multi-layer TIG-welding should be ap-

plied. Each consecutive layer leads to a repeated heat input into the root pass and the HAZ. 

This can cause either a complete or a partial transformation in microstructure as soon as the 

Ac1-temperature is exceeded or may provide tempering/stress relieving effects. Depending 

on the welding technique, after re-cooling the root pass and HAZ hardening by the formation 

of martensite and/or bainite could occur. In the presence of feed water these microstructures 

can be sensitive to corrosion cracking.  

In order to learn more about heat input, temperature profile and time flow during welding 

MPA welded representative longitudinal multi-layer butt welds (see Fig. 5.2) and measured 

temperature versus time on the root surface using several thermocouples (“T”) during weld-

ing of the runs 2 to 5. The results for a 5 run-joint are shown in Fig. 5.3 to 5.5. 
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Sample 
No. 

Condition of Sample  Hardness HV10 Precipitates in Root Faced HAZ 

1 Hardened base metal: 

1060 °C/30 min/water (q) 
386 

Mo-rich M2C and Ti-rich MX 

2 q + 500 °C/5 min/air 375 Increasing temperature and heat treat-

ment time lead at the same time to an 

increasing quantity of fine Fe3C-

precipitates and their coarsening 

3 q + 500 °C/30 min/air 379 

4 q + 600 °C/5 min/air 371 

5 q + 600 °C/30 min/air 375 

6 q + 700 °C/5 min/air 349 Fe3C, M23C6, M7C3, fine MX (V; Mo; Ti) 

7 

Reference 

q + 700 °C/30 min/air 312 M23C6, M7C3, fine MX (V; Mo; Ti) 

8 Circumferential butt weld with 

too high heat input during  

welding (Fig 5.1) 

max. 380 (HAZ) Low density of Fe3C and Mo2C (> 75 nm 

precipitate diameter), medium density of 

fine Fe3C 

9 Circumferential butt weld with 

optimum welding parameters 

(Fig. 5.1) 

max. 270-290 

(HAZ) 

M23C6, M7C3, fine MX (V; Nb) 

Table 6.1: Summary of TEM investigation results 

The summary shows for base metal samples that heat treatment (HT) temperatures between 

500 and 700 °C cause a precipitating of C as Fe3C with stress relieving effects of the mar-

tensitic lattice. However, there is no or only a very limited affect to the hardness depending 

on the HT-temperature.  

In welded joints the high number of very fine V- and Nb-rich precipitates in connection with 

M23C6 shows that during welding 700 °C was exceeded with an influence to the hardness.  

7 Experimental Investigations for Reproduction of the Failure Mechanism 

Important for the experimental reproduction of the failure mechanism is the realization of the 

loading situation close to reality. Therefore tests on connection welded tubes of T24 with 

internal pressure and additional tensile loading longitudinally to the tube axis make no sense 

at all because the yield strength of the parent material is lower than those of the HAZ or of 

the transformed microstructure of the welded metal. As a consequence of this all plastic de-

formation occurs in the base material. The same is applicable for tensile test samples having 

parts of parent material/HAZ/welded metal in the same section of the measuring length. Alt-

hough a cross-section reduction in the area of HAZ/welded metal enables a shift of defor-

mation to these zones, due to the radii to the base material, however, there are superposed 

notch effects that locally affect inhomogeneous stress conditions. 

The problem with so-called C-ring-testing is that the forced driving of a V-wedge into the 

sample leads to a singular deformation. Afterwards, however, the local stress can only reach 
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the level of the yield strength. If a C-ring sample contains a circumferential butt weld, due to 

the microstructure inhomogeneity the extent of plastic deformation is difficult to estimate. 

For this reason the experimental investigations were performed either on components them-

selves, on samples similar to components, on C-ring samples with constant or cyclic loading 

or on homogeneous tensile test samples with cyclic loading. 

7.1 Tests on Samples Similar to Real Components 

For simulation of component tests, representing membrane wall conditions, further tests with 

inner pressure in combination with additional stress on the butt welds, perpendicular to the 

axis of the tube, were performed 

Therefore test rigs made of tube butt welds connected with fins were welded for simulation of 

the stress situation in real membrane walls. End caps with small pipes were used to close 

the tube ends and as feeding system for the medium. The tubes and butt welds of the test 

rigs were tested by use of controlled conditioned feed water with oxygen content < 20 ppb 

and temperatures of 180 °C and 300 °C. 

Saturated steam provided the internal pressure in correspondence to the test temperature. 

The tensile stress with loading in direction transversal to the tube axis was performed with a 

servo-hydraulic test machine. Based on Finite Element Analyses (FEA), a plastic deformation 

of approximately 2% was applied, Fig 7.1. 

The results can be summarized as follows: 

 At the butt welds of the samples cracking with intergranular propagation located in the 

crown of the tubes with orientation 90° shifted to the tensile stress direction occurred in 

the root pass area, Fig 7.2, 7.3. Results of FEA which were done in advance are in corre-

lation to the location of the cracks. The maximum calculated stress showed that the max-

imum stress and plastic deformation is located on the crown of the tubes at its inner sur-

faces at the root pass. 

 Independent of the test conditions, no cracking occurred at butt weld samples welded with 

optimised welding technique. 
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Fig. 7.1: Transversal test rig 
 

  

Fig. 7.2: Example of LOM (1000:1) 
Intergranular crack propagation in WM of a butt weld 

Fig. 7.3: Example of SEM 
Intergranular crack propagation in WM of a butt weld 
 

7.2 Tests on C-Ring Samples and LCF-Testing with Base Metal Samples 

Testing with a C-ring sample was performed as CERT-test in an autoclave. A force-elon-

gation diagram was recorded. An FEA as described in section 8 supplied similar local stress-

es like those of the transversally stressed model tests of section 5.1. The tests were carried 

out at 180 °C with air saturated NH4OH-conditioned feed water. In addition, low cycle fatigue 

(LCF) tests in autoclaves were performed with samples from base metal with different heat 

treatments, Fig. 7.4. With this kind of load and strain-controlled testing it is possible to exactly 

control the load level or the local stress. It enables the detection of a possible crack initiation. 

Up to now the crack forming mechanism could be reproduced without any problems by test-

ing in oxygen-rich water at 180 °C, Fig. 7.5. 
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Fig. 7.4: Recorded force-strain-diagram on a strain-controlled LCF-sample, crack initiation during the 2nd cycle 

 

 

 
 
Fig. 7.5: Metallographic result on a LCF sample (heat treatment condition: Gleeble 1300 °C over-heating cycle) 

8 Calculation of Local Stress-Strain-Situation in Samples 

The local stress condition of the samples in section 7.1 was calculated by elasto-plastic FEA. 

As an example Fig. 8.1 shows the plot of the maximum principal stress in the sample with 

internal pressure, end cap pressure load, and additional load transverse to the tube axis. 
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Heat treatments with temperatures in the range 500°C to 700°C lead to the precipitation of 

Fe3C in the microstructure. Precipitates start forming at 500°C and increase with tempera-

ture. Also, the higher the heat treatment temperature the lower the hot yield strength and the 

associated residual stresses. 

Optimizing the fabrication process and welding parameters for butt welds results in improved 

micro structure and reduced hardness level in the root pass area of the welds. Tempering 

effects in the HAZ of the root pass area can also be achieved by optimized the welding tech-

nology. These improvements enhance the structural integrity of the welds in service. 

The investigations performed show that the crack formation in T24 weld joints is reproducible 

through the experiments. The failure mechanism in these welds has typical appearance of 

intergranular cracks that occur in water environment under high local stress conditions. 

Samples examined have high amount of untempered martensite. Further investigations are 

planned to study the effects of levels of oxygen content and local plastic strains. 

A simulated membrane wall test with actual operating type of loading condition showed 

cracking of the butt welds at about 2% strain level using the normal high heat input welding 

procedure. Optimized weld procedures for the same loading conditions have not shown any 

cracking there by demonstrating the validity of the improvements. 

Analytical simulation (FEA) of the membrane wall component test predicted the weld crack-

ing location to be on the inside surface in the root pass region as observed by the tests. 
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Abstract 
In early 2010 first New Build Power Plants of high efficiency coal fired power plants started 
operation. Many cracks which were identified to be SCC occurred in the membrane wall 
which was used as evaporator.  

To test the materials SCC sensitivity slow tensile tests in controlled high-temperature water 
are outstandingly well-suited. The results that are presented show that welds in T24 are 
susceptible to SCC in high purity water with an increased oxygen concentration. For an O2-
value of 450 ppb, it was found that SCC susceptibility occurred independently of the applied 
strain rate. The fact that the specimen tested in water with a low oxygen concentration (<10 
ppb) did not crack at considerably higher elongation shows that oxygen has an influence on 
the cracking mechanism.  

In addition it was found that heat treatment can suppress the cracking mechanism. While a 
heat treatment at 550°C for 48 h is not sufficient under water conditions with high oxygen 
content, a heat treatment with temperatures exceeding 600°C for 2 h seems to positively 
influence the microstructure so that the cracking mechanism significantly changes. Instead of 
a sudden fracture following low deformation, the specimen exhibits ductile reduction of cross 
section in the region of the transition to the base material. SCC was no longer observed. The 
positive effect of reducing residual stresses which occur from the heat treatment at 500°C of 
the entire boiler is not investigated in this context. 

Further investigations will be needed to determine the maximum oxygen concentration at 
which welded joints in T24 steel can be used without any risk of stress corrosion cracking. 
Additional attention must be paid to the question how far heat treatment at lower 
temperatures is able to influence the cracking mechanism at lower oxygen concentrations. At 
last it should be investigated how welds with a varity of welding parameters and flaws will 
behave under the given conditions. 

 

1 Introduction / Motivation 
Pollution can be reduced and company profit boosted by achieving higher efficiencies at 
coal-fired power plants. Higher efficiencies at coal-fired plants call for higher boiler 
temperatures and pressures. To allow higher pressures and temperatures, T24 has therefore 
become the material of choice for membrane walls in most new-build power plant projects in 
Europe. The first 600°C power plants using T24 started operation in early 2010. However, 
shortly after commissioning, it was reported that the T24 material had developed many 
cracks, especially in the evaporator. Subsequent investigations identified stress corrosion 
cracking (SCC) as the cracking mechanism. Three different causes of SCC are considered 
possible: 

− Cathodic SCC caused by chemical cleaning 

− Anodic SCC driven by temporary high O2 content in the water 

− Cathodic SCC driven by the magnetite reaction and hydrogen production 

 

Although the possible influence of chemical cleaning in promoting SCC damage is still under 
investigation, this will not be discussed in this report as this potential failure mechanism can 
easily be avoided by not cleaning the T24 part of the boiler.  

In 2011 another two new-build power plants started operation with a significantly modified 
commissioning procedure. After more than 7000 h of operation, no cracks caused by SCC 
have yet been reported from these plants. 
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This paper briefly presents the state of the art of SCC investigation as well as the results of a 
test program conducted to identify the main factors affecting the damage which has 
occurred. In addition to that the measures which helped to decrease the risk of SCC in the 
New Build Plants are presented and discussed. 

 

2 Current situation 
2.1 Properties of T24 / T23 Material  
As materials such as 13CrMo4-5 (T12) used in previous generations of plants do not have 
the mechanical properties needed in the membrane wall, new materials had to be developed. 
T24 (7CrMoVTiB 10-10) and T23 are both low-alloyed heat-resistant steels designed for use 
in membrane walls, supporting tubes and superheater tubes in the new generation of thermal 
power plants, especially coal-fired power plants. In comparison with conventional steels such 
as T12, the strength of these alloys has been enhanced by the addition of elements such as 
vanadium, niobium and titanium. The higher strength of T24 is mainly due to the dispersion 
of fine vanadium carbides. To avoid the need for the post-weld heat treatment of boiler tubes 
with a wall thickness lower than 10 mm, the carbon content was significantly reduced 
compared with the alloys T12 and T22 (10CrMo9-10). This reduces the martensite content, 
hardness and therefore the need for a PWHT, which was seen as a major advantage over 
the martensitic alloys, e.g. X10CrMoVNb9-1 (T91) [16, 18, 19]. 

In addition to intensive laboratory investigations in the course of normal qualification 
programs, many field tests were carried out with T24, including the COMTES 700 project, for 
which T24 was used in a membrane wall exposed to steam. All the investigations carried out 
showed that the material and its welds were fit for service.  

 

2.2 Stress Corrosion Cracking (SCC) 
There are three main factors which favour SCC. Firstly, the material used in special 
conditions has to be sensitive to SCC. This sensitivity is mainly determined by the chemical 
composition, microstructure and heat treatment of the material. The second parameter which 
decides whether a system is susceptible to SCC is the stress situation. To initiate the stress 
corrosion cracking mechanism, an individual tensile stress, which is specific for each SCC 
system, must be exceeded [1, 2, 11]. The level of this threshold depends on the sensitivity of 
the material and is subject to considerable variation. For highly sensitive materials, the limit 
may be near to the yield stress whereas SCC of less sensitive materials may only be initiated 
by stress approaching the ultimate tensile stress [4]. The stress may be applied either as 
external stress or as residual stress from a welding process. Apart from static stress of this 
type, the application of a slow strain rate in combination with plastic deformation may reduce 
or increase susceptibility to cracking, depending on the system. The third factor affecting 
SCC is the fluid in which the sensitive material is stressed. In addition to the composition of 
the fluid, its temperature and flow conditions in the system are extremely important. 

Cracks caused by SCC show little or no deformation. This can be demonstrated 
macroscopically by measuring the elongation or better the necking of a specimen for tensile 
tests or microscopically by observing the deformation on the cracked surface. The cracks are 
mainly oriented transversely to the tensile stress [3, 11]. In addition to the case described by 
Kaesche, Engell et al. distinguish a second possible orientation of the crack where cracks 
next to the main crack can be identified. The cracks are located in the area of the plastically 
deformed zone not following the direction of the highest outer stress. The type of cracking 
which can be observed depends on the size of the plastically deformed zone. [5, 3]. The 
cracks have a highly branched structure, presenting the appearance of a network. Normally, 
no corrosion products are present on the crack surface [11]. Microscopically, the SCC may 
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follow the grain boundaries (intergranular) or pass through the grains. This characteristic can 
easily be changed for one material only by changing the corrosive environment [3]. Two SCC 
mechanisms are discussed in the literature; these are briefly outlined below.   

 

Anodic SCC 

 

One of the crack propagation mechanisms discussed in the literature is SCC by anodic metal 
dissolution. The passive film protecting the material under normal conditions is locally 
fissured straining the material. SCC would not start and a crack would not be formed or 
propagated if the surface at the crack tip were rapidly repassivated. In this case, anodic 
metal dissolution would be directly stopped or not even started. If metal is exposed by anodic 
dissolution driven by the local corrosion potential at a faster rate than the crack tip is 
repassivated, SCC will propagate through the metal [1, 2, 5]. The process is accelerated by 
the formation of a passivating film on the edges of the crack, which focuses anodic 
dissolution on the tip of the crack [5, 6]. Oxidising ingredients in the fluid (e.g. oxygen in 
water) change the corrosion potential, shifting it towards generally more critical values [2]. 

 

H-induced SCC 

 

The second mechanism which is frequently discussed is hydrogen-induced SCC. This is 
most often observed in materials in acidic fluids. For hydrogen-induced cracking, the strength 
of the material is of considerable importance and materials become more sensitive to this 
cracking mechanism as their strength increases. At the same time, mechanical loading 
conditions become less important [11]. For the reliable avoidance of hydrogen-induced 
cracking even in the presence of H2S, which is a strong promoter of hydrogen-induced SCC, 
the material hardness in the weld and the heat affected zone (HAZ) must be below 248HV10 
[8, 9]. No author mentioned up to now a promoting effect of oxygen on hydrogen-induced 
SCC. On the contrary the possibility of hydrogen constantly being formed, being absorbed 
and diffusing into the material in an oxygen-free environment is discussed [11]. 

In power plant operation, hydrogen is produced by the cathodic partial reaction of metal 
dissolution (magnetite formation). This process, which is unavoidable, is normally not critical. 
If hydrogen is adsorbed and diffuses into the material, this may lead to hydrogen-induced 
SCC. Hydrogen concentration will be especially high in the plastically deformed zone ahead 
of a crack tip. The higher the strength of the material, the smaller the plastically deformed 
zone is. This leads to higher the local hydrogen concentration and to the generally known 
correlation between hardness and susceptibility to hydrogen-induced cracking [6, 7, 8, 11]. 
The volume of hydrogen required for cracking is very small. In his investigations, Bäumel 
observed that even the small amounts of hydrogen produced in boiling high-purity water may 
lead to the failure of a component caused by hydrogen-induced cracking [10]. 

 

Anodic Hydrogen Embrittlement 

 

The two mechanisms described above may appear alternately or even be superimposed. 
Anodic hydrogen embrittlement is a mechanism which shows this effect. The first step in the 
mechanism is controlled by anodic metal dissolution and the production of bare metal. Due to 
repassivation close to the crack tip, hydrogen is produced. Small volumes of the hydrogen 
produced may be absorbed by the material and diffuse into the plastically deformed zone 
which is located ahead of the crack tip. Hydrogen embrittlement accelerates crack 
propagation [3, 5]. 
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Oxidation resistance is a key criterion in the material selection process for power plant 
systems exposed to water at high temperatures. In such applications, the rapid formation of a 
passivating oxide film of magnetite (Fe3O4) or haematite (Fe2O3) on the inner surface of the 
tubes is essential. To ensure the formation of this layer before and during the commissioning 
of a new-build power plant, several measures need to be taken. This normally starts with a 
chemical cleaning process which has a number of objectives including the removal of oxides 
from the inner surface of the tubes and the formation of a homogeneous magnetite layer. 
During the initial phase of commissioning, extremely pure water with a higher pH and a 
reduced O2 concentration is used to achieve this objective [24].  

 

2.3 SCC of low-alloyed steels in high-temperature water  
There are many reports in literature of the SCC of low-alloyed steels in high-temperature 
water under certain conditions. The limits of crack initiation for low-alloyed steels in 
oxygenated high-temperature water are defined by Seifert. Nevertheless it should be 
mentioned that the given critical parameters are specific to each corrosion system [2]. The 
critical temperature range is between 120-250°, with high sensitivity in the range between 
200 and 250°C. The temperature range depends on the dissolved oxygen content of the 
water and the sulphur content of the alloy [2]. 

For low-alloyed steels in water with a high oxygen concentration, it has been observed that 
SCC is often initiated at corrosion pits. For crack initiation it has been observed that plastic 
strains of 0.1 to 5% are needed. The local strain rate under dynamic stress is very important. 
Depending on the system used, the range may differ between 10-2 to 10-8 1/s [2]. 

In the literature, there is still some dispute as to whether anodic or hydrogen-induced SCC is 
the major mechanism for low-alloyed steels. It is probable that the two mechanisms are 
superimposed. For lower-strength steels at higher temperatures (>150°C), anodic SCC is 
probably the dominant mechanism [2].  

Recently, many cracks have been observed in T24 material during the commissioning of 
power plants in Germany, especially in the evaporator of the membrane wall. The cause of 
the cracks has been identified as SCC [20]. Noble [21] reports on cracks in T23 material 
which are very similar to those in T24. Anodic SCC was also identified as the cause of the 
cracks which occurred during the commissioning of a power plant in the US. The 
investigation revealed hardness up to 370HV in the heat-affected zone [21].  

 

Effect of strain rate on stress corrosion cracking 

 

Some SCC system always show cracking after reaching a sufficiently low strain rate if the 
strain rate is further reduced. In other systems, however, SCC is only observed at medium 
strain rates with each system having a different critical strain rate [3, 13]. Kim et al. utilize a 
limited critical strain rate range to determine whether an anodic or cathodic SCC is the 
dominant mechanism. Where anodic SCC is the dominant mechanism, and the strain rate is 
too low, the oxide layer at the crack tip grows faster than new material is exposed by 
mechanical loading at the crack tip. Purely anodic SCC is therefore no longer effective at low 
strain rates. A comparable mechanism is not known for hydrogen-induced stress corrosion 
cracking. Hydrogen diffuses into the material very fast and can therefore have no effect on 
the slow strain zone. The hydrogen produced by the cathodic reaction diffuses into the 
material until it is saturated. Below saturation level, the local concentration in the area of the 
crack tip increases steadily, leading to a higher susceptibility to cracking with increasing time 
in the critical medium. In hydrogen-induced stress corrosion cracking, the susceptibility of the 
material to cracking increases with longer exposure to the medium [14]. This idea is 
supported by Kirschner's findings that, especially with small amounts of hydrogen, very low 
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strain rates must be selected in order to assess the effect of hydrogen-induced cracking. In 
this case, he suggests that a strain rate in the range of 10-7 1/s should be selected. However, 
if the material adsorbs a considerable quantity of hydrogen (e.g. in a system with H2S) the 
strain rate can be significantly increased because slow strain rates and long dwell times 
overemphasize the influence of hydrogen. It is then difficult to distinguish between 
susceptible and non-susceptible materials [15]. 

For power plants it should be noted that hydrogen-induced and anodic SCC occurs 
especially in the temperature range at about 200°C. In the membrane wall of a modern 
steam generator, these temperatures are only reached in recirculation operation during start-
up and shut-down of the steam generator. Under normal operating conditions the inlet 
temperatures in the membrane wall are of the order of 300°C as a result of the preheating of 
the water in the other parts of the plant. Neither anodic nor cathodic SCC is to be expected at 
these temperatures. 

 

2.4 SCC Test Techniques 
Previous publications describe various methods for testing the susceptibility of materials to 
stress corrosion cracking. German standard DIN 50920 proposes three test methods.  

The first and easiest method is to investigate a material at constant strain in a special test 
solution, often acidic, to determine whether a material is susceptible to H-induced SCC. For 
this test, Jones specimens in accordance with DIN 50915 are often used. These static tests 
inside an autoclave have the disadvantage that the stress level of the specimen is not known 
and cannot be reproduced from test to test. The SCC susceptibility of a material in a special 
system is assessed only on the basis of the examination of the specimen and the presence 
of cracks. The severity of cracking can be described in terms of the number and size of the 
cracks. 

The second method described in DIN 50922 is testing at constant force. This test is similar to 
a creep test in a special environment. It has the advantage that a critical stress level can 
easily be investigated. Susceptibility is assessed on the basis of cracking and the 
metallographic investigation of specimens.  

The last method proposed on DIN 50922 is the slow strain rate technique. Specimens are 
loaded at a slow strain rate in a test environment to determine whether SCC is initiated 
before the macroscopic failure of the material. The strain rate significantly influences the 
results of the test. Normally the strain rate is varied between 10-4 and 10-8 1/s [13]. The strain 
rate must be sufficiently low to prevent fracture of the specimen before SCC initiation.  

 

2.5 Measures applied in projects to reduce the risk of SCC 
To reduce the risk of SCC, which was observed in 2010 during the commissioning of two 
steam generators, the following measures were successfully conducted on two further steam 
generators in 2011. 

With reference to the hypothesis of cathodic SCC caused by chemical cleaning, the process 
of chemical cleaning was adapted as follows:  

− Optimization of the chemical cleaning process and mixing with de-ionized water 

− Avoidance of chemical cleaning for the membrane walls and the supporting tubes  

− Intensive cleaning of the membrane walls and heating surfaces by flushing 

To reduce critical tensile stresses heat treatment was conducted on the entire boiler using 
external heater blowers at 450-500°C. For heat transfer and therefore homogenization of 
temperatures especially in the external piping systems, warm air was passed through the 
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membrane walls, heating surfaces and external piping systems of the boilers. This heat 
treatment is intended to relax the external stresses and to reduce the high residual stresses 
in the welds. 

The reduction of residual stresses in the tube butt welds was also examined using different 
methods both in the laboratory and in the boilers on the membrane walls. The reduction in 
residual stress achieved by these means is approximately 20 %. 

To avoid damage in line with the hypothesis of cathodic SCC caused by the magnetite 
reaction and the accompanying production of hydrogen and of anodic SCC respectively, the 
water chemistry parameters and the start-up procedure were modified as follows: 

− Start-up with a steeper temperature gradient to minimize the time in the critical 
temperature range 

− Modification of the commissioning process to ensure that the target temperature of > 
300°C  is maintained for a longer period 

− Conditioning of the feedwater pH and oxygen concentration in accordance with VGB 
code of practice 450 L for AVT conditions. The target was to keep the dissolved oxygen 
in the water below 10 ppb.  

 

The temperature of the evaporator should be kept above the critical temperature range for 
the intended time period using several measures such as the operation of the oil burners to 
ensure the firing output for the first start-up and the installation of an external auxiliary steam 
generator for use in the event of a burner failure. 

To make the process more reliable and to provide a larger quantity of de-ionized water for an 
accelerated blow-down, a mobile water treatment unit with chemical oxygen binding has 
been installed. 

 

3 Tests 
3.1 Specimen preparation 
All the tests presented in this paper were carried out on a commercial heat of T24 produced 
by Vallourec and Mannesmann. The carbon content has a significant influence on martensite 
formation, which could potentially have a considerable impact on hydrogen-induced SCC. 
For this reason, a carbon content of 0.09% was chosen for the tests. The precise chemical 
composition of the base material is shown in table 1.  

The welds which are considered in this paper were produced by Wessel. This welding 
contractor holds valid welding procedure test certificates and has considerable experience in 
fabrication with T24. The welding procedure used was based on the three-pass welding 
procedure used in most new-build plants in Germany. All the welded tubes were 
radiographically inspected to identify any discontinuities. The chemical composition of the 
filler metal used is also indicated in Table 1.  
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Table 1: Chemical composition of materials used 

Heat 
No. 

Material C  
(%) 

Si 
(%) 

Mn 
(%) 

P  
(%) 

S  
(%) 

Cr 
(%) 

Mo 
(%) 

Al 
(%) 

Ti 
(%) 

V  
(%) 

N  
(%) 

B 
 (%) 

Nb 
(%) 

Cu 
(%) 

min - 0.05 0.15 0.3 - - 2.2 0.9 - 0.05 0.2 - 0.002     

max - 0.1 0.45 0.7 0.02 0.01 2.6 1.1 0.02 0.1 0.3 0.01 0.007     

                                

55796 Parent 0.09 0.24 0.53 0.17 0.002 2.44 0.99 0.014 0.08 0.23 0.006 0.005     

800380 Filler  0.11 0.19 0.54 0.004 0.004 2.54 0.93   0.002 0.228   0.0002 0.057 0.03

 

The specimens, containing a weld and a HAZ, were taken from welded tubes (Fig. 1). This 
allowed the testing of weld material which received a heat treatment similar to that of tubes 
installed at a power plant. One problem of testing is the different strength of weld and base 
material. Compared with the ultimate tensile strength of the base material, 450 MPa at 20°C, 
the weld has a much higher strength of 600 MPa at the same temperature [22, 23]. This 
clearly indicates that strain will concentrate in the base material and the specimen will 
normally crack in the base material. During the tensile test in high-temperature water the 
weld itself will not be significantly deformed. This assumption was verified by a preliminary 
experiment. As no SCC but necking was observed in the base material it was decided to 
change the shape of the specimens as it would not be possible to assess the behaviour of 
the weld and the HAZ at the power plant with a specimen of this type. It was therefore 
decided to weaken the weld area by reducing its cross section in such a way that the ratio of 
cross sections of weld and parent material is reciprocal to ratio of their strength. This was 
done with the intention to allow uniform deformation of weld and base material. For this 
purpose, the weld and the HAZ have to be located prior to machining by an etching process. 
The final geometry of the welded specimen after machining is shown in Fig. 1. The length of 
the constricted zone is normally about 10 mm but its position may vary slightly from 
specimen to specimen. 

 

 
 

a) b) 

Fig. 1: Specimen taken from a weld, a) specimen as removed from tube, b) specimen after 
constricting in area of weld and HAZ 

 

3.2 Procedur e 
A key issue to be investigated by the tests is the effect of heat treatment and water chemistry 
on the SCC susceptibility of the material T24. Flat tensile specimens were installed in an 
autoclave (see Fig.2) and deformed uniaxially until they failed at a very constant and very 
slow speed in a Schenck-Trebel tensile test machine. Slow test speeds were used, resulting 
in test duration between 60 and about 400 hours. Since strain measurement in the autoclave 
is not possible to carry out at present (this challenging issue is currently developed), it was 
decided, to apply tensile stress with a constant crosshead speed. This means that the strain 
rate varies with the changing length of the specimen during the test. However, this effect is 
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negligible for low elongations. In addition to that the local behaviour of the weld and parent 
material cannot be investigated. As the ratio of cross sections is reciprocal to ratio of strength 
of weld and parent material, the deformation is believed to be equally distributed  along the 
whole sample (60mm). This approach is at least acceptable for a comparison of the 
behaviour of similar specimens. 

Since a slow test speed is very important, the position of the lower specimen clamp was 
measured by a high-resolution optical measuring system and transmitted to the test machine 
control system as a control parameter. For precise load measurement, the sealing of the 
autoclave must meet special requirements. Firstly, a stable, tight seal must be provided for 
the temperatures and pressures involved. Secondly, the load measurements must not be 
distorted by the slip-stick effect. This effect was considerably reduced by using special seals. 

In addition to mechanical loading conditions, water chemistry plays a significant role in the 
autoclave. For this reason, a water chemistry control unit (Fig. 3) was developed for 
continuous circulation of the water and the controlling of water temperature, pressure, 
conductivity and dissolved oxygen. This allows the effects of these parameters on the SCC 
sensitivity of the material to be investigated. The temperature was kept constant at 180°C, 
corresponding to a vapour pressure of about 10 bar. However, a pressure of about 16 bar 
was set to ensure that sufficient water in the autoclave was in the liquid phase. A high 
pressure pump was used for the water circulation. The water content of the autoclave was 
replaced several times per hour. This was necessary because protective layer formation on 
the specimen in the autoclave affected the pH and oxygen concentration. There was also a 
significant increase in the conductivity due to dissolved metal ions. For consistent 
experimental conditions, regular cleaning and conditioning of the water was necessary. 
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Fig. 2: Autoclave installed on the test machine used 

 

 
Fig. 3: Control unit to ensure constant water chemistry parameters 
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The constant experimental conditions required in terms of water chemistry call for measuring 
equipment capable of measuring the current condition of the water and, if necessary, 
influencing it directly. Since the measuring sensor is not designed for continuous service 
above 50°C, it was necessary to cool the water from 180°C to about room temperature. The 
oxygen content of the water in this state can be determined by a current-measuring oxygen 
sensor based on the Clark principle. This procedure is well established and guarantees 
resolutions in the required ppb trace range. 

Before it enters the system through a dosing tank, the water is cleaned by an anion and 
cation filter. Oxygen or nitrogen and ammonia are injected into this tank as required to adjust 
the pH. The oxygen content can be reduced to the required value by injecting nitrogen into 
the tank. It is important to use pure oxygen or pure nitrogen. Air would contaminate the water 
with CO2 and other unwanted air pollutants. The dissolved oxygen concentration set in the 
dosing tank corresponds to that in the autoclave provided that the saturation limit at the 
pressure and temperature concerned is not exceeded in the autoclave. 

Another important process parameter is the pH-value. Ammonia solution is added to set the 
pH to between 9.2 and 9.5. As ammonia is removed by flow through the cation filter, it is 
necessary to add small quantities continuously. The pH is normally measured using 
electrochemical cells (pH electrode). As very low conductivity is required for boiler feed water, 
the currents that occur are so low that no meaningful measurement is possible. The pH 
measurement is therefore determined indirectly by the differential measurement of two 
conductivities. This approach is based on the assumption that the water is free from 
extraneous ions after passing through the filter section and the conductivity is therefore lower 
than 0.1 µS/cm. If ammonia is added, the conductivity is only changed by these ions, which 
allows the pH set by ammonia injection to be determined. To allow the measurements to be 
made with a sufficiently fast response time, mixing is intensified by using a second dosing 
pump. 

To save energy, the conditioned water is preheated in countercurrent to a temperature 
which is slightly lower than the temperature in the autoclave. The remaining difference is 
compensated by an auxiliary heater outside the autoclave. 
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4 Results 
4.1 Effect of strain rate 
To investigate the effect of the strain rate, two specimens were deformed at a slow 
crosshead speed (0.1 mm/min) and two specimens at a higher (0.25 mm/min) speed. This 
was repeated once with an oxygen concentration of 250 ppb and a second time with a 
concentration of 450 ppb. An overview of the specimens is given in Table 2. 

 

Table 2: Specimens tested to investigate effect of strain rate 

Specimen O2 
concentration  

Feed rate Elongation at 
end of test 

Test 
duration 

Fracture 
location 

1 450 ppb 0.1 µm/min 2.8 % 300 h HAZ 

2 450 ppb 0.25 µm/min 1.6 % 66 h HAZ 

3 250 ppb 0.1 µm/min 2.8 % >300 h No fracture 

4 250 ppb 0.25 µm/min 1.8 % 73 h HAZ 

 

The specimens tested at an O2 concentration of 450 ppb and the lower feed rate (0.1 µm / 
min, specimen 1) reached a total elongation of 2.8 % after a test duration of 300 hours. The 
maximum stress in the weakened section of the specimen was 869 MPa. At the higher feed 
rate (0.25 µm / min, specimen 2) the specimen already failed after 66 h at an elongation of 
1.6 %. Since this was lower than the ultimate elongation of specimen 1, a lower maximum 
stress was reached (802 MPa). The two stress-strain curves up to the elongation at fracture 
of specimen 2 are almost identical (Fig. 4). This can be derived from the results for 
specimens 1 and 2. The conclusion that an increase in the crosshead speed leads to higher 
susceptibility to cracking can be confirmed by the analysis of the specimens which were 
tested at an oxygen concentration of 250 ppb (specimens 3, 4). The slowly deformed 
specimen 3 showed no signs of cracking after a test duration of 300 hours and a strain 
higher than 2.8 %. The specimen 4 fractured at 1.8 % elongation after 73 h. A comparison of 
the stress-strain curves shows a very similar trend to premature failure of the specimens 
which were tested at a higher O2 concentration. 
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Fig. 4:  Stress-strain curves of welded T24 specimen 1 and 2 deformed at different 
strain rates and constant oxygen concentration 

 

 

4.2 Effect of heat treatment 
To investigate the effect of heat treatment on stress corrosion cracking sensitivity, an 
untreated specimen (specimen 6) and specimens heat treated under different conditions 
(specimen 7: 520°C/24 h, specimen 8: 550°C/48 h and specimen 9: 600°C/2 h) were tested. 
All these tests were conducted in water at significantly higher oxygen content. An overview of 
the specimens tested is given in Table 3. 

 

Table 3: Specimens tested to investigate effect of heat treatment 

Specimen O2 
concentration  

Heat 
treatment 

Crosshead 

speed 

Elongation  Test 
duration 

Fracture 
location 

6 Saturated None  0.1 µm/min 1.5 % 140 h HAZ 

7 900 ppb 520°C/24 h  0.25µm/min 2.0 % 84 h HAZ 

8 900 ppb 550°C/48 h 0.25 µm/min 2.1 % 80 h HAZ 

9 Saturated 600°C/2 h 0.1 µm/min 4.6 % 430 h No fracture 

 

The specimen without heat treatment was deformed at a very low cross head speed of 
0.1 µm/min. This specimen failed after 140 h at a total elongation of 1.5 %. The maximum 
stress in the weld zone was 775 MPa and was therefore slightly above the yield point. The 
reduction in area was so small that it could not be measured. Macroscopic examination of 
the damage identified cracks which were transverse to the longitudinal direction of the 
loading direction (Fig. 5 a). The reddish oxide indicated the formation of haematite, which 
was expected due to the high oxygen concentration in the autoclave. Subsequent 
metallographic examination of the fractured specimen showed clear signs of stress corrosion 
cracking. The crack ran through the coarse-grained HAZ as well the weld seam (Fig. 5 b, c). 
In addition to the fractured surface, many incipient surface cracks were visible. Numerous 
major additional incipient cracks were also visible on the specimen surface. Like the main 
crack, these were oriented transversely to the direction of loading and were associated with 
corrosion pits. Fig. 5 e) illustrates this phenomenon. There were also many small, randomly 
oriented secondary cracks on the surface (Fig. 5d). 

1
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a) b) 

  

c) d) 

 

e) 

Fig. 5: Scanning electron microscope images of the specimen without heat treatment tested 
at higher oxygen concentration, a) macroscopic image of fracture zone, b) fractured surface, 
c) specimen surface and fracture surface. d) micro-crack formation on the specimen surface, 
e) crack formation originating at a corrosion pit  
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The specimens subjected to heat treatment at 520°C/24 h and 550°C/48 h were loaded at a 
higher cross head speed (0.25 mm / min) and failed after a short time (<100h). At about 2 %, 
the total elongation was slightly above the value for the non heat treated specimen. With 
these specimens too, there are no macroscopic signs of cross section reduction prior to 
failure (Fig. 6a), b)). As with the non heat treated specimen, the heat treated specimens fail 
suddenly without a previous loading drop. The maximum stresses in the constricted zone are 
of the order of 800 MPa. The main cracks occurred in the HAZ. 

 

 

The specimen heat treated at 600°C/2 h demonstrated very different material behaviour. The 
crosshead speed was lower than for the other heat treated specimens, but the same as for 
the non heat treated specimen. SCC did not occur in this case. Cross section reduction was 
observed at the transition from the HAZ to the base material (Fig. 7a). The stress-strain 
curve shows a very different pattern to the non-heat treated and 520/550°C specimens (Fig. 
8). While the other specimens fractured rather abruptly in the transition to plastic 
deformation, the test with the specimen heat treated at 600°C was interrupted at about 4.5 % 
total elongation and 430 h as a result of the necking observed. The maximum stress in the 
area of constriction was 814 MPa. The results of surface analysis are interesting. As with the 
non-heat treated specimen, highly localised surface damage was observed on the outer 
surface; however, in contrast to the non heat treated specimen, this damage does not extend 
into the depth of the material and therefore cannot be assessed as cracking. It should also 
be noted that all this surface damage runs perpendicular to the loading direction and is 
opened further as a result of the much higher elongation. It can clearly be seen that effective 
repassivation has taken place on the surface damage, preventing further damage. No cracks 
along the loading direction can be observed in this specimen (Fig. 7b). Any longitudinally 
oriented cracks which may have been initiated in the initial stage have been passivated and 
are no longer visible in the oxide layer which has developed. 

 

a) b) 

 
Fig. 6: Macroscopic assessment of fractured specimens with heat treatment at a) 520°C/24 h 
and b) 550°C/48 h following fracture 
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a) 

 

b) 

 

Fig. 7: Macroscopic (a) and microscopic (b) assessment of the specimen with heat treatment 
at 600°C/2h following interruption of the test  

 

 

Fig. 8: Stress-strain curves of specimens with various types of heat treatment 
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4.3 Effect of oxygen content 
For the investigation of the oxygen content different cross weld specimens were tested in 
high temperature water with varied oxygen content. For this assessment welded specimens 
were only used in the not heat treated condition as this is the most conservative approach. 
Except the specimen tested in water saturated with oxygen (specimen 6) all samples were 
deformed with a crosshead speed of 0.25µm/min which was identified to be the more 
sensitive condition. 

 

Table 4: Specimens used to study the effect of oxygen content on stress corrosion cracking 

 

Both specimens tested at 450 ppb and 250 ppb oxygen fractured at a relatively low 
elongation of 1.6 and 1.8% respectively. Necking of the specimen was not observed. Both 
fractured surfaces are located in the HAZ. The specimen tested in water with an oxygen 
concentration of 150 ppb (specimen 10) shows a significantly higher elongation of 3.1% and 
fractured after 118h also in the HAZ. Nevertheless necking in the base material of this 
specimen was observed. In addition to that a secondary crack in the base material can 
macroscopically be seen on specimen’s surface (see figure 9). A specimen tested in hot 
temperature water with a very low controlled oxygen content of <10 ppb showed a 
completely different behaviour. This sample showed significant necking after reaching an 
UTS of 959 MPa and cracked with a total strain of 8.9% in the base material. A comparison 
of the macroscopical appearance after cracking can be seen in figure 10.   

 

Fig. 9:  Stress-strain curves of specimens loaded in high temperature water of various 
oxygen contents 

Specimen O2 
concentration  

Crosshead 
speed 

Elongation at 
end of test 

Test 
duration 

Fracture location

6 Saturated 0.1 µm/min 1.5 % 140 h HAZ 

2 450 ppb 0.25 µm/min 1.6 % 66 h HAZ 

4 250 ppb 0.25 µm/min 1.8 % 73 h HAZ 

10 150 ppb 0.25 µm/min 3.1 % 118 h HAZ 

11 <10 ppb 0.25 µm/min 8.9% >300h Base Material 

6 

10

11 

2 
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Fig. 10: Macroscopical assessment of the samples cracked in oxygenated water  

 

5 Discussion 
The tests conducted show that the methods used are very well suited for the investigation of 
stress corrosion cracking in T24 in high temperature water. 

To date, only specimens taken from the weld area of welded tubes have been tested. These 
specimens were deformed continuously at a constant crosshead speed. As a result of the 
shape of the specimen and elongation during loading, the strain rate is not constant during 
the test.  

Because of the different strengths of the base material, weld and HAZ it was necessary to 
reduce the cross section of the specimens in this area. The cross section was reduced in 
such a way that increased stress on the area with a smaller cross section compensated for 
the higher strength of the weld metal and that all the sections of the specimen were 
deformed evenly. A disadvantage of this approach is that the contributions of the individual 
sections to the total deformation measured cannot be determined. To date, it has not been 
possible to carry out strain measurements in the autoclave in the constricted zone of the 
specimens. However, efforts are currently being made to solve this non-trivial problem. 

The load displacement curves recorded for the specimens indicate very small load 
fluctuations, which are attributable to friction between the seal and the specimen die or the 
resulting slip-stick effect. This could already be reduced considerably by the selection of 
special seals. At the low crosshead speeds involved (0.1 to 0.25 µm/min), it is currently not 
possible to entirely eliminate this effect. Misinterpretation of specimen behaviour is not to be 
expected, as the load variations due to slip-stick effect are extremely small and the 
specimens are deformed continuously. 

Previous studies have demonstrated a correlation between oxygen concentration and SCC 
sensitivity. The results presented in this paper confirmed this correlation for T24 material. At 
oxygen content of 450 ppb it was found that cracks occurred at low elongations irrespective 
of the strain rate. The specimen tested at an oxygen concentration of 250 ppb showed 
cracking at the faster crosshead speed only. This result shows that the sensitivity for 
cracking at this oxygen content is lower compared to the higher oxygen concentration. The 
specimen tested at 150 ppb dissolved oxygen ruptured at a total strain of 3.1% which is 
significantly more (nearly doubled) than for the specimens tested with 250 and 450 ppb. In 
this context it has to be mentioned that at 150 ppb oxygen content the sample showed 
necking in the not waisted base material. The secondary crack which was found in the base 
material shows the trend of damage concentration in the base material with reduced oxygen 
content. At the current status of investigation it can not finally be stated that an oxygen 
content of 150 ppb will avoid cracking in any case. Therefore more investigations with 
different crosshead speeds and other loading conditions have to be carried out. To finally 
assess these results a comparison with the material T12 is desired.  
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In contrast to all the other specimens the specimen with very low oxygen content of <10 ppb 
did not show cracking in the weld/HAZ. In this condition the specimen reached a total strain 
of about 9 %. The ultimate tensile strength is with 959 MPa more than 100 MPa higher than 
observed for the other not heat treated specimens.  

On the surface of the non heat treated specimen tested in water with a high oxygen 
concentration, damage to the oxide layer was identified (cracks); these cracks were oriented 
not only transversely to but also in line with the loading direction. The occurrence of this 
oxide layer damage may be explained by a multiaxial stress state. A multiaxial stress state 
and stress perpendicular to the main stress direction may be caused by residual stress and 
the waisted form in the weld area. However, in view of the small specimen size, residual 
stresses in the weld should not be the dominant factor. These micro-cracks observed are 
probably the initial stage of SCC which finally led to the cracking of the specimens.  

The fact that the specimen in nearly O2-free water shows no SCC demonstrates the 
significant influence of O2 in the crack initiation process in welded specimens. Even if further 
experiments with different material conditions (such as simulated parent material), and 
different mechanical loading condition (such as crosshead speeds) are needed to finally 
confirm this result a general influence of the oxygen content was demonstrated by this work. 
Due to the presented literature review this finding is an indication for anodic SCC. 
Nevertheless hydrogen can have an influence for the later crack propagating process.  

As a general point, it should be noted that the number of specimens tested to date is 
relatively small and that more tests should be carried out for statistical reasons. In future, the 
tests will also be carried out on specimens of simulated parent metal in addition to the tests 
on welds. These specimens have the advantage of having a well-defined, homogeneous 
structure over the entire test length.  

 

6 Conclusion 
Slow tensile tests at different strain rates are outstandingly well-suited for investigating the 
stress corrosion cracking of T24 steel in high-temperature water as the material parameters 
and the limits of the fluid parameters can be determined. The test equipment developed for 
this investigation can accurately control and measure the water chemistry parameters during 
the test. This allows test results to be obtained which are reproducible and transferable to 
power plant operation. 

The results that are presented show that welds in T24 are susceptible to SCC in high 
temperature water with an increased oxygen concentration. For values up to 450 ppb, it was 
found that SCC susceptibility was not dependent on the applied strain rates. The fact that the 
specimen tested in water with an extremely low oxygen concentration (<10 ppb) did not crack 
at considerably higher elongation shows that oxygen has a strong influence on the crack 
initiation mechanism. Even if further experiments with different material conditions (such as 
simulated parent material), and different mechanical loading condition (such as crosshead 
speeds) are needed to finally confirm this result a general influence of the oxygen content 
was demonstrated by this work. Due to the presented literature review this finding is an 
indication for anodic SCC. Nevertheless hydrogen can have an influence for the later crack 
propagating process.  

Results showed also that a heat treatment can suppress the stress corrosion cracking 
mechanism. While a heat treatment at 550°C for 48 h is not sufficient under water conditions 
with high oxygen content, a heat treatment with temperatures exceeding 600°C for 2 h 
seems to positively influence the microstructure so that the cracking mechanism significantly 
changes. Instead of a sudden fracture following low deformation, the specimen exhibits 
ductile reduction of cross section in the region of the transition to the base material. SCC was 
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no longer observed. The positive effect of reducing residual stresses which occur from the 
heat treatment at 500°C of the entire boiler is not investigated in this context. 

Further investigations will be needed to determine the maximum oxygen concentration at 
which welded joints in T24 steel can be used without any risk of stress corrosion cracking. 
Additional attention must be paid to the question how far heat treatment at lower 
temperatures is able to influence the cracking mechanism at lower oxygen concentrations. At 
last it should be investigated how welds with a varity of welding parameters and flaws will 
behave under the given conditions. 
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Abstract 

Austenitic stainless steel welds, which are widely used for example in nuclear power plants 

and chemical installations, present major challenges for ultrasonic inspection due to the grain 

structure of the weld. Large grains in combination with the elastic anisotropy of the material 

lead to increased scattering and affect sound wave propagation in the weld. This results in a 

reduced signal-to-noise ratio, and complicates the interpretation of signals and the 

localization of defects. The aim of this project is to influence grain growth in the weld during 

the welding process to produce smaller grains, in order to improve sound propagation 

through the weld, thus improving inspectability. Metallographic sections of the first test welds 

have shown that a modification of the grain structure can be achieved by influencing the 

grain growth with magnetic fields. For further optimization, test blocks for ultrasonic testing 

were manufactured to study sound propagation through the weld and detectability of test 

flaws. 

 

1 Introduct ion  

1.1 Motivation 

For pressurized components operating at high stresses and at high temperatures, the 

integrity of the welds is critical for a safe and reliable operation. In the nuclear industry, 

(petro-) chemical industry, and also in conventional power plants at higher temperatures, 

austenitic welds are widely used. Non-destructive testing is an integral part of the quality 

assurance for these welds during the manufacturing process and in-service inspections. For 

volumetric inspection and inspection of non-accessible inner surfaces, ultrasonic testing or 

radiography can be used. In many cases, ultrasonic testing is the preferred method due to 

large wall thickness, limited accessibility, or cost considerations.  

The challenges facing ultrasonic testing of austenitic welds result from elastic anisotropy of 

the material in combination with the grain structure of the weld. As long as the grains are 

randomly oriented and sufficiently small compared to the acoustic wavelength, the anisotropy 

of the material does not affect the acoustic properties on a macroscopic scale. Austenitic 

welds, however, consist of large grains that are oriented depending on the cooling conditions 

during the welding process – so-called dendrites, or dendritic structure, Figure 1. An example 

for an austenitic stainless steel weld with distinctly dendritic crystals is shown in Figure 2. 

This inhomogeneous, anisotropic structure of the weld strongly affects ultrasound 

propagation. The following effects can be observed: local variations in the sound velocity, 

deviation from propagation direction expected for isotropic material, scattering at grain 

boundaries and at the fusion line, mode conversion. In addition to a decrease in signal-to-

noise ratio, this leads to difficulties for the interpretation of ultrasonic signals with respect to 

localization and sizing of defects, and the distinction between reflections from real defects 

and false indications. 
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extension) in the center of the weld which cause a reflection of the ultrasonic pulse 

comparable to an interface reflection [4], [5].  

The second type of approach is based on efforts to influence the microstructure of the weld 

during the welding process, i.e. the solidification of the weld material. The possibility of 

influencing the microstructure in order to create finer grains by the aid of electromagnetic 

fields or ultrasound has been demonstrated in different research projects.  

1.2.1 Impact of electromagnetic fields 

Effects of alternating electromagnetic fields on the liquid state of an aluminum, austenitic 

material, on a model liquid (Ga-In-Si-alloy), and on a Ni-based alloy are described in the 

literature [6], [7], [8], [9]. Each of these studies was conducted in a laboratory set-up using 

melting pots. Grain refinement was observed due to the electromagnetic stirring of the liquid 

melt. 

Other publications report on the use of magnetic fields to modify the arc during plasma 

welding [10], or to influence the laser weldung process for high-alloyed steels [11] or 

aluminum alloy [12].  

1.2.2 Impact of Ultrasound 

High power ultrasonic waves applied to a liquid metal have been described as grain-refining 

[13]. In [14] ultrasonic treatment of solidified weld layers of an austenitic low carbon steel was 

shown to produce a finer microstructure as well as improved mechanical properties (yield 

strength, micro hardness). 

1.2.3 Impact of Modifications of the Welding Process 

Another method of influencing the microstructure of a weld is to modify the welding process 

itself. Leading manufacturers of welding equipment experiment use approaches based on a 

reduction of heat input into the component during welding, such as EWM’s “coldArc” 

Technology [15] and the CMT-Technology developed by Fronius. With these “cold” welding 

processes, significantly shorter cooling times of the weld and modified microstructures can 

be achieved. 

 

2 Full Description of the current study 

The survey of existing literature has shown that research on methods for modifying the grain 

structure of austenitic welds by influencing the welding process is rather limited. Application 

of magnetic fields near the arc appears to be the most promising tool to influence the 

microstructure. These magnetic fields can be static or fluctuating. In this investigation, 

magnetic fields, as well as a modification of parameters for the welding process are applied. 
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2.2 Ex periments with Influencing the TIG arc 

The second technique for influencing the solidification process of the weld used in this study 

was the application of a pulsed TIG arc. Figure 7 shows the weld seam which shows the 

most significant changes in microstructure obtained with a pulsed TIG arc.  

Figure 6: Austenitic weld, welded under influence of an

electromagnetic field, pulse rate of f = 100 Hz 

Figure 4: Automated TIG-welder with TIG-

electrode, filler wire feeder, electromagnet, and 

test plate with weld seam preparation 

Figure 5: Detail of electrode and electromagnet 
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In order to exclude a possible influence of grain structure in the root passes on the formation 

of dendrites in the filler weld passes, the geometry of the weld seam preparation was carved 

out of the test plate using spark erosion. The photo of the etched metallographic section 

(Figure 7) shows a more fine-grained structure of the first filler weld pass compared to a weld 

with hand welded root pass (see Figure 6). 

 

2.3 Ex periments with different interpass temperatures  

In order to investigate the influence of interpass temperature Tip on the formation of 

dendrites, experiments with minimum interpass temperature (room temperature RT), with the 

maximum recommended interpass temperature, as well as significantly excessive interpass 

temperatures (210 °C – 245 °C) have been performed. For the austenitic Cr-Ni(Mo)-steel 

used here, it is recommended not to exceed Tip = 150°C [17]. 

For the weld seam welded at minimum Tip (RT, Figure 8), the grain structure is almost 

identical to the structure for the weld without modifications in the welding process (welded at 

Tip ≦ 150°C). For the maximum interpass temperatures, growth of dendrites through several 

weld passes can be observed, Figure 9. This can be explained by the higher content of heat 

stored in the material due the high interpass temperatures, allowing an extended grain 

growth in one preferred direction, and resulting in larger grains of one particular orientation.  

Figure 7: Manual TIG-weld, pulsed TIG-arc at 100 Hz, weld seam

preparation by spark erosion, no root gap 
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2.4 Ultrasonic Testing of Influenced Welds  

For the first trial of ultrasonic testing of the different welds, test blocks were manufactured 

from one non-modified weld (SN17, welded with standard parameters), three pulsed arc 

welds (SN 18 - 20), as well as the weld with minimum interpass temperature (SN22). A side 

drilled hole (SDH) with a diameter of 1,5 mm was drilled in the center of the weld as a test 

reflector (Figure 10). All test blocks have identical geometries.  

 

All test blocks were inspected by mechanized ultrasonic phased array testing, using shear 

waves at a frequency of 2.25 MHz, at different angles of incidence. The aim of the 

inspections was to analyze the influence of the microstructure on the sound propagation 

through the weld. For a better sound propagation a better flaw detectability can be expected. 

The influences of the microstructural modifications (SN18 - SN22) are compared with 

acoustic characteristics of the non-modified weld (SN17).  

Figure 8: Manual TIG weld with minimum Tip. (RT) Figure 9: Manual TIG weld with too high Tip.of 245°

Figure 10: US-test block with side drilled hole in the center of the weld (SN20) 

483



Table 1 shows the B-scan projection images (side view) of the phased array inspection for 

the 2.25 MHz shear wave with an angle of incidence of 70 °. For a better comparability only 

the manual TIG welds with the weld seam preparation by spark erosion are shown.  

Table 1: Phased-Array B-scans of test blocks 

Type of weld B-scan for 70° angle 
Macrosection 

 

SN17:  

No modification  

  

SN18: 

Pulse of light arc 

100Hz 

  

SN19: 

Pulse of light arc 

50 Hz 

  

SN20:  

TIG 500 Hz,  

  

SN22: 

Min. Interpass- 

Temperature 
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For the test blocks SN18 – SN20, obtained with different pulse frequencies of the TIG arc, 

the evaluation of the B-scans shows variations in the acoustic characteristics of the welds. It 

appears that for low frequencies a better detectability of the defect is achieved. For higher 

frequencies the signal-to-noise ratio decreases and a higher noise level due to scattering 

from the microstructure of the weld can be observed.  

Test block SN22 was welded with the minimum interpass temperature, allowing the weld 

beads to cool down to room temperature. It was expected to obtain an improved 

microstructure, resulting in improvements in the acoustic properties. This expectation was 

confirmed neither by ultrasonic inspection nor by metallography.  

SN17, the non-modified test block, shows the characteristic grain structure of austenitic 

welds. According to the geometric characteristics of the sound beam the B-scan shows a 

good correlation with the theoretical image of the scan, except for the localization of the 

defect. 

Further ultrasonic inspections are currently carried out in order to verify these first 

experimental results and interpretations.  

 

3 Summary and conclusion 
Metallographic examinations show an influence on the growth of dendrites due to 

electromagnetic fields and pulsation of the TIG arc with varying frequencies during the 

welding process. Evaluation of the microstructure of electromagnetically influenced welds 

leads to the assumption that for low frequencies (approx. 100 Hz), the strongest 

modifications of the dendritic structure can be achieved: Significant changes in the 

orientation of dendrites, more fine-acicular grains are observed, and a growth through 

several weld passes could be avoided. The assumption that this also leads towards 

improved acoustic characteristics for ultrasonic inspection has yet to be verified.  

For the modification of the light arc the following results can be observed: For pulsed arcs 

with low frequencies, microstructures with short dendrites with different orientations can be 

produced. The experiments show a fine-grained area in the first weld pass. The influence of 

nucleation from the root pass structure could be avoided by carving the weld geometry out of 

a plate, thus creating a weld without a root.  

For optimization and evaluation of influencing parameters, ultrasound propagation 

experiments were performed using ultrasound test blocks with reference flaws (1,5 mm 

SDH). By studying ultrasonic propagation through the weld, influences on the acoustic 

properties of the usually anisotropic welds can be observed. The first results of ultrasonic 

inspection lead towards the assumption, that for lower pulse frequencies an improved sound 

transmission can be obtained.  
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An impact of a reduced interpass temperature on the growth of dendrites could not be 

observed. Also, the maximum applied interpass temperature in the range of 210 °C – 245 °C 

did not show significant changes in the microstructure. Ultrasonic inspections of these welds 

are currently under way. 

Further studies considering the effects of high power ultrasound on the solidification and 

grain growth in the weld will also be conducted as within this research project.  

 

References 

[1] Williams, P. (1976). Ultrasonic testing of austenitic steels (a selectiv bibliography 

1958-1975). (Bd. Bibliography 252). London: Central Electicity Generating Board. 

[2] Neumann, E. et al. (1995). Ultraschallprüfung von austenitischen Plattierungen, 

Mischnähten und austenitischen Schweißnähten (Kontakt & Studium), Bd. 377. 

Expert-Verlag. 

[3] Just, T., Kuhlow, D., Matthies, K., Römer, M. (1978). Über den Stand der 

Entwicklungen einer Ultraschallprüpftechnik für austenitsiche Schweißverbindungen 

(Schweißen in der Kerntechnik Ausg. Nr. 52). Hamburg: DVS-Berichte . 

[4] Schmid, R. (1995), Ultraschallprüfung von austenitischen Plattierungen, Mischnähten 

und austenitischen Schweißnähten, Eberhard Neumann (Hrsg), Expert-Verlag, 

(Kontakt und Studium) Bd. 377, Kapitel 4 

[5] „Prüfbarkeit von dickwandigen Bauteilen aus Nickellegierungen und 

Schweißverbindungen mit zerstörungsfreien Prüfmethoden“ gemeinsamer 

Abschlussbericht der Forschungsstellen BAM Berlin, IZfP Saarbrücken, MPA 

Stuttgart zum Vorhaben COORETEC TD-1 (unveröffentlicht) 

[6] Lu, D. (2007). Refinement of primary Si in hypereutectic Al–Si alloy by 

electromagnetic stirring. Journal of Materials Processing Technology, p. 13 - 18. 

[7] Gao, Y.-L. (2004). Comparative study on structural transformation of low-melting pure 

Al and high-melting stainless steel under external pulsed magnetic field. 

Materialwissenschaft und Werkstofftechnologie, p. 385 - 395. 

[8] Wang, X. D. (2005). Two kinds of magnetic fields induced by one pair of rotating 

permanent magnets and their application in stirring and controlling molten metal 

flows. Journal of Crystal Growth, p. e1473 - e1479. 

[9] Jin, W. (2008). Grain refinement of superalloy IN100 under the action of rotary 

magnetic fields and inoculants. Materials Letters, p. 1585 - 1588. 

486



[10] Cheng, J. (August 2008). Effect of electromagnetic stirring on the microstructure and 

wear behavior of iron-based composite coatings. Journal of University of Science and 

Technology Beijing, Number 4, p. 451. 

[11] Berger, P., & Graf, T. (2008). Gestaltung und Kontrolle des Nahtdurchhangs beim 

Schweißen. Forschungsvorhaben IFSW Universität Stuttgart, IGF-Vorhaben 

14.959N. 

[12] Lindenau, D. (2006). Magnetisch beeinflusstes Laserstrahlschweißen (Bd. 

Dissertation IFSW Universität Stuttgart). München: Herbert Utz Verlag GmbH. 

[13] Zhang, Z. (Feb. 2009). influence of high-intensity ultrasonic treatment on the phase 

morphology of Mg-9.0wt%Al binary alloy. Rare Metals, p. 86. 

[14] Gust, W. (1999). ultrasonic shock treatment of welded joints. Materials Science, p. 

678 - 683. 

[15] Kocab, H. (2010). Neue Lichtbogenform für hohe Wirtschaftlichkeit und Nahtqualität. 

Schweißen im Anlagen- und Behälterbau, Sondertagung München, S. 40 - 46. 

[16] Kern, M., Berger, P., Hügel, H. (2000) Magneto-Fluid Dynamic Control of Seam 

Quality in CO2 Laser Beam Welding. Welding Journal, p. 72-s – 78-s 

[17] Böhler-Handbuch “Wissenswertes für den Schweißer” Ausgabe 09/ 2010, Böhler 

Schweißtechnik Austria GmbH 

487



EBSD- and TEM-investigations of microstructure in the austenitic 
steel X6CrNiNb18-10 under cyclic loading 

E. Soppa, D. Willer, D. Kuppler 

 Materialprüfungsanstalt Universität Stuttgart 

38th MPA-Seminar 
October 1 and 2, 2012 in Stuttgart 

 
 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

488



Abstract 
To provide a more precise quantification of available safety margins in components under 

cyclic loading a thorough understanding of the phenomena accompanying fatigue and 

leading to crack formation in the stainless steel X6CrNiNb18-10 is necessary. A deformation 

induced transformation of austenite to ’-martensite in a metastable stainless steel at room 

temperature is thereby of great importance for the crack initiation and crack growth 

mechanisms. As these processes emerge on the nano- and micro-level the application of 

experimental methods that can deliver reliable information with high resolution is decisive. 

The Electron Backscatter Diffraction (EBSD) is a modern and highly effective method that 

serves to determine the grain orientations and identify phases in the microstructure. 

Moreover the visualisation of plastic deformation leading to a local lattice deflection caused 

by dislocation pile-up is also possible by this method.  

Within the frame of the research project [2] the fatigue behaviour of the Nb stabilized 

austenitic steel X6CrNiNb18-10 at room temperature was investigated. By a combination of 

interrupted low cycle fatigue tests and EBSD-technique (in SEM) the deformation induced 

martensitic transformation was studied during different stages of the specimen lifetime. 

Based on the analysis of thin foils of the fatigued steel by Transmission Electron Microscopy 

(TEM) the presence of cubic body-centered ’-martensite in the austenitic matrix was 

confirmed. The transformation of a paramagnetic austenite to a ferromagnetic ’-martensite 

is directly connected with the change of crystallographic and in particular with mechanical 

properties of the material under cyclic loading. Also fatigue behaviour of the X6CrNiNb18-10 

at room temperature depends on the martensitic transformation. Fatigue cracks form in the 

phase boundary between austenite and martensite or in fully martensitic areas. The cracks 

further propagate in the martensitic phase which forms permanently at the crack tip where 

stresses and strains are high enough to move forward the transformation.  

 

1. Introduction / Motivation 
A deeper knowledge of the phenomena accompanying fatigue and leading to the crack 

formation is necessary for the reliable assessment of the component lifetime. Deformation 

induced martensitic transformation in metastable steels is thereby of great importance. 

Because this process emerges firstly on the nano- and micro-levels, before total failure 

occurs, the application of experimental methods which can deliver the information with a high 

resolution is necessary. The EBSD-technique is a powerful method for the investigation of 

grain orientations, phase determination and visualisation of plastic deformation in the 

microstructure. 
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2. Material 
The chemical composition of the stainless steel X6CrNiNb18-10 is given in Table 1.  

 

Table 1: Chemical composition of the austenitic stainless steel X6CrNiNb 18-10 [1]. 

C Si Mn P S Cr Ni Nb Ta 

0,043 0,410 1,90 0,019 0,0020 17,150 10,300 0,660 0,008 

Fe – balance, (in weight%).  

 

This material was heat treated at 1050°C for 10 minutes and quenched in water to ambient 

temperature [1]. The resulting microstructure was austenite and finely dispersed niobium 

carbides (NbC) (Fig. 1). In addition to fine carbides also individual coarse NbC particles (5 µm 

– 20 µm) were present. Only 1-1.5% of -ferrite was found (Fig. 1). Moreover, in 

approximately 30% of the grains twins were detected. The grain size according to DIN EN 

ISO 643 was estimated as G=1,5 – 5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1: Microstructure of the X6CrNiNb 18-10 after heat treatment and before mechanical loading.  

 

The X6CrNiNb18-10 austenitic steel contains 10.3% of Ni, which is not sufficient to stabilize 

the austenitic phase at room temperature. The difference of the Gibbs’ free energy between 

austenite and ’-martensite is a driving force for the phase transformation. The permanent 

supply of the mechanical energy during cyclic loading provides the missing part of the 

enthalpy which is necessary for the phase transformation at room temperature [7].  
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3.  Experimental methods 
3.1 Specimens and metallographic preparation 
Smooth cylindrical unnotched specimens (Fig. 2) with two symmetrically placed flat narrow 

bands on the specimen surface were mechanically polished to 1 µm. The last step of the 

metallographic preparation was electrolytic polishing using an electrolyte STRUERS A2 and 

platinum as a cathode. The best results were achieved at the following parameters: ~20 °C, 

40 V, 10 – 15 sec. After polishing small (2-4 µm) flat etching pits remained on the surface. 

Although they represented certain imperfections for EBSD-measurements, they were prefect 

marks for the determination of plastic strains in the microstructure [2].  

 

3.2 Cyclic loading 
The interrupted low cycle fatigue (LCF) tests were performed strain controlled with the 

loading amplitude ε =1.5 % (R= -1) at room temperature in air.  

 

 

 

 

 

 

 

Fig. 2: Geometry of the specimen used for LCF-tests. The total length of the specimen was 60 mm. 

 

The specimen length was tailored to the dimensions of the vacuum chamber in SEM, so that 

non-destructive EBSD-measurements on the same specimen after different numbers of 

loading cycles were possible. After 10, 50, 100, 130, 180, 230 und 300 cycles the LCF-test 

was interrupted and the specimen was scanned in SEM using EBSD-technique.  

 
3.3 EBSD-technique  
The EBSD measurements were carried out in a FE-SEM (Auriga, Zeiss) with an acceleration 

voltage of 25 kV. The EBSD System EDAX-TSL with the software OIM data Collection 5 was 

in use. The measuring field size was usually x = 350 µm, y = 350 µm and the step size of 1 

µm. For the interesting details in small areas a step size less than 1 µm was applied. The 

Software EDAX-TSL OIM Analysis 5 was used for the processing of the EBSD-data. Only 

one clean-up proceeding (neighbor-CI-Correlation with minimum confidence-Index CI = 0.1) 

was necessary in order to reduce the number of not correctly indexed points caused by the 

flat etching pits. 
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3.4 TEM analysis  
For the TEM investigation thinned metal foils were used. This method is a powerful tool to 

characterize the microstructure regarding precipitations, sub-grain and dislocation structures 

and the determination of the dislocation density. By means of Selected Area Diffraction 

(SAD) the crystal lattice structure of selected areas in the metal foil can be determined.  

For the preparation of the thinned metal foils with transparent areas the following steps were 

taken: 

 Preparation of cylinders with a diameter of 3 mm taken from the specimen by spark 

erosion technique 

 Cutting off discs with a thickness of about 0.4 mm 

 Mechanical grinding of the discs from both sides to a thickness of 0.1 mm  

 Dimpling of the discs from one side to get centered thinned areas 

 Electrochemical thinning of the discs with the Tenupol method (electrolyte A8; 40V, 13°C) 

just until the formation of a small hole with electron transparent areas around it with a 

thickness of 50 to 200 nm. 

The thinned metal foils were investigated using a transmission electron microscope JEOL 

JEM 2000 FX (200kV accelerating voltage), which is equipped with an energy dispersive X-

ray system, model Tracor Northern, USA (TN-5500). 

 

4. Results and discussion 
4.1 Martensitic transformation under cyclic loading  
Fig. 3 a - d show the same measuring field at the specimen surface before loading, after 100 

cycles and after 300 cycles respectively.  

 
before loading after 100 cycles    after 300 cycles 

a.         

b.         
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c.         

d.         
 

0° - 3° 
3° - 6° 
6° - 9° 

9° - 12° 
12° - 15°

 
Fig. 3: Measuring fields at the specimen surface before loading, after 100 cycles and 300 loading 

cycles: a) SE-images; b) IPF-images; c) phase distribution green=austenite, red=martensite; 

d) misorientation maps (0 - 15°, 3 pixel). 

 

The SE-images, IPF-images, austenite and martensite phase distribution and misorientation 

maps are presented in Fig. 3 a-d. In the SE-image the etching pits are visible. On the 

specimen free surface characteristic marks of plastic deformation continue to accentuate in 

the course of cyclic loading. In some austenite grains (IPF-image, Fig. 3b) a distinct gradient 

of colours occurs after 100 cycles. This effect is connected with rotation [8] or diffraction of 

crystallites caused by plastic deformation. This effect becomes more pronounced after 300 

cycles. Moreover, the formation of very fine sub-grains was observed. 

Before cyclic loading the microstructure of the material consisted of pure austenite (Fig. 3c), 

apart from the etching pits, which were not totally removed by the clean-up-procedure. Their 

contribution to the total amount of martensite was only 0.8%. ’-martensite forms gradually in 

the course of cyclic loading and amounts to 2.2% after 100 cycles and 6.9% after 300 cycles. 

The location of martensite in the microstructure corresponds to the fine substructure (Fig. 

3d). The misorientation maps show the increase of the local misorientation during cyclic 
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loading (areas with a gradient of colours in IPF-image). The greatest value of the 

misorientation was found in the fine martensitic sub-grains.  

 

4.2 Detection of ’- martensite by electron diffraction 
The samples for the TEM investigations (thin foils) were taken from the fatigued macroscopic 

specimens after loading with the strain amplitude =1.5%, R = -1 until ~100% of the 

specimen lifetime.  

 

’-martensite 

austenite 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4: Formation of the „martensitic island“ in the austenitic matrix in the fatigued LCF specimen.  

 

Fig. 4 shows the „martensitic island“ formed in the austenitic matrix during cyclic loading. The 

nature of the band in which the martensite was formed is under current investigation [6]. The 

size of this “island” and its globular shape correspond to the martensitic grains measured by 

EBSD on the specimen surface. Similar “martensitic islands” were found in several places in 

thin foils from the specimen interior. The evaluation of the diffraction images of the supposed 

martensitic areas confirmed the bcc structure of this phase in contrast to the fcc structure of 

the austenitic matrix. A lattice parameter of ’-martensite was estimated as a=2,8664 Å [3], 

that corresponds to the one of ferrite [5].  

 

5. Summary and conclusion 
Using EBSD technique in combination with interrupted LCF-tests the deformation induced 

transformation of fcc austenite to bcc ’-martensite in the Nb stabilized stainless steel 

X6CrNiNb18-10 under cyclic loading was studied. The steel X6CrNiNb18-10 with 10.3% of Ni 

contains a metastabile austenite at room temperature. The mechanical energy delivered 
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during cyclic loading to the material compensates the free enthalpie for the phase 

transformation and causes the formation of ’-martensite. 

’-martensite forms preferably at grain boundaries, defects and on the free surface. The first 

martensitic grains as small (~1 µm) islands were detected after 50 cycles. This means that a 

certain amount of accumulated plastic strain is necessary [4] to initiate the phase 

transformation even at great loading amplitude. We are assuming that a particular “structure 

of microdefects” must be formed before the transformation begins. ’-martensite forms small 

(~1 µm) grains with different orientations even in the same parent austenitic grain. These 

areas have also a very high density of interfaces, which distinguish  areas with an orientation 

misfit. The volume fraction of ’-martensite goes up to 9% after 300 cycles (almost 100% of 

the lifetime) in the specimen loaded with the strain amplitude of =1.5%, R= -1. The 

formation of bcc ’-martensite in the fcc austenitic stainless steel under cyclic loading at 

room temperature was detected by both methods, EBSD and TEM. 
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Abstract 
 

Competitive resource-efficient material composites for pressure vessel applications are to 
develop. A complete new solution has been proposed in particular for pressurized pipes at 
high temperatures for the application in steam power plants. The proposed construction 
consists of inner steel liner and ceramic fibre-matrix-composite jacket. The hybrid structure of 
these composite pipes leads to effective conservation of resources considering steelmaking 
as simple low alloyed steels could be used instead of high alloy materials. Simultaneously 
due to improved material properties, a high potential for increasing process efficiency is 
possible to be achieved: e.g. by upgraded technical processes at higher operating 
temperatures with improved level of efficiency. This new material concept could also be used 
for lifetime extension of pipework with high life time consumption by using existing metallic 
pipes as liners that are added with fibre-jackets during revision. Finite Element calculations 
have been carried out in order to investigate the local stress reduction in metallic liners and 
the balance of stresses and strains achieved with the new ceramic composite jacket. Varied 
material parameters are applied to get information of their detailed influence. A series of 
experimental tests on demonstration components under internal pressure at high 
temperature have been performed. An ongoing field test in a power plant with present pipe 
diameter demonstrates the technical feasibility of such advanced metallic-ceramic hybrid 
pipes for power plant applications. 

The project "Compound-Rohre" is funded by BMBF (Bundesministerium für Bildung und 
Forschung) with the Support Code 03X3529B. 

1 Introduct ion  
 

Creep has always been a significant material problem to be economically solved with regard 
to design and lifetime of operating components. Since ceramic matrix composites (CMC) 
show creep resistance even at temperatures up to 1200°C [1], these composites have to be 
considered as a suitable material class to be applied at operating temperatures more than 
650°C. Such a combination of low-cost steel and predominant ceramic fibre reinforced 
materials in a hybrid structure is shown in Figure 1, that has been proposed and which is 
actually under investigation. 

 

Figure 1: Schematic description of the concept of hybrid metallic-ceramic pipes 

 

The concept includes that the high stiffness and low coefficient of thermal expansion of 
ceramic fibres can be used in hybrid structures to inhibit the creep behaviour of steel. So in 
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principle a remarkably longer component lifetime compared to simply metallic pipes is 
achievable. The architecture of the hybrid structure consisting in a metallic pipe reinforced by 
a ceramic composite jacket is based on numerical simulations with FE-program ABAQUS [2] 
by varying the individual parameters as geometry data (e.g. thickness) and individual 
material characteristics. In parallel laboratory tests with a number of pressurized hollow 
cylinder test specimen have been performed. The aim of these tests was to demonstrate the 
feasibility of the hybrid material structure in terms of improved material characteristics but 
also to verify the numerical simulation. 

2 Numerical calculations and experimental investigations 
 

For the numerical calculation the FE-program ABAQUS was used.  Figure 2 shows the 
architecture and 2D simplification respectively of the related mesh [3,4]. It also takes into 
account the real dimensions, Figure 3.  

 

Figure 2: Numerical modeling of hybrid structure 
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Figure 3: Strain comparison of unjacketed and jacketed specimens in the internal pressure 
tests (“”: still in test) 

 

For the metallic liner of the hollow cylinders the steel grade T24 was used. The data for the 
formulation of the creep law of this steel was gained by means of standard creep tests. 

 

 

Figure 4: Time to rupture of all hollow cylinder specimens (“”: still in test; “Ref”: reference 
specimen without jacket) 

 

Under experimental investigation a series of hollow cylinders, see Figure 4, with varied 
ceramic composite jackets have been tested under internal pressure of 350 bars at 600°C. 
For the verification of the FE-calculation the creep strain in hoop direction was measured. 
Two reference metallic pressurized cylinders (L4_Ref1 and L9_Ref2) have been also tested. 
The rupture time and the hoop strain of these specimens were compared with the specimens 
with composite jacket, Figure 3 and 4.   

A sustainable improvement of life time as well as a reduction of creep strain is visible. 
Experimental results and FE-calculations are in accordance. 
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Figure 5: Time-to-rupture curve of steel T24 at 600°C 

 

Using the creep rupture curve of T24 [5] the creep rupture life extension could be 
demonstrated in Figure 5: both specimens are exposed to the same pressure and 
temperature.  

Both numerical result in Figure 5 and experimental result in Figure 3 display that the 
specimen with ceramic composite jacket shows rupture after several-fold testing time. That 
means the creep rupture life time is much larger in comparison to the reference steel 
specimen. However the full potential of life time extension is not tapped yet: besides the 
optimization of the jacket characteristics itself, there is also a need in defining the interface 
between the jacket and the metallic surface. In the tested specimens the oxidation of the 
metallic surface created additional stresses in the jacket, which shorten the ultimate lifetime. 
Coatings [6] on the metallic surface and the bonding and adherence to the surface are to be 
considered. 

3 Summary and conclusions 
 

The investigations have been performed in the frame of the WING Project 03X3529 funded 
by BMBF. The stress-strain behaviour of hybrid structure consisting of a metallic liner and 
ceramic fibre reinforcement for applications as pressure-bearing pipes in the high 
temperature regime was simulated. The calculation was aimed to demonstrate the feasibility 
of such a structure. Another aim was to evaluate the influence of specific material 
parameters on the formation of stresses and strains in dependence of given load cases.   

A result of the calculation was that the reinforcement with a fibre jacket has a significant 
influence on the stress situation in the metallic liner and thus the creep strain development in 
the liner could be suppressed. The combination of metal liner and fibre jacket generates a 
specific stress distribution in both parts which is strongly influenced by the material 
characteristics and thickness of the jacket. The time to rupture of the jacketed pipe specimen 
is strongly increased compared to the reference specimen without jacket. Main influencing 
factors on life time are the thickness and the fibre matrix composition of the jacket. The 
needed numerical fit to the creep behaviour and the experimental results could be achieved. 
The occurring questions due to the ongoing work could be responded with numerical 
screenings. The results demonstrate also that even small changes in the reduced stress 
level of the steel liner can lead to a strong effect for the elongation of hybrid component 
lifetime.  
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Abstract 
Hydrogen Technology in terms of industrial plants which produce and consume hydrogen 
inside different processes has been available for about 100 years. In the 1970s, due to the oil 
crisis, hydrogen started playing a bigger role as an energy storage and as a carrier of energy 
respectively, beside its role as a base substance in the chemical industry. Since that time 
vast numbers of R&D projects have been performed to find efficient methods for the 
production, transport, storage and usage of hydrogen. The Materialprüfungsanstalt 
Universität Stuttgart (MPA) was involved in several projects and is currently preparing itself 
for the testing requirements of the next decade. 

1 Hy drogen‘s First Steps in Industrial Use 
At the beginning of the 20th century when the production of artificial fertilizers became more 
and more important, a new process to synthesize ammonia was developed by Fritz Haber 
and Carl Bosch. Finally the chemical reaction of ammonia and carbon dioxide had delivered 
the required fertilizer. In 1910 BASF took out the patent of the Haber-Bosch process. At the 
same time the synthesis of fuel using domestic resources, e.g. coal, became more important 
as well. Friedrich Bergius and Matthias Pier had a successful outcome in 1913 with the 
process of direct coal liquefaction due to the hydrogenation of coal. The obtained 
hydrocarbons were used as synthetic fuel. In 1925 Franz Fischer and Hans Tropsch got the 
patent for the process of indirect coal liquefaction for the production of hydrocarbons from 
coal and natural gas. Since the beginning of the 20th century huge amounts of hydrogen are 
thus being used within industrial production. 

2 Hydrogen as an Energy Storage 
During the 1970s hydrogen started playing an additional role. Because of the oil crises in 
1973 Western Germany started studies to find new ways (fossil oil independent) for the 
production and storage of energy. It was found that nuclear power would be the primary 
source of energy for the next decades and hydrogen could be one of several possibilities to 
store spare energy of the power plants. The big experiences in gas handling, the powerful 
facilities to store, distribute and use huge amounts of flammable gases (especially natural 
gas) which did exist across Western Germany were deemed as perfect requirements for a 
hydrogen economy. [1], [2] 

Since the 1980s the production of energy using renewable resources like solar power, wind 
power, hydropower, etc. became more and more important. Most of them are in heavy use 
today and hydrogen is still one of the most important possibilities to store spare energy. 

The fundamental technologies to store, distribute and use liquid or gaseous hydrogen in a 
large scale are available today. The improvement of the existing hydrogen technologies, the 
exploration of new fields of application and the development of new technologies belonging 
to this will be the challenge in the future. The MPA has supported the progress in the past 
and will continue to do so in the future. 

3 Materials Testing for Hydrogen Technology at MPA 
Since the middle of the 1980s the MPA is strongly involved in the development of hydrogen 
technology. At the beginning several R&D projects were the biggest part of MPA’s testing 
business in hydrogen technology. One of the major projects was the Euro Québec Hydro 
Hydrogen Project (EQHHPP, 1986-1997) with more than 20 international participants 
(companies and institutions), one of them the MPA. The aim was to demonstrate that 
Canada’s huge hydropower resources are able to cover a part of the energy consumption in 
Europe. As shown in Figure 1 hydropower should be used to produce electricity which could 
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be used for the production of gaseous hydrogen via electrolysis of water in Canada. Finally 
the liquefied hydrogen should be transported to Europe via ship and distributed and used in 
different ways. MPA’s contributions in that project were related to the development of a 
vessel (Figure 2) to store the produced liquid hydrogen. Hence the 

- Temperature distribution and the stresses in the tank support structure due to the relevant 
loading were calculated by a finite element-analysis and 

- Investigations of the strength and deformation behaviour of materials for tie bars (Z 6 NCT 
DV 25.15 / X 5 CrNiTi 26 15) and the inner vessel (X 2 CrNi 19 11) at relevant temperatures 
down to 4 K were performed at MPA. 

Some of the results of calculations and measurements are shown in Figure 3 and Figure 4. 

Another huge project supported by MPA was performed between 1989 and 1998 at the 
Universität Stuttgart. It was called “Sonderforschungsbereich 270 - Wasserstoff als 
Energieträger” (Hydrogen as an Energy Carrier, supported by DFG) and was found to 
improve the knowledge about the electrochemical production of hydrogen using different 
methods on one hand and to look for efficient hydrogen storage methods on the other hand. 
Of course typical pipeline steels and the influence of the (hydrogen-) gas purity were 
investigated according to hydrogen transport using the existing gas grid. These 
investigations were performed at the MPA with numerous tensile tests and a great number of 
measurements of fracture toughness and fatigue crack growth rates. Pressurized pure 
hydrogen, hydrogen gas with well-defined impurities as well as pressurized inert gas were 
used to fully characterize the pipeline steels at the MPA. 

Following this project the MPA was involved in two R&D projects (supported by AVIF, last 
one finished in 2010) with respect to the collection of materials data for the engineering of 
hydrogen-exposed parts for materials of plant construction and engineering. Amongst other 
things numerous low cycle fatigue tests were performed at different temperatures under 
pressurized hydrogen during these projects. 

Today the evolution of hydrogen technology has led to an increased interest of the industry 
for materials testing under hydrogen atmosphere for their own interest. Consequently the 
amount of industrial orders for materials testing related to hydrogen has increased and is 
beside R&D projects the next important business of the MPA at the moment. 

In order to satisfy the claims of hydrogen technology the MPA is currently preparing the 
installation of new testing equipment within the scope of a federal-supported project. Beside 
the existing testing facilities in liquid and gaseous hydrogen, materials testing under 
pressurized hydrogen up to 100 MPa will be possible at MPA in the future. Materials 
qualification for e.g. fuel cell systems will no longer cause a problem and will enable the MPA 
to be a part of the evolution of hydrogen technology in the future. 

 

504



 
Figure 1: Scheme of the energy production and distribution in EQHHPP [3] 
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Figure 2: Model tank for transport of liquid h ydrogen with pillar from FE model at its  
tank position [MPA picture library] 
 
 

 
Figure 3: Pillar: Temperature distribution (left) and deformation due to temperature 
distribution (right) [4] 
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Figure 4: Stress-strain curves (top), Load-Load line displacement curves (middle) and  
J-R curves (bottom) of the inner v essel material at temperatures similar to the service 
conditions [5] 
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Introduction 
 
Increasing efficiency in power generation plants at constant output level results in a reduction 
of the specific fuel consumption and environmental emissions. 
 
Increasing plant efficiency at the design stage of new power generation units has been 
theoretically and practically predetermined by the construction of supercritical units. The 
limits of the steam parameters are thereby only set by the available high-temperature 
materials for steam generators (evaporator walls, end of superheater surfaces, heaters and 
live steam lines) and the high pressure section of the turbines. Here, the development 
towards even higher operating temperatures depends on more innovative materials. The 
development will surely progress further, although likely to experience setbacks.  
 
Today's supercritical power generators for lignite are laid out with a net efficiency of 43 %. 
The power consumption constitutes approx. 2 % of the gross efficiency of 45 %. After fouling 
of the heating surfaces starts and the effects of deviations from the optimal operating 
conditions (which are set at the time of acceptance test) have set in, the actual operation of 
the plant will continue at an increasingly lower level of efficiency. The same suboptimal 
condition can be observed in all power generating facilities world-wide. The activation of 
these reserves would serve as a major contributor to global environmental protection by 
reducing emissions and lowering lignite consumption. 
 
This potential for efficiency increase can be found in all power generating facilities. The 
efficiency of the plants is usually determined once a month based on operational 
measurement data by power plant economists in a balance sheet report and passed through 
corporate levels to the management. Within the corporation, the heat rate of each individual 
plant is determined and ranked in order to optimally structure the utilization of the plants in 
the plant dispatching department. The approach of closing the monthly balances for the 
determination of heat values (i.e. with which correction factors) is rarely questioned within the 
corporation. 
 
It is often forgotten that the incorrect determination of the power plant KPI (Key Performance 
Indicator) due to using more or less erroneously determined correction factors makes 
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exploiting the efficiency increase potentials impossible. This has a direct impact on economic 
and environmental objectives of the company. 
This paper describes the approach in assessing and realizing potentials for increasing plant 
efficiency in operational plants based on closing mass, energy and material balances with an 
accuracy of 10-6 within the reconciliation procedure.  
 
Reconciliation (validation) of operational data 
 
The fact that operating values are affected by different errors has been sufficiently 
documented [1]. Furthermore it is a widely known fact that balances based on operational 
data cannot be closed without applying correction factors. These facts led to the creation of a 
VGB Working Group, which has been working on the development of a guideline for the 
reconciliation of operational measurements. As a theoretical basis, the VDI 2048 guideline 
[2, 3, 4] was used. The VGB guideline was adopted in summer 2011 and published [5]. 
 
The reconciled data is determined using a reconciliation model of the power plant [6]. 
Reconciled values are products of mass-, energy- and element balances closed with an 
accuracy of 10-6. The reconciled data is implemented into the plant process control system 
(approx. 60 control values per plant unit) via the introduction of correction factors, which are 
calculated in compliance with the VDI 2048 quality criteria during the reconciliation process 
and integrated into each control parameter. It should be noted that emission control values 
are not corrected because they are based on chemical processes and often generate 
arbitrary and non-systematic errors due to fouling at the measuring points. The correction of 
the control values lead to efficiency improvements of 0.1 % up to 1.5 %. The lower level of 
 = 0.1 % is guaranteed through the application of data reconciliation. The upper limit of the 
improvements can be achieved mainly in industrial plants. 
 
Continuous determination and visualization of the "actual" plant efficiency 
 
The online application of this VGB guideline in a lignite-fired power station facilitates the 
tracing of plant efficiency at intervals of 15 minutes. The trend of these values is depicted in 
FIGURE 1. The recorded efficiency data from July 2010 to June 2011 indicates an efficiency 
oscillation band of approx. 3.3 %. For a 200 MWe unit, this translates into opportunity costs 
of € 4.68 million per year, see TABLE 1. The phase of the work until this curve is determined 
is called the audit phase of the project. During this phase, the "actual" operating parameters 
are generated. Reconciled process data is the basis for the determination of the efficiency 
rate.  
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FIGURE 1: Online plant efficiency / condenser pressure monitoring with ProcessPLUSTM [7] 
 

Fossil
Benefit in € p.a.

1 Fuel usage 2,104,001 [CoalPrice]*[CoalCons]*[OpHours]*[FuelDecr]
2 Auxiliary consumption 37,760 [AuxCons]*[MWPrice]*[OpHours]*[FuelDecr]
3 CO2 Emissions 2,404,165 [CO2Emis]*[CO2Price]*[OpHours]*[FuelDecr]
4 Ash & slag deposit costs 134,696 [A&SDepo]*[A&SDepoC]*[OpHours]*[FuelDecr]

Sum 4,680,622

BTB ASSUMPTION 15.65 €/t Lignite CoalPrice
MARKET 16.50 €/t CO2 EEX CO2Price
INFO CEZ 3.66 €/t Ash/slag depository A&SDepoC
RECONCILED 87.16 % Boiler efficiency
RECONCILED 35.15 % Overall plant efficiency (net)

ASSUMPTION 3.30%

Plant efficiency increase through 

Process Plus TM

ASSUMPTION 9.3883%

Decrease of fuel usage through 

Process Plus TM FuelDecr
ASSUMPTION 8000 h/a Baseload plant operation OpHours
RECONCILED 179 t/h Lignite consumption CoalCons
RECONCILED 49 t/h Ash & slag deposits A&SDepo
RECONCILED 194 t/h CO2 emissions CO2Emis
RECONCILED 16 MW auxiliary consumption AuxCons
MARKET 59.00 €/MWh Baseload EEX 2011 MWPrice
RECONCILED 200 MWe
Decreased Fuel Consumption 9.39%

Decreased auxiliary power 0.50%  
TABLE 1: Calculation basis for the determination of opportunity costs 
 
 
Assignment of efficiency oscillation to individual plant areas 
 
In FIGURE 1, the condenser pressure (which is directly related to the cooling water 
temperature) is indicated over the time period from January 2011 to June 2011. The trend of 
the two values shows that the influence of the condenser pressure on plant efficiency is not 
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grave even though an influence exists. The search for the cause of the variation in efficiency 
over time therefore needs to be conducted in the plant itself. The total range of variation of 
3.3 % is made up of two components, see FIGURE 2. The first component is a basic 
variation of 2.3 % and the second, a superimposed fluctuation of about 1 %. The basic 
variation is caused by operating the plant in different operation modes (additional steam 
consumption in the plant) and plant fouling (heating surfaces in the flue gas system and in 
the water-steam cycle). The superimposed high-frequency fluctuation is caused by variations 
in the combustion process (adjustment of burner, operation of coal mills etc.). 

Plant efficiency (gross) / condenser pressure
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FIGURE 2: Individual influences on the reduction of efficiency amplitude 
 
The identification of individual influences will lead to a conscious optimization of the plant. 
This phase of the project is called the optimization phase.  
 
 
Future outlook 
 
Assuming that an amount of 0.8 t of lignite with a calorific value of 11,000 kJ is necessary to 
generate 1 MWh of power, a reduction of the efficiency amplitude by 0.1 % during 
8,000 hours of yearly operation has effects on coal consumption in lignite power plants of 
select operators as described in TABLE 2.  
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Utility Country
Installed capacity lignite 
power plants [MW] lignite /MW [t/MW] Lignite / hour [t/h]

Decrease of lignite 
consumption / 0.1 % 
efficiency increase [-]

Decrease of 
lignite 
consumption [t/h]

Operation hours / 
year [h/a]

Decrease of lignite 
consumption / year 
[t/a]

RWE DE 10607 0.8 8485.6 0.285% 24.18 8000 193,472
CEZ CZ 6583 0.8 5266.4 0.285% 15.01 8000 120,074
DEI GR 5496 0.8 4396.8 0.285% 12.53 8000 100,247

Utility Country
Decrease of lignite 
consumption / year [t/a]

Price lignite (estimated) 
[€/t] Price CO2 (EEX) [€/t]

Financial potential from 
decreasing lignite 
consumption after 0.1 % 
efficiency increase [€/a]

RWE DE 193,472 25 16 7,932,339
CEZ CZ 120,074 15.65 16 3,800,340
DEI GR 100,247 15.65 16 3,172,819

Utility Country

Financial potential from 
decreasing lignite 
consumption after 0.1 % 
efficiency increase [€/a]

Conservative potential 
of efficiency increase 
(50 % von 2.6 %)

Financial potential from 
decreasing lignite 
consumption after 1.65 
% efficiency increase 

RWE DE 7,932,339 1.65% 130,883,592
CEZ CZ 3,800,340 1.65% 62,705,603
DEI GR 3,172,819 1.65% 52,351,510  

TABLE 2: Quantification of potentials after introduction of data reconciliation  
 
The amount of lignite corresponds approximately to the amount of CO2 emissions. Thus a 
reduction of  = 0.1 % at today's prices for lignite (about € 25 / t) and CO2 emissions 
charges (€ 16 / t) would result in cost savings at RWE in Germany of approx. € 7.93 million / 
year, at CEZ in the Czech Republic (lignite = € 15.65 / t, CO2 ~ € 16 / t), approx. € 3.8 million 
/ year and DEI in Greece (lignite € 15.65 / t, CO2 ~ € 16 / t), approx. € 3.17 million / year. 
 
If only half of the targeted reduction in efficiency amplitude indicated in FIGURE 2 of 
 = 3.3 % (1.65 %) were reached, then 
 

RWE  193 472 t / a x 1.65 % / 0.1 % = 3 192 288 t / a 
CEZ  120 074 t / a x 1.65 % / 0.1 % = 1 981 221 t / a 
DEI  100 247 t / a x 1.65 % / 0.1 % = 1 654 076 t / a 

 
less CO2 would be emitted into the atmosphere. 
 
The monetary impact on the balance sheets would then improve for RWE by € 130.88 
million, for CEZ by € 62.71 million and for DEI € 52.35 million.  
 
The approach in plant operation which decreases efficiency amplitudes can be described as 
the sustainability phase. 
 
The above calculated amounts represent an improvement of the utilities balance sheets and 
the environmental impact and can be achieved with a relatively low investment.  
 
In order to conduct a successful project, it is imperative to increase awareness among plant 
operators and engineers. 
 
 
Conclusion 
 
The consistent application of the various data reconciliation phases - audit phase, 
optimization phase and sustainability phase - leads to the identification and exploitation of 
existing potential and a sustainable improvement of power plant efficiency. The introduction 
of data reconciliation has a positive effect on economic and environmental objectives of the 
utility company. 
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Abstract 
 

Safe operation, availability and lifetime assessment of piping systems are of utmost concern 
for plant operators. The use of tuned mass dampers is a rather new approach for reducing 
vibrations to avoid high cycle fatigue in a large chemical piping system. 

The investigated piping system is supported by a tall structure fixed at the base. As a result, 
the steel building stiffness decreases with height. Furthermore large piping-elbow forces act at 
the top of the building, which lead to large vibration amplitudes. Since both piping system and 
supporting structure exhibited these large vibration amplitudes, dampers or shock absorbers 
placed between them would prove ineffective. Therefore, special vibration absorbers were 
developed for such piping systems. 

The paper presents the design process, starting with an extensive system investigation up to 
the passive multi-axial vibration absorber design parameters. This includes: 

 Laboratory tests with a mock-up pipe system, where the first design ideas for new 
passive vibration absorbers were investigated. 

 Vibration measurements were carried out to investigate the current state of the 
vibration behaviour. 

 The piping system was inspected; strain gauges were used to identify stress 
concentrations at welds and other notches due to ovalization. 

 Finite element calculations were performed, first as a combined beam and shell model 
for the pipe without the support structure. 

 A detailed model for the combined steel construction and pipe system was created. 
 Model-updating was done to fit the calculated model to the experimental modal 

analysis data. 
 Loading assumptions describing excitation forces from the mass flow were checked. 
 Harmonic frequency analysis was performed. 
 On the basis of these calculations design parameters for the passive vibration absorber 

were determined. 

Finally, a solution for the design of two passive vibration absorbers will be presented. 
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1 Introduction / Motivation 
 
An industrial piping system exhibits large vibrations in the upper region. Therefore integrity 
assessments, investigations on the vibration behaviour and on possible corresponding failure 
mechanism are of utmost concern. The overall goal is to control the vibrations and to find 
constructive measures for reducing the vibration amplitudes to avoid 
• Nozzle cracks, 
• Leakages and 
• Cracks in instrumentation nozzles. 
To achieve this goal a large number of measures such as measurement campaigns, 
corresponding calculations for understanding the system behaviour and design calculations for 
vibration absorbers have been carried out, reported herein. 

2 Use of dynamic vibration absorbers 
Dynamic vibration absorbers, also call tuned mass dampers (TMD) are often used, e.g. [1], to 
reduce the response of a vibration system to dynamic excitations and to increase the internal 
damping of an otherwise low damped vibration system. By attaching an auxiliary mass to a 
vibrating system by spring and damping devices absorber effects can be utilized, figure 1. By 
vibrating out of phase with the vibration main system counteracting forces are developed and 
energy is dissipated. 

 

Fig. 1: General effect of a vibration absorber - also called tuned mass damper (TMD) 

Today dynamic vibration absorbers can be found in easily excitable structures as street and 
pedestrian bridges, terraces, chimneys or long-span floors. When excited with frequencies 
close to a natural frequency these usually slightly damped structures respond with large 
deflections, which are often sensed as uncomfortable, but which are sometimes also 
dangerous and service life reducing. Large piping systems in power or industrial plants are 
also slightlydamped, highly flexible and complex structures. The increase of system damping 
is often the only efficient way to reduce system responses to all kinds of dynamic excitations. 
Viscous dampers are often used for this purpose but they require a stiff support point. 
Especially in tall piping structures these stiff supports are missing and therefore the use of 
passive dynamic vibration dampers with efficient damping capability is a promising approach 
to increase system damping and to solve the vibration problems in these systems. In general 
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dynamic vibration absorbers consist of a 
mass that is elastically connected to the 
main structure by springs or pendulum 
systems. Additional dampers acting in 
parallel to the springs or pendulums 
dissipate the vibration energy and widen 
the working range of these elements, 
figure 2. In case of large structures and 
depending on the critical mode shape to be 
dampened several absorbers can be 
installed along the structure to work in 
parallel.  

Fig. 2: General design of a vibration absorber 

3 Mock-up tests with vibration absorbers 
Within [2] and [3] different kinds of support components were mounted onto a mock-up and 
investigated by several project partners. Only one test series will be reported herein, namely 

 Vibration analysis of the system without damping from vibration absorber and 

 Vibration analysis using a newly developed passive vibration absorber.  

The system consists of one fully clamped support at the anchor plate and a sliding support 
constructed by means of two vertical struts. The construction is shown in figure 3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3: Mock-up system for vibration tests with and varying boundary condition 

 

The main features of a first rough finite element (FE-) model are that the whole system with its 
nominal piping diameter and the quadratic anchor-plate which is mounted onto the mounting 
plate with 4 anchors was modelled altogether with 3D-Volume tetrahedron-elements by using 
the Finite Element Program ABAQUS. The first six calculated eigenfrequencies and 
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Mode 5 (hor.) 

Mode 6 (vert.) Mode 4 
(vert.) 

Mode 1 
(hor.) 

Mode 2  
(vert.) 

Mode 3 
(hor.) 

corresponding mode-shapes are given in figure 4. Within this calculation a concentrated mass 
for the MPA-shaker was taken into account. 

Fig. 4:   First FE-model, Modes 1 to 6 
 

For time history dynamic integrations a new FE-model was created with extended beam 
elements so called EL-BOW31-elements of the ABAQUS element library which take into 
account cross section ovalization. The element-length is about 20 mm. The whole system was 
modelled with these elements. Therefore also the decays of the ovalization in adjacent beams 
following an elbow are taken into account as well. The conical cross section close to the 
mounting was divided into 5 beam elements.  

The torsion stiffness of the pipe connection to the ground at the anchor-plate which itself is 
mounted to the concrete-mounting plate of the laboratory by 4 anchors was idealized by two 
torsion springs in the direction of the in-plane and out-of-plane bending moment at the 
connection point of the pipe. These torsion springs and the pipe wall thicknesses - simulating 
the deviations to the nominal wall thicknesses - were the main parameters of the model-
updating process.  

The measurement data of table 1 represents as well the free vibrating system without damping 
from the vibration absorber but including the mounted MPA-shaker with a mass of 65 kg. The 
modal data was evaluated by means of Endevco accelerometers Type 7754-1000 and LMS 
Test.Lab 6A Operational Modal Analysis. The deviations between Snap-Back Test results and 
Impact Hammer Excitation results were less than 1%. Therefore mean values of test series 
are given. All mode shapes correspond with the above mentioned calculated modes.  

A comparison of measurement data with both, the updated Elbow-Element Model and the first 
design calculation for the system including a shaker mass of 65 kg is given in table 1.  

Measurements and calculations correspond well, with the only exception of the out-of-plane 
mode 5 of the ELBOW-Model. 

The principal design of the newly developed passive vibration absorber (TMD, tuned mass 
damper) for piping consists of a cantilever beam with a concentrated mass at the end, 
vibrating in a cylinder. The vibration velocities are damped by a special fluid within the cylinder 
as sketched in figure 5. The bending eigenfrequency depends on the stiffness of the member 
which in turn depends on the free and vibrating length L. For tuning purposes this length L is 
adjustable. 
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Mock-Up system without damper but 
with MPA-shaker 

Mode Measure-
ment *) 

Elbow-
Element 
Model 

Volume- 
Element 
Model 
(fig. 4) 

Type 
of 

Mode 

No. [Hz] [Hz] [Hz]   

1 1.50 1.50 1.38 Hor. 

2 5.54 5.55 5.44 Vert. 

3 7.17 7.17 6.92 Hor. 

4 8.66 8.74 8.62 Vert. 

5 10.72 11.10 10.63 Hor. 

6 23.64 23.60 23.61 Vert. 

 *) Mean value from snap-back and impact tests 

Table 1: Comparison Measurement – 
updated FE-model, mock-up system 
without any damping components 

 

 

 

 

 

 

 

 

 

 

Fig. 5: Principle design of installed TMD 

For energy dissipation the 
vibrating mass of the 
dynamic absorber moves in 
a highly viscous fluid. The 
absorber can be attached to 
the pipe in every position 
and the direction of the 
absorber vibration adapts 
itself to the motion of the 
pipe.  

Two different mounting 
positions of the vibration 
absorber (horizontal and 
vertical) on the mock-up 
close to the second elbow 
were investigated during the 
laboratory experiments. The 
situation with the 
horizontally mounted 
vibration absorber is shown 
in figure 6. 

  Fig. 6: Mock-up system with mounted vibration absorber 

The results of the two manually driven sine-sweep excitation tests up to 480 rpm (second 
vertical natural frequency) and afterwards down to zero are shown in figure 7. The results of 
the blue (horizontal) position are given by the blue line, the results of the yellow (vertical) 
position by the yellow line. The pink line represents the system response without vibration 
absorber. The results of figure 7 show predominantly vibration absorbing regarding the 
frequency range of Mode 2. Also much more energy absorbing effects are observed when the 
absorber is mounted in the ‘blue’ position. Mode 2 has larger vertical displacements than 
horizontal in this region. 

L 

Piping 

 

Vibration absorber 

Pipe 
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Fig. 7: Results of sine-sweep tests with two different mounting positions of vibration absorbers 

 

Figure 8 shows a comparison of snap back tests with and without damper. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8: Mock-up with (green) 
and without (red) vibration 
absorber 
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FE: 

1. In-plane:  25.3 Hz

1. Breathing Mode:  29.4 Hz

MP 3

FE: 

1. In-plane:  25.3 Hz

1. Breathing Mode:  29.4 Hz

MP 3

Vibration measurements 
with accelerometers and 
seismic transducers 

Predominant Building Modes

Predominant Piging Modes

2 Hz: also range of first building mode during shut-down (May 2006)

Predominant Building Modes

Predominant Piging Modes

Predominant Building Modes

Predominant Piging Modes

Predominant Building Modes

Predominant Piging Modes

Predominant Building Modes

Predominant Piging ModesPredominant Piging Modes

2 Hz: also range of first building mode during shut-down (May 2006)2 Hz: also range of first building mode during shut-down (May 2006)

Predominant Piping Modes 

 Predominant Piping Modes 

 

Resonance excitation  

0        5         10       15       20       25    [Hz]        35        40       45 

First Building Mode: ~ 2 Hz 

Predominant Couple Piping and Building Modes 

 

4 Identification of the vibration behaviour at the investigated large 
scale piping system 

 

After laboratory studies on the behaviour 
of the newly developed piping vibration 
absorbers were finished, the challenge 
arose to design them for plant installation. 
Since the upper part of the plant has 
much less rigidity, because cross sections 
of the steel structure are smaller and the 
top part even rises above the structure, 
see figure 9, the idea with vibration 
absorbers came up. The piping system is 
not covered by a building and so it is 
subjected to weather conditions like 
heavy storms near the North Sea and of 
course temperature changes. All these 
conditions lead to stochastic vibration of 
the plant, which cannot be controlled 
easily by commercially available damping 
elements. 
 Fig. 9: Piping System and Steel Construction 

 
Therefore, strong requirements exist on 
the design of vibrations absorbers. Also 
extensive investigations of the whole 
plant system and measurement 
campaigns have been carried out.  

The Piping System was inspected often 
and in detail. To understand failure 
mechanisms, endurance limit load tests 
on plane specimens of the special 
material applied – not presented here but 
in [3] - were performed.  

First, of all, vibration measurements 
were carried out to investigate the overall 
vibration behaviour and the current state 
of the system. With the experience of [4-6] 
the structural vibration behaviour was 
detected by seismic transducer and the 
piping vibration behaviour by 
accelerometers including operational 
modes. Interactions between piping and 
steel construction, figure 10, were found. 
The interesting mode, a coupled piping-
building mode which shows resonance 
effects, lies in the vicinity of 10 Hz with 
mostly in-plane movements of both upper 
elbows.  

 

Fig. 10: Vibration measurements on the whole system
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Q1 

Q2 

 

Strain gauges, 
figure 11, were used 
to identify stress con-
centrations of the 
pipe at connections 
to the structure (cross 
section Q1), on welds 
and other notches 
due to ovalization 
(cross section Q2). 

Fig. 11:  Strain gauges measurements at cross-sections Q1 and Q2, 
measurement point MP7 in the flank of Q2 

Altogether, the dynamic portion 
of the experimentally determined v. 
Mises equivalent stress is rather 
small. The  largest amplitude with a 
time period slightly above 0.1 s 
corresponds to the result of a first 
finite element (FE-) calculation, 
figure 12, with a combined beam 
and shell model for the pipe without 
modelling the whole building. A 
calculated mode shape below 10 Hz 
subjected to a horizontal movement 
of < 1 mm at the elbows predicts v. 
Mises stresses due to ovalization 
close to the measured ones. 

Fig. 12: Predicted stress concentrations by FE-calculation 

 

Since the building structure has 
a large number of coupled modes 
with the pipe, especially in the upper 
part of the whole system, a sizeable 
FE-model was created considering 
interaction between piping and 
building. It is impossible to model 
the building with all details and 
connections to other buildings. Thus, 
a typified model, figure13, with 
almost all important load carrying 
girders and dead loads of vessels 
was created which matched the first 
5 mode shapes of the whole 
structure. 

 

Fig.13: FE-model considering interactions between piping and building 
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Before designing the vibration 
absorber additional vibration 
measurements were carried out only 
regarding the top of the piping 
system because some boundary 
conditions had changed in the 
meanwhile and some seismic 
transducers during former 
measurements were sometimes out 
of range. A plan for vibration 
measurements on the basis of FE-
calculations was created. These 
additional measurements were 
performed with accelerometers only, 
figure 14. The measurement point at 
the highest location is MP47.  

Fig. 14: Final vibration measurements at the region of 
interest, blue: accelerometers mounted to the 
pipe, orange: mounted to the steel girders 

 

Long-term measurements allow calculating the average and variance of the vibration 
signals and a clear identification of the relevant frequencies of the system investigated. 
Acceleration spectra of interesting points are given in figures 15-17. 

The highest vibration level occurs at MP21 and MP47. The results of MP3 mounted to the 
pipe and MP43 mounted to the steel construction in the vicinity of MP3 are quite similar in the 
frequency domain up to 30 Hz. This underlines that vibrations of coupled modes - piping and 
steel construction – are subjected to damping. All these measurements were carried out 
during 100% operation of the plant. For visualization of corresponding mode shapes the 
normalized amplitudes of the modes were impressed as static load to the FE-net, figures 18-
20. The mode shape shown in figure 18 resp. figure 19 is the mode shape with the highest 
resonance effect of the upper two elbows regarding corresponding displacements. Figure 21 
shows the calculated mode shape at 11 Hz from the finite element model of figure 13 
corresponding to the measured one at 10 Hz of figure18. 

   

 
Fig. 15: Spectrum of accelerations, MP21, x-direction 
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Fig. 16: Spectrum of accelerations, MP3, x-direction 

 
Fig. 17: Spectrum of accelerations, MP43, x-direction 

Fig. 18: During 100% operation, measured 
operational mode: 9.75 Hz 

Fig. 19: During 100% operation, measured 
operational mode: 9.75 Hz (from 
above) 
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 During Operation: excitation due to 
elbow forces caused by mass flow and 
internal pressure

Resonant excitations specially in the 
range around 8-10 Hz, why?

fExc = 3.9 HzfExc = 9.7 Hz

t  = 0.26 st  = 0.103 s

V = 4.52 m/sV = 11.3 m/s

Q = 0.56 m³/sQ = 1.39 m³/s

Density 500 kg/m³Density 200 kg/m³

fExc = 3.9 HzfExc = 9.7 Hz

t  = 0.26 st  = 0.103 s

V = 4.52 m/sV = 11.3 m/s

Q = 0.56 m³/sQ = 1.39 m³/s

Density 500 kg/m³Density 200 kg/m³

X = 1.16m

Mass flow: 1000t/h 
= 278 kg/s

Assumption:

Q = V·A

t  = ?
X = 1.16m

Mass flow: 1000t/h 
= 278 kg/s

Assumption:

Q = V·A

X = 1.16m

Mass flow: 1000t/h 
= 278 kg/s

Assumption:

Q = V·A

X = 1.16m

Mass flow: 1000t/h 
= 278 kg/s

Assumption:

Q = V·A

X = 1.16m

Mass flow: 1000t/h 
= 278 kg/s

Assumption:

Q = V·A

t  = ?

Increase of V 
(mass flow) might 
be conservative

Increase of V 
(mass flow) is not 
conservative

F (t = t1) F (t = t2) 

 

 
Fig. 20:  During 100% operation, measured 

operational mode: 13.5 Hz 

 
Fig. 21:  Calculated mode at 11Hz 

 

5 System identification and design calculations for tuned mass 
dampers (TMD) 
In a first step model-updating was done to fit the calculated model to the experimental 

modal analysis data. Taking into account some more construction details such as stiffness of 
nodes of the skeleton framing and masses of gratings, balustrades and heavy girders carrying 
only cables in the finite element model of figure 15 finally brought about a reasonable 
correspondence between the experimentally determined and calculated mode shapes 
regarding the region of interesting resonance frequency at 10-11 Hz, compare figure 21 with 
figure 18. 

Furthermore, the understanding of the resonance excitation was of interest. Load 
simulations were created to describe the mass flow excitation.  

Figure 22 explains an approach for possible 
excitation-forces acting at the upper elbow: 
Unbalanced forces act to the pipe at the elbows 
due to the mass-flow (plug-flow) at t =t1 and t = 
t2. If the time duration t = t2 - t1 of the mass flow 
between the turn-around points is given by the 
distance x of the centreline and the velocity V, 
the frequency of the acting excitation force was 
calculated with a frequency of 9.7 Hz 
corresponding to the flow rate Q [m³/s] at this 
level. This explains the measured resonant 
excitation at around 10 Hz. 

 

 

Fig. 22: Approach for possible acting excitation-
forces at the upper elbow 
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 Frequency of the main system fH [Hz] 11.0

Concentrated mass mH [kg] 7000

Mass ratio µ 0.05

Absorber mass mt [kg] 2 x 175

Absorber stiffness kT [N/m] 2  x 760000

Absorber damper cT [Ns/m] 2 x 2900

Damping ratio DT 12.7%

By means of the updated model harmonic frequency analysis was performed, on the basis 
of these calculations design parameters for the passive vibration absorber were determined as 
explained hereafter. The mathematical back-ground for a SDOF (Single Degree Of Freedom) 
tuned mass damper is given in [7 and 8]. Figure 1 shows the effect of an optimized tuned 
mass damper nominated herein as vibration absorber. The optimum damping ratio [7] 
becomes 

  (1) 

The final frequency of system including vibration absorber yields 

, (2) 

where mT denotes the absorber mass, mH stands for the concentrated mass of the upper 
vibrating system. fH is the eigenfrequency of the system without vibration absorber. 

The design parameters were calculated by means of the updated model of the FE 
calculation. Measurement locations MP3 and MP4, figure 14, were chosen as locations for the 
vibration absorber installation in the FE-Model. The frequency response spectrum in figure 23 
shows the response in x - direction due to uniform force excitation in x-direction (1 N) at the 
top of the piping system without vibration absorber. 

 

 
Fig. 23:  Frequency response in x - direction due to uniform force excitation in x-direction (1 N) 

at the top of the piping system 

With the finally chosen calculation 
parameters from table 2 the system 
response regarding uniform force 
excitation in x-direction at the top of the 
piping system for the case with two 
vibration absorbers of mT = 175 kg tuned 
at 11 Hz leads to the spectrum 
presented in figure 24. The predicted 
amplitude reduction has the factor of 1/6 
in the range of 10-12 Hz as it is 
described in this figure. Table 2: Pre-calculation design parameters 
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Fig. 24: Frequency response due to uniform force excitation in x-direction at the top of the 

piping system for the case with two vibration absorbers of mT = 175 kg tuned at 
11 Hz leading to reductions of amplitudes by the factor of 1/6 

From these calculations finally a solution for the design of a passive vibration absorber 
has the following main features:  

• Total mass: max. 330 kg    

• Vibrating mass: 175 kg 

• Max. displacement: ± 1.0 mm    

• Operational amplitude : ± 0.2 mm 

• Frequency: 8.7 Hz +/- 0.1 Hz  

(taking into account the reduction of eigenfrequencies of the system according to the mounted 
absorbers masses) 

6 Final design of passive vibration absorbers for the investigated 
piping system 
Piping systems are complex 3-dimensional structures usually with many and complicated 

mode shapes. The design of a dynamic vibration absorber has to consider the specific 
requirements of the piping systems in question and should enable easy and safe installation.  

The optimal mounting location in regard to vibration reduction is not always available. 
Therefore the dynamic absorber should work in many positions.  

The selected design works analogous to the mock-up test with a defined mass that is 
connected to a member. The bending eigenfrequency depends on the stiffness of the member 
which in turn depends on the free and vibrating length. For tuning purposes this length is 
adjustable, figure 5. 

For energy dissipation the vibrating mass of the dynamic absorber moves in a highly 
viscous fluid. The absorber can be attached to the pipe in every position and the direction of 
the absorber vibration adapts itself to the motion of the pipe. 

Vibrating mass, stiffness and damping were chosen in accordance to known optimization 
criteria for harmonic and random vibrations. Based on measurements and finite element 
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calculations the modal or resonant mass of the 
structure was determined. With a mass ratio of 5 % the 
total vibrating mass of the absorber was 350 kg. The 
optimal damping ratio of the absorber is about 11%. 

In the discussed case two absorbers with half the 
required vibrating mass were designed to minimize the 
additional weight attached to one point of the pipe, 
figure 25. 

 

 

 

 

 

 

Fig. 25: Mounting situation of the left vibration absorber 

7 Summary and conclusion 
Safe operation, availability and lifetime assessment of piping are of utmost concern in an 

operating plant. The investigated piping is supported by a tall structure fixed at the base. As a 
result, the steel building stiffness decreases continuously in height. Furthermore large piping-
elbow forces act at the top of the building, which lead to large vibration amplitudes in the area 
of 10 Hz where coupled piping-building resonance excitations occur. Since both piping system 
and supporting structure exhibited these large vibration amplitudes, dampers or shock 
absorbers placed between them would prove ineffective.  

Therefore, special vibration absorbers were developed for such piping systems. The 
feature of this special vibration absorber for piping consists of a cantilever beam with a 
concentrated mass at the end, vibrating in a cylinder. The vibration velocities are damped by a 
special fluid within the cylinder. The bending eigenfrequency depends on the stiffness of the 
cantilever beam which in turn depends on the free and vibrating length L, figure 5. For tuning 
purposes this length is adjustable. The absorber can be attached to the pipe in every position 
and the direction of the absorber vibration adapts itself to the motion of the pipe. A prototype of 
this vibration absorber was tested at the laboratory of MPA Stuttgart with success.  

Root cause analyses of the large vibrations at the piping system such as thorough 
measurement campaigns and detailed FE-models updated by operational modal analysis data 
brought about a system-identification and an understanding of the resonance effect. On this 
basis a reasonable design for two vibration absorbers connected to the piping in the upper part 
of the structure was found, table 2 and figure 25. 
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Abstract 
The investigation of the probabilistic aspects of specific material parameters is by its nature 
done on behalf of finite data samples.  Analysing this data samples means trying to quantify 
the underlying distribution function.  In doing this, two problems must be faced: which is the 
probability distribution best suited to the data and what is the confidence that one can have 
regarding the resulting distribution function parameters. 

Especially the confidence aspects of our questions are strongly related to the scatter within 
the investigated data sample.  The problem here is to detect whether a large scatter detected 
on a data sample is inherently existent or just the result of uncertainties due to small data 
samples and/or systematic errors resulting in biasing effects. 

Since a large scatter results in accordingly large safety factors, the tendency is to usually 
reduce this scatter.  Also, the effects of the scatter with respect to the system under 
investigation must be analysed in order to be able to determine safety margins which are 
problem specific, but not over-conservative. 

1 Statistical analysis considerations 
Lifetime management considerations are often related to taking into account the probabilistic 
nature of properties and parameters. The probabilistic characterisation of such parameters is 
then commonly done by first assessing the statistical properties of the investigated 
parameter and then trying to identify the probability distribution which is best fitting the 
observed behaviour. In fact, the complexity of the statistical inference drawn from the 
population/sample depends on the task to be performed, but within lifetime management it is 
expected to encompass the whole complexity range, using not only the rather simplistic 
descriptive statistics (non-parametric approach), but also including fully parametric statistical 
inferences, see e.g. [1], [2]. In the latter case, the most relevant aspects one has to deal with 
are, as already mentioned, related to finding the appropriate distribution function for the 
random variable under consideration. 

Table 1 shows the statistical values commonly used within probabilistic assessments, along 
with a short description of its statistical model classification. 

 

 

Descriptive Statistics 

Sample Size General

Sample Min. Dispersion

Sample Max. Dispersion

Sample Range Dispersion

Sample Mean. Dispersion

Sample Std. Dev. Dispersion

Mode(s) Central Tendency 

Median (= Q2 / p50) Central Tendency 

Quartiles (Q1, Q3) Central Tendency 
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Statistical Inference 

Confidence Intervals for Mean (m)

One-Sided with Upper-Bound Semi-Parametric Frequentist Inference 

One-Sided with Lower-Bound Semi-Parametric Frequentist Inference 

Two-Sided Semi-Parametric Frequentist Inference 

 

Statistical Inference 

Probability Distribution Function

Maximum Likelihood Method Fully Parametric Model 

Goodness of Fit Tests Fully Parametric Model 

 

Table 1: Values commonly assessed by means of statistical analyses 

 

The statistical values listed by now are without exception dealing with univariate distributions, 
i.e. the model considered is that of a single (one-dimensional) random variable. The reason 
for this methodology is not only due to the fact that the statistical analysis is more simplistic 
and better understood for this case, but also because a genuine multivariate statistical 
analysis is de facto rarely required. The rationale behind this statement is that in engineering 
(and hence lifetime management as well) the investigated values are commonly assumed to 
be statistically independent, hence leading to one-dimensional random spaces / univariate 
random variables. 

2 Scatter and uncertainty 
The part of statistical analysis here informally denoted as 'scatter' comprises the descriptive 
statistics fields dispersion and (at least partly) central tendency. Furthermore, the term 
'uncertainty' is for the scope of this article related to the determination of appropriate 
confidence intervals. 

Both terms, scatter and uncertainty, are crucial w.r.t. statistical considerations within the 
domain of lifetime management. Regarding the statistical mean (m) and standard deviation 
(s) from a given sample, there is always the possibility of considering the underlying random 
variable as normally distributed and approximating the corresponding Gaussian distribution 
function by N(m, s) ≈ N(μ, σ). This approximation is often very useful, especially if the 
modelled random variable really has a normal distribution or it obeys one distribution which is 
comparable to the normal distribution. Nevertheless, the assumption of a normal distribution 
must be confirmed if the results of the statistical analysis are used for safety considerations, 
e.g. determining the safety margin(s) of a random variable or the partial safety factors in a 
multivariate case. Proving the correctness of the distribution function is hence, although 
sometimes ignored or omitted, very important and can occur either by referencing some 
known results (covering the property under investigation) or by performing adequate 
statistical goodness-of-fit tests. Regarding the latter case, some expert knowledge is needed 
in choosing the adequate statistical test, because the significance of some test depends on 
the investigated distribution function type. Hereby it must be mentioned that general 
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statistical tests (e.g. 2, Kolmogorov-Smirnov, etc.) have the advantage of being applicable to 
each distribution function without adaption, but at the cost of behaving rather poor in almost 
all cases. Specialised goodness-of-fit tests, like for instance Anderson-Darling, have the 
drawback of needing adaption to the investigated distribution function, but therefore they 
usually provide better, i.e. more significant results. 

In some cases, the goodness-of-fit between the sample data and a specific distribution 
function can be acquired by means of human optical comparison. Hereby, it is common to 
graphically plot the histogram drawn from the sample data and the PDF of the candidate 
distribution function in one and the same diagram. Then, by approximately estimating the 
differences between the curves, first statements/conclusions concerning the distribution 
function of the investigated property can be established. Figure 1 shows a data sample, 
along with the pdf of the normal distribution regressed from this data, where the parameter μ 
was set to the sample mean and σ to the sample standard deviation, respectively. As one 
can easily see, the normal distribution does not fit the data sample very well because the 
histogram is skewed and the outliers within its right-hand side tail are not really conform with 
the initial normal distribution assumption. 

 

 

Figure 1: Comparison of sample data with the regressed normal PDF 

 

The outliers within the data sample have an impact not only on the calculated standard 
deviation, which is an indicator for the amount of scatter within the data, but also on the 
uncertainty related to this data, i.e. the corresponding confidence intervals. Some common 
values concerning scatter and uncertainty, provided by the statistical analysis performed on 
the current data sample, are listed in Table 2). 
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Sample Min.: 79.4 

Sample Max.: 1059.2 

Sample Range: 979.8 

 

Sample Mean, m: 202.764 

Sample Std. Dev., s: 158.278 

 

m Confidence Interval Delta (Two-Sided), d2: 38.9097 

 (m - d2, m + d2): (163.854, 241.673) 

m Confidence Interval Delta (One-Sided), d1: 32.5096 

m Confidence Lower Bound (One-Sided), m - d1: 170.254 

 => (170.254, +inf) 

m Confidence Upper Bound (One-Sided), m + d1: 235.273 

 => (-inf, 235.273) 

 

Table 2: Some common statistic values covering scatter and uncertainties  
within the data sample 

 

3 Distribution function assessment 
For determining the best-fit distribution function, the usual method consists in establishing a 
pre-selection of candidate distribution function classes and then, for each distribution function 
class, calculating an appropriate set of parameter values. The resulting parameter set must 
obey the prerequisite that the related distribution function is best fitting the given data sample 
when compared to other parameterized distribution functions of the same class. This is 
accomplished by using appropriate parameter detection methods, like e.g. the maximum-
likelihood method or other methods from parametric statistics. Figure 2 shows the PDF's 
resulting from the parameter set regression according to methods developed at the MPA 
Stuttgart. In order to be able to compare (at least optically) the outcome with respect to its 
sample fit performance (goodness of fit), Figure 3 shows the regressed PDF's along with the 
histogram generated by means of the sample data. 
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Figure 2: Distribution functions after the (class-based) parameter set regression 

 

 

Figure 3: Regressed distribution functions and related sample histogram 
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In Figure 4, the regressed PDF of the best-fit distribution (according to the performed 
statistical goodness-of-fit tests) is depicted. The concordance between the PDF curve and 
the also depicted histogram seems to be quite good, although the p-values of the performed 
GoF-tests actually indicate a rather poor agreement with the sample data. In fact this is, as 
already mentioned, due to the outliers located within the right-hand side tail of the histogram, 
which are non-typical and have a rather undesired impact on the processes of PDF 
regression and statistical testing. Anyway, despite of these outliers being present, the 
assessment of a suitable PDF yields even in this case a satisfactory result. Nevertheless, 
some aspects of the assessment process exhibit a rather unexpected behaviour, since e.g. 
the shifted PDF with location parameter (logN-3P) is performing worse (according to the 
outcome of the statistical tests) than its counterpart (logN), although one would expect here 
something else. A possible explanation for this fact is that the regression process is more 
complex for a distribution function class with 3 parameters (see e.g. [3]) than that of a similar 
distribution function class with only 2 parameters. However, a clarification of this still 
unexplained behaviour is desirable, but it might imply a thorough analysis of the regression 
process and the investigation of alternative regression procedures, which are both beyond 
the scope of the present work. 

 

 

Figure 4: Best-fit distribution function according to the performed statistical tests 

 

4 Safety assessment with random variables 
For practical purposes, the impact of a randomly distributed variable was investigated within 
the context of fracture mechanics, using the R6-method ([4], [5]) for failure detection by 
means of a failure assessment diagram (FAD). The component used for the case study was 
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a 22NiMoCr3-7 steel pipe (cylinder) having a postulated circumferential through-thickness 
crack. Figure 5 shows the result of a Monte-Carlo (MC) simulation performing 1000 iterations 
drawn from the best-fit distribution function related to the given data sample, namely the Log-
Normal distribution. The result of the Monte-Carlo simulation using the same basic settings 
but based on the regressed Weibull distribution is depicted in Figure 6. According to the 
performed statistical tests, the Weibull distribution is the next best fit of the data sample (up 
to the shifted Log-Normal distribution with location parameter, which has a statistical power 
similar to the non-shifted one), but using the Weibull distribution for modelling the 
components behaviour has a considerable impact regarding its probability of failure. Out of 
the 1000 iterations performed, in the case of the Log-Normal distributed parameter JIc only 2 
events were registered within the unsafe area above the FAD-curve, yielding a probability of 
failure PoF = 2/1000 = 0.2 %. In contrast to this result, the MC simulation based on the 
Weibull distribution produces 25 unsafe events, partly located quite far above the FAD-curve, 
hence yielding a probability of failure PoF = 25/1000 = 2.5 %. 

 

 

Figure 5: R6-Method with random JIc generated acc. to the regressed  
Log-Normal distribution 
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Figure 6: R6-Method with random JIc generated acc. to the regressed  
Weibull distribution 

 

5 Summary and conclusion 
Material properties expressed as parameters are usually assessed by appropriate testing 
procedures, so data scatter is an inherently faced problem. Moreover, since the term 
"material" must encompass a relatively broad range of individuals, e.g. casts provided by 
different manufacturers, probabilistic approaches are required when dealing with safety 
considerations based on material properties determined by testing. As a first step, analysing 
the scatter and uncertainties within the data by common statistical procedures may be 
performed in order to grasp a quantitative idea about the quality of the data sample. 
However, better insights are obtained by determining the distribution function governing the 
investigated property, especially if it is expected to behave randomly due to some physical 
considerations. The case study of a flawed pipe presented in this work shows that, if the 
correct distribution function can be determined, then a positive effect on the failure 
assessment procedure may occur (but, of course, the inverse case may also happen). 
Concerning the probability of failure determined by means of the R6-method, the comparison 
of the best-fit distribution (Log-Normal) with the next best candidate (Weibull) shows an 
increase of the PoF-value by a factor of 12.5 (0.2 vs. 2.5 percent). As a conclusion, there is 
to say that knowing the distribution function of some investigated property is essential for 
making well-founded statements, especially within the context of (probabilistic) safety 
assessment and independent of the resulting effects. Actually, this means that effects must 
never be ignored, even if the pure statistical analysis yields more pleasant, i.e. less harmful, 
results.  
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Abstract 
For advanced ultra-supercritical fossil power plants operated at a steam temperature of 
700/720°C, new materials have to be used and integrated in the design process. Economical 
and cost effective construction demands for adequate materials for each component 
considering the temperature range where the component is operated. Therefore the 
martensitic steels P92 and VM12 as well as the nickel-base alloys 617, 263 and 740 are 
under investigation. Material testing including large scale tests is necessary in order to gain a 
reliable database of the relevant design characteristics. Investigations and experiments 
aimed to optimize and qualify welding consumables have been also done. Additionally work 
to obtain expanded knowledge about the specific material behavior under service like loading 
conditions for the evaluation of possible damage mechanisms is essential. 

Results of basic qualification programs with standard specimens including welded joints 
show the applicability of the materials. In the paper beside results of creep rupture tests of 
base materials and welded joints, microstructural characterizations are presented to obtain 
information on precipitation structure in the initial and aged / loaded conditions. 

1 Introduction 

The aim of several ongoing research projects concerning new and efficient coal power plants 
with increased efficiency is the qualification of new materials and their welded joints for the 
components to be operated up to 700°C. These programs include the investigations of small 
samples but also component specimens. The determination of the strength, deformation, 
damage, oxidation behaviour and the changes in the microstructure are the focus of these 
works. At temperatures up to 625°C heat resistant martensitic steels can be used for the 
application such as tubes, pipes, headers and membrane walls in the boiler area. In the 
transition zones between areas with different temperature and component types, depending 
on the stress/thermal situation dissimilar welds are and will be used for the joints between 
boiler tubes and header. At the highest temperatures and stresses the application of nickel-
base alloys is indispensable. 

In this paper selected results from the completed and ongoing projects will be discussed. 

2 Experimental Investigation 

2.1 Materials 
The materials selected for this work are shown in Table 1. The chemical composition of the 
alloys and the respective maximum operating temperature are also included in Table 1. 

Table 1: Chemical composition of the investigated materials  

Material C Cr Mo W Ti Co Others Material appl. limit 

9-12Cr-steels 
P92 0.07-0.13 8.5-9.5 0.3-0.6 1.5-2.0 - - V, Nb, N, B 625°C 
VM12 0.10-0.14 11-12 0.2-0.4 1.3-1.7 - 1.4-1.8 V, Nb, N, B 580°C-600°C 

Ni-base alloys 
Alloy 617mod. 0.05-0.08 21-23 8-10 - 0.3-0.5 11-13 Ni, Al, Cu, N, B 750°C 
Alloy 263 0.04-0.08 19-21 5.6-6.1 - 1.9-2.4 19-21 Ni, Al, B 735°C 

 

The microstructure of the martensitic steel VM12 (see, Fig. 1a) consists of a tempered 
martensite with precipitates and visible former austenite grain boundaries. Fig. 1b shows a 
typical austenitic structure of the nickel-base alloy Alloy 263. The grain structure is 
inhomogeneous, some carbonitrides Ti (C, N) and very fine carbides are visible here. In 
Fig. 1c, the area of the fusion line of a dissimilar welded joint between the 12Cr-steel and 
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Alloy 617mod. is shown. Due to a special etching technique it was possible to make visible 
the mixed zones and simultaneous documentation of these different material areas.   

   

Figure 1: Microstructure of a) VM12, b) Alloy 263, c) dissimilar weld VM12/Alloy617mod. 
(light optical images) 

2.2 Creep rupture tests 
To determine the long-term behaviour of the materials, the experiments of small specimens 
(base material and weld joint) and of components like specimens are carried out and thereby 
the influence of the multiaxiality of the stress state on the strength but also on the damage 
behaviour are investigated. In Fig. 2a the experimental setup of a membrane wall made of 
VM12 is shown. The details of the test parameters are contained in [1].  

a) b)  

Figure 2: Component tests a) membrane wall of VM12-steel, b) pipe segment specimen, 
dissimilar weld between VM12-steel and Alloy 617mod. 

Fig. 2b shows the test facility for a welded pipe segment between VM12-steel and Alloy 
617mod. Specially shaped creep specimens have been machined from the pipes. The 
specimens contain the full wall thickness and welded joint. All experiments for the materials 
discussed in this paper were performed at 625°C. 

2.3 Microstructural characterization 
The fracture location of the crossweld specimens and the damage development were 
documented in different specimens by light-optical analysis. For the dissimilar weld joint, a 
two-stage etching method was used, consisting of a chemical etching of the steel and then 
following electrolytic etching for the nickel-base alloy. As an etchant for the 12Cr-steel “V2A-
Beize” was used (at 23°C). The second step was an electrolytic etching with 5% oxalic acid, 
so that the structure of the steel was no more affected [2].  

a) b) c) 
HAZ of 
12Cr-steel 

Weld metal, 
Alloy 617 
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For the determination of the microstructure parameters the nickel-base alloys were 
investigated by Transmission Electron Microscope (TEM) in different projects. For these 
analyses a microscope JEOL JEM 2000 FX was used. For the investigation of the 
precipitation sizes metal foils were used and the characterization of the chemical composition 
of the precipitates was carried out on extraction replica. 

3 Results 

3.1 Martensitic steels 
The long-term behaviour of base metals, weld metals and seams joined by different welding 
techniques (Shielded Metal Arc Welding: SMAW, Submerged Arc Welding: SAW, Tungsten-
Inert Gas welding: TIG) were examined for P92- and VM12-steel [1]. The results of the creep 
tests at 625°C are shown in Fig. 3. 

 

101 102 103 104 105

75

100

125

150

175

200

3

4

3

4

4

3

3

4

3

 

 

Weld metal and welds:
 pure WM, SMAW,  pure WM, SAW

Header Material Test:
 welds, SMAW,  welds, SAW 
 welds, SAW running

Base Material Test (SZMF):
 Pipe 460 x 80
 Intrados, Pipe 460 x 80
 Intrados, Pipe 460 x 80,running
 Extrados, Pipe 460 x 80

Scatterband:
VdTÜV 552/2 09.2007 (1.4901)

 Average,  +-20%

S
tre

ss
  /

 M
P

a

Time to rupture  / h

P 92; T=625°C

4

Location of
fracture:
1 = BM
3 = WM
4 = HAZ

101 102 103 104 105

75

100

125

150

175

200

 

 

St
re

ss
  /

 M
Pa

Time to rupture  / h

VM12 / VM12-SHC; T=625°C

4 4 1

4 4Weld metal and welds:
 pure WM, SMAW,  pure WM, SAW

Tube Material Test:
 welds, TIG

Header Material Test:
 welds, SMAW,  welds, SAW

Location of
fracture:
1 = BM
3 = WM
4 = HAZ

Scatterband E911 
(ECCC 2005); 625°C:

 Average,  +- 20%
Scatterband VM12-SHC 
(VdTÜV 560/2 09.2011); 620°C:

 Average,  +- 20%

Base Material Test: (SZMF)
 BM (Tube 38x7,1),  BM (Pipe 460x80)

BM (Pipe 460x80),  Intrados,  Extrados
Tests from A180:

 BM

44

4

4

4

3

3

101 102 103 104 105

75

100

125

150

175

200

3

4

3

4

4

3

3

4

3

 

 

Weld metal and welds:
 pure WM, SMAW,  pure WM, SAW

Header Material Test:
 welds, SMAW,  welds, SAW 
 welds, SAW running

Base Material Test (SZMF):
 Pipe 460 x 80
 Intrados, Pipe 460 x 80
 Intrados, Pipe 460 x 80,running
 Extrados, Pipe 460 x 80

Scatterband:
VdTÜV 552/2 09.2007 (1.4901)

 Average,  +-20%

S
tre

ss
  /

 M
P

a

Time to rupture  / h

P 92; T=625°C

4

Location of
fracture:
1 = BM
3 = WM
4 = HAZ

101 102 103 104 105

75

100

125

150

175

200

 

 

St
re

ss
  /

 M
Pa

Time to rupture  / h

VM12 / VM12-SHC; T=625°C

4 4 1

4 4Weld metal and welds:
 pure WM, SMAW,  pure WM, SAW

Tube Material Test:
 welds, TIG

Header Material Test:
 welds, SMAW,  welds, SAW

Location of
fracture:
1 = BM
3 = WM
4 = HAZ

Scatterband E911 
(ECCC 2005); 625°C:

 Average,  +- 20%
Scatterband VM12-SHC 
(VdTÜV 560/2 09.2011); 620°C:

 Average,  +- 20%

Base Material Test: (SZMF)
 BM (Tube 38x7,1),  BM (Pipe 460x80)

BM (Pipe 460x80),  Intrados,  Extrados
Tests from A180:

 BM

44

4

4

4

3

3

 

Figure 3: Creep rupture behaviour of parent material and welded joints a) P92-steel, 
b) VM12-steel at T=625°C. 

The results for the base material of P92-steel (specimen from a straight pipe and a 
inductively bent pipe) are all within the scatter band of VdTÜV522 [3]. 

At lower stresses a decrease of creep rupture strength of crossweld specimens could be 
observed for P92-steel, after change of fracture location in intercritical Heat Affected Zone 
(HAZ). At higher stresses, the fracture occurs alternately, either in the HAZ or in the weld 
metal. It can be seen that there is no large differences in terms of the strength between 
SMAW- and SAW-seams. 

Base metal of VM12-steel have nearly identical creep strength like E911 steel [4]. SMAW- 
and SAW-welded specimens from pure weld metal are in the lower scatter band [4, 5]. 
Crossweld specimens from the pipe (SMAW and SAW), and the tube (TIG) show after 
occurring change of fracture position decrease of creep strength.  

For SMAW- and SAW-seams VM12 has slightly better properties such as P92 in the long-
term condition. 

 

3.2 Ni-base alloys 
One of the nickel-base alloys, which can/will be used in the boiler area for e.g. reheater tubes 
or pipes is Alloy 263. This material is a precipitation hardened (gamma prime) and solid 
solution strengthened alloy. Since the behaviour of the ’- phase has a significant influence 
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on the material properties, the knowledge related to the coarsening characteristics of this 
precipitate is crucial for the long-term behaviour. From the literature it is known that over the 
time gamma-prime is replaced by stable -phase, see Figure 5, and thus can affect the 
properties of the material. 

 
Figure 5: Gamma-prime phase in Alloy 263 a) initial state (annealed at 1150°C/2h & aged 
at 800°C/4h, replica); b) thermal aged at 700°C for 10,000 h (replica); c) thermal aged at 
700°C for 10,000 h (thin foil) [6] 

In Fig.6 the results from [6], [7], [8] are shown in terms of size of the gamma-prime in Alloy 
263 as a function of temperature and time for thermally aged and crept states. The initial 
state of the material was hardened at 800°C for 4h. 
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Figure 6: Size of gamma prime precipitates as function of temperature and time, Alloy 263. 

The evaluation may be summarized as follows: 

 Thermo mechanical loading affects the coarsening of ´-phase and the transformation 
into -phase more than thermal aging. Depending on the temperature and the 
chemical composition of the material the start of the transformation can occur e.g. at 
700°C already after 5, 000 h [9]. 

a) b) c) 

’ 

’ 

’ 
 

545



 Stress and related plastic strain lead to increased material transport which 
accelerates diffusion controlled mechanisms. 

 Higher testing temperature strongly accelerates -precipitation and ´-growth. 

Further studies regarding the influence of thermodynamically unstable phases such as 
gamma-prime and the phase transformation on the long-term properties is required for the 
better understanding of the materials behaviour.  

3.3 Dissimilar welds 
In the investigation of dissimilar welds between ferritic/martensitic steels and nickel-base 
alloys under creep loading has been shown that the creep rupture strength of these seams is 
significantly reduced compared to the base material. Fig. 7 shows the results of creep 
rupture tests for similar welds VM12 and dissimilar welds between VM12/Alloy 617 [10] on 
specimens from boiler tube, thick-walled pipe and components (here equivalent stress von 
Mises) (see Fig. 2b). It could be seen that the specimens of the boiler tubes reach shorter life 
times. The specimens from thick-walled pipe and welded pipe sections have comparable 
creep strength to the similar welds. The fracture position in the similar weld changed from 
base material at higher stresses to the HAZ at lower stresses. 
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Figure 7: Creep rupture behaviour of parent material and welded joints of dissimilar welds 

between V12-steel and Alloy 617 at T=625°C. 

Metallographic investigation after creep tests have shown, that two parallel damage 
mechanisms occur during creep.  

As shown in Fig. 8, in the samples under higher creep loading the failure occur mainly in the 
fusion line between martensitic steel and Ni-base weld material. The crack starts in this case 
from specimen surface. Due to the formation of the creep cavities in the intercritical HAZ 
(Type IV cracking) as known from similar welds in martensitic steels, the sample finally failed 
in the outer HAZ in 12Cr-steel (Fig. 7a). At lower stresses, the specimens have failed mainly 
in the HAZ but the crack in the fusion line grows parallel.  
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a)  b)  

Figure 8: Crossweld specimens (VM12-steel/Alloy 617mod) after creep rupture test at 
625°C a) at 110 MPa for 2189 h, b) at, 90 MPa for 7685 h 

As shown in Fig. 9 the pipe segment specimen (v=110 MPa, tu=3,500 h) has failed directly 
in the fusion line after 3,300 h. Compared to the uniaxial crossweld specimens, due to the 
contstraint of the large specimen, the creep strength is higher in this case. 

 

a)  b)  
Figure 9: Pipe segment specimen (multiaxial) 12Cr-steel/Alloy 617 after creep rupture test 

at 625°, tu=3300 h 

The specimen like component after interrupted creep test was also metallographically 
investigated (v=90 MPa, tu=8,800 h) see Fig. 10. One could examine the area of the fusion 
line before failure of the component. Similar to the uniaxial crossweld specimens the area of 
fusion line shows creep cavities, which are situated on the 12Cr-steel side. At the same time 
creep cavities were found in the HAZ of the 12Cr-steel, see Fig. 10c.  

 
  

Figure 10: Pipe segment specimen (multiaxial) 12Cr-steel/Alloy 617 after creep rupture test 
at 625°C, tu=8,800 h, b) detail A from micrograph a), c) detail B from micrograph 
a) 
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Investigations carried out in [11] have shown, that in case of the welded joint between 2Cr-
steel and Alloy 617, a depletion of small carbides occur in the weld metal (nickel base side) 
near the fusion line (TEM investigation). This can reduce the creep strength of the material in 
this region, but more important is a formation of relatively coarse carbides near the fusion 
line on the steel side. In this area the fracture toughness of the material will decrease due to 
the high density of brittle carbides. The performed FE calculations showed that the different 
thermal expansion coefficient and different oxidation behaviour lead to a high level of stress 
in the fusion line, which is much higher then the nominal stress, and probably one of the 
cause of the failure in the area of the fusion line. First TEM studies on a dissimilar weld 
between 12Cr-steel (VM12) and Alloy 617 done in [12] showing similarities to the weld 2Cr-
steel and Alloy 617, however a definitive conclusions concerning on microstructural findings 
such as precipitation in a small zone near the fusion lines must be based on further analysis 
to be performed.  

4 Summary  

Based on experiences with field tests and research projects the development of power plants 
with 700°C technology is well under way.   

The materials investigated are ranging from martensitic and austentitic steels to finally Ni-
base alloys. The results producibility and weldability of components made of Ni-base alloys 
could be demonstrated. Also the changes in the microstructure of thermal and thermo 
mechanical states as well the behaviour of the key precipitates were characterised. 

Dissimilar welds are an important part of the components in the power plant. They are 
generally exposed to high stresses and represent areas whose integrity must be ensured in 
respect of a failure. For this, the knowledge concerning damage mechanisms of this kind of 
welds is essential.  
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Abstract 

Beneficial effect of boron on improving the creep properties and resistance to Type IV cracking 

of the ferritic steels is now well established. It has also been shown that boron significantly 

influence the ferrite to austenite transformation that takes place in the heat affected zone (HAZ) 

of a weld joint of ferritic steel and this in turns alters the HAZ microstructre from those observed 

in the boron free steels and thus improving the resistance to Type IV cracking. In the present 

study transformation of tempered martensite to austenite for two boron containing 9Cr-1Mo 

steels when subjected to different weld thermal cycles were examined. Studies using Differential 

Scanning Calorimeter (DSC)  carried out on one of the steels showed that both Ac1 and Ac3 

temperatures increased with increase in heating rates. Heating and cooling rates in weld 

thermal cycles is higher than that could be achieved using a DSC and Gleeble simulation of the 

weld thermal cycle showed that transformation temperatures obtained were still higher than that 

obtained using a DSC. Examination of the microstructures in the as-simulated condition and 

after subjecting to heat treatment of 760°C/3h confirmed there is no grain refinement, normally 

expected in a conventional boron free 9Cr-1Mo steel. Subsequently, these steels were given 

isothermal heat treatment in a furnace at temperatures of 875 and 900°C for short durations of 

5-60 minutes to allow different extents of transformation of tempered martensite to austenite 

and their effect on the final microstructures.  to  fowas Stability of microstructure in boron 

containing two modified 9Cr-1Mo steels was studied using Gleeble thermal simulator by varying 

peak temperatures from 875 to 1000°C. Results of modified 9Cr-1Mo steel was used for 

comparison purpose. Ac1 and Ac3 transformation temperatures are found to be similar as 

estimated from the DSC and Gleeble thermal simulator using C strain technique. Lath 

martensitic microstructure was observed in both these steels under different peak thermal 

cycles. Observation of lath martensite in these heat treated specimens suggests that boron 

containing modified 9Cr-1Mo steels are resistant to softening when subjected to thermal cycles 

varying from 875 to 1000°C. Though fine grains were observed at the prior austenite grain 

boundaries (PAGB) in 875°C/ 5 min heat treated specimen, ever finer grains were observed in 

specimen with 60 min hold time at the same temperature but original PAG boundaries remained 

prominent even after these thermal cycles. 

1.0 Introduction 

Type IV cracking in Cr-Mo steel welds is well known; it is due to poor creep properties of the 

heat affected zone (HAZ), which in turn, introduces a triaxial state of stress in the welds 

resulting in low ductility fracture at the intercritical / fine grained HAZ (ICHAZ /FGHAZ) of the 
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weldment with rupture life much shorter than that of the base metal under identical conditions of 

creep testing.[1-3] Hence, the best way, to improve the resistance of this steel to such cracking, 

is to improve the creep resistance of the HAZ of weldment made from this steel. Recent studies 

of high Cr steels containing controlled addition of boron have shown that the presence of boron 

in this steel improves not only creep properties of the base metal but also that of the weldment 

by altering the microstructure in the HAZ.[4,5] It has been shown that boron containing steels 

exhibit ‘austenite memory effect’ by which HAZ retains the prior austenite grain size of the base 

metal in spite of the weld thermal cycle and associated phase transformation.[6-8] Gleeble 

thermal simulation studies conducted on boron containing P91 and boron free P91 steels 

indicate that during weld heating cycle, tempered martensite transforms into austenite by shear 

transformation in the boron containing steel while in boron free steels, transformation is through 

nucleation and growth. Thus, it appears that presence of boron influences the ferrite to austenite 

transformation during weld thermal cycle and thus improves the resistance to Type IV cracking 

of the steel. Hence, it is very much essential to understand the microstructure evolutions in the 

HAZs under actual welding thermal cycles. On the other hand, the size of the individual HAZ in 

actual weldment is very small. Therefore, physical simulation of specimen in a furnace or in 

Gleeble is commonly used to understand microstructure and their effect on mechanical 

properties. [9-13] 

The physical simulation of HAZ in a furnace at a pre-set temperature can produce more uniform 

microstructure over a large specimen. But, actual weld thermal cycle cannot be simulated under 

furnace heating / cooling. In order to understand microstructure evolution in boron containing 

modified 9Cr-1Mo steels (P91B) under actual weld heating and cooling conditions, Gleeble 

thermal simulation can be employed. Therefore, the objective of the present studies is to 

investigate the effect of peak temperature on microstructure in Gleeble simulated P91B steels. 

Further, effect of hold time on microstructure evolution in P91 and P91B at heat treatment 

temperature of 875 and 900°C is also studied in this paper.  

2.0 Experimental procedure 

Two boron containing modified 9Cr-1Mo steel plates, received from M/s MIDHANI – India, were 

designated as P91B1 and P91B2 respectively and were used for the present study. P91B1 and 

P91B2 steels were normalized at 1323 and 1373 K for 1h, respectively followed by tempering at 

1033 K for 3h and then cooled in furnace. The Ac1 and Ac3 transformation temperatures for 

P91B1 and P91B2 steels were estimated using differential scanning calorimetry (DSC) at a 
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heating of 0.016 to 1.6 K s-1. For Gleeble thermal simulation, cylindrical specimens of φ10×100 

mm2 were subjected to thermal cycle at peak temperatures of 900, 950, and 1000°C. Following 

heating cycle was adopted for this simulation: Heating to 200°C at a heating rate of 20°C / s and 

holding at this temperature for 10 s followed by heating to the peak temperature at a heating 

rate of 44°C / s. To simulate the preheating condition, commonly used during welding, for this 

class of steel, specimens were held at 200°C. The cooling cycle followed is: cooling down to 

350°C from the peak temperature at a cooling rate of 7.5°C / s and from 350 to 250°C at 2.5°C / 

s followed by natural cooling. During simulation of weld thermal cycle, the variation in diameter 

of Gleeble specimens were monitored using LVDT attached to the specimens. Metallographic 

specimens were extracted from the center of the thermally simulated Gleeble specimens and 

same were subjected to simulated PWHT, followed by polishing up to 0.25 µm using diamond 

slurry.  

In order to understand the effect of hold time (from 5 to 60 min) on microstructure, coarse PAG 

of P91B1 and P91 were used for simulation heat treatment at 875 and 900°C in a furnace. 

These steels were previously subjected to normalizing heat treatment at 1150°C for 1h followed 

by tempering at 760°C for 3h. Polished specimens were observed under an Optical Microscope 

(OM) and scanning electron microscope (SEM) after etching with Villella’s reagent. 

3.0 Results and Discussion 

3.1 Material 

Chemical compositions of two steels used in this study are given in Table 1. From the table, it is 

evident that P91B1 steel contains 100 ppm of boron and nitrogen content in the steel is 

maintained very low (20 ppm). On the other hand, P91B2 steel contains 60 ppm of boron and 

110 ppm of nitrogen. Low nitrogen content is maintained to avoid formation of boron nitride in 

the steel, which otherwise will significantly reduces the availability of boron for microstructural 

modification and also adversely affect the mechanical properties.[14] 

3.2 Transformation temperatures 

A typical weld thermal cycle for simulation of HAZ microstructure for a peak temperature of 

1000°C along with the corresponding changes in the diameter of the specimen measured using 

LVDT is shown in Figure 1. During heating part of the thermal cycle, the reading recorded by 

LVDT decreases, however when the ferrite to austenite transformation begins, there is an 
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increase in the LVDT reading with increase in temperature as shown by a kink in the curve 

close to the end of the heating cycle. With the completion of transformation, the LVDT reading 

decreases again with increase in temperature. Subsequently, during cooling part of the weld 

thermal cycle, LVDT reading increases with decrease in temperature till the specimen reaches 

Ms temperature. Both Ms and Mf temperatures can be estimated from the LVDT reading vs. time 

and temperature vs. time curves. 

Table 1 Composition of the steels used in the present investigation 

Elements C Cr Mo Si Mn V Nb S 

P91B1 0.100 8.500 1.040 0.400 0.300 0.230 0.090 0.002 

P91 B2 0.100 9.200 1.000 0.004 0.500 0.210 0.070 0.04 

 P Ni Al N B Cu Fe  

P91B1 0.005 0.020 0.030 0.002 0.010 0.006 Bal.  

P91 B2 0.004 0.010 0.003 0.011 0.0060 0.010 Bal.  

 

From the thermal cycle and the LVDT data obtained, temperature vs. LVDT reading was plotted 

for various peak temperatures to estimate the Ac1 and Ac3 temperatures for the steel. This is 

shown in Figure 2. The first kink in the heating part of the curve corresponds to Ac1 and the 

second kink corresponds to Ac3 temperature. Accordingly, from Figure 2, one can see that Ac1 

temperature for the steel is below 900°C and Ac3 is just above it. Thus the peak temperature, 

900°C corresponds to the inter critical temperature range. Similarly, temperatures 950 and 

1000°C would correspond to FGHAZ . 

DSC peak profiles associated with α + carbides → γ phase transformation for varying heating 

rates are shown in Figure 3. From the figure, it is evident that with increasing heating rate in the 

range of 0.016 to 1.6 K s-1, the transformation temperatures, both onset and peaking values, 

shows a continuous increase. It is worth noting that heating rate employed during DSC 

experiments is lower than those employed during Gleeble simulation. This suggests that 

transformation temperature obtained from Gleeble thermal profile would be higher than that 

obtained from DSC experiment. On the other hand, experimental as well as fitted transformation 
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plots for the austenite formation at varying heating rates obtained from the DSC experiment are 

shown in Figure 4. This plot is obtained by independently estimating the fraction of austenite as 

a function of temperature. For any intermediate temperature T in between Ac1 ≤ T ≤ Ac3, the ratio 

of partial area under the peak to T to the total peak area may be taken as the fraction 

transformed up to the concerned temperature T. Comparison of Figures 2 and 4 indicate that 

Ac1 and Ac3 temperatures obtained from Gleeble thermal profile and that of DSC output are 

comparable. 
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Figure 4 Transformation plots for different heating rates in P91B1 

3.3 Microstructure 

The as-simulated microstructure of P91B1 steel for different peak temperatures is shown in 

Figure 5 along with normalized and tempered microstructure of the steel (Figure 5a). Figure 5b 

is the microstructure after simulation with a peak temperature of 900°C and it consists of a 

mixture of tempered martensite and fresh un-tempered martensite, which is formed from the 

transformed austenite. As the Ac3 temperature is above 900°C, only partial transformation of 

tempered lath martensite to austenite has taken place. However for peak simulation 

temperatures of 950 and 1000°C, the microstructure is predominantly lath martensitic. The 

comparison of simulated microstructure with the normalized and tempered microstructure shows 

that the PAGS in both the cases are comparable. No noticeable grain refinement has taken 

place during simulation. Commonly, grain refinement occurs in modified 9Cr-1Mo steel, when 

material experiences peak temperature at inter critical as well as just above Ac3 temperature [1-

3]. Microstructure of the as simulated specimens is more clearly revealed under the SEM as 

shown in Figure 6. Figure 6 (a) is the photomicrograph for peak simulation of 900°C which is a 

mixture of both tempered and freshly formed un-tempered martensite. For peak simulation of 

950°C, (Fig. 6b) transformation is almost complete; but not all carbides have dissolved in the 

matrix. For peak simulation of 1000°C, which is shown in Figure 6c, in addition to 

transformation, dissolution of precipitates is also complete. However, it is important to notice 

that the PAGS has not changed for each of the peak temperatures of simulation. 
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Photomicrographs of Gleeble simulated P91B1 and P91B2 specimens at 900, 950 and 1000°C 

followed by simulated PWHT at 760°C/3h are shown in Figures 7 and 8 respectively. PAGS 

remains comparable with that of the base metal after peak simulation heat treatment at 900, 950 

and 1000°C. It may be noted that these specimens were not held at these peak temperatures 

but just reached those temperatures with fixed heating rate and cooled to room temperature as 

explained in experimental part. From Figure 7 and 9, it is evident that lath martensite form in 

both these steels under simulated heat treatment condition studied in this paper. From these 

photomicrographs it is also evident that microstructure are coarser in P91B2 than in P91B1. 

Further studies are required to understand this difference. 

Figure 5 Photomicrographs of a) normalized and tempered P91B1 steel, as simulated with a 

peak temperature of simulation b) 900°C, c) 950°C and d) 1000°C 

3.4 Effect of hold time on microstructure 

In order to understand microstructure evolutions in the ICHAZ, modified 9Cr-1Mo and P91B1 

steels were heat treated at 875°C for 5 min, which were initially normalized at 1150°C for 1h 

followed by tempering at 760°C for 3h, so that prior austenite grain size becomes coarser for 

clear observation of phase transformation during subsequent heat treatment. Photomicrograph 

a) 

c) d) 

b) 
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of as-simulated (875°C) specimens of both these steels normalized at 1150°C for 1h followed by 

tempering at 760°C for 3h are shown in Figure 9(a and b). From Figure 9, it is evident that the 

microstructure consists of fine grains without having lath morphology in modified 9Cr-1Mo steel 

and lath morphology within the original grain in P91B, after 875°C/5 min heat treatment. Phase 

transformation was predominantly observed at the triple point junction in P91B1 (Figure 9(b)) 

compared to random transformation in P91 under similar heat treatment condition. This 

observation suggests that phase transformation is sluggish in P91B1 than in P91. Therefore, it 

can be speculated that even for zero hold time at this simulation temperature, microstructure 

could have been over tempered in P91 steel. Hence, hold time experiments were continued only 

for P91B1 specimens. 

 

a) b) 

c) 

Figure 6 SEM microsgraphs of Gleeble simulated P91B1 specimens
with peak temperatures of a) 900°C, b) 950°C and c) 1000°C 
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(a) (b)

(c)

Fig. 8 Microstructures of a) normalized and tempered P91B2 steel with a peak temperature 

of simulation b) 900°C, c) 950°C and d) 1000°C 

 

(a) (b

(c)

Fig. 7 Microstructures of a) normalized and tempered P91B1 steel, as simulated with a

peak temperature of simulation b) 900°C, c) 950°C and d) 1000°C 
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Fig.10 SEM photomicrograph of normalized and tempered P91B1 steel after holding 20
min (b) 40 min and (c) 60 min at peak simulation of temperature 875°C 

 

 

With increase in hold time at the peak temperature, the region, which transformed into austenite 

during heating above Ac1 temperature and transformed back to martensite during cooling, 

increased. These results suggest that the transformation behavior in these two steels is 

different. It also suggests that boron delays the austenite nucleation as a result; it takes long 
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Fig.9 Microstructures a) P91steel  and b) P91B1 after hold time of 5 min at peak temperature of
simulation 875°C 
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hold time for complete transformation in to austenite. Kimmins and Gooch (1983) also reported 

austenite nucleation at the PAGB as soon as peak temperature reaches Ac1 temperature. Even 

P91B1 specimen which was heat treated at 900°C/5min, showed presence of fine grains inside 

the PAG.  But PAG boundaries still exist in as-simulated condition, as evident in Figure 11(a). 

During simulated tempering at 760°C/3h, reconstituted original grains, with lath martensite in it, 

were evident. With progress in hold time at 900°C, austenite grain which formed during heating, 

coarsen, but original PAGB remain evident (Figure 12(a) and (b)). During cooling, lath 

martensite formed as evident from the as-simulated micrographs (Figure 11(b)). This clearly 

suggests that presence of boron helps in remembering the original grain boundaries. This 

phenomenon is known as memory effect.[6] Though austenite grains coarsen in P91 steel at 

900°C/5min, martensite formed during cooling are not prominent as it was in P91B1 under 

similar heat treatment condition (Figure 13).  

 

Fig. 12 SEM photomicrographs of as-simulated P91B1 specimen heat treated at 900°C 
(a) 20min and (b) 40 min  

(a) (b)

Fig. 11 SEM photomicrograph of (a) as-simulated (900°C/5 min.) P91B1 specimen
and (b) optical photomicrograph of as simulated and simulated PWHT (760°C/3h)

10 µm 50 µm 

(a) (b)
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Fig. 13 SEM photomicrograph of as-simulated (900°C/5 min.) P91 specimen  

 

4.0 Summary  

Boron additions in modified 9Cr-1Mo steel influence ferrite to austenite transformation, 

consequently inhibits grain refinement in inter critical region for short duration of hold time. With 

increase in hold time, austenite grains coarsen within the original prior austenite, which is 

prominently delineated in the micrograph. This suggests that boron helps in memorizing the 

original PAGB in modified 9Cr-1Mo steel. On the other hand, microstructure gets refined in P91, 

when experienced IC heat treatment.  
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Abstract 
The accurate determination of lifetime exhaustion for heavy duty components is 
indispensable for a safe and at the same time cost-effective operation of power plants. The 
most important parameters evaluated hereby are material and geometry parameters, as well 
as measurement data seized from the ongoing operation of the plant. 

Concerning the measured parameters, uncertainties within the data may arise and must be 
taken into account. Due to these uncertainties, appropriate safety margins and factors must 
be provided within the design phase. On the other side, considering safety aspects by the 
calculation of the lifetime consumption may lead to a high overestimation of the real value. 
By avoiding this overestimation, operational reserves could emerge which were really 
economically relevant. 

In the following, the assessment of the remaining lifetime of components is presented, while 
especially focusing on the accurate determination of calculation parameters and some 
progressive assessment methods. 

1 Motivation and concepts 
In order to ensure a long-term and safe operation of power plants, operational changes 
within the plant must be assessed with very high accuracy. Regarding the lifetime aspects, 
all loads acting on the corresponding components of a plant must be considered accordingly. 

The lifetime of pressurized components operated in the high temperature range is, besides of 
the manufacturing and installation based defects, limited by some operational, material 
damaging processes. The most important of these processes result from two types of 
loading: the creep range temperature and the cyclic loading. 

Figure 1 shows schematically the frequency of component failures depicted in dependence 
of operation time ("Bath Tube Curve"). Shortly after the initial start-up, an increase must be 
expected due to deficits in the manufacturing and installation quality. Subsequently, there is 
a longer phase of low failure frequency, followed by a phase where the frequency of 
component failures is increasing again. 

 

Figure 1: Schematic illustration of the failure frequency of power plant components 
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The reason for the increase can be 

a) the normal material degradation of material properties due to operational 
influences, or   
b) some additional operational load, not covered by the design rules, or a changed 
mode of operation causing a related additional damage contribution. 

The damage resulting from case a) is in concordance with the damage value calculated 
according to the design rules.  

 

The scatter band of the increase in figure 1 has the following reasons:  

1. Quality of manufacturing  

2. Input values for the damage assessment  

o Operational data  

o Loads not considered within the design process  

o Deviations from the designed geometry  

3. Stress evaluation using common methods  

o Applied evaluation methods and stress failure hypotheses  

o Safety factors  

4. Lifetime assessment  

o Material parameters (reference values)  

o Damage accumulation rules  

Interferences between primary and secondary loadings, but also between different damaging 
mechanisms 

 

1.1 Creep related damage 
For the assessment of the creep related damage of components, the lower bound of the 
scatter band of the creep rupture strength is taken into consideration. Under normal 
circumstances, the real value of the creep rupture strength of the corresponding steel cast is 
in fact higher than this lower bound. This automatically leads to an overestimation of the 
calculated damage, whereby deviations of many 100 % may arise [2], especially if the real 
creep rupture strength is located within the higher area of the scatter band. 

The relation between the real damage occurring within the material, e.g. over the process of 
pore formation during creep range loading, and the assessed damage is influenced by the 
factors mentioned above, figure 2. In contrast to the assessed damage, the relation between 
the material degradation, e.g.  creep pores formation, and the operation time must not be 
linear. In fact, the relation is rather of another kind, i.e. the damage is showing a progressive 
development. 

If the loads occurring during the operation time are consistent with the design specifications 
and the quality of manufacturing is satisfactory, then the material degradation will be not 
significant when the end-of-life point specified by design is reached. This generally means 
that, in the case of pure creep loading, there will be no damage (like e.g. pores) observable 
by means of usual light-optical methods. This is a consequence of the safety factors defined 
by design, e.g. the lower bound of the scatter band, see [3]. 
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Figure 2: Relation between (creep) damage and assessed damage 

 

The interesting question here is for how long the operation time can be extended under the 
present conditions, or even under changed conditions, i.e. for modified load parameters. 
Operational incidents or other loads not covered by the design rules, e.g. continuous, but 
unobserved process changes, can lead to a high increase of the damage. In these cases, 
components will have defects that can be detected. The question here is, how long the 
remaining lifetime is and which conditions must be required for a continuing safe operation. 

These statements suggest that the so-called remaining lifetime, i.e. the residual operation 
time during which the failure of a component can be safely excluded, must be determined 
based on the real degree of material degradation. Therefore, non-destructive testing 
methods like replica or other specific methods see e.g. the ultrasonic laminography approach 
[1], can be used in order to obtain a better understanding of the current damage state in 
components. 

1.2 Cyclic load related damage 
Cyclic load related damage is caused by load changes due to changes in the pressure or 
temperature differences along the wall of a component yielding (secondary) thermal 
stresses. Figure 3 shows a typical course of values measured on a specific component of a 
power plant. 

From an economical viewpoint, fast start-up’s and rundowns are desirable which 
unfortunately lead to very high thermal stresses, therefore considerably reducing the lifetime 
of the corresponding components. 

Considering the steady development of regenerative energy sources where the energy 
production is subjected to climatic fluctuations, there is an increasing need of operating the 
existent power plants more frequently in a mid-load and peak load range. As a consequence 
hereof, the assessment of damage related to cyclic loading grows more and more important. 
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Figure 3: Temperature and pressure values as provided by a specific point of 
measurement 

 

Figure 4 shows the configuration of temperature sensors provided for measuring the 
temperature difference within the wall of a component. This kind of sensor configuration is 
the default setup in older power plants, but it is relatively expensive due to the need of two 
sensors and the inherent installation complexity. Unfortunately, the expensiveness of this 
configuration is not always correlated with its accuracy because the probability of missing the 
ideal sensor positions is in practice quite high. However, an adaption of the measured values 
is usually possible (even for a misplaced configuration) and can be performed by using the 
so-called fk factors, [6], [7]. 

 

 

Figure 4: Measuring the temperature difference in the wall of a component 

The uncertainties regarding the assessment of damage are also related to the problem of 
exactly evaluating the secondary stresses and their impact on the corresponding integrity 

568



assessment concept. Moreover, the damage assessment is negatively influenced by the fact 
that operational data can only be recorded at previously selected places. Thus, the most 
critical components exhibiting the highest wall thicknesses are usually preferred hereby and 
the measured values are typically, in the sense of a conservative approach, used for the 
evaluation of other components. However, this "typical" approach is questionable since it is 
based on the assumption that the damaging effects of temperature changes are less 
pronounced in thin-walled components when compared to the thick-walled ones.  

As generally known, the thermal stresses emerging in the wall of a component are not only 
depending on the temperature changing velocities, but also on the duration of the up and 
down events [6]. Moreover, the highest thermal stresses are arising during the quasi-
stationary state. For the sake of damage assessment this quasi-stationary state is 
postulated, which is perfectly acceptable for thin-walled components, but is not always 
applicable to thick-walled ones, possibly leading to an over-conservative estimation of the 
damage. The reason for this is that the quasi-stationary state is not reached for short-term 
temperature changes, and hence the real thermal stresses are not as high as the 
(postulated) quasi-stationary stresses. 

 

2 Damage Assessment Details  
Nowadays, the calculation of the remaining lifetime of components, and hence their degree 
of damage, is regulated by corresponding normative instances. In Germany, the old technical 
rules for steam boilers, TRD 508 ([3], [4]), are still used for assessing the degree of damage 
of components within the area of steam boilers, especially if the plant, and hence the 
associated monitoring system, was designed according to it. The new regulatory work DIN 
EN 12952 ([5]), issued as a European Standard (EN), will replace the old fashioned TRD 
508, but the majority of concepts, at least those concerning the calculation of damage, are 
still very similar. 

The calculation of damage in components by TRD 508 highly depends on an online 
monitoring system, which steadily records the state of the component by measuring some 
parameters. The main parameters needed within TRD 508 are temperature and internal 
pressure, which are then used to determine the stress distribution within the component. In 
the present work, the transformation of the measured values into stress distributions 
throughout the component's wall is of main interest, and, in this case, especially the influence 
of the temperature measurements. 

The main problem concerning the temperature induced stresses is the uncertainty related to 
transforming the temperature into a well-founded stress distribution. The first difficulties arise 
already while considering the location of the temperature sensors: some are positioned in the 
component itself while other are only measuring the temperature of the medium. In the 
former case, the common procedure is to record the temperature in the middle of the 
components wall and at the inside (the side touched by the medium) and then building a 
temperature difference throughout the whole (!) wall based on these two values. The latter 
case, where only the temperature of the medium is provided, is seemingly a more complex 
one, since the induced stress distribution is deduced from potentially only one measured 
entity. Nevertheless, this case is dealt with by using temperature changing velocities (plus 
possibly other medium parameters) and the procedure is yielding, according to their 
users/developers (see e.g. [8], [9], [10] and [11]), quite good results. Another possibility, 
which looks like something in between the temperature difference approach and the medium 
temperature approach, consists in having only one temperature sensor at the outside of the 
components wall, [13]. In this case, the resulting temperature difference is built up from one 
temperature only, like in the medium temperature approach, but the temperature is recorded 
within the wall, similar to the temperature difference approach. 
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All methods presented so far have in common that they are calculating the stress distribution 
within the wall of a component based on measured temperature values, but also the 
measured internal pressure. This stress contribution is used within TRD 508 for determining 
the cyclic fatigue portion of the damage by a cycle counting procedure which assesses the 
stress ranges of the corresponding cycles encountered. In this case, the so-called reference 
temperatures of the cycles are recorded together with the stress ranges into 2D-classes, i.e. 
the respective class is incremented for each 2D-tuple of a cycle belonging to it. Finally, when 
all cycles are counted, the mean reference temperature of each 2D-class is taken to 
determine the appropriate cycle fatigue curve, and then the corresponding mean stress 
range is used to calculate the damage value as the number of cycles counted divided by the 
maximum number of cycles allowed by the reference curve. 

Another crucial part considered within the calculation of damage acc. to TRD 508 is the 
creep induced damage. In this case, the time span during which the component is subjected 
to a specific temperature and internal pressure is used for assessing the damage. Analogous 
to the prior case of fatigue damage, the time spans are recorded into 2D-classes which are 
now based on the temperature and internal pressure encountered. After the time span 
recording phase, i.e. after processing the measured values, the mean temperature of each 
2D-class is taken again to determine the appropriate creep fatigue curve, and then the 
corresponding mean stress, calculated from the mean internal pressure of the same class, is 
used to obtain the damage value from the current reference curve. 

3 Summary and conclusion 
In order to achieve a high energy conversion efficiency power plants must operate at high 
temperatures and pressures, which unfortunately leads to high component damaging due to 
creep effects. Therefore it is necessary to permanently assess the state of a component by 
performing pressure and temperature measurements. However, as the need for calibration 
suggests, these measurements are not always accurate, so this is an issue which must be 
addressed accordingly. 

Regarding the assessment of cyclic load related damage this process is more complex and 
depends on several other aspects. The most important aspects here are the temperature 
changing velocity and the time span of temperature changing events. In order to calculate 
the thermal stresses needed for the assessment of cyclic load related damage, a large 
number of points of measurement are usually installed, yielding the needed temperature 
differences. Depending on the chosen setup, these points of measurement may eventually 
provide inaccurate values [11], [12]. 

Besides the operational parameters detected by measurements, there are also geometry 
values needed for performing damage assessment, i.e.  for calculating the stresses within 
the wall of a component. These geometry values should correspond to the real component 
geometry, but for the case that this geometry cannot be determined, minimal values specified 
by design can be used too. However, it must be taken into account that these values are also 
a source of uncertainty, especially if they are far away from the real component values. 

By performing damage assessment, e.g. acc. to [3] or [5], one must be aware that the 
evaluation may sometimes be overly conservative. In such cases, the reason for this 
behavior must be detected in order to be able to quantify the real reserves available for 
operation, i.e. the real remaining lifetime of the system. 
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ABSTRACT 

Constraints on the safety of nuclear power plant components 
have increased recently along with the necessity to extend the 
lifespan of existing plants. For example, the acceleration levels 
to be sustained by the plant equipment during an earthquake 
have been increased many folds by the safety regulation 
agencies. Industrial and economic requirements plead for a 
verification of unknown safety margins, by accurate and 
physics based models taking into account all non-linear effects 
(for example contacts and fluid structure interaction). These 
effects are only approximately represented by standard linear 
analysis tools. 

Virtual Performance Solution (VPS), developed by ESI Group, 
includes (among other capabilities) a structural finite element 
software for non-linear, high velocity, dynamic simulations 
(PAM-CRASH), as well as a coupled, mesh free CFD module, 
FPM (Finite Point Method), developed in partnership with 
Fraunhofer ITWM. This solution accurately predicts fluid 
structure interactions, taking into account non-linear structural 

effects (contacts, friction, damping…) as well as complex fluid 
influences.  

 

Figure 1: view of a used nuclear fuel storage pool  

INTRODUCTION 

The accurate estimation of safety margins brings even more 
stringent constraints on nuclear equipment design due to the 
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new regulations on the severity of earthquakes. The estimation 
of safety margins has up to now been performed mostly with 
well validated analysis tools especially in the linear domains of 
response and using small displacement assumptions in the case 
of earthquakes. Earthquake analyses have been performed in 
the past with an equivalent model for immersed structures for 
the water effects on the structure: added mass to take into 
account the mass of water transported with the structure and 
coupled constant non diagonal mass to represent the coupling 
of structural response due to the presence of water.  These 
methods were designed especially in the 80’s when the 
computer power did not allow for accurate non linear 
simulations. 
In the proposed approach the Finite Point Method (FPM) mesh 
free CFD module, for incompressible and compressible fluids, 
is used for the modeling of the water. PAM-CRASH module 
from VPS is used for the mechanical response and is coupled 
within VPS to the FPM module. 
In a first section, the simulation software will be presented for 
the structures and the fluid. 
In a second section, elementary validation cases will be shown, 
and demonstrate also that these advanced methods reproduce 
the results obtained by linear analysis methods in their validity 
range. 
In a third section, the validation  of the response of a mockup of 
a rack containing used nuclear fuel rods standing on a vibrating 
plate will be compared to experiments. 

PRESENTATION OF THE SIMULATION 
SOFTWARE 

Modern crash and impact simulation softwares are three-
dimensional, Lagrangian, finite element, explicit and implicit, 
vectorized and multi-tasked structural softwares for the non-
linear dynamic, large displacement and large deformation 
analysis of solid structures in the realm of computational 
structural mechanics (CSM). They analyze phenomena at 
discrete points in space and time.  
Space discretization.  Space is discretized with the most often 
used finite element methodology, which is based on the 
displacement method of structural analysis, where the discrete 
nodal displacements and rotations constitute the unknowns of 
the problem. Some structural simulation software are coupled 
to fluid simulation software, which treat problems in the realm 
of computational fluid dynamics (CFD), in order to treat fluid-
structure interaction (FSI) dominated problems. Most structural 
simulation softwares are provided with alternative spatial 
discretization schemes called particle methods, where a solid, 
fluid or gaseous medium is represented by mesh-less discrete 
(mass or integration) points, such as in the most common mass-
point smooth particle hydrodynamics (SPH) scheme. A much 
better suited mesh free formulation for CFD called Finite Point 
Method (FPM) based upon generalized finite difference scheme 
has been developed by KUHNERT Ref[[8, 9, 12, 13]. This 
allows solving certain classes of FSI problems within structural 

simulation softwares, without the necessity to couple with a 
separate fluid simulation software, and for problems including 
large displacements, where the standard mesh based techniques 
would fail completely due to mesh distortions. 

VPS/PAM-CRASH SOFTWAREFOR STRUCTURAL 
MECHANICS 

Explicit integration scheme.  Explicit time integration scheme 
is widely used for simulations of problems which change 
rapidly in time or exhibit large non linearities such as contact. 
In order to illustrate the scheme on a simple case, we consider a  
vibrating spring/dashpot-mass system. It consists of a mass, m, 
a dashpot with constant c, a spring with constant k, and an 
external load, f(t), Figure 2.  

 k m f ( t ), x, x, x

c  

Figure 2 : Spring/dashpot system. 

Consider the second order ordinary differential equation which 
expresses dynamic equilibrium of this system, where x is the 
displacement, x  is the velocity c is the damping coefficient, x  
is the acceleration and m is the mass, 

mx cx kx f(t)   (1 DOF)    . 

The known quantities are the displacement xn at time tn, and 

the velocity xn-1/2 at the intermediate time tn-1/2. The wanted 
quantities are the displacement xn+1 at time tn+1, and the 

velocity x n+1/2 at time tn+1/2. Dynamic equilibrium at time 
tn is expressed as 

m x n = fn - c x n- k xn. 
 

Since all terms on the right hand side are known, one can first 

solve for the acceleration at time tn, nx , and then apply the 

central difference time integration for the unknown quantities, 
xn+1/2 at time tn+1/2 and xn+1 at time tn+1.  

 
Stable time step.  The criterion for solution stability of the 
central difference explicit time integration can be derived 
formally as follows.  
t    2 m/k  . 
 
Overview on contact algorithms.  The successful and efficient 
treatment of contact events is of prime importance in impact 
and dynamics simulation. To identify potential contact surfaces 
of a given structure, the crash softwares allow to define contact 
interface entities, which are most often given by collections of 
surface facets, identical to finite element surfaces. Actual 
contact can be defined a distance tcontact (contact thickness) 
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away from the mid-surface defined by the facets represented by 
shell elements. Most contact algorithms are based on a node-to-
segment treatment. After preliminary geometrical proximity 
searches for potential contact events, the so identified candidate 
contact segments are fine-checked for mutual penetrations of 
their nodes and surfaces. Detected penetrations are limited 
(“penalized”) or prevented by the algorithms. 
Penalty methods.  If penetration of a node into a segment 
isdetected, it will be penalized in most contact algorithms 
byelastic restoring forces of fictitious (non-)linear springs, 
which are compressed by the amount of penetration. In 
dynamic contact events, dashpots can be added to dissipate 
energy and to prevent from spurious oscillation. 

Figure 3 shows two potentially contacting surface 
segments. The algorithm checks if a slave node of the right 
segment touches the left master segment. Then the master and 
slave roles are reversed and the algorithm checks if a slave 
node of the left segment touches the right master segment. 
Inverting the master-slave roles prevents from contacts to be 
missed. 

Contacting surfaces

Alternating contact pairs

Master
segment

Slave node

Master
segment

Slave node

Contacting surfaces

Alternating contact pairs

Master
segment

Slave node

Master
segment

Slave node

 
 

Figure 3 : Contact interfaces. 

 
Figure 4 shows the application of a penalizing contact spring 
after “penetration” of a slave node into a master segment. If the 
slave node penetrates a distance beyond the contact thickness, 
tcontact, over the mid-surface of the master segment, then this 
node will have “perforated” the master segment and it will 
escape to the other side. Perforations can happen when the 
impact is too violent to be contained by the penalty springs.  
 

contact
thickness

penetration 

perforation

mid -surface

contact
thickness

perforation

mid -surface

slave node 

master  facet
tcontact

penalty 
spring 

 
 

Figure 4 : Penetration and perforation. 

VPS/FPM SOFTWARE FOR COMPUTATIONAL FLUID 
MECHANICS 

The mesh free formulation of FPM overcomes the issue of 
remeshing or interpolation of the geometry (using 
interpenetrating mesh techniques) in presence of large 
displacements of the structures surrounding the fluid. This is 
particularly well suited in the case of earthquake analyses 
where the structures can slide on large distances. 
FPM  mesh free method solves the general Navier Stokes 
equation as written below in a Lagrange form here for laminar 
flows: 
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Figure 5 :   Incompressible Navier Stokes equation 

 

  
v : fluid velocity 
 : density 
p: pressure 
g : gravity 
T : temperature 
 
FPM does not require the support of a mesh and therefore 
values are known at discrete ‘interpolation’ points which do not 
have a fixed connection like finite elements between them. The 
list of neighbour points is determined for each point at each 
time step in order to construct afterwards a proper interpolation 
function as described in Ref [12,13]  using a 2nd order Moving 
Least Square (MLS) method. 
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radius h

Point  "i"

 

Figure 6 :   Sphere of influence and definition of the 
smoothing length h 

As FPM is a mesh free method, the interpolation points move 
with the fluid velocity, enabling an accurate description of the 
free surface of the water without simplification. 
Implicit time integration scheme available in FPM allows for 
bigger stable time step which is critical for the earthquake 
response analyses which may last one or 2 minutes. 

COUPLING BETWEEN PAM-CRASH AND FPM (FLUID 
STRUCTURE INTERACTION) 

The fluid pressure is applied over the wetted external surfaces 
of the structures. Then the structure deforms and moves 
according to the applied fluid and all other loadings (gravity, 
contacts, earthquake accelerations…). The deformation of the 
structure is provided back as the geometrical boundary 
conditions for the fluid to define the fluid boundary conditions 
for the next time step. 
 

 

Figure 7 :   PAM-CRASH/FPM coupled time stepping  

VALIDATION OF THE FLUID STRUCTURE 
INTERACTION (FSI) METHODOLOGY  

The introduction of a new simulation method for nuclear 
licensing reports requires the validation and the qualification of 
the software and the modeling methodology.  

VALIDATION OF THE CONTACT ALGORITHM 

The case selected for validation of the contact algorithms has 
been adapted to PAM-CRASH from the model developed by 
MOUDRIK (Ref [2] chapter III). The work performed by 
Moudrik is acknowledged by EDF as one reference for the 
validation of response of free standing structures. Furthermore, 
there is a direct connection between the Moudrik cases and the 
final industrial application (free standing racks in a pool). The 
model represents a mockup of a used nuclear fuel storage rack 
for which experimental tests were also performed. In this 
section, the response of the models (PAM-CRASH and 
MOUDRIK analytical) without the presence of water will be 
discussed and compared with the reference. The validation for 
an immersed rack will be shown in a later section. 
A Coulomb friction contact law is used. In order to validate the 
contact algorithm independently in a first stage from structural 
deformations, all structures are taken as rigid. The ground of 
the pool is modeled as a rigid plate of infinite dimensions.  
 

 

Figure 8 : View of the initial shell model of the mockup  

 

 

Figure 9 : view of the simplified model  

A contact between the nodes of the support foot of the rack and 
the liner (the plate) is defined in PAM-CRASH. The same 
modeling was also done within an analytical module developed 
by MOUDRIK (Ref [2]). 

Simplified model 
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PAM-CRASH model parameters were taken  as follows : 
 A rigid basis with 2 contact points to the ground, 

length d0=2m 
 A rigid vertical beam of height H=5.12 m 

corresponding to the height of the rack 
 Rack mass m = 16340 Kg  
 Y-axis moment of inertia: Iy = 41256.44 Kg.m²  

 
A sinusoidal acceleration is prescribed on the ground plate : 
frequency 1Hz and 0.6g magnitude. 
Parametric studies on the Coulomb friction coefficient were 
conducted and results were compared with the analytical results 
obtained by MOUDRIK leading to different kinematics : 

 μ < 0.38 : pure sliding, no rocking 
 μ = approx 0.40 ~ 0.42 : rocking and sliding 
 μ > 0.7 :  rocking only, no sliding possible 

 
 
The comparison between the results obtained with PAM-
CRASH and the reference analytical model from MOUDRIK is 
shown in figure 10. 

 μ = 0.38 
PAM-CRASH results match well reference results. There are 
alternating sliding phases of a maximum amplitude of 100 mm 
followed by adherence phases.  

 μ = 0.7 
Apart from the third and fourth rebound, the rocking and 
sliding  time history curves obtained by PAM-CRASH and the 
reference are in agreement.  

 μ = 0.4 and μ = 0.42 
As for μ = 0.7, the first 2 peaks are well correlated between the 
reference and PAM-CRASH. The maximum displacement is 
very similar but the residual displacement is higher in PAM-
CRASH than in the reference. 
For the response of the rack in air, the sliding distance is higher 
in the simulation than in the test. One possible explanation is 
the bad estimation of the real friction coefficient in the test, as 
no measured data is available. This uncertainty is covered in 
industrial applications by making at least 2 simulations for each 
case : friction coefficients of 0.2 and 0.8. 
 

 

 

Figure 10 : Displacement time history curves (longitudinal 
and vertical); right analytical MOUDRIK/left PAM-
CRASH  

VALIDATION CASES FOR FPM 

As an example, are presented extracts of the validation cases 
required for FPM. 
 
Test 1 : Sloshing  
The sloshing  experiment were performed at the Japan 
Maritime Institute in 2001. This experience conducted by 
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Hinatsu (Ref [14])  was made using a rectangular tank partially 
filled with water (20% of water, 80% of air). Dimensions are 
1200x600x200mm. The tank is equipped of pressure sensors 
which record the pressure time history at several locations and 
heights of the tank. The tank is subjected to a sinusoidal 
displacement in the maximum length direction of amplitude 60 
mm and period 1.94s. 
This case allows to check and validate the dynamic pressure 
applied on structures in motion and the realistic modeling of the 
free surface. This dynamic pressure will be the loading applied 
on immersed structures. The tank is filled at 20%, . 
Results are compared vs. experiments and Fluent VOF method. 
The fluid is considered incompressible and newtonian.  

 

Figure 11 : location of the pressure sensors P1 and P3 

Point X Z 

P1 1170 mm 0 mm 

P3 1200 mm 150mm 

Figure 12 : location of the pressure sensors P1 and P3 

 

Figure 13 : dimensions of the tank 

 

 
 

 

 
 

Figure 14 : Pressure time history curves (FPM/Fluent/Test) 

 

Experiment                
Fluent 
FPM
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Figure 15 : contours of pressure on the moving FPM points 
at 12.5 s, comparison with the test at the same time. 

Simulation results (FPM or Fluent) match very well the 
experimental results. The amplitude, the frequency and the 
phases of the water movement are well represented.  
 
Test 2 : diving of a sphere into water 
This test checks whether Archimede pressure is applied 
correctly on the structure and that the added mass provided by 
the displaced water on the structure is well predicted by the 
simulation, which is a prerequisite for the prediction of the 
displacement of immersed structures subjected to earthquakes. 
The case is included in Ref [6]. 

 
 

Figure 16 : contours of the fluid velocity around a diving 
sphere : FPM model. 

 

Sphere Fluid 
Mass 32 670 kg Density 1000 kg/m3 
Volume 4.188 m3 Viscosity 0.01 Pa.s 
Density 7800 kg/m3 Initial velocity 0 m.s-1 

 
An immersed structure follows the following corrected Newton 
law taking into account the forces F’ applied by the mass of 
water transported by the structure. 
 
Notations : 

M  : mass of the sphere 
Ma  : fluid added mass 
v  : sphere current velocity 
fluid  : water density 
Vsphere  : sphere volume 
g  : gravity 
A  : section of the sphere 
Cd  : drag coefficient 
γ : acceleration 

 

'. FMF    

It can be rewritten as follows (Ma can be defined as an added 
mass) 

)( aMMF   

VsphereKM fluidea ..
 

Which leads to : 

gMvCAgV
dt

dv
MM dfluidspherefluida ....

2

1
..)( 2  

For a sphere, K=0.5. (Ref [6]) 
A convergence analysis vs the refinement of the FPM is shown 
below and confirms the very good correlation of the FPM 
simulation results with analytical results. 
 

Case Refinement 

Velocity at 
0.3s 

Velocity at 
0.6s 

Velocity at 
0.89s 

Value Error Value Érror Value Érror 

1 
Constant refinement 

h=0.5 
2.354 1.9% 4.649 2.7% 6.830 2.7% 

2 
Local refinement h 
=0.3 Outside: 0.8 

2.367 1.4% 4.719 1.3% 6.938 1.2% 

3 
Constant refinement 

h=0.3 
2.369 1.3% 4.725 1.2% 6.941 1.1% 

Analytical 2.4  4.78  7.019  

 
Test 3 : validation of the motion of the relative displacement 
of 2 immersed structures (Fritz) 
 
This case refers to the work done by R.J. Fritz Ref [1] which 
shows that the hydrodynamic effects created by the relative 
displacements of 2 immersed structures can be represented by 
added diagonal and coupling non diagonal masses for small 
displacements. 
We consider 2 coaxial cylinders with infinite length. The inner 
cylinder has a radius a=x1 and the outer cylinder b=x2 separated 
by a layer of fluid. 

 
Prescribed accelerations resp. 1x  et 2x  are applied on the inner 

and outer cylinders. The displacements are considered as small 
so that the added and coupling mass may be taken as constant.  
Reaction forces are given [Fritz, 1972] by :   

2111 )( xMMxMF HHf  
 

Water 

Inner cylinder 

Outer cylinder 
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221112 )()( xMMMxMMF HHf  
 

  LaM ²1   , added mass displaced by the inner 

cylinder 

  LbM ²2   , total mass that the outer cylinder 

could contain in the absence of the inner cylinder 

 
²²

²²
1 ab

ab
MM H 


 , coupling non diagonal mass due 

to the water blade between the 2 cylinders 
 

For the comparison between FPM and the reference, the inner 
cylinder was fixed. A sinusoidal acceleration ( amplitude 1.579 
ms-2, frequency 20Hz) is prescribed to the outer cylinder. The 
force applied on the inner cylinder can be written as follows :  

211 )( xMMF Hf 
 

 

Geometries 1 2 

Radius of inner cylinder a= 0.112 0.0895 

Radius of outer cylinder b= 0.14 0.14 

Length of the cylinder L= 0.8 0.8 

Water density Rho= 1000 1000 

Maximum reaction force (Fritz) 277N 107 

Maximum reaction force (FPM) 270N 108N 

Difference (%) 2.5% 1% 

Figure 17 : comparison with FPM results with analytical 
solution  
 

 
 

Figure 18 : FPM simulation, contours of total pressure 

The FPM results match well the results obtained by the 
analytical formula, valid in the range of small displacements.  

QUALIFICATION OF THE FSI 
METHODOLOGY ON A MOCKUP OF A 
NUCLEAR FUEL RACK 

The purpose of this qualification study was to check, compare 
and validate the response of an immersed storage rack mockup 
in a storage pool subjected to earthquake, empty or filled with 
nuclear fuel assemblies. 
It refers to MOUDRIK’s work, published in a PhD thesis done 
at Commissariat à l’Energie Atomique (CEA, France) in 1996, 
Ref [2]. The experimental results cover empty and full racks 
immersed in a pool or in an empty pool.  
In a first step the structural modes are compared for racks in air 
and racks in water. 
In a second step, for earthquake response analyses, two 
criterions are compared : the maximum sliding distance of the 
rack during one sliding phase, the maximum relative 
displacement over time of the rack vs the support. 
The mockup which was constructed for the experiments in a 
pool corresponds to  a rack P’4 at 0.5 scale. The mockup 
includes 16 fuel channels on a plate supported by 8 feet. These 
fuel channels are hollow tubes of square section. 
Three connecting plates in a horizontal plane for different 
heights ensure the kinematics constraints between the fuel 
channels. 
 

 

Figure 19 : Face view of the rack mockup 

The PAM-CRASH model includes :  
 The fuel channels are represented by an equivalent 

beam element for the 16 fuel channels, section 
Seq=16*Salv and inertia Ieq=16*Ialv .  

 The connection between the fuel channels and the 
support plate is made with rotational springs 
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 The support plate has been modeled with a network of 
beam elements and equivalent mass 

 The support feet are modeled as individual beam 
elements 

 The external shells are rigidly connected to the central 
beam on each horizontal plane to allow bending; these 
shells were included in order to define the surface 
elements for Fluid Structure Interaction with FPM 

 Pressure from FPM will be applied on external shells 

 
 

Figure 20 : Model of the rack (shells + beams + springs + 
contacts) 

As a first step of validation, the first modes of the PAM-
CRASH/FPM model were compared with MOUDRIK 
reference results for a rack in air and an immersed rack in 
water. 
In air, the frequency of the first mode with VPS/PAM-CRASH 
is very close to the MOUDRIK reference (20.82 Hz vs. 20.7 
Hz). The 2nd mode compares also very well (74 Hz vs. 74.3 
Hz). 

 

Figure 21: First bending mode (20.7 Hz), left 
MOUDRIK/right PAM-CRASH 

 

Figure 22: FFT of the acceleration of the top of the rack in 
air  

For an immersed rack, the first mode stands at 13 Hz for 
MOUDRIK reference, compared to 12 Hz for a coupled FSI 
PAM-CRASH/FPM simulation.  
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Figure 23: Acceleration FFT at the top of the socket (top: 
MOUDRIK; bottom: PAM-CRASH/FPM) 

RESPONSE TO EARTHQUAKES 

The dynamic behaviour of the fluid and the structure is 
modeling using non linear transient dynamics. Usually, an 
earthquake is defined by a Shock Response Spectrum (SRS) in 
the frequency domain. There is an infinite number of 
combinations of acceleration time histories which brings the 
same SRS response. 
Therefore, in accordance with the reference (Moundril Ref [2]), 
the earthquake analyses have been repeated for 4 different 
accelerograms (g1, g2, g3, g4) and for increasing 
magnitudes (0.35g, 0.5g, 0.8g). 
Two criterions are compared : the maximum sliding distance of 
the rack during one sliding phase, the maximum relative 
displacement over time of the rack vs the support. 
 
 

Glissement maximal au centre

0

1

2

3

4

5

6

7

8

9

0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9

Accélération (g)

D
ép
la
ce
m
en
t 
(m

m
)

Moudrik (Essai)

g1

g2

g3

g4

 

Figure 24 : Maximum sliding distance for an empty rack in 
air (simulations: g1, g2, g3, g4) 
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Figure 25 : Maximum relative displacement over time for 
an empty rack (simulations: g1, g2, g3, g4) 

The dispersion observed in the numerical simulations is very 
similar to the MOUDRIK reference. The second set of 
comparisons involves full racks in water. The simulations were 
run with PAM-CRASH/FPM FSI solution. The comparison 
between the simulations and the tests is shown below. 
The acceleration time history curves applied on the table had to 
be reconstructed and the solution in order to get the same SRS 
response is not unique. It is believed that the accelerograms 
used in the simulation were smoother than for Moudrik case, 
leading to the reduction of the peak values, especially for the 
0.35 g and 0.5 g cases. As the peak values of acceleration time 
history –for which we do not have access to measurements- are 
underestimated, the mockup will have less rocking and sliding 
which explains the underestimation of the response for these 2 
loadings. It is less sensitive for the 0.85 g case.  
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Figure 26 : Maximum sliding distance for a full rack in 
water  (simulations: g1, g2, g3, g4) 
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Figure 27 : Maximum relative displacement over time for a 
full rack in water (simulations: g1, g2, g3, g4) 

 

CONCLUSION 

An extract of the methodology for the qualification of ESI’s 
Virtual Performance SolutionTM 
regarding the response of immersed structures to earthquakes 
has been shown. It unfolds into the validation of the FPM 
modulefor simple cases, coupled or not with the structural 
module PAM-CRASH, and in a second step into comparisons 
with experiments on a mockup. 
In a first step it was demonstrated that the non linear approach 
using accurate Fluid Structure Interaction models reproduced 
the results already validated in the linear range and therefore 
covered classical analysis. 
The contact algorithm was also validated versus a reference. 
In a second step, an intrisic and physics based model was 
compared versus experiments in air and in water. The first 
mode frequencies of the structure in air and in water were 
validated. Subsequently full transient responses similar to an 
earthquake were conducted in the same conditions as the 
experiment. 
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Abstract 
Although, the European citizens are becoming increasingly familiar with the concept of 
energy in use and of the need to reduce it, they have not realized yet that energy is needed 
not only to run a building but it also takes considerable amount of energy to create the 
building products and the building itself. 

The embodied energy of a building, defined as the total energy required to produce the 
building components, transport them in place and construct the building, is a significant 
component of its lifecycle impact and can be the equivalent of many years of operational 
energy. An average household contains about 1,000 GJ of energy embodied in the materials 
used in its construction, which is equivalent to about 15 years of operational energy 
consumption.  

The focus on embodied energy of insulation materials will be held within the framework of 
this contribution, some new insulating materials with low embodied energy will be presented. 
Those new materials are developed within a European research project with the acronym 
LEEMA (Low Embodied Energy Advanced (Novel) Insulation Materials and Insulating 
Masonry Components for Energy Efficient Buildings), which will also be shortly presented. 

 

1 Introduction / Motivation 
A review of the embodied energy values of the various building materials shows that the 
embodied energy per mass unit of the most widely used insulation materials in construction 
applications is very high and actually, the embodied energy per mass unit of the most 
important of them (EPS 108 MJ/kg, XPS 95 MJ/kg, glass wool 49.6 MJ/kg, rock wool 16.8 
MJ/kg) is many times higher than the embodied energy of many other common, traditional, 
non- or poor- insulating, load-bearing building components including, concrete (1.1 MJ/kg), 
bricks (3.0 MJ/kg), ceramics (9.0 MJ/kg), clay (6.5 MJ/kg) and concrete tiles (2.0 MJ/kg), 
marble (2.0 MJ/kg), cement mortar (1.4 MJ/kg), recycled (9.5 MJ/kg) or even virgin (35.3 
MJ/kg) steel. 

The above figures show that the development of building insulation materials of at least 50% 
lower embodied energy than the currently available ones is an ambitious goal for the building 
materials industry, which would result in significantly higher energy savings per mass unit 
than the proportional reduction in the embodied energy of any other commonly used building 
material would. 

In this frame, the objective of the FP7-project “LEEMA” (Low Embodied Energy Advanced 
(Novel) Insulation Materials and Insulating Masonry Components for Energy Efficient 
Buildings) is the development of a new generation of inorganic insulation materials and 
building insulation masonry components, that will have more than 50% lower embodied 
energy and more than 15% lower cost than the synthetic organic and mineral based ones 
and at the same time they should not present their technical, health and environmental 
drawbacks. 

 

2 Embodied energy of actual insulation materials  
The currently available insulation materials suffer from various technical and environmental 
drawbacks originating either from the conditions of manufacturing processes applied for their 
production or from the technical and environmental inefficiencies of the primary raw materials 
used for their synthesis. For example, the synthetic organic oil-derived insulation products 
(like extruded polystyrene, expanded polystyrene, polyurethane) are easily combustible, 
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degrade under exposure to direct sunlight and high humidity, they suffer from thermal drift 
due to pentane/CO2 out gassing, leading to gradual increase of the thermal conduction λ-
value over time, and they do not have good acoustical properties. Moreover, in case of fire, 
the fire retarding agents which they contain (e.g. chloride salts) result in the formation of 
precursor forms of dioxins. Rock wool and Glass wool are of fibrous structure and, therefore, 
are related to fiber release, especially during installation works. Moreover, as they contain 
formaldehyde as binder, they very often are out-gassing formaldehyde that may affect 
installers, pollute the indoor building environment and pose risk to the health of the building 
inhabitants. Even bio-degradable formaldehyde-free organic binders, which are partly used 
since a few years in rock wool manufacturing, are decomposed over time, resulting in the 
destruction of its lightweight, fibrous network and, eventually, to its sedimentation 
(shrinkage). This phenomenon downgrades its thermal insulating performance. 

The natural organic ones (plant-animal derived, like cellulose, wood-wool, flax, hemp, etc.) 
are easily combustible, contain high quantities of borates as fire retardants, easily absorb 
moisture, shrink and settle over time and present thermal drift.  

The materials shown in Fig. 1 are produced in different forms, depending on the final 
application, like: granules for loose fill insulation (polysterene beads, fiber glass or rock wool, 
cellulose, common expanded perlite or exfoliated vermiculite to fill cavity walls); mineral 
blankets (fiber glass, rock wool); rigid boards (extruded polystyrene-XPS, expanded 
polystyrene-EPS, polyurethane, polyisocyanurate and fiberglass); foamed or sprayed in-
place (polyurethane and polyisocyanurate). 

 

 

Fig. 1: Currently available building insulating materials 

 

The most widely used insulating materials (Fig. 2) are inorganic fibrous ones (glasswool and 
rock wool), which account for 60% of the European market, and polymeric organic foamy 
ones (expanded and extruded polystyrene and, to a smaller extend, polyurethane), which 
account for 35% of the European market, while the remaining 5% of the market is mainly 
covered by wood-wool. New nonconventional, high performance insulation products, like 
Vacuum Insulation Panels (VIP) based on fumed silica, have very limited penetration in the 
market mainly because of their extremely high cost (about 4300€/m³) that makes them not 
affordable and therefore not easily adopted by a wide range of EU consumers and by the 
construction industry. 

The currently available insulation materials are characterized by very high embodied energy 
and various technical and environmental disadvantages originating either from the industrial 
processes applied for their production or from technical and environmental inefficiencies of 
the primary raw materials used for their production. The embodied energy per mass and 
volume of the various current building materials and the new 3I products is presented in Fig. 
3. 
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Fig. 2: European market share of most widely used Insulation Panels insulating materials [1] 

 

However, as all the insulation materials are traded on a volume basis it is considered more 
appropriate to also present and compare their embodied energies on volume basis. The 
embodied energy in this case is calculated from the density of the insulating material and its 
embodied energy per mass unit, but as the density of the insulating materials varies 
considerably the result is a range of embodied energy values corresponding to the range of 
densities at which the insulating material is currently produced. Fig 3 shows the embodied 
energy of actual available insulation materials. 

 

 

Fig. 3: Embodied energy per mass unit and volume of the current building materials [2] 

 

Based on the diagram of Fig. 3 it can be observed that the “organic polymer” insulation 
materials (like EPS, XPS, PUR/PIR) have the highest embodied energy of all the insulation 
materials, ranging between 70 – 90 MJ/kg. The high embodied energy of these materials 
mainly results from the high embodied energy of the oil derived raw materials (monomers) 
used for their synthesis as well as certain energy intensive synthesis processing conditions 
(blowing of steam, etc). 
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“Mineral based” fibrous insulation materials, like rock and glass wool as well as cellular glass 
are also characterized by high embodied energy, ranging between 16 – 50 MJ/kg, with the 
exception of expanded perlite and vermiculite, whose embodied energy is in the range of 10 
MJ/kg. The high embodied energy of mineral based insulation materials results mainly from 
the very high temperatures applied during their processing (energy to heat the raw materials 
up to 1600°C plus the energy to melt it –latent heat), which are necessary for the mineral or 
glass raw materials melting in order to spin them into fibers. Melting of the primary raw 
materials is not required for the production of expanded perlite and, in this case, the lower 
embodied energy results from the less intensive heating conditions (1200°C) applied. 

 

3 New insulation materials 
The development of better performing insulation materials is very important also for another 
reason. They are crucial components in improving buildings energy performance and play a 
significant role in the reduction of buildings operational energy. 

In this frame, the objective of the present research project is the development of a new 
generation of inorganic insulation materials and building insulation masonry components, 
that will have more than 50% lower embodied energy and more than 15% lower cost than the 
synthetic organic and mineral based ones, like EPS, XPS, Rock and Glass Wool. 

Additionally, the new insulation materials should have good and stable thermal and 
acoustical performance, will be incombustible, not degradable, will not shrink or settle over 
time, will be and remain lightweight over service life, will be safe during handling and 
installation and will not pollute the indoor building environment. 

The above objectives will be achieved through the development and application of innovative 
technological routes for the production of the proposed insulation materials, combining  

a. Novel synthesis processes  

b. Integration of appropriate wastes in the production cycle 

c. Intelligent utilization of raw materials chemical and mineralogical properties.  

More specifically, the production of the new insulation materials will be based on: 

 Intelligent use of appropriate, inert, natural alumino-silicate raw materials originating 
from “zero-embodied energy” wastes of industrial mineral exploitation (i.e. perlite, 
bentonite, amorphous silica and other volcanic minerals) and other industrial wastes, 
which lead to the production of precursor forms of inert, non-combustible, lightweight, 
good insulating materials upon suitable processing 

 Application of novel very low energy consuming synthesis processes based on 
inorganic polymerization and thermal expansion that enable the synthesis of the new 
insulation materials at significantly milder conditions taking advantage of the unique 
and favorable chemical and mineralogical composition of the above wastes (i.e. much 
lower processing temperatures, 50 – 300°C) than the currently applied ones (i.e. 
1500°C in the case of Rock and Glass Wool) 

 Addition of appropriate mineral rejects (fluxes) that easily react with the above wastes 
through highly exothermic reactions forming inert stable structures. 

The selected raw materials (mineral wastes) have the appropriate properties (high 
amorphous silica/alumino-silicates content), the potential (enough quantities evenly 
distributed in Europe) and life cycle (natural, inert, recyclable materials) to lead to the 
development of insulation materials that go beyond the current state of the art and, at the 
same time, to address the issue of the preservation of non-renewable material resources. 
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4 Research project LEEMA 
The following objectives will be achieved with the accomplishment of the following quantified 
technical steps of the present research project LEEMA. 

Inorganic polymeric materials will be developed with raw materials: 

a. Silicate/alumino-silicate wastes of industrial minerals exploitation,  

b. Recycled rejects from the glass industry,  

c. Mineral wastes with high alkali metal content as alkali activators.  

The developed precursor polymers are expected to be free from the drawbacks of the 
currently available inorganic polymers (so called geopolymers) and will be characterized by 
high amorphous silica content (higher than 90%), pH lower than 11 and very low solubility in 
aqueous alkaline solutions. 

In the next step, low embodied energy Insulating Inorganic Incombustible (3I) materials and 
masonry components using the above inorganic precursor polymers as primary material will 
be developed.  

More specifically, the development of the following 3I products is focused on: 

1. 3I Loose-filling granular material, to be used to fill cavity walls aiming to improve 
building insulation mainly in retrofitting works, but also in new buildings. Apart from 
the lower embodied energy, it will be characterized by superior performance 
compared to the currently applied bulk insulation products (rock and glass wool 
blankets or granulates, polystyrene foam granules, common expanded perlite). It is 
expected to have 71-96% lower embodied energy per volume unit, thermal 
conductivity between 0.028-0.034 W/mK (equal or lower than that of the commercial 
insulation products), low density (bulk density of 18-30 kg/m³, lower than that of 
polystyrene, rock and glass wool), good acoustical properties, good compression 
strength (higher than 0.04 N/mm²), be chemically inert, completely hydrophobic and 
stable over time (shrinkage lower than 2% after cavity walls filling in the long term). 

2. 3I panels. They are expected to have 50-92% lower embodied energy per volume 
unit than the currently available insulation panels (extruded (XPS) and expanded 
(EPS) polystyrene, rock and glass wool boards), thermal conductivity in the range of 
0.030 – 0.036 W/mK, bulk density between 100 and 150 kg/m³ (depending on the 
application), mechanical properties (mainly impact resistance and flexural strength) 
similar to that of relevant commercial products. Additionally, they will be chemically 
inert and stable over time and provide acoustical insulation, fire resistance (class A1, 
according to EN-13501 [3]) and clean indoor air environment, while their production 
cost will be 55% lower than that of XPS. 

3. 3I boards with thermal conductivity about 0.1-0.2 W/mK, significantly lower than the 
conductivity of actual available fiber cement boards (0.6 W/m.K), similar mechanical 
properties, 60% lower embodied energy, 32% lower cost. Additionally, the new 
boards will be stable over time and will have improved fire performance, as they will 
be fire class A1, while the current fiber cement boards are fire class B, according to 
EN-13501. 

4. 3I polymer bricks and facades. The target is the development of structural bricks with 
thermal conductivity in the range of 0.050-0.055 W/mK and facades with thermal 
conductivity in the range of 0.045-0.050 W/mK, at least 20% lower than that of special 
insulating porous clay bricks currently available in the market, with 53% (bricks) and 
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55% (facades) lower embodied energy and at least 20% lower cost, but of similar 
mechanical properties (compressive strength of 8 N/mm² for multi-storey buildings). 

 

5 Development of 3I products 
The desirable insulating, technical, health and environmental properties of the final 3I 
products will be attained as a result of both the applied process conditions and the favorable 
chemical and mineralogical properties of the waste materials to be used as raw materials. 

The main stages of the proposed technology for the synthesis of the new insulation materials 
and masonry insulating building components will involve: 

 Mixing of the selected alumino-silicate wastes with sodium-containing mineral wastes, 
which release Na+ and OH-, and small amount of NaOH or water glass. The 
dissolution of sodium containing mineral wastes and NaOH in water is an intensively 
exothermic reaction, which will offer the necessary heat for the process. External 
energy demand of this “smart” process is extremely low, i.e. it is a “self-heating” 
chemical process; 

 Molding and curing of the produced inorganic polymer paste, at ambient 
temperatures or temperatures not exceeding 90°C. 

The subsequent processing steps depend on the final product type: in the case of 3I loose-
filling granular material further processing consists of  

 Mechanical preparation (grinding) of the cured compact inorganic polymer,  

 Thermal expansion of the inorganic polymer particles to produce lightweight bulk 
insulating granules and  

 Hydrophobisation of the bulk material and production of the final insulation product. 

In the case of 3I formed products (panels and boards) and 3I polymer bricks and façades 
further processing involves  

 Final forming/shaping of the cured insulation product and  

 Hydrophobisation and production of the final products. 

Based on the above, the development of a technically successful and economically viable 
polymerization process for the production of insulation materials requires: 

a) The selection of suitable very fine alumino-silicate mineral wastes (e.g. volcanic tuffs) 
of high amorphous silica content to secure high reactivity (to improve reaction 
kinetics); 

b) Identification of the proper mixtures of the selected alumino-silicate wastes that will 
lead, after curing, either to a high strength, lightweight product with good insulating 
properties (3I formed products or 3I polymer bricks) or to an easily expandable 
precursor material for the production of the 3I loose-filling material; 

c) Addition of appropriate wastes of high alkali metal content (e.g. high sodium and 
potassium content clays) to reduce the quantity of alkali activator and improve the 
economic viability of the process; 

d) Addition of appropriate waste materials that trigger the polymerization reaction 
rendering it highly exothermic and, therefore, self sustained in terms of the heat 
energy required for its realization; 
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e) Specific treatment of the final material in order to render it inert and completely 
hydrophobic aiming to secure that it does not absorb moisture and, moreover, when it 
becomes wet will not leach out alkalinity. 

All the above issues are addressed in the present research project. The proposed industrial 
mineral and recycled glass wastes are the ideal materials to be used for this purpose as they 
are all natural siliceous, totally inert materials containing more than 70 % amorphous silica or 
amorphous alumino-silicates and a good percentage (> 2%) of sodium and potassium metal 
ions that can reduce the amount of the needed alkali activator.  

The high embodied energy of the conventional mineral insulation materials originates mainly 
from the energy intensive processes applied for their production, which involve melting at 
1600°C in the case of mineral and glass wool and thermal expansion at 1200°C in the case 
of expanded perlite. In the case of the proposed 3I loose-filling granular material, the main 
idea is not to melt the raw materials but thermally expand a suitably prepared precursor 
geopolymer by applying a thermal process imitating the thermal expansion of perlite.  

Due to hygroscope properties of geopolymers, a new hydrophobisation process combines 
two innovative ideas, which both reduce the embodied energy and the cost of the 
hydrophobic end-product: 

1. Siloxane, which will be used for hydrophobisation, will not be a purchased chemical 
compound but will be collected from the common rubber recycling (rubber tires, baby 
pacifiers, rubber tubes, etc.); 

2. For the evaporation of solid siloxane at 250-300°C inside the reactor, the hot spent 
gases of the “3I” expansion furnace will be used as heat source. Therefore, the 
hydrophobisation reactor will be adjacent to the expansion furnace. 

As already presented in detail, the high embodied energy of the currently available insulation 
materials is the result of either the high embodied energy of the raw materials used for their 
synthesis (e.g. oil derived monomers) or the energy intensive synthesis processing 
conditions (e.g. very high temperatures, steam blowing, etc.). The objective of the presented 
project is the development of a new generation of building insulation products with more than 
70% lower embodied energy and insulating masonry components with 52-55% lower 
embodied energy. This is feasible, as the main part of the raw materials to be used for their 
synthesis will be industrial mineral wastes, while all the processes to be applied for their 
production will be low energy consuming.  

Raw materials: The alumino-silicates and the other sodium and lithium containing mineral 
wastes and recycled glass that will be used as raw materials are considered to have “zero” 
embodied energy and, therefore, at this stage only their transportation energy was taken into 
account (which was estimated to 0.1 MJ/kg for an average distance of 150 km). Sodium 
hydroxide and sodium silicate liquid solution (water glass) will be the main alkaline activators 
that will be tested in the project. Although, the embodied energy of these materials is quite 
high [14.56 MJ/kg for NaOH 9 and 8.71 MJ/kg for sodium silicate (Na2O/SiO2 2.0 (w/w)], their 
quantity will be minimized with the addition of the above mentioned appropriate Na, K and Li 
mineral wastes donors. Moreover, the hydrophobisation agent (elastomer) is also considered 
to have “zero” embodied energy. 

Processes: Concerning the inorganic polymerization, preliminary data showed that for the 
production of 1 t of inorganic polymeric material the required quantities of the needed raw 
materials will involve about 200-250 kg perlite, bentonite and amorphous silica blend, 100-
150 kg spodumene, 150-200 kg recycled glass, 100-150 kg sodium hydroxide or 200-250 kg 
sodium silicate liquid and 300-350 kg of water. No energy will be needed to heat the waste-
alkali activator blend as the sodium-bearing materials dissolution in water is highly 
exothermic, while curing of the polymer paste will be performed at about 25-60°C for 8-48 h, 
depending on the targeted properties of the final product. Finally, in the case of the 3I loose-
filling material, the thermal expansion of the inorganic polymer will be carried out at 300-
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400°C, while hydrophobisation (performed at 250-300°C) will use as energy source the spent 
hot gases of the expansion process. An additional 20% energy consumption has been 
assumed in the calculations to cover all the other processes including mixing, shaping, etc. 

The embodied energy per volume and mass of the proposed 3I products resulting from these 
calculations is shown on Table 1. 

 

Table 1:  Thermal conductivity, density and embodied energy per mass and volume of the   
 new insulating products 

Product type Thermal 
conductivity 

[W/mK] 

Density 
[kg/m³] 

Embodied Energy 

MJ/m³ MJ/kg  

3I loose filling material 0.028 – 0.034 20 – 30 116 -174 5.8 

3I panels 0.030 – 0.036 100 – 150 210 - 315 2.1 

3I polymer bricks 0.050 – 0.055 660 35.2 MJ/brick 

3I facades 0.045 – 0.050 360 11.27 MJ/Facade 

 

6 Structure of the project 
The project has been structured in 10 WPs, as presented in Fig. 4. The aim of the project is 
the development four new insulating, materials and insulating masonry components, namely 
3I loose-filling granules, 3I panels and boards and 3I polymer bricks and facades, having 
considerably lower embodied energy and cost than their conventional counterparts and 
improved technical, health and environmental properties. An overview of the work plan is 
presented below. 

WP1 Materials specifications and characterization: The technical requirements and 
specifications of each of the new 3I products will be defined and quantified based on the 
market requirements and in compliance with the EPBD and the technical, safety, health and 
environmental performance standards. Moreover, for each waste material (to be used as raw 
material) and product a list of properties and characteristics that have to be measured for 
their characterization and the evaluation of their performance will be established. For the 
measurement of these properties relevant standard methods (ISO, EN, ASTM) will be 
applied, while in the cases where no standard method for the measurement of a specific 
property exists, the appropriate testing procedures will be developed. 

WP2 Development of inorganic precursor polymeric materials: Various formulations of 
inorganic precursor polymers will be developed to be used for the production of the final 3I 
products. The technical performance of the produced polymers, including thermal properties, 
durability, water absorption and leach resistance to water attack, are strongly affected by the 
type and blend of the alumino-silicate materials used for their synthesis and the 
polymerization process parameters. Therefore, the selection of the right type and blend of 
alumino-silicate waste materials, the identification of the proper process conditions as well as 
the understanding of the polymerization reactions chemistry (mechanism, kinetics, enthalpy, 
polymerization products) are the most important parameters that will be studied aiming to the 
formation of inorganic polymers with the optimum properties. The polymerization process will 
be developed both at lab and pilot scale. 
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Fig. 4: Work plan of the project LEEMA 

 

The various formulations of the inorganic polymers will be used as primary material for the 
synthesis, upon further processing, of the 3I products: a. 3I loose-filling granules (WP3 
Development of 3I loose-filling materials); b. 3I panels and boards (WP4 Development of 3I 
formed products); c. 3I polymer bricks and facades (WP5 Development of 3I polymer bricks). 
Their development will take place in two stages: laboratory and pilot. The properties of the 
new 3I products will be evaluated, using the procedures defined in WP1, and optimized in 
order to fully comply with the specifications also set in WP1. Moreover, different field tests 
are foreseen to be performed, in the frame of WP6 Field tests of the new 3I components – 
Certification, for evaluation and assessment of the technical performance of the new 3I 
products under conditions simulating European weather over a period of several years. The 
3I products will be tested with all the relevant EN standards in order to prove their 
compliance with technical, safety, health and environmental standards and the targets set by 
EPBD. The final goal of the project will be to obtain by its completion products fully certified 
by internationally recognized certification organizations in Germany and Belgium. 

A detailed Life Cycle Analysis (WP7 Life Cycle Analysis) has been foreseen to define the 
energy and environmental profile of the new processes and 3I products developed within the 
project and assess the environmental impact related to their entire life cycle (production, 
application, recycling/disposal). Moreover, through LCA a detailed estimation of the 
embodied energy and the cost of the new processes as well as the 3I products will be made, 
in order also to check if the quantified targets of the specific NMP call are achieved. The LCA 
study will be carried out according to the International Reference Life Cycle Data System 
(ILCD) Handbook. 

WP8 Techno-economic evaluation and LCA of new products: the technical and economic 
viability of the new processes and 3I products will be assessed based on technical, economic 
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and environmental criteria. For this purpose, the results of the laboratory and pilot scale 
tests, the materials and product characterization (WP2, WP3, WP4, WP5 and WP6), the 
specifications as set in WP1, the results of the LCA study and relevant financial data will be 
used.  

WP9 Business plan: in this WP a preliminary Business Plan for the industrial application of 
the new production processes and a market penetration strategy for the commercialization of 
the new 3Iproducts will be developed. Moreover, the following activities have been foreseen 
as an attempt to ensure benefit maximization from the exploitation of the innovative 
technologies and products: a. development of a plan for the management, dissemination, 
exploitation and protection of the knowledge, technologies and products developed with the 
project, adapted to the specifics of the building sector; b. planning of appropriate training 
activities for the support of producers and end users. 

MPA Universität Stuttgart USTUTT is responsible for the technical coordination of WP6 
“Field tests –Certification” and is be mainly involved in the field testing and certification of 
new developed products and components. Additionally, it defines the properties required to 
be measured and the relevant procedures and participates in the dissemination activities. 

7 Expected impacts 
The LEEMA project intends to develop a new generation of insulation materials and building 
masonry components namely 3I loose-filling materials, 3I panels, 3I boards, 3I polymer 
bricks and facades that will be characterized by considerably lower embodied energy per 
mass and per volume basis than the currently available ones. Besides low energy footprint, 
the new insulation products will have improved technical, health and environmental 
properties as far as, long term thermal and acoustic insulation performance, incombustibility, 
resistance to moisture absorption and water attack, stability, safety in handling and 
installation, non-polluting indoor environment and cost, are concerned.  

3I loose-filling materials:  
 They are mainly designed to fill existing cavity walls in a very simple and effective 
application procedure aiming to replace polysterene granules, rock and glass wool blankets 
or granulates and expanded perlite. All these materials are traded on a volume basis, as their 
main purpose is to fill the empty space between building envelope walls. Therefore, the 
comparison in the attained embodied energy reduction is performed on volume basis of the 
filling material. Based on the results presented in Fig. 3 and Table 1, in all the examined 
cases the 3I loose-filling material is expected to have 71 to 96% lower embodied energy per 
cubic meter than the embodied energy of its conventional counterparts. Moreover, it is worth 
to note that the 3I loose-filling material will have more than 50% lower embodied energy than 
“natural organic” materials like wood wool, wood fiber and cellulose that could be possibly 
used for this purpose. The “natural organic” materials cover only a very small part of the EU 
insulation market and have inherent technical disadvantages including combustibility, 
shrinkage and sedimentation over time. 

3I panels:  
 The 3I panels are designed to be installed during construction in the facade of external 
building wall or in the cavity between two masonry bricks in the case of common double brick 
walls. They aim to replace the currently used EPS, XPS as well as the rock and glass wool 
panels. The embodied energy of the 3I panels depends on the density of the product and is 
expected to be between 210 - 315 MJ/m³ (100 – 150 kg/m³). Based on this the estimated 
reduction in embodied energy per cubic meter will be 87 – 90% compared to EPS (15 – 35 
kg/m³), 50 - 86% compared to rock wool (25 – 140 kg/m³) and about 70% compared to glass 
wool (16 – 25 kg/m³). 
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3I polymer bricks and façades:  
The embodied energy reduction is made on a brick/facade basis. The currently available 
insulating bricks consist of two parts, the brick body made of burned clay and the interior that 
is filled with the insulating material (expanded perlite or rock wool). The aim is to replace both 
the brick body with an appropriate inorganic polymer, of much lower embodied energy and 
thermal conductivity (0.1 W/mK) than the currently used burned clay (0.6 W/mK), and the 
presently used filling material with the 3I loose-filling one. The embodied energy of e.g. the 
Poroton insulating structural brick with cavity space 62%, filled with expanded perlite of 52 
kg/m³ density currently produced is compared with the embodied energy of the new 3I 
polymer brick. The results together with the relevant λ (W/mK) and U (W/m²K) values are 
shown in Fig. 5. A 53% reduction in embodied energy compared to conventional insulating 
bricks is achieved. Similar embodied energy reduction (55%) is achieved in the case of 
facades. 

 

 

Fig. 5 Embodied energies and U (W/m²K) values of current insulation and new 3I bricks 

 

The major costs of the conventional insulating materials are related either to the cost of the 
energy consumed for their production (e.g. rock and glass wool) or to the cost of the oil-
based polystyrene and polyurethane raw materials (e.g. EPS, XPS, etc.) used. The use of no 
cost wastes as raw materials, the low energy consuming production processes applied and 
the minimization of the required quantity of sodium hydroxide, are the main reasons for the 
lower cost of the new products. 

However, a more detailed estimation of the expected cost of the new 3I products has been 
performed, and compared with the cost of the current materials aiming to replace. 3I loose-
filling material: For the production of 1 t (50 m³) of 3I loose-filling material of 20 kg/m³ density, 
about 0.15 t of Sodium Hydroxide (price 600 €/t) will be needed. The processing cost, based 
on data provided by the engineering department of one industrial partner of the project, 
including all the foreseen processing steps, labor and other costs, is estimated to be 910 €/t. 
In this respect, the total cost of the 3I loose-filling material is expected to be 1021 €/t or 20.4 
€/m³. Assuming a 30% profit, the ex-works price is estimated to be 26.6 €/m³. Based on the 
available prices of XPS, EPS, rock and glass wool and expanded perlite, the expected 
reduction in the cost of the 3I loose-filling material will be 34 – 58% compared to the 
conventional products. 

The manufacturing of the 3I panels does not involve thermal expansion; they will be 
produced with appropriate processing directly from the precursor inorganic polymer. It is 
estimated that from 1 t of precursor material 10 m³ of 3I panels of 100 kg/m³ density will be 
produced at about 230 €/t or 23.0 €/m³. With a 30% profit, the ex-works price will be around 
30.0 €/m³, that is 25-52% lower than the current products. Regarding 3I polymer bricks and 
façades, theirs costs involve the cost of the inorganic polymeric brick body, the cost of the 
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filling material, labor and other processing costs. The estimated ex-works price of the new 3I 
polymer bricks, as calculated by one of the industrial partner, is about 3.7 €/brick, about 19% 
lower than the current insulating brick of this partner. 

Besides high embodied energy, the currently available insulation materials are characterized 
by non stable thermal performance overtime, gradual deformation, degradation, shrinkage 
and settling, that significantly increase the energy consumption over the building lifetime. The 
gradual increase of their thermal conductivity (thermal drift) leading to increased thermal 
loses is due to ageing and humidity absorption. 

“Synthetic” organic polymers are known to age in the first years of their life through a process 
of gas exchange diffusion between CO2 in the cells and the ambient air. In approximately  
three years from installation the thermal conductivity can increase up to three times, resulting 
in a three times increase in heat losses from this insulation element. 

The presence of moisture in the insulating material (a result of condensation, rain penetration 
or plumbing leak) also increases the thermal conductivity by a large factor, especially in 
fibrous materials. In the case of mineral wool even 1-2% moisture can increase thermal 
conductivity and, therefore, thermal losses by 70%. Under freezing conditions, this increase 
is much more pronounced. 

Moreover, the existing loose fill insulating materials shrink and/or settle over time, leading to 
gradual decrease of the insulated volume of the filled cavity. In such cases a refill of the wall 
with new insulating material is needed to acquire the expected thermal conductivity values. In 
most cases shrinkage/settling is a result of moisture absorption. 

The new 3I materials will not present any of the above technical disadvantages. The use of 
only inorganic materials for their synthesis, the establishment of strong Si-Al-O bonds and 
stable alumino-silicate structure safeguard that they will not be subjected to ageing or 
structural deformation. Moreover, the hydrophobisation treatment will render them completely 
resistant to moisture absorption and to water attack. For all the above reasons the new 
insulating materials are expected to have stable over time thermal performance with a 
sufficiently low thermal conductivity assuring no need for replacement over the whole lifetime 
of the building. 

8 Conclusions  
 

The European Commission granted an novel project with the acronym LEEM in order to 
develop new insulation materials taking into account the focus of energy efficiency. The most 
important parameter of those new insulation materials is their embodied energy which is 
goaled to be less than 50% of already existing insulation materials. Furthermore their cost 
should less then 15% of the insulating materials available on the market. 

The main innovations of the presented project are summarized as follows: 

 Extensive use of zero-embodied energy raw materials: industrial mineral alumino-
silicate rejects and clay wastes of favorable chemical (high SiO2 and alkali metal 
content) and mineralogical (amorphous silicate/alumino-silicate phases) composition 
will be the feed of the primary reactor for making precursor forms of 3I polymers. 

 Synthesis of the precursor forms of 3I polymers by applying a very low energy 
requiring chemical process. Use of smartly selected primary materials (sodium clays, 
NaOH, etc.) will lead to an innovative “self-heating” melting process. Use of such 
materials will trigger exothermic chemical reactions and the released heat will be 
utilized in order to carry out, in an energy self-sustained manner, the polymerization 
mechanism 
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 Expansion of the precursor polymer particles through a new low energy demanding 
expansion process. Low energy demand is attributed to the presence of fluxing 
elements in the raw materials used. 

 An innovative hydrophobisation process of the final insulation products rendering 
them resistant to water attack, humidity absorption, degradation and shrinking over 
time. This new process will use zero-embodied energy Siloxane collected from 
common rubber recycling and will be a very low energy consuming process since the 
hot exhausted gases of the adjacent “3I” expansion furnace will be used as heat 
source. 

 Development of four new Insulating, Inorganic and Incombustible building  
components, namely 3I loose-filling granules, 3I panels and boards and 3I polymer 
bricks and facades, having considerably lower embodied energy (more than 70% the 
insulating products and 52- 55% the bricks) than their conventional counterparts and 
improved technical, health and environmental properties as far as fire resistance, 
incombustibility, mechanical strength, resistance to sedimentation and shrinkage, 
independence of crude oil, acoustical insulation, thermal drift, etc. is concerned. 
Moreover, the manufacturing cost of the whole 3I products family will be more than 
30% lower compared to respective competitive commercial products. 
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Abstract 
Coordinated by the Materials Testing Institute (MPA) of the University of Stuttgart the EU-
FP7 project “CETIEB – Cost-Effective Tools for Better Indoor Environment in Retrofitted 
Energy Efficient Buildings“ (www.cetieb.eu) has started on 1st October 2011. 14 industrial 
and research oriented partners from 6 European countries are involved. CETIEB develops 
cost-effective, innovative solutions for better monitoring indoor environment quality and 
investigates active and passive systems to improve. The focus lies on developing cost-
effective solutions to ensure a wide application of the resulting systems. 

1 Introduction / Motivation 
The Energy Performance of Buildings Directive (EPBD) [1] leads to energy efficient buildings. 
New and refurbished buildings have to meet the requirements concerning thermal insulation 
and air tightness and also the primary energy demand for heating, ventilation and air 
conditioning and illumination. In future net zero energy buildings will be the state of the art. 

However, refurbishing of existing buildings to an energy efficient standard leads to tight 
buildings (whole envelope: windows, walls, etc.) and affects the indoor climate. Users are not 
adapted to this new situation. The air exchange rates could be lower than required if no 
mechanical ventilation is installed or the system performance is not optimised. Therefore, in 
trying to increase the energy performance of buildings, the indoor environment quality is 
often degraded due to the lack of exchange with the outdoor environment. 

People in Europe spend more than 90 % of their time indoors (living, working, and 
transportation). In more than 40 % of the enclosed spaces, people suffer from health- and 
comfortable related complains and illness. Already in 1984 the WHO reported an “increased 
frequency in buildings with indoor climate problems”. The complexity of the problem and the 
fact of building related symptom clusters were later described as “Sick Building Syndrome” [2 
– 5]. Major symptoms of Sick Building Syndrome observed are allergy, lethargy, headaches, 
dry eyes, throat and skin. Office indoor air may also be associated with productivity and sick 
leave of the office occupants [6, 7]. 

Improving the health and comfort of the European population in those spaces consequently 
create a huge potential of economic and societal benefits, manifested in increased 
productivity, reduced sick leave and medical costs, but also by the prevention of potential 
liabilities. There is clearly a need for developing new methods for continuous detection of 
indoor pollution considering all key factors and for studying and identifying the best systems 
that will allow an efficient control of the indoor environment. 

2 Objectives  
The main objective of the project is to develop innovative solutions for better monitoring the 
indoor environment quality and to investigate active and passive systems for improving it. 
The focus lies on cost-effective solutions to ensure a wide application of the developed 
systems. CETIEB addresses three main objectives: 

- Development of monitoring systems (wireless and/or partly wired) to detect insufficient 
comfort and health factors. A modular version will be developed to allow end users a 
quick check of the indoor air quality. However, this system could also be used by 
advanced users for detailed and continuous measuring or to control active systems like 
ventilation. For that purpose several upgrade options will be available. 

- Development of control systems for indoor environments which could be based on 
passive elements like cost effective photo catalytic materials or phase change materials 
and active systems which control the air flow rates dependent on the monitored data. 
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Provision of alarm values for action, if automatic control is not sufficient. The effect and 
the influence of passive elements will be proved by the developed monitoring systems. In 
addition, plant based systems will be tested. 

- Modelling of indoor environments to assess and validate monitored data and to optimise 
the control parameters and systems for energy efficiency. Identifying the new air flow 
patterns in energy efficient buildings taking into account high thermal insulation and air 
tightness and also low temperature heating systems. This will give hints for the 
placement of sensors and the development of monitoring systems. The influence of the 
position of sources and sinks will be investigated. So the design of refurbishing could be 
improved. 

3 Project structure and partners 
3.1 Project structure 
The work to be done in the project is broken down in eight work packages as it is shown in 
Fig. 1. The different work packages will form an integrated progress in which WP2 to WP6 
are close connected research and development packages that interact almost 
simultaneously.  

 

Fig. 1  Structure of the project 

WP 1 is dedicated to project management. WP2 to WP6 are the core work packages that 
perform the main research and development activities.  

 Requirements for comfortable and healthy indoor environments are defined in WP2. 
Considering energy efficiency aspects, it will identify and define real challenges apparent 
at indoor environment as well as monitoring demands for improving indoor environment. 

 Smart and competitive wireless monitoring technologies and advanced sensor 
technologies are developed in WP3. Developments include monitoring tools for low 
concentration gases and harmful products within air in combination with other relevant 
indoor environment parameters. 

 Research on active methods to improve indoor environment is the main activity within 
WP4. New control strategies (concerning indoor environment and energy efficiency) are 
developed taking into account the large variety of human health and well-being factors in 
the indoor environment. 
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 WP5 develops and test new materials for improving the indoor environment passively, 
including thermal storage capacities and sink capacities for air pollutants. 

 The clear understanding and assessment of all aspects of activities that are part of the 
work packages WP3 to WP5 is task of WP6. Methods are investigated, evaluated and 
integrated in realistic scenarios and modelling of 3-dimensional thermal and fluid indoor 
environments including sources and sinks is performed. 

Demonstration activities are included in WP7. Different case studies are planned to 
demonstrate the results of the core work packages. Demonstration of concepts is planned in 
diverse building contexts and post occupancy assessment of occupant satisfaction, 
perceived comfort levels, absenteeism and work performance is conducted. 

Dissemination and exploitation activities are organised in WP8, covering the development of 
business models and training activities. 

3.2 Cons ortium 
The consortium includes 14 partners from 6 European countries. It is well balanced between 
research organisations and universities, small and medium enterprises, and large industry 
(table 1). Figure 2 gives a graphical overview of involved countries. 

Tab. 1  CETIEB project partners. 

No.  Participant Country Type 

1  University of Stuttgart – USTUTT 

- Materials Testing Institute (MPA), coordinating institute 

- Institute of Building Energetics (IGE) 

- Institute of Combustion and Power Plant Technology (IFK) 

Germany RTD 

2 DW EcoCo – DWE  Ireland SME 

3 S&B Industrial Minerals S.A. – S&B Greece Industry

4 Solintel – SOL  Spain SME 

5 Università Politecnica delle Marche – UNIVPM Italy RTD 

6 RED S.r.l., Research and Environmental Devices  Italy SME 

7 TTI GmbH; TGU Smartmote – TTI Germany SME 

8 Fraunhofer Gesellschaft zur Förderung der angewandten 
Forschung e.V. – FRAUNHOFER 

Germany RTD 

9 InfraTec GmbH – ITC Germany SME 

10 CEA INES Institut National de l'Energie Solaire – CEA France RTD 

11 Stam S.R.L. – STAM Italy SME 

12 Schwenk Putz und Mörteltechnik GmbH – Schwenk Germany Industry

13 Consorzio TRE – TRE Italy RTD 

14 FCC CONSTRUCCION, S.A. - FCCCO Spain Industry
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The hybrid integration of a bulk micro machined high finesse Fabry-Perot Filter (FPF) and a 
pyroelectric detector, results in a very compact spectrometer module. Existing instrument 
designs can be easily adapted to such a tunable detector. InfraTec has developed such 
devices for the spectral range of 3 – 5 µm [8, 9] (see Fig. 5). New designs for 8 – 11 µm are 
currently under development [10, 11]. 

 

Fig. 5  Photograph (left) and spectral response (right) of the micro spectrometer module from 
InfraTec. 

4.2 Active and passive methods for indoor environment improvement 
Ventilation has important energy consequences. In case heating or cooling is required, the 
energy penalty is the most important reason to minimise the amount of ventilation. In most 
climates, the supply of outdoor air has an influence on the energy use for heating, cooling, 
humidification and dehumidification. In case of additional energy use from fans or HVAC, this 
will result in additional outdoor pollution. However, ventilation can also reduce the energy 
need, e.g. in case of an efficient strategy of night-time ventilation/cooling. In a study [12] of 
ventilation and its effects on energy and indoor air quality (IAQ), the Joint Research Centre 
estimated that ventilation can constitute up to 50% of energy use in buildings. Considering 
energy-efficiency – and taking into account the dramatic energy use of ventilation – natural 
ventilation is often a preferred strategy compared to mechanical or fan-forced ventilation, 
such as HVAC systems. According to Säppanen, the developing technologies of natural 
ventilation and “free cooling” can improve energy efficiency for a given IAQ up to 60% [13]. 

The main innovation of the active system will be to enable controlled natural ventilation and 
thus the conditions for drastically improved IAQ and optimal air flow control in buildings. 
Combined, the two benefits of improved energy efficiency and controlled natural ventilation 
will effectively decouple the negative correlation between thermal properties and IAQ. 

Another goal of the project is the development of novel, cost-effective, nano-functional 
structured surfaces based on the TiO2 semiconductor. Such materials will contribute to a 
cleaner and healthier environment by oxidizing and safely removing air pollutants and 
pathogenic microorganisms from the air and the building surfaces. 

Photo catalytic gypsum or cement mortars are commercially available in the European 
market since several years. However, the low efficiency of nano-sized TiΟ2 led to increased 
percentage of addition in the mortar recipes (4-5%) and this was reflected in the final price of 
the end product. Actually, photo catalytic gypsum plasters are 5 to 6 times more expensive 
than the standard ones and the use of photo catalytic plaster would double the total budget 
for rendering/plastering. 

On the other hand, expanded perlite is a well-known mineral-based thermal & acoustical 
insulating material, used for the production of lightweight, thermal insulating mortars and 
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temperature difference between inside and outside. Thus a minimum air flow rate for the 
hygienic air exchange can’t be guaranteed.  

On the other hand require energy savings a reduction of uncontrolled air flows. Mechanical 
ventilation systems with integrated heat recovery can save a lot of heating energy compared 
to natural ventilated buildings assumed that a hygienic minimum airflow rate is guaranteed. 

Therefore investigations regarding the air flow pattern in such rooms have to be done. In a 
first step the simulation of this new situation is a good tool to learn more about the new air 
flow pattern inside. Whereas a full 3D-Simulation is needed to cover the distribution of air 
pollutants inside. Normally only thermal comfort parameters are investigated by such 3D-
simulations. New in this project is the full integration of air pollutants including sources and 
sinks into normal 3D-room-simulations. These models can be used for a combined 
simulation of thermal and hygienic comfort. 

5 Summary and conclusion 
The project will demonstrate in real buildings the efficiency of new technologies for 
continuous detection of indoor pollution considering all key factors and for studying and 
identifying the best systems that allow an efficient control of the indoor environment. The final 
objective is to disseminate results and recommendations for new policies and regulations 
within the EU. The main deliverables of CETIEB will include: 

 Cost-effective and simple to use monitoring systems that allow an observation of a large 
variety of indoor environmental factors. Systems will include sensors for environmental 
factors relevant to health and wellbeing such as the detection of volatile organic 
compounds. 

 Active systems to control natural ventilation whilst improving indoor air quality and 
optimising air flow in buildings. 

 Novel, cost-effective, nano-functional structured surfaces based on TiO2 contributing to a 
cleaner and healthier environment by oxidizing and safely removing air pollutants and 
pathogenic microorganisms from air and building surfaces. 

 Provision of 3D-simulation models with full integration of air pollutants including sources 
and sinks to jointly simulate thermal comfort and health related factors. 
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