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SKI perspective

SKI has supported research for investigating cladding induced stresses and their significance for the 
structural integrity in several projects during the past years. The reason is that cladding induced 
stresses may influence the crack driving force significantly for cracks in the vicinity of the cladding 
layer in reactor pressure vessels. 

The objective of the project has been to study published investigations on cladding and its influence 
on structural integrity of nuclear components. Together with key analyses on cladding residual 
stresses an objective has been to give recommendations and a procedure on the treatment of the 
cladding in fracture assessments of nuclear clad components. Another objective has been to obtain a 
data collection on material data of stainless steel cladding. 

SKI believe the project is important: 

to assess the significance of cladding residual stresses in general. 
for obtaining data for evaluating structural integrity issues of cladding cracks. 
to obtain information regarding the importance of cladding residual stresses for the evaluation 
of subclad cracks which are known to exist in Swedish reactor pressure vessels. 

The profile and magnitude of the cladding residual stresses depend mainly upon cladding 
composition, cladding thickness, clad component geometry and temperature. The peak of the 
cladding residual stresses is about 2-3 mm under the surface of the clad layer, and values in the 
range of 150 and 500 MPa are reported. 

equal to the yield strength of the cladding material (around 300 MPa) at room temperature. 
Providing that the clad component has received Post Weld Heat Treatment (PWHT), it can be 
assumed no residual stresses in the underlying base material. For the nuclear pressure vessel, it is 
also reasonable to assume that the cladding stress free temperature is at the operation temperature 
of the vessel (around 300 oC).
It has been shown that the cladding residual stresses have negligible influence on subclad crack 
behaviour in clad components (receiving PWHT). It has also been shown that the crack growth 
for subclad cracks would be towards the base material direction, and the clad layer mainly 
remains intact during the loading. 

However, for the clad nozzles, significant tensile stresses can also exist in the base material, 
depending on the clad thickness and positions around the nozzle. This may be of importance for 
fracture assessment of subclad cracks. 

Background

Objective of the project 

Results

It is reasonable to assume a peak value of cladding residual stresses in the whole clad layer to be 



Fracture assessments on different clad components at different loading conditions reveal that 
fracture assessments based on LEFM and ASME KIc curve lead to unrealistic conservative 
results, and the cladding residual stresses are of importance for surface crack behaviour, 
especially under cold loads. The NESC projects have shown that the Master Curve methodology 
can give good predictions of the conducted experiments.  

Responsible for the project at SKI has been Björn Brickstad. 

Project information

SKI reference: SKI 2005/615/21191
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1. INTRODUCTION 
The inner surface of reactor pressure vessels is welded with a stainless steel layer 

(cladding) primarily to increase the vessel resistance against corrosion. The austenitic 

cladding material and the ferritic base material have different mechanical and thermal 

properties. As the austenitic cladding material has lower thermal conductivity properties 

than the base material, the clad layer actually acts as a thermal barrier in case of occurrence 

of a thermal shock. This implies that thermal stresses at the inner surface of a reactor 

pressure vessel subjected to a thermal shock are lower because of the existence of the 

cladding layer than without this layer. 

Another important feature of cladding is the existence of cladding residual stresses, which 

are due to significant differences in physical and mechanical properties of the cladding and 

base materials. These stresses are induced in the cladding and the base material when the 

temperature is decreased from the stress-free temperature of the vessel (for instance at 

PWHT). From the structural integrity point of view, the cladding residual stresses are in 

general detrimental, as they can contribute to brittle fracture and stress-cracking-corrosion 

(SCC). Many factors impact the distribution and magnitude of these stresses. The cladding 

and base material physical and mechanical properties, the cladding thickness, the geometry 

and thickness of the clad object, the cladding procedure and the clad object temperature are 

the main influencing factors. Normally, after heat treatment of clad objects, the peak 

tensile stresses occur in the cladding layer, and the magnitude of these tensile stresses can 

reach the yield strength of the cladding material at the actual temperature. A review report 

of significance of the cladding on integrity of nuclear pressure vessels is given by Sattari-

Far [1989], where it was stated that: 

It is practically impossible to relieve cladding induced stress. Even after a long post-

weld heat treatment, tensile biaxial stresses of yield magnitude can be expected in 

the cladding at ambient temperature.  

Cladding residual stresses increase the stress intensity factors for surface cracks 

through the cladding. 

Since then, there have been many studies regarding the influence of the cladding layer in 

structural integrity of nuclear components.  

The main objective of this report is to study the published investigations on cladding and 
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its influence on structural integrity of nuclear components. In this context, a data collection 

on cladding procedure, mechanical properties of the austenitic stainless cladding, effects of 

irradiation, measured and calculated cladding residual stresses in different geometries is 

obtained and presented in this report. Chapter 2 gives a general view on the cladding 

procedure. The mechanical properties of the austenitic stainless cladding and effects of 

irradiation are discussed in Chapter 3. Measured and calculated cladding residual stresses 

in different geometries are presented in Chapter 4. The results of some fracture 

assessments of clad components are given in Chapter 5, where both surface and subclad 

cracks are considered. Based on the collected data, a fracture assessment procedure of 

cracks in or under cladding is proposed in Chapter 6. The main conclusions of the results 

presented in the literature together with some useful recommendations on fracture 

assessment of nuclear clad components are given in Chapter 7. 
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2. CLADDING PROCESS AND MATERIALS 

2.1. Cladding Process 
Cladding over the major part of the vessel inner surface is applied by automatic submerged 

arc-welding (SAW) with strip electrodes of different sizes, normally 60 mm width. Local 

areas, for instance the inner radius of the main coolant nozzles, are cladded using a manual 

arc-welding process. Two layer strip cladding may also be used to eliminate underclad 

cracking and to reduce the susceptibility of the clad surface to intergranular stress corrosion 

cracking. Wire cladding is also used, notably in the USA. Two (or more) layer cladding is 

needed for the wire process to satisfy thickness requirements. Figure 2.1 shows a schematic 

representation of vessel cladding by using the SAW strip-welding. 

Some other cladding techniques, with advantages like controlled dilution and narrow HAZ 

have also been presented. TIG hot wire, laser cladding with blown powder, electroslag and 

plasma overlay welding are some examples. These methods have been used in a limited 

extension for this purpose. 

Cladding for LWR pressure vessels is rarely less than 3 mm in thickness and generally at 

least 5 mm. The cladding thickness has implications for emergency and faulted conditions. 

In the initial stage of a loss-of-cooling accident (LOCA), heat transfer between the cold 

emergency coolant and the clad surface is very intense, and the heat transfer from the base 

metal is mainly controlled by the cladding. The thermal shock on the ferritic material is 

therefore reduced to a great extent, by using a thicker cladding.

Preheating is used for all layers of cladding and maintained throughout the process until 

post-weld heat-treatment is carried out, in order to avoid the possibility of cold cracking 

beneath the cladding. This has actually been the standard practice since 1979, after the 

discovery of some underclad cracks in a few reactor pressure vessels. 

2.1.1. Fundamentals of overlay welding
The weld metal properties of the cladding are mainly determined by the chemical 

composition of the deposit. Since the corrosion resistant welding consumable is applied on 

top of a low alloy steel there will be some dilution from the parent metal, i.e. the weld 

deposit composition will not correspond to the filler metal composition. The deposit will be 

depleted of elements such as chromium, but enriched in carbon. The weld deposit 

composition can be obtained with several different combinations of strip electrodes, fluxes 
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and welding parameters. For single layer overlays, the desired contents of elements such as 

Cr, Ni and Mo can be obtained by using over-alloyed electrodes. However, low carbon 

content can rarely be achieved in single layer overlays because of the dilution from the 

parent carbon steel. A commonly used technique is to apply a buffer layer, which is a high 

alloyed consumable which will minimise the carbon dilution in subsequent layers, and meet 

the alloying level of important elements Cr, Mo and Ni. Consequently, the demanded 

chemical composition including a low carbon content will be achieved in the second or 

third layer overlay. Another method of achieving the desired Cr-content is to compensate 

for dilution of chromium by means of using a chromium compensating flux. 

Fig. 2.1: Cladding of a pressure vessel by using SAW strip-welding. 

2.1.2. SAW cladding 
SAW can be applied for joining and for overlay welding, i.e. depositing a corrosion-

resistant layer onto a mild (carbon) or low-alloyed steel. Overlay welding, or surfacing, is 

also used for hard facing, i.e. depositing a hard layer onto a soft material in order to obtain 

wear resistance.  

SAW produces coalescence of metals by heating them with an arc between a bare metal 
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electrode and the work. The arc and molten metal are ”submerged” in a blanket of granular 

fusible flux on the work piece. This flux plays a main role in that (i) the stability of the arc 

is dependent on the flux, (ii) mechanical and chemical properties of the final weld deposit 

can be controlled by the flux, and (iii) the quality of the weld may be affected by the care 

and handling of the flux. The flux also protects the welder from fumes and radiation, which 

raise environment advantages. The SAW process can only be used in a flat position 

(deviations of up to 6-8° may be possible) since it would be difficult to retain the flux and 

steel melt in the inclined position.

The wire (or strip) electrode is inserted into a mould of flux that covers the area or joint to 

be welded. An arc is initiated and a wire-feeding mechanism then begins to feed the 

electrode towards the joint at a controlled rate. Additional flux is continuously fed in front 

and around the electrode, and continuously distributed over the joint. Heat evolved by the 

electric arc progressively melts some of the flux, the end of the electrode, and the adjacent 

edges of the base metal, creating a pool of molten metal beneath a layer of molten slag. The 

melted slag bath near the arc is in a high turbulent state. Gas bubbles are quickly swept to 

the surface of the pool. As the welding zone progresses along the seam, the weld metal and 

then the liquid flux cool and solidify, forming a weld bead and a protective slag shield over 

it. The submerged arc process is illustrated in Fig. 2.2. 

Welding electrodes are supplied as solid wire, metal cored wire or strips. The electrodes 

can have a thin copper coating to provide good electrical contact, except those for welding 

corrosion resisting materials or for certain nuclear applications. Wire electrodes vary in size 

from 1.6 to 6 mm in diameter. The thickness of strips can vary between 0.5 to 1 mm and the 

width between 25 to 200 mm. A commonly used size is 60 x 0.5 mm. 

 The main object of the flux is to protect the arc and weld pool from contamination with 

atmospheric oxygen and nitrogen. The flux should also provide arc stabilisation properties, 

i.e. to facilitate ionisation of the arc column. In addition the flux, when melted, should also 

provide slag of suitable viscosity and surface tension to ensure welds of good surface finish 

and shape. Additional alloying elements can, if necessary, be furnished to the weld pool via 

the flux. 
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Fig. 2.2: Principle of SAW welding. 

There are some drawbacks of SAW. The process can only be used in a flat position 

(deviations of up to 6-8° may be possible for the SAW process) since it would be difficult 

to retain the flux and steel melt in the inclined position. The dilution of the base material in 

the cladding is normally high, due to high input-energy of this process. Thus, care should 

be taken if the impurity contents in the base material are high, when using SAW with high 

input-energy.

Normal welding parameters for SAW using strip size 60 x 0.5 mm are given below. 

Welding current I = 700 -750 Amp. 

Welding voltage U = 26-29 Volts 

Welding travelling speed V = 120 -140 mm/min 

Comments to these parameters are given below: 

Welding current 

The strip cladding process is almost always performed with the positive polarity on 

the strip electrode (DCEP). With negative polarity, there is less penetration, and the 

weld bead tends to be thicker which could give steeper bead edges with increased risk 

for welding defects in the overlapping zones. The current transfer across the arc is not 

uniform across the width strip, as there is not one but a series of small arcs that 
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wander across the end of the strip in the melting zone. The current density is more 

important than the current itself. A typical current density for SAW strip cladding is 

within the range 20 to 25A/mm2. Increasing the current level will lead to a higher 

deposition rate but also the dilution will be higher. 

Welding voltage 

The optimum arc voltage to be used depends on different factors such as the welding 

flux, welding position and welding current. Increasing the voltage will lead to an 

increase in flux consumption. 

Travelling speed 

The welding travelling speed is generally related to the welding current being used 

and these two parameters are adjusted in tandem to give the desired combination of 

bead profile and bead thickness. Increasing the welding speed will lead to an increase 

of dilution. 

Cladding process is applied at different stages in manufacturing of a reactor pressure vessel. 

Fig. 2.3 illustrates typical sequences of different processes related to manufacturing of a 

PWR reactor pressure vessel, Vignes (1984). 
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Fig. 2.3: Typical sequence of manufacturing, cladding, heat treatments and inspection 
operations  during assembly of a PWR reactor pressure vessel [Vignes, 1984]. 

2.2. Cladding materials 
The Westinghouse E-Spec 676413 requires that " the clad surface shall be either austenitic 

stainless steel with a corrosion resistance equal to or better than Type 304 or Ni-Cr-Fe alloy 

with a corrosion resistance equal to or better than Inconel 600". Two types of cladding 

materials are common; type 309/308 austenitic stainless steel which is used for cladding the 

ferritic steel of the main pressure vessel and Inconel overlay which is used on core support 

pads and the surface of the nozzles. This report covers only the austenitic stainless steel 
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cladding.

Typical chemical compositions of the austenitic stainless steel cladding materials compared 

with reactor pressure vessel steels are given in Table 2.1, McCabe (1988). 

Table 2.1: Typical chemical compositions of the austenitic stainless steel cladding materials 

compared with those of the base material, McCabe (1988). 

Material C Mn P S Si Ni Cr Mo 

A533 base material 

Austenitic cladding 

0.21

0.05

1.38

1.46

0.017

0.023

0.006

0.015

0.17

0.76

0.61

8.73

-

18.9

0.55

0.22

The cladding materials used in the Swedish nuclear pressure vessels manufactured by 

Uddcomb are of stainless steel type with 19 Cr 10 Ni, similar to type 308.  

It is important to note that the austenitic stainless steel cladding displays a transition 

temperature behaviour, and has relatively low upper-shelf toughness, see for instance Fig. 

3.5. This is due to the existence of few percents delta-ferrite in the cladding, originated 

from the welding process. 

2.3. Cladding Heat Affected Zone (HAZ) 
When the austenitic cladding is deposited on the ferritic base material, intermediate phases 

form in the fusion zone. There are decreases in chromium and nickel content from the bulk 

cladding values and an increase in carbon content, resulting from dilution of the underlying 

material. Therefore, the microstructures and the mechanical properties of the cladding HAZ 

differ significantly from those of the cladding and base material. As will be discussed later 

in this report, under certain thermal transient shocks the crack driving force has its 

maximum value just in the cladding HAZ region. It is therefore of importance to have 

reliable material data for this region. However, due to difficulties in testing of the narrow 

HAZ, there is little available information in the literature. For this reason, the mechanical 

properties of the cladding HAZ are normally assumed to be similar to that of the base 

material. 

A typical cross section through the cladding and base material showing the composition of 

each zone is given in Fig. 2.4, Cerjak and Debray (1971). Small changes in composition can 

result in significant changes in the microstructure. After clad-welding, a thin layer of 
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martensite is found in the interface zone. The extent of this layer depends on weld metal 

composition and the degree of intermixing from the base material (due to the cladding 

procedure). Fig. 2.5 shows the fracture surface around a surface crack front through the 

cladding, Sattari-Far (1995). A thin hard martensitic layer of about 100 microns thick is 

formed at the fusion line in the cladding HAZ. It is observed that this martensitic layer 

causes local brittle fracture around the crack front located in the base material. Whitman 

and Bryan (1982) has reported that the hardness of the cladding HAZ would increase up to 

550 HV after PWHT in a 10-1000 microns thick region of the cladding HAZ.  

Fig. 2.4: Composition variation through cross-section of austenitic cladding material and 

reactor pressure vessel steel, Cerjak and Debray (1971). 
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Fig. 2.5: Fracture surfaces and the hard layer zone in the cladding HAZ in a clad specimen 

having a surface crack, Sattari-Far (1995). 

2.4. Post weld heat treatment of cladding 
Reactor pressure vessels are fabricated from heavy section (generally of thickness higher 

than 150 mm) steel plates. During the manufacturing, the inner surface of different parts of 

the vessel (nozzles, heads and shell) are cladded. The vessel experiences different 

intermediate heat treatments as well as a final post weld heat treatment (PWHT) during the 

manufacturing process, see Fig. 2.3. In Europe, the intermediate PWHTs are typically 

carried out in the temperature range of 500-550 oC for a maximum cumulative time of 30 

hours. The final PWHT of the clad vessel occurs at a temperature range of 605-620 oC, 

usually for at least 10 hours. Heating and cooling rates are mostly in the range of 20-60 
oC/h to avoid residual stresses being generated during heating and cooling as a result of 

localized heating. The final PWHT releases substantially the welding residual stresses in 

the vessel. For the cladding residual stresses, the effect of the final PWHT will be to 

effectively relieve the residual stresses in the base material, whilst tensile biaxial stresses of 

yield magnitude are left in the cladding layer, see Fig. 4.1. 

It should be mentioned that the repair welding of the cladding that have been conducted 

after the final PWHT are normally not post-weld heat treated. For such repairs, the cladding 
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residual stresses of tensile type exist even in the base material, as shown in Fig. 4.1. This 

implies a higher risk for occurrence of underclad cracking for clad repairs that have not 

received PWHT. 

2.5. Information about cladding of the Swedish reactors 
Some information on cladding procedure and materials that have been used in the 

manufacturing of the Swedish reactors is Given in Table 2.2. The table gives information 

on cladding procedure, cladding thickness and cladding materials of some reactor pressure 

vessels in the Swedish nuclear power plants obtained from archive materials at Inspecta 

Nuclear.

Table 2.2: Cladding information in some of the Swedish reactors. 

Reactor Cladding thickness

(mm) 

Cladding procedure Cladding material 

Oskarshamn 1 

Ringhals 1 

O2, B1 and B2 

Forsmark 3 

6

6

6

6-7

Two-layer strip welding 

Strip welding 

One-layer strip welding 

Two-layer strip welding 

24/13Nb, 21/10Nb 

SS 18/8 type 

SS 18/8 type 

SS 18/8 type 

Based on this information and discussions conducted with relevant individuals, it can be 

concluded that all Swedish reactors are clad and have experienced a final PWHT at 620 (± 

15) oC after cladding. As mentioned above, the repair welding of the cladding that have 

been conducted after the final PWHT are normally not post-weld heat treated. For these 

cases, cladding residual stresses of tensile type exist even in the base material, see Fig. 4.1. 

Thus, from a fracture assessment point of view, defects in such repairs (without PWHT) 

may be more severe than defects in the PWHT clad regions, and the risk for occurrence of 

underclad cracking is therefore higher. 
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3. MATERIAL DATA OF STAINLESS STEEL CLADDING 
Material properties of the cladding materials depend mainly upon the compositions of the 

cladding materials, the welding procedure and the cladding thickness (one or two layer). In 

this section, it is tried to collect representative data for cladding of the Swedish clad reactor 

pressure vessels. Thus, cladding of austenitic stainless type that is conducted as a two-layer 

process is chosen.

Material characterization data presented here for stainless steel cladding are mainly from  

material databases developed during the course of the NESC projects [2000, 2003, 2005]. 

The data are obtained from some well-known material laboratories in different countries.

3.1. Mechanical properties  
The yield strength and the ultimate strength of the stainless steel cladding at different 

temperature from -100 oC to 600 oC are given in Table 3.1. The strain-stress data based 

both on the true and engineering calculations are presented in Table 3.2. Stress-strain 

curves of the stainless steel cladding at T = 20 oC are shown in Fig. 3.1. It is observed that 

the yield strength of the stainless steel cladding material is higher than for the plate stainless 

steel materials. The texture structure of the cladding and the existence of delta-ferrite in the 

cladding mainly explain this deviation. 

Young’s modulus of the stainless steel cladding is reported to be lower than the 

corresponding values for stainless steel plates. A value of around 150 GPa is reported as the 

measured value of Young’s modulus of the stainless steel cladding in the literature, see for 

instance Sattari-Far (1995) and Neber and Roth (2001). Based on the results of the NESC-

IV project, the following relations can be made for determination of the Young’s modulus, 

the yield strength and the ultimate strength of the stainless steel cladding at different 

temperatures. 

C)(2.86150200(MPa) oTE  (3.1) 

C)(2077.03.316(MPa) o
Y T  (3.2) 

C)(4969.08.595(MPa) o
U T  (3.3) 

Fig. 3.2 shows the variation of the yield and ultimate strength of the stainless steel cladding 

with temperature. 
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Table 3.1: The yield and ultimate strength of stainless steel cladding 
at different temperatures, NESC-IV (2005). 

Temperature 
(°C)

Yield strength 
 (MPa) 

Ultimate strength 
(MPa)

-100 567 970 
-80 497 889 
-60 440 814 
-40 397 746 
-20 366 685 
0 349 630 
20
250
400
500
550
600

345
253
226
214
205
197

582
472
397
347
323
298

Ramberg - Osgood 
model II provides 
better fit over the 
complete data 

range 

0
100
200
300
400
500
600
700
800
900

1000

0,00 0,10 0,20 0,30 0,40 0,50 0,60

True strain, t
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P
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Temp: 20°C
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KFKI test C2; 20°C

R-O fit to C1 & C2 data

Fig. 3.1. Stress-strain curves of type 309/308 cladding at 20 oC, NESC-IV (2005).
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Table 3.2: Strain-stress data of the stainless steel cladding at T = 20 oC, NESC-IV (2005). 

True strain True stress 
[MPa]

Eng. Strain Eng. Stress 
 [MPa] 

0 0 0 0 
0,00197 293,2 0,00198 292,6 
0,00209 310,4 0,00209 309,8 
0,00232 314,4 0,00233 313,7 
0,00732 376,1 0,00735 373,4 
0,01232 407,9 0,01240 402,9 
0,01732 430,2 0,01747 422,8 
0,02732 461,9 0,02770 449,4 
0,03232 474,1 0,03285 459,1 
0,04232 494,5 0,04323 474,0 
0,04732 503,2 0,04846 479,9 
0,05232 511,1 0,05372 485,1 
0,05732 518,5 0,05900 489,6 
0,06232 525,3 0,06431 493,5 
0,07232 537,6 0,07500 500,1 
0,08232 548,6 0,08581 505,2 
0,09232 558,5 0,09672 509,2 
0,10232 567,5 0,10774 512,3 
0,11732 579,8 0,12448 515,6 
0,12232 583,5 0,13012 516,4 
0,13232 590,7 0,14148 517,5 
0,13732 594,2 0,14720 517,9 
0,14232 597,5 0,15295 518,2 
0,14732 600,7 0,15873 518,4 
0,15732 606,9 0,17037 518,6 
0,18232 621,0 0,20000 517,5 
0,20732 633,6 0,23038 515,0 
0,23232 645,0 0,26153 511,3 
0,28232 664,9 0,32621 501,3 
0,30732 673,7 0,35978 495,5 
0,38232 697,1 0,46569 475,6 
0,40732 704,0 0,50279 468,5 
0,48232 722,8 0,61983 446,2 
0,50732 728,5 0,66084 438,7 
0,55732 739,3 0,74599 423,4 
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Fig. 3.2. Yield strength and ultimate strength of type 309/308 cladding at different 

temperatures, NESC-IV (2005). 

A study on the mechanical properties of the cladding HAZ was reported by McCabe 

(1988). Charpy impact and fracture toughness tests were performed on post-clad-heat-

treated specimens, and the influence of irradiation was investigated. Because of the limited 

size of the cladding HAZ, specimens for Charpy test were 5 mm thick (half thickness of the 

CV-standard). The transition temperature index was therefore reduced to 20 J (instead of 41 

J for full-size specimens). Fig. 3.3 shows the results for unirradiated specimens obtained 

from different materials.  

3.2. Physical properties  
The physical properties of the stainless steel cladding given by Delfin et al (1998) can be 

used in conducting thermal analysis of cladding. Table 3.3 gives these data at different 

temperatures. The thermal expansion of the cladding at different temperature can be 

obtained from the following equation, NESC-I (2000). 

CT o-6o /10C)(0096.07.15  (3.4) 
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Fig. 3.3: Charpy-V transition curves for cladding , HAZ and base materials, McCabe 

(1988).

Table 3.3: Physical properties of the stainless steel cladding, Delfin et al (1998). 

Temperature 
T [˚C]

Specific heat 
Cp [J/kg ˚C]

Conductivity
 [W/m ˚C]

Density
 [kg/m3]

20 442 15 7840 

200 515 17.5 7840 

400 563 20 7840 

600 581 22.5 7840 

800 609 25.5 7840 

1390 675 66.2 7840 
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3.3. Fracture toughness properties 
The austenitic cladding materials are ductile, and the reported data in the literature are 

mainly concerned with the ductile behaviour of cladding materials. However, due to 

existence of some percent delta ferrite in the cladding, it can be affected by irradiation. This 

issue will be discussed in Section 3.4. The values of the fracture toughness JIc of the 

austenitic cladding material at different temperature are given in Table 3.5.  

The ductile fracture toughness of the stainless steel cladding was determined in the NESC-I 

project (2000). The J-integral versus crack growth (J- a curve) was measured and fitted to 

power law equations. Small CT specimens of 5 mm thickness were used in determination of 

the J- a curves. Fig. 3.4 shows the cladding J- a curve at room temperature. The J- a

equations at different temperatures are given to be: 

CaJ o3.0 20at0.480  (3.5-a) 

CaJ o459.0 150at9.364  (3.5-b) 

CaJ o384.0 300at0.317  (3.5-c) 

Here, J is in kN/m and a in mm, in the range of 0.2-2.5 mm. It should be mentioned that 

austenitic stainless steel cladding exhibits substantially loss of fracture toughness at high 

temperature. As shown in Fig. 3.8, a decrease of more than 50% in fracture toughness JIc

values may be expected from room temperature to an operation temperature around 300 oC,

Haggag (1997). 
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Fig. 3.4: J- a curves for 5 mm CT cladding specimens at room temperature, NESC-I 

(2001).

3.4. Irradiation effects 
The effects of neutron irradiation on mechanical properties of cladding material have been 

studied mostly by Oak Ridge National Laboratory (ORNL) in the USA. Corwin et al (1984) 

investigated these effects on typical 308 and 309 stainless steel cladding material. Later, 

Nanstad et al conducted more studies in this matter within the Heavy-Section Steel 

Irradiation Program (1995). These results together with results from a study on thermal 

aging effects on mechanical properties of the cladding materials are presented by Haggag 

and Nanstad in a NUREG report (1997). Lee et al (2005) studied the irradiation effects on 

the mechanical properties of 309L cladding material on SA 508 Class 3 base material. Their 

results are in good agreement with results presented in the NUREG report (1997). The main 

outcome of the NUREG report is given below. 

Stainless steel overlay cladding was fabricated using the three-wire submerged welding 

process. Typical 308 and 309 stainless steels were used as cladding material. Test plates of 

SA-533 B Class 1 were welded with three layers (=20 mm). The first layer was type 309 
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and the upper two layers were type 308. The type 309 was therefore diluted considerably by 

excessive melting of the base material. The clad plates were PWHT at 620 oC for 40 h 

according to normal practice. Charpy, tensile and 0.5T compact tension specimens were 

machined from the clad layer. The test specimens were irradiated at 288 °C to a fluence of 

5x1019 neutron/cm2 (> l Mev). Some of the specimens were thermally aged in air at 288 °C. 

The thermal aging and irradiation effects on Charpy impact results are shown in Table 3.4 

and Fig. 3.5. It is observed that the irradiation may cause a transition temperature shift of 

about 30 °C. 

Table 3.4: Charpy impact test results of three-wire stainless steel cladding, Haggag (1997). 

Fig. 3.5: Effect of thermal aging and neutron irradiation on the Charpy impact test results of 

three-wire stainless steel cladding, Haggag (1997). 
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The effects of thermal aging and neutron irradiation on the tensile properties of the three-

wire stainless steel cladding are shown in Figs. 3.6 and 3.7 at different temperatures. The 

irradiation causes an increase of 6 to 34% in the yield strength of the cladding material. The 

ultimate strength of the material was not affected by the irradiation. 

Fig. 3.6: Effect of thermal aging and neutron irradiation on the yield strength of three-wire 
stainless steel cladding, Haggag (1997). 

Fig. 3.7: Effect of thermal aging and neutron irradiation on the ultimate strength of three-

wire
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The test results of 12.7 mm thick CT fracture toughness specimens are summarized in 

Table 3.5 for the unirradiated, irradiated with a fluence of 2.4x1019 neutron/cm2 (> l Mev), 

and thermal aged material conditions. The deformation J-integral values of JIC and the 

tearing modulus at various temperatures are also shown in Figs 3.8 and 3.9. 

The results indicate that irradiation decreases the fracture toughness of the cladding 

material both at low and high temperature. Significant decrease of JIC due to irradiation is 

observed at high temperature, see Fig. 3.8. It should be noted that in the multilayer 

cladding, the first layer (the 309-layer) is normally highly diluted with alloying elements 

from the base material. Thus, the irradiation effects on the cladding material are dependent 

upon whether the cladding is single or multilayer and how the cladding procedure is carried 

out. The latter determines the amount of dilution from base material to the cladding. It can 

be stated that cladding of type 308 (and similar) with low dilution is expected to suffer less 

degradation by neutron irradiation, than a common 309/308 cladding procedure. 

The low values of fracture toughness of the irradiated cladding material at high temperature 

(operation temperature of RPVs) can raise the concern about the potential adverse impact of 

stainless steel cladding on the integrity of a nuclear pressure vessel during cooling 

transients (e.g. pressurized thermal shock) in which the growth of small surface flaws can 

have a significant effect on the probability of vessel failure. However, as will be shown in 

Chapter 4 of this report, the cladding residual stresses decrease substantially while the 

temperature increases to the operation temperature. Thus, the effects of these stresses on the 

crack driving force is negligible at the operation temperature, and having relatively low 

fracture toughness for the cladding at high temperatures is not a major integrity concern of 

a nuclear clad component. 
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Table 3.5: Fracture toughness JIC and tearing modulus of three-wire stainless steel cladding 
at different conditions, Haggag (1997). 

Fig. 3.8: Effect of thermal aging and neutron irradiation on the fracture toughness JIc of 
three-wire stainless steel cladding, Haggag (1997). 
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Fig. 3.9: Effect of thermal aging and neutron irradiation on the tearing modulus of three-
wire stainless steel cladding, Haggag (1997). 
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4. CLADDING RESIDUAL STRESSES 
Because of significant difference in the thermal expansion coefficient between the 

austenitic cladding and the ferritic base metal, thermal stresses are induced in the cladding 

and the underlying base metal. Even after stress relieving and cooling down to room 

temperature, stresses of yield magnitude can be induced in the cladding and the cladding 

HAZ. The cladding residual stresses are temperature dependent, and decrease as the 

temperature increases. They may be almost negligible at the operating temperature of a 

nuclear reactor pressure vessel. 

The magnitude and distribution of the cladding residual stresses depend on the temperature 

history during the cladding procedure, the geometry of the cladded component, the 

thickness of the cladding, the material properties of the base metal and the cladding, and the 

heat- and pressure -treatments both before and after the cladding process. These residual 

stresses are complex and often evaluated with the aid of experiments combined with 

computational modelling. 

Experimental evaluations are often based on laboratory tests conducted with specimens that 

are machined from cladded components. The experimental methods for determining the 

through-thickness residual stresses are based on relaxation technique and are destructive 

procedures, since they require cutting and machining of the plate. Deformations resulting 

from each cutting and machining step are monitored by surface strain gauges. These 

deformations are input data in a computational procedure which calculates the residual 

stresses that existed in the cladded plate before cutting. However, due to the differences in 

geometric stiffness (degree of restraint) in a laboratory small specimen and a real large 

structure, the experimental results from a small specimen should be corrected to correspond 

to the real situations in the structure (reactor pressure vessel). This point has normally been 

ignored in the studies reported in the literature. 

Numerical evaluations of cladding residual stresses are often based on finite element 

analyses. However, there are many temperature dependent parameters which affect the 

magnitude and distribution of cladding residual stresses, and computational analyses are 

therefore normally performed under certain simplified assumptions. 

Typical distribution of cladding residual stresses in a cladded component is presented in Fig 

4.1. The component is cladded with a two-layer cladding on 86-mm thick steel specimens 

of 22 NiMoCr37 type, Schimoeller and Ruge (1977). It is observed that in the as-welded 
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state, biaxial tensile stresses occur both in the cladding and in the underlying base material. 

At the surface of the cladding, the magnitudes of these stresses are about 200 MPa and 350 

MPa in the directions parallel and transverse to the welding direction, respectively. 

Moreover, the maximum tensile stress occurs about 8 mm below the fusion zone in the base 

metal. The effect of 12 hours PWHT at 600 °C can be seen as effectively relieving the 

residual stresses in the base metal, whilst tensile biaxial stresses of yield magnitude remain 

in the cladding layer. Note that the cladding residual stresses in direction transverse and 

parallel to the welding direction are very similar. This is due to the fact that the length and 

width of the clad layer are very large compared to the cladding thickness, resulting in 

approximately the same shrinkage effect in both directions. 

Fig. 4.1: Distribution of cladding residual stresses in the cladding and HAZ at room 
temperature. (a) stresses transverse to welding direction, (b) stresses parallel to welding 
direction. Open symbols for as-welded, solid symbols for heat-treated at 600 oC in 12 hr, 
straight lines for elastically calculated stresses after PWHT, Lidbury (1984). 
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A number of studies regarding evaluations of cladding residual stresses are reported in the 

literature. However, due to the difficulties involved, there are great discrepancies in the 

results. Jovanovic (1984) compared some reported studies performed by different authors 

and organisations. A summary of this comparison is given in Table 4.1. A large scatter in 

the experimental results can be observed. Some more comprehensive investigations have 

been reported by Paatilainen (1981), Lidbury (1984), Rybicki et al (1988), NESC-II (2003) 

and Sattari-Far (2004). Results of a few experimental studies of the cladding residual 

stresses are presented in the following section. 

Table 4.1: Survey of cladding residual stresses reported in the literature, Jovanovic (1984). 
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4.1. Measurement of cladding residual stresses 
The measurement methods of residual stresses may be categorized as fully-destructive 

(such as sectioning), semi-destructive (such as hole-drilling and ring-core) and non-

destructive (such as X-ray and neutron diffraction) techniques. The hole-drilling and ring-

core methods are two commonly used methods. They are both based on localized removal 

of stressed material and measurement of the strain relief in the adjacent material. The X-ray 

and neutron diffraction techniques are based on measurement of lattice strains by 

measuring the change of the interplanar spacing of the polycrystalline material. Each 

technique has its advantages and limitations, and the choice of a technique is usually a 

matter of availability and the desired precision of the measured data. 

Leggat et al [1985] measured cladding residual stresses on flat low alloy steel blocks 

cladded with stainless steel using the submerged strip cladding process. They used two 

different mechanical semi-destructive techniques; the ring-core method (machining a 

circular groove into the cladding layer) and the hole-drilling method (machining a small 

hole into the cladding layer). The sizes of the test blocks are not mentioned in their report. 

The measured peak stress values in the cladding layer were nominally 275 MPa from the 

hole-drilling technique and 425 MPa from the ring-core technique. According to their 

conclusion, using the ring-core method introduces excessive plastic strains in the material, 

resulting in higher measured value. They recommended using the hole-drilling technique 

for measurement of cladding residual stresses. Rybicki et al [1988] measured cladding 

stresses in different clad plates using the sectioning techniques. The sizes of the clad plates 

in the study were 305x119 mm, with a thickness of 114 mm. The test plates were cladded 

on both surfaces. The cladding thickness was nominally 9 mm using the three-wire 

submerged process. They reported peak tensile values in cladding to be in the range of 310 

to 380 MPa. Keim et al [2000] measured cladding residual stresses on the inside of a clad 

cylinder using the ring-core technique. A 10 mm cladding layer was introduced on a 190 

mm thick cylinder of A508 Class 3 material using the electroslag strip cladding process. 

The cladding thickness was machined to a final thickness of 4 mm. The cylinder underwent 

a PWHT at 550 oC for 6 hours. They reported the peak cladding residual stresses in the clad 

cylinder to be in a range of 600 to 750 MPa. 

Some relevant published studies on measurements of cladding residual stresses in different 

objects related to reactor pressure vessels are briefly presented below. 
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4.1.1. Measurements on a reactor vessel head (The Ringhals-2 plant) 
This study was performed by Framatome ANP, Neber and Roth (2001). The objective of 

this study was to measure the residual stresses in the austenitic stainless steel cladding of 

the decommissioned reactor pressure vessel head of the Ringhals-2 plant.

Depth profiles of residual stresses were measured using the ring-core method (RCM) in a 

part of the decommissioned RPV head. The ring-core method is basically similar to the 

hole-drilling-technique, in which surface strains are measured using strain gauge rosettes. 

Strain gauges are located in axial, tangential and diagonal (45 degrees) positions on the 

head.  The measurements were conducted at several locations: 

Area at the interface between two overlay layers 

Area in the middle of one overlay layer 

Control measurements were also performed at similar locations to show the reproducibility 

of the measurements.  

To determine a possible relaxation effect during operation, comparative measurements were 

performed on a piece cut out from Ringhals 3 reactor head. This "cut-out-piece" has never 

seen operational conditions because it was removed before operation. It has also not seen 

any pressure test. The experimental setup for measurements of the cladding residual 

stresses is shown in Fig. 4.2. 

Young's Modulus (E) measurements were also performed on a test piece to determine the E 

profile from the austenitic cladding into the low alloy steel base metal. This test piece has 

been cladded according to a similar procedure used in manufacturing of the reactor pressure 

vessel. The results were used to adjust the residual stress calculations from strain 

measurements. 

Fig. 4.3 shows the cladding residual stresses in these two heads in the axial direction. The 

corresponding results in the tangential direction are shown in Fig. 4.4. 

The following conclusions are made from this study.  

The control measurements in small samples from the irradiated RPV head did not 

reveal a significant difference of the E-values between the irradiated and the 

unirradiated cladding material condition. A value of about 140 GPa was obtained 

for the austenitic cladding material. 
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No basic difference between axial, tangential and diagonal (45 degrees) cladding 

residual stresses was revealed in the results of all measurements. 

The results from the cladding of the decommissioned RPV head, which was 

exposed to service conditions (pressure test, temperature, neutron irradiation, etc.), 

and the results from the cladding in the cut-out-piece, which has not been in service 

and test pressure, basically show a similar profile.  

The peak of the cladding residual stresses was 400 MPa in the cut-out-piece 

cladding. This peak showed a drop to 300 MPa and lower in the RPV head cladding. 

This difference may be explained by relaxation during operation due to service 

conditions (pressure test, temperature, neutron irradiation). 

The shape of the stress profile, clearly reflects the two-layer nature of the manual 

weld cladding. For the axial stress component, the behaviour does not show a 

significant difference between the two different locations. However it differs more 

pronounced for the tangential stress component. 

Fig. 4.2: Part of the vessel head of Ringhals 2 with applied tool for ring-core measurement.
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Fig. 4.3: Cladding residual stresses in the axial direction in the Ringhals reactor heads. 

Fig. 4.4: Cladding residual stresses in the tangential direction in the Ringhals reactor heads. 
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4.1.2. Measurements on reactor nozzles (The Lemonitz plant) 
This study was performed by Framatome, Roth and Neber (2001). Depth profiles of 

residual stresses were measured using the ring-core-method (RCM) in the selected welds at 

different locations along the circumference of the RPV nozzle of the decommissioned 

reactor pressure vessel of Lemoniz 2 plant. The measured locations, the 3 o'clock and 9 

o'clock positions, are shown in Fig. 4.5. The surface of the low alloy steel is covered with a 

two-layer manual weld cladding. The reactor vessel has experienced both heat treatment 

and test pressure. 

Fig. 4.5: Measurement locations at the welds of the head nozzles. 

Fig. 4.6 shows the cladding residual stresses in two locations with the minimum cladding 

thickness in the 3 o’clock position of the nozzle. The corresponding results in the 9 o’clock 

position in the minimum and maximum cladding thickness are shown in Fig. 4.7 and 4.8, 

respectively. Note that high tensile residual stresses are observed even in the base material 

for the 9 o’clock position. 

The following conclusions are made from this study.  

Similar results are obtained from the minimum and the maximum clad thickness. 

The peak of the cladding residual stresses is between 300 and 350 MPa for this 
geometry. 

The profile of the cladding residual stresses depends on the clad thickness. In the 9 
o’clock position, significant tensile stresses exist even in the base material. 
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Fig. 4.6: Cladding residual stresses in the minimum clad layer of the 3 o’clock position of 
the reactor nozzle of Lemoniz 2 RPV. 

Fig. 4.7: Cladding residual stresses in the minimum clad layer of the 9 o’clock position of 
the reactor nozzle of Lemoniz 2 RPV. 
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Fig. 4.8: Cladding residual stresses in the maximum clad layer of the 9 o’clock position of 
the reactor nozzle of Lemoniz 2 RPV. 

4.1.3. Measurement on clad plates (Similar to the Oskarshamn-1 RPV) 
The cladding of the test plates was performed by a procedure consistent with cladding of 

the O1 reactor pressure vessel. The test plates were of A 508 Class 3 reactor material with a 

size of 800x800x80 mm. The cladding procedure was based on two-layer cladding using 

the submerged strip welding technique. The first layer was stainless steel of A309 type and 

the second layer of A308 type. A nominal cladding thickness of 8 mm was achieved with 

two layers of cladding. This thickness was reduced to 7 mm during preparation of the clad 

specimens. The width of the cladding HAZ varied between 6-12 mm. Cruciform clad 

specimens of sizes 800x120x80 mm were fabricated from the clad plates. 

As the main objective of the study was to simulate brittle fracture events in the test 

specimens, a special heat treatment was given to the clad plates, based on a feasibility study 

during the course of the project. Accordingly, the test plates first received a similar 

cladding procedure as for manufacturing of the O1 reactor, and then they underwent a heat 

treatment procedure using a holding temperature of 1250 oC under 1.5 hours. After this heat 

treatment, cruciform clad specimens of sizes 800x120x80 mm were fabricated from the 

clad plates. 
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For measurement of the cladding residual stresses in the test specimens, the hole-drilling 

techniques and the X-ray diffraction were invoked. The hole-drilling technique is the most 

commonly used technique that gives information down to about 2 mm from the object 

surface, while the X-ray technique is thought to give distribution of these stresses in the 

thickness direction. Also performed were finite element calculations to study the effects of 

the influencing factors on the magnitude and distribution of the cladding residual stresses in 

a clad cruciform specimen. 

In the first attempt, the X-ray technique was used to measure cladding stresses at five 

different locations on the clad plate, which had undergone the specific heat treatment. The 

measured locations were at the centre of the plate and on four other locations near the edges 

of the plate, schematically shown in Fig. 4.9. Four measurements at different depths (on the 

surface, and at 4, 8 and 12 mm below the surface) were performed at each location. After 

performing these measurements, the plate was cut using the water-jet cutting technique to 

produce a cruciform clad specimen. Three new locations, close to the previous X-ray 

measurements but with sufficient distance to not influence the stress field, were chosen on 

the cruciform specimen for new measurements. Two major problems in interpretation of the 

achieved data from the X-ray technique were found. Firstly, the data showed a very large 

scatter (in some case over 100%). Secondly, the data were not consistent, i.e. they were 

substantially different in the locations with similar conditions. The measured peak tensile 

values were 345  65 MPa in the centre of the plate and 80  90 MPa in the centre of the 

cruciform specimen. The major explanation of these problems is the fact that the cladding 

material is strongly anisotropic (due to textured structure). As the X-ray technique is based 

on measurement of lattice strains by measuring the changes in the interplanar spacing, the 

textured structure of the cladding may substantially limit application of the X-ray technique 

for a practical case.  

The hole-drilling technique  was also used for the measurement of the cladding residual 

stresses, which only gave information within around 2 mm below the surface. The cladding 

residual stresses were measured in two cruciform specimens, of which one from the X-ray 

measurements. A total of five different measurements were performed on the two 

specimens. The measured peak stress was about 200 MPa at 2 mm depth in the centre of the 

cruciform specimen. Low scatter and reproducible data were obtained by using the hole-

drilling technique. The results of the measured data are shown in Fig. 4.10. 
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To study the influences of geometrical restraint conditions and other influencing factors on 

magnitude and distribution of the cladding residual stresses, finite element calculations 

were performed for a clad plate and a clad cruciform specimen under different conditions. 

Two geometrical restraint conditions were studied for each configuration. In one case, it 

was assumed that the clad object is completely restraint so that no bending due to the 

cladding process and the heat treatment would be introduced. In the other case, the clad 

object was free under the cladding process and the heat treatment, thus permitting bending. 

Fig. 4.10 shows the FEM results together with the measured data from the X-ray and hole-

drilling techniques at the centre of the studied geometries. The finite element results are 

based on 3-D elastic-plastic calculations with assumption that the model is stress-free at T= 

1200 oC, and experiencing cooling down to room temperature. Also studied was the 

influence of the mechanical properties. Using the material data from the NESC-II project 

[Sattari-Far, 2000] resulted in a peak value of 340 MPa in the cruciform specimen 

compared with 252 MPa obtained using the actual material properties. 
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Fig. 4.9: Measurement locations in the clad plate and cruciform specimen using the X-ray 

and hole-drilling techniques.

Fig. 4.10: Measured and calculated cladding residual stresses at the centre of the studied 

clad plate and cruciform specimen under different restraint conditions. 
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4.1.4. Measurement on cruciform clad specimens (The NESC-IV project) 
The NESC-IV tests were brittle fracture experiments on thick-walled plates under 

mechanical loads [NESC-IV, 2005]. The test specimens were fabricated from A533 GB 

with a stainless steel clad overlay. The yield strength of the base and weld materials were 

500 MPa and 625 MPa at room temperature. The cruciform specimens had a nominal 

thickness of 102 mm and an austenitic cladding of 6 mm. More information on this project 

is given in Chapter 5 of this report. 

Framatome ANP GmbH performed a residual stress measurement using the ring core 

technique. The measurement was made at the weld on a 100 mm wide strip of a clad beam. 

The obtained residual stress profiles in different directions are shown in Fig. 4.11. Here, 

Direction a is axial, direction b is tangential and direction c is diagonal (45 degrees). 

Fig. 4.11: Cladding residual stresses in a 100 mm wide strip clad beam obtained by using 

the ring core technique, NESC-IV (2005). 

4.1.5. Measurement on a RPV wall thickness (The ORNL study) 
In a study on evaluation of margins in the ASME rules concerning determination of the 

pressure-temperature curve for a RPV, Dickson et al (1999) measured the cladding residual 

stresses. The procedure used for the determination of the residual stresses in the clad 
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material was to separate the clad layer from the underlying plate material, measure the 

change in geometry during this procedure, and finally calculate the clad stresses relieved. A 

test block of a clad-over-plate shell material measuring 10 square inch of a full-RPV-wall 

thickness was used. Two smaller full-thickness blocks were then saw-cut from this block. 

Each of these smaller blocks was machined to a parallelepiped shape. One block was taken 

with the clad layer (4 inch dimension) in the circumferential direction of the shell (parallel 

to the cladding deposition direction) and the other in the longitudinal direction (transverse 

to the cladding deposition direction). The sequence of operations and the orientation of the 

clad strips relative to each other are shown in Fig. 4.12. As part of the machining process, 

inspection points (fiducial marks) were applied at points on the original and machined-end 

surfaces of the clad layer. These points were drilled to a depth not exceeding 0.010 inch 

using a conical point drill. This procedure assured an inspection point with uniform 

dimensions for repeatability of the subsequent measurements. 

Precision dimensional inspections were performed to measure the x, y, and z coordinates of 

each of these fiducial marks with the blocks in the parallelepiped geometry. A set of 

coordinate axes is shown in Fig. 4.12 for reference. After the initial dimensional 

measurements, the clad layer was machined away from the plate material until the clad/base 

metal fusion zone was completely revealed. To estimate the mid-thickness of the fusion 

zone, visual inspection was used to judge when approximate equal amounts of plate and 

clad materials were exposed on the machined surface. The clad layer parts were re-

inspected to measure the distorted shape as compared to the original shape. The change in 

shape of the parts was then determined by subtracting the initial coordinates of each 

inspection point from the final (deformed) coordinates. Using the deformed coordinates for 

each fiducial mark, maximum and average values (for the sets of measurements) of 

circumferential and longitudinal strains were calculated. 

These strains were used as boundary conditions in finite-element analyses to determine the 

maximum and average values of clad residual stress components. It was first necessary, 

however, to determine the appropriate value of elastic modulus for the clad strip since, as 

was described above, the final clad strip contained both clad and fusion zone material. 

From tensile tests of both clad and fusion zone material, the value of modulus for the 

equivalent layer at room temperature was obtained to be 168 GPa. Using this value and a 

Poisson's ratio of 0.3, the resulting residual stresses from the finite-element analyses for the 

two cases considered (maximum and average strains) are given to be 148-183 MPa in the 
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circumferential direction and 100-124 in the longitudinal direction. 

Fig. 4.12: Sectioning operations used to obtain strain measurements from relaxation of 
residual stresses in clad layer, Dickson et al (1999).

4.2. Finite element analysis of cladding residual stresses 
Finite element method is used here to simulate the cladding process and to calculate 

cladding residual stresses at different states. The analyses are conducted on an 

axisymmetric model of a clad pressure vessel having a thickness of 156 mm (including 6 

mm cladding thickness). Fig. 4.13 shows the finite element model and the imposed 

boundary conditions of these analyses. 

Loading

The model experienced the following loading history, shown also in Fig. 4.14. Stresses are 

presented at different interesting stages. 

Step 1)  Simulation of cladding welding process. Stresses are presented at room 

temperature (at time A) 

Step 2)  Post Weld Heat Treatment (PWHT) of the model at T = 600ºC for 20 h. Norton’s 

law is used. Stresses are presented at times B and C. 

Step 3)  Hydrotest pressure (100 bar at T = 50ºC). Stresses are presented at times D and E. 

Step 4)  Operating temperature (T = 300ºC). Stresses are presented at times F and G. 
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Step 5) Temperature where the cladding stresses are zero. Stresses are presented at time H. 

Fig. 4.13: Finite element model used to simulate the cladding process. 

Material

In the simulation, the cladding material was austenitic stainless steel (type 18/8) and the 

base material was alloyed steel of type 19Mn6. Material data are taken from Delfin et al 

(1998). During the Post Weld Heat Treatment (PWHT) Norton’s creep law is used as: 

nB  (4-1)
   

Where the material parameters B and n are estimated for each material from the following 

expressions:
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 (4-3)

   

Here h10000/1 and h100000/1  are the stress which results in 1% creep strain in 10 000 h and 

100 000 h respectively. These values are given in Table 4.2 for the cladding material and in 

Table 4.3 for the base material. 
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Fig. 4.14: Loading history used in the finite element calculations. 

Table 4.2: Creep data for cladding material (data for SS 2333) 

Temperature 
[oC]

1/10000h

[MPa]
1/100000h
[MPa]

B
[Pa-n]

n
[-]

550 128 74 4.357 10-22 1.82 

575 100 61 1.777 10-23 2.02 

600 83 49 2.560 10-22 1.90 
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 Table 4.3: Creep data for base material (data for SS 2912) 

Temperature 
[oC]

1/10000h

[MPa]
1/100000h
[MPa]

B
[Pa-n]

n
[-]

500 132 73 5.309 10-21 1.69 

525 89 39 6.303 10-17 1.21 

Modelling of the welding process 

The technique to compute the weld induced residual stresses is described in detail in Delfin 

et al (1998). The welding process simulation was conducted by an uncoupled thermo-

plastic analysis. First a transient thermal analysis is performed during which the time 

dependent temperature distribution is determined for the cladding. The stress field due to 

this temperature field is then evaluated at each time step in a structural analysis. The von 

Mises yield criterion with associated flow rule and bi-linear kinematic hardening is used. 

The welding process of the cladding and the PWHT considering the creep behaviour of the 

materials were simulated in this detailed analysis. 

For comparison, an alternative simplified method is also used to calculate the residual stress 

in the cladding. Here, it is assumed that the cladding and base material are stress free at the 

PWHT temperature (600ºC) corresponding to time B in Fig. 4.14. The subsequent loads 

steps step 3-5 are then analysed. Thus, there were no welding simulation and creep 

consideration in the simplified analysis. 

Results

The axial stress ( 22) and the hoop stress ( 33) in the cladding are given in Table 4.4 at the 

different stages (times A-G) obtained from the detailed analysis. Values within brackets are 

results obtained from the simplified analysis. The temperature where the cladding is stress 

free at point H is T = 250ºC. Fig. 4.15 shows the stresses in the clad layer and the base 

material in the axial direction at different stages. Similar results, except for Point D, are 

obtained for  the stresses in the hoop direction.

It is observed that the detailed and simplified analyses give different cladding residual 

stresses at room temperature after PWHT. The main explanation for this deviation is that in 

the detailed analysis, the whole welding process (including PWHT) is modelled. This leads 

to substantially different thermal strains in the two analyses, although the thermal stresses 

at point B (at T = 600 oC) are similar in the two analyses. Detailed information on how the 



Page 45

stresses and strains are obtained from the detailed and simplified analyses is given in 

Appendix-A and Appendix-B of this report. 

Table 4.4: Cladding residual stresses at different stages evaluated from FEM analysis. 

Loading (point) Temperature 
[ºC] 

Axial stress 
( 22) [MPa] 

Hoop stress 
( 33) [MPa] 

After welding (A) 20 348 349 

PWHT (B) 600 -2 [0] -2 [0] 

After PWHT (C) 20 135 [241] 136 [242] 

Test pressure (D) 50 164 [196] 248 [246] 

After test pressure (E) 20 135 [168] 136 [134] 

Operating temperature (F) 300 -60 [-137] -60 [-156] 

After operating temperature (G) 20 308 [224] 308 [202] 

Stress free temperature (H) 250 [190] 0 [0] 0 [-20] 
 *values in brackets are from the simplified analysis. 
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Fig. 4.15: FEM calculated cladding residual stresses in the axial direction of a clad vessel at 
the different states as shown in Fig. 4.14. 
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4.3. Cladding stress free temperature 
In a cladded component with different material properties (physical and mechanical) of the 

cladding and base materials, residual stresses are induced in the wall of the vessel as a 

result of the thermal and pressure load cycles that the vessel experiences. The first thermal 

cycle after manufacturing of the vessel is PWHT at a temperature around 620 oC. It can be 

assumed that the cladding residual stresses are effectively released at this temperature. 

Cooling down to room temperature and following a hydro test will induce cladding residual 

stresses in the wall of the vessel. During start-up to the operational temperature, the 

cladding residual stresses will decrease, and at a certain temperature they can be effectively 

released. This temperature is the stress free temperature relating to the cladding residual 

stresses. The cladding stress free temperature depends mostly on the physical and 

mechanical properties of the cladding and base materials and on the cladding thickness. 

Sattari-Far (1991) calculated the cladding stress free temperature by using FEM and 

assuming different mechanical properties for the cladding material. He found a cladding 

stress free temperature to be around 150 oC (about half of the operating temperature), when 

a reasonable yield strength is assumed for the cladding material.  

Dickson et al (1999) calculated a cladding stress free temperature after measuring the 

cladding residual stresses in the wall of a clad cylinder. The procedure used for 

determination of the residual stresses in the clad material was to separate the clad layer 

from the underlying plate material, measure the change in geometry during this procedure, 

and calculate the clad stresses relieved. The circumferential (larger) stress component, 

which was in the range of 148-183 MPa, was those used to determine the stress-free 

temperature. This resulted in a stress-free temperature of 242 oC.

The calculations presented in Section 4.2 of this report gives a cladding stress free 

temperature to be about 250 oC.
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5. CLADDING EFFECTS ON STRUCTURAL INTEGRITY 
Shallow surface flaws having depths equivalent to the combined thickness of the clad layer 

and the cladding HAZ dominate the frequency distribution of flaws studied in deterministic 

and probabilistic fracture assessments of reactor pressure vessels. For instance, behaviour 

of shallow flaws during a PTS transient may be influenced by the material/fracture 

properties and mechanical interactions associated with the cladding, HAZ and near-surface 

base material.  

The U.S. Nuclear Regulatory Commission (USNRC) issued the Regulatory Guide 1.154 

(1987) for evaluating the integrity of RPVs under PTS loading conditions. The fracture 

mechanics model, referred to in that document, includes cladding as a discrete region only 

to the extent that thermal and stress effects are considered in the context of a linear-elastic 

model. Specifically, consideration of the clad region is limited to the following: 

The cladding is considered as a discrete region with specified thermo-elastic 

material properties. 

A linear-elastic fracture mechanics (LEFM) model is assumed, i.e., no plasticity 

effects are included in the model. 

The fracture toughness of the clad region is assumed to be the same as that of the 

base metal. 

Flaws are allowed to initiate in the clad region. 

All flaws extend through the cladding to the inner surface of the vessel, i.e., only 

through-clad flaws are assumed; 

Implicitly, the HAZ is ignored in both modelling and fracture evaluations. 

These simplifying assumptions generally have been regarded as a conservative approach to 

the treatment of the clad region in RPV safety assessments. 

International RPV integrity research efforts have included studies on interactions in the 

clad region with postulated shallow subclad and through-clad surface flaws in RPV 

materials. Within this work, both fracture toughness testing and fracture model 

development were performed to resolve important cladding issues and to refine safety-

assessment procedures. 
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In this section, results of some fracture assessments within the context of RPV integrity 

research, considering the cladding issues, are presented. The fracture assessments include 

both surface and embedded cracks, which are presented in the two sections below.

5.1. Surface cracks through the cladding 
5.1.1. Crack growth in the RPV of Oskarshamn-1 during cold pressurization 
The O1 tests are brittle fracture experiments on thick-walled plates under mechanical loads 

[Sattari-Far, 2004a]. The main objective of this study was to simulate the fracture 

conditions of the beltline region of an aged reactor during a cold over-pressurization 

loading. Using a base material with RTNDT  80 oC and Y  480 MPa was considered 

appropriate for the experimental objectives of this study. Test plates of A508 Class 3 

reactor material were therefore specially heat treated to introduce the required 

embrittlement properties corresponding to an aged reactor material. This special heat-

treatment procedure consisted of heating-up the material to 1250 oC, holding at this 

temperature in 1.5 hours, and then cooling down by spraying nitrogen gas on all surfaces of 

the blocks. This resulted in RTNDT = 72 oC and a yield strength of 495 MPa for the base 

material. 

A basic functional requirement for the configuration of the test specimen was that the stress 

conditions in the ligament would be equivalent to the conditions in the reactor beltline 

region. Accordingly, cruciform-shaped fracture specimens of sizes 800x800x80 mm having 

a cross section dimension of 120x80 (including 7 mm cladding) were chosen for the study.

Fig. 5.1 shows the variation of the crack diving force KI as a function of crack depth for a 

semi-elliptical surface crack located in the axial direction in the beltline region and  

subjected to the cold pressurization case. A fracture assessment methodology based on the 

R6-method is used, Andersson et al [1996], and two loading cases are studied. In the first 

case, it is assumed that the crack is in a weld, thus stresses due to internal pressure (P0), 

welding residual stresses (WRS) and the cladding residual stresses (CRS) contribute to the 

crack driving force. In the second case, it is assumed that the crack is in the beltline region 

but not in any weld, thus only stresses due to internal pressure and the cladding residual 

stresses contribute. Also shown in Fig. 5.1 is the fracture toughness of the base material 

according to the ASME KIc curve assuming RTNDT = 117 oC. To predict the acceptable 

crack size under emergency conditions, the KIc value is reduced by a safety margin of 2

which is also shown in Fig. 5.1. The fracture toughness of the stainless cladding is still high 
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(above 160 MPa m) at T = 40 oC. It is observed that KI is increasing with crack depth in 

the cladding layer mainly due to the tensile cladding residual stresses. When the crack 

grows into the base material, where the cladding residual stresses are compressive, KI

decreases. For deeper cracks, KI increases with crack depth due to the stresses from the 

internal pressure.  

As can be observed from Fig. 5.1, the critical crack depth is less than 7 mm for this case, 

based on a linear fracture mechanics analysis and using fracture toughness values from the 

ASME KIc curve (basically following the USNRC Regulatory Guide 1.154). One 

consequence of the results from this assessment is that the whole inside of the beltline 

region must be inspected by a proper NDT technique to detect defects of this size.

Fig. 5.1: Variation of KI with crack depth for an axial surface crack in the O1 beltline 
region under the cold pressurization case. 

To reduce this over-conservatism, a fracture assessment based on elastic-plastic stress 

analysis combined with the Master Curve methodology is used. Fig. 5.2 shows the variation 

of crack driving force K (elastic-plastically calculated) as a function of crack depth. It is 

observed that KI is increasing with crack depth in the cladding layer due to tensile cladding 

residual stresses. When the crack depth comes into the base material, where the cladding 
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residual stresses are compressive, KI begins to decrease. For deeper cracks, it will again 

increase with crack depth due to the stresses from the internal pressure.  

The intersections of the KI-curve with the KJc/ 2-line and the KJc -line give the acceptable 

and the critical crack depth for the actual case based on the master curve 50% toughness. 

This leads to a value around 30 mm for the acceptable and over 40 mm for the critical 

defect size. Since a crack with 30 mm depth having 2c/a= 6 has a crack front length of 

about 100 mm in the base material, the KJc-value used (based on 50 mm crack front length) 

should be size-corrected for this amount of crack front length. Fig. 5.3 shows the new 

assessment, when the KJc-value is sized corrected for a 100 mm crack front length. Based 

on the results presented in Fig. 5.3, according to 50% master curve methodology, a surface 

crack with depth of 20 mm and 2c/a= 6 will be acceptable in the O1 beltline region during 

the cold over-pressurization scenario. For cracks with a crack length/ crack depth value less 

than 6, the acceptable crack depth will be larger than 20 mm for the actual load case 

according to this methodology, compared with about 7 mm based on a linear fracture 

mechanics analysis and using fracture toughness values from the ASME KIc curve.

The important conclusions from this study were that fracture assessments based on LEFM 

and ASME KIc curve leads to unrealistically conservative results, and that cladding residual 

stresses are of importance for surface crack behaviour during cold loads. 
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Fig. 5.2: KI as a function of crack depth in the simulated O1 reactor during the cold-
pressurization, compared with fracture toughness from the ASME Curve and the 50% 
master curve.  

Fig. 5.3: KI as a function of crack depth in the simulated O1 reactor during the cold-
pressurization, compared with fracture toughness from the 50% master curve size-corrected 
for 100 mm crack front length. 
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5.1.2. Surface cracks in thick clad cylinders during PTS (NESC-II) 
The NESC-II tests were thermal shock experiments on thick-walled cylinders [Stumpfrock 

et al, 2003]. Two experiments denoted as NP1 and NP2 were conducted within the project. 

The test cylinders had an inner radius of 202.5 mm, a wall thickness of 188.6 mm 

(including 8 mm cladding) and a length of 580 mm. The NP1 cylinder contained surface 

cracks, and is discussed in this section. The NP2 cylinder contained a subclad crack, and 

will be discussed in section 5.2.1. of this report. 

The NP1 cylinder contained two through-clad semi-elliptical cracks, denoted as crack A 

and crack B. These were inserted in the circumferential plane on the inner surface of the 

test piece at the mid section on opposite sides. The depth and length of these defects were a

= 23.8 mm and 2c = 63 mm for crack A and a = 19.6 mm and 2c = 59 mm for crack B. The 

base material  used for the tests was of  type “17 MoV 8 4” (similar to A508 Class 2) steel 

subjected to a non-standard heat treatment to simulate radiation embrittlement of an RPV 

steel, resulting in a yield strength of about 680 MPa. 

An extensive test program was conducted to evaluate the fracture toughness properties of 

the base material. A series of fracture test on both shallow and deep-notched SEN(B) 

specimens of section 10x10 mm2 was conducted at VTT prior to the NESC-II tests. Also a 

series of fracture test was conducted on single edge notched bend specimens, SEN(B), with 

a/W= 0.55 at MPA. The fracture toughness results have been evaluated in order to provide 

the Master Curves and RTNDT of the base material, resulting in the following results.  

The reference temperature RTNDT was estimated to be 140 C.

Estimations on the Master Curve reference temperature T0 are made using size 

correction to a reference thickness. This gives the following results: 

T0 = 60 C  Using standard SEN(B) specimens with B0 = 25 mm.   

T0 = 76 C Using the surface cracks A and B in the NP1 test, with a crack 

front length of 70 mm in the base material.   

The test cylinders were subjected to simulated pressurized-thermal shocks. The cylinders 

were also subjected to external axial loads. For the NP1 test, the initial temperature on the 

inner surface of the cylinder was 155 C and 200 C on the outer surface. The internal 

pressure in the test loop was constant at 78 bar during the test and the axial force was 
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constant at 20 MN. The internal pressure in the test loop was constant at 58 bar during the 

test and the axial force was constant at 43 MN.

While the simplified pretest analysis based on linear elastic fracture mechanics and the 

ASME KIC curve indicated that crack growth would occur during the test, the NP1 

experiment produced no crack growth event. 

The outcomes of these tests are analysed by Sattari-Far [2000] based on the Master Curve 

methodology and using detailed finite element analyses. A cladding stress free temperature 

of 300 oC is assumed in the analyses. Fig. 5.4 shows the assessment results of the NP1 test. 

It was observed that the Master Curve methodology can satisfactorily predict the 

experimental outcomes of these tests. For the surface defects in the NP1 cylinder the 

loading did not become critical for a cleavage fracture event. While assessments based on 

the fracture toughness data size-corrected for the actual crack front length lead to good 

predictions, using fracture toughness data without size correction in the Master Curve 

methodology may lead to non-conservative fracture assessments. The test predictions 

would be very conservative if a linear fracture mechanics analysis and fracture toughness 

from the ASME KIc curve were used in the assessment. 

Fig. 5.4: Fracture assessment of surface crack B in the NP1 test of NESC-II based on the 
size-corrected Master Curve methodology [Sattari-Far, 2000]. 
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5.1.3. Surface cracks in cruciform clad beams under biaxial loading (NESC-IV) 
The NESC-IV tests are brittle fracture experiments on thick-walled plates under 

mechanical loads [NESC-IV, 2005]. The NESC-IV project consisted of two parts, A and B, 

that were focused on fracture toughness testing and model development for shallow surface 

flaws and for embedded flaws, respectively. The target temperature for the testing program 

was the lower transition temperature range for the selected material. The test specimens 

were fabricated from A533 GB with a stainless steel clad overlay. The yield strength of the 

base and weld materials were 500 MPa and 625 MPa at room temperature. Part A (surface 

cracks) of the project is presented here, and Part B (embedded cracks) is presented in 

section 5.2.3 of this report. 

A total of six clad cruciform specimens containing shallow surface flaws were tested in 

Part A. The cruciform specimens have a nominal thickness of 102 mm and an austenitic 

cladding of 6 mm. The test section for the cruciform beams contained weld material below 

the clad layer, in which the surface flaw was inserted. The length orientation of the flaw 

was parallel to the longitudinal weld, and was extended in the weld through-thickness 

direction. After pre-cracking the final nominal dimensions of the flaw were 53.3 mm long 

and 19.1 mm deep (including the cladding).

The key experimental variable was the test temperature of the beam, the objective being to 

achieve cleavage failure in the non-linear region of the load-versus-CMOD curve. 

Furthermore, each set of specimens should be tested at a single temperature to facilitate 

statistical analysis of the results. However selection of a suitable temperature was not 

straightforward. In the first test of the cruciform specimen, with a target crack-tip 

temperature of -60˚C, the specimen failed well within the elastic region of the load-versus-

CMOD curve. As a consequence, the subsequent tests were performed at slightly higher 

temperatures, in the range of –40 to –33 oC. Information on the geometry and test 

temperature of these tests are given in Fig. 5.5.  

The post-test fractography confirmed that the failure mode in the cruciform specimens was 

pure cleavage fracture, without prior ductile tearing. Two different labs investigated the 

position of the cleavage initiation points, indicating that this tended to occur towards the 

surface of the specimen (in the cladding HAZ) and not at the deepest point of the defect. 
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The outcomes of these tests are analysed by, among others, Sattari-Far (2004b). Three 

dimensional elastic-plastic fracture analysis combined with the Master Curve methodology 

was used in the fracture assessment of these tests. It was assumed that the cladding residual 

stresses were zero (stress free) at 300 oC. Fig. 5.6 shows the assessment results of these 

tests. Size-corrected toughness curves considering the actual crack front sizes were used in 

the analysis.  

The important conclusions of this study were that for surface cracks through the cladding 

under biaxial loading, the crack growth will occur in the cladding HAZ, and biaxial loading 

would overcome any benefits of shallow crack effects. The cladding residual stresses were 

of less importance when the load level was high. 

Fig. 5.5: Information on the geometry and test temperature of cruciform tests within the 
NESC-project [NESC-IV, 2005]. 
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(a)

Fig. 5.6: Fracture assessment of surface cracks in clad cruciform specimens under biaxial 
loading within the NESC-project [Sattari-Far, 2004b]. 

5.2. Subclad cracks 
5.2.1. Subclad cracks in thick clad cylinders during PTS (NESC-II) 
The NESC-II tests are thermal shock experiments on thick-walled cylinders [Stumpfrock et 
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discussed in this section. 
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SEN(B) specimens of section 10x10 mm2 was conducted at VTT prior to the NP1 and NP2 
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order to provide the Master Curves and RTNDT of the base material, resulting in the 

following results.  

The reference temperature RTNDT was estimated to be 140 C.

Estimations on the Master Curve reference temperature T0 are made considering 

the size corrections to a reference thickness. This leads to the following results: 

T0 = 60 C  Using standard SEN(B) with B0 = 25 mm. 

T0 = 137 C  Using the subclad crack in the NP2 test, with a crack front 

length of 1373 mm in the base material. 

The test cylinders were subjected to simulated pressurized-thermal shocks. The cylinders 

were also subjected to external axial loads. For the NP2 test, the initial temperature on the 

inner surface of the cylinder was 234.8 C and 287.1 C on the outer surface. The internal 

pressure in the test loop was constant at 58 bar during the test and the axial force was 

constant at 43 MN. The NP2 test experienced a crack growth and arrest event with a 

maximum extension of approximately 15 mm. 

The outcomes of these tests are analysed by Sattari-Far [2000] based on the Master Curve 

methodology and using detailed finite element analyses. A cladding stress free temperature 

of 300 oC is assumed in the analyses. Fig. 5.7 shows the assessment results of this test. It 

was observed that the Master Curve methodology can satisfactorily predict the 

experimental outcomes of the NESC-II tests. For the subclad defect in the NP2 cylinder a 

cleavage fracture event could be predicted by the analysis. While assessments based on the 

fracture toughness data size-corrected for the actual crack front length lead to good 

predictions, using fracture toughness data without size correction in the Master Curve 

methodology may lead to non-conservative fracture assessments. The test predictions 

would be very conservative if linear fracture mechanics analysis and fracture toughness 

from the ASME KIc curve was used in the assessment. 
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Fig. 5.7: Fracture assessment of the subclad crack in the NP2 test of NESC-II based on the 
size-corrected Master Curve methodology [Sattari-Far, 2000]. 

5.2.2. Fracture behaviour of clad material (ORNL) 
In a study on evaluation of margins in the ASME rules concerning determination of the 
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extension (microcracking) such that the flaw tip had characteristics of a "true" crack. The 

final crack configuration resembles a cross-section of the clad/base metal interface region 

of a two dimensional subclad flaw in a vessel wall. Since the cladding is applied in the 

same manner that vessel cladding is applied, the cladding retains many of the 

characteristics that cladding on a vessel wall would have.

The effective yield stress and the rupture strain of the cladding and the crack opening 

displacements (COD) beneath the cladding were determined, The amount of clad surface 

stretching directly over the flaw tip was measured using conventional foil-type strain 

gages, and clip gages on the sides of the specimen were used to measure COD beneath the 

clad layer and at the specimen midplane. 

 The specimens were tested at both room temperature and at -130°C. A typical plot of COD 

readings versus load for a specimen tested at -130°C is shown in Fig. 5.9. The maximum 

load for this test was 31.7 kips giving an engineering ultimate strength of 83.5 kips (1 kips 

= 4.452 kN.) Plastic instability in the clad layer occurred for crack-tip opening 

displacements in the range of approximately 0.25 to 0.50 mm. Failure of the cladding 

occurred at a COD greater than 0.81 mm. Specimen failure was characterized by failure in 

only one ligament of cladding. When yielding occurred in one clad surface, there was little 

further increase in load. The yielded surface became the "weak link” and continued to 

stretch up to failure of the cladding. Since there was little additional load increase, axial 

deformation and COD of the opposite surface essentially stopped. Fig. 5.10 is an enlarged 

view of the initial part of this loading curve, which shows three distinct regions of 

behaviour. The first of these, which extends up to a load of approximately 6 kips is the 

elastic response of the entire specimen (base metal and cladding), and is due to the pre-load 

caused by the cladding residual thermal stress. This is indicated as the "Elastic Bar" line in 

Fig. 5.10. The second region is the near linear elastic behaviour of the cladding acting 

alone. Nonlinear response of the cladding initiates at approximately 18 kips. The last 

region is the fully non-linear plastic behaviour of the cladding. For the cladding, taking the 

deviation from non-linear behaviour as the "yield" point, an effective clad yield stress for 

this configuration of 47 ksi would be obtained (1 ksi = 6.895 MPa).

The failure of these specimens was characteristically by ductile tearing of the cladding and 

plastic instability even at -130°C. There was no evidence of any cleavage-type fracture in 

the conducted tests. 
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Fig. 5.8: Isometric drawing of the Jo-Bloch specimen used to study fracture behaviour of 
subclad flaws, Dickson et al (1999). 

Fig. 5.9: Load-COD behaviour of a typical Jo-Bloch specimen used to study fracture 
behaviour of subclad flaws, Dickson et al (1999). 
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Fig. 5.10: Initial elastic region of load-COD behaviour for the Jo-Bloch specimen shown in 
the previous figure, Dickson et al (1999). 

5.2.3. Embedded cracks in clad beams under uniaxial loading (NESC-IV) 
The NESC-IV tests are brittle fracture experiments on thick-walled plates under 

mechanical loads [NESC-IV, 2005]. The NESC-IV project consisted of two parts, A and B, 

that were focused on fracture toughness testing and model development for shallow surface 

flaws and for embedded flaws, respectively. The target temperature for the testing program 

was the lower transition temperature range for the selected material. The test specimens 

were fabricated from A533 GB with a stainless steel clad overlay. The yield strength of the 

base and weld materials were 500 MPa and 625 MPa at room temperature. Part A (surface 

cracks) of the project is presented in section 5.1.3, and Part B (embedded cracks) is 

presented here. 

A total of four uniaxial specimens containing embedded flaws were tested. Two of the test 

sections included the surface clad layer, while the remaining two were without cladding. 

The test section for the uniaxial beams contained only plate material below the clad layer 

(i.e. no weld material). The embedded flaw was a 2D sharp notch extending through the 

entire specimen with a flaw depth of about 20 mm and located 14 mm under the surface. 
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The uniaxial specimens had a nominal thickness of 102 mm. Information on the geometry 

and test temperature of these tests is given in Fig. 5.11.

The outcomes of these tests are analysed by, among others, Sattari-Far (2004b). Two 

dimensional elastic-plastic fracture analyses combined with the Master Curve methodology 

was used in the fracture assessment of these tests. It was assumed that the cladding residual 

stresses were zero (stress free) at 300 oC. Size-corrected toughness curves considering the 

actual crack front sizes are used in the analysis. Fig. 5.12 gives the assessment results of 

two uniaxial tests, one with and one without a clad layer. Tip-S and Tip-D are the surface 

and deep crack-tip, respectively. Note that cleavage fracture occurred at the deepest crack-

tip (Tip-D) in these tests.  

The feasibility of generating fracture data for simulated embedded flaws was successfully 

demonstrated in a demonstration series of four uniaxial bend beam tests on plate material. 

All the tests ended in a brittle fracture event and it proved impossible to determine 

experimentally whether initiation had occurred first at the near surface tip or the deep tip. 

The calculated KJc values lay well above the relevant Master Curve, indicating a substantial 

constraint loss effect. 

One conclusion of this study was that the cladding residual stresses have negligible 

influence of subclad crack behaviour. It was also concluded that the crack growth for 

subclad cracks would be towards the base material direction, and the clad layer remains 

mainly intact under the tests. 
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Fig. 5.11: Information on the geometry and test temperature of clad beam tests within the 
NESC-IV project [NESC-IV, 2005]. 

Fig. 5.12: Fracture assessment of embedded cracks in clad beams under uniaxial loading 
within the NESC-IV project [Sattari-Far, 2004b]. 
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6. GUIDELINE FOR FRACTURE ASSESSMENT OF CLADDING 

CRACKS 

Based on the study presented in the previous sections of this report, a guideline is given 

here for fracture assessment of clad components containing cracks. The crack geometry can 

be one of the following cases, as shown in Fig. 6.1: 

 (1) Surface cracks completely confined in the clad layer 

 (2) Surface cracks through the cladding into the base material 

 (3) Subclad cracks  

These cracks can be in any clad components (plates or cylinders etc.). This guideline 

together with the fracture mechanics Handbook by Dillström et al (2004) can be used in 

determination of the acceptable and critical defect sizes in the nuclear clad components.  

Fig. 6.1: Different crack geometries related to the cladding. 

I: Common for all of the three crack geometries  

(a) Use material data presented in Chapter 3 of this report, and if necessary (for 

instance for different temperatures) complete with data given by Delfin et al (1998) 

and NESC-IV (2005).

Surface crack 
in cladding 

Surface crack 
through cladding 

Subclad crack 

(Base material) 

(Cladding)
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(b) If a detailed 3D finite element calculation of the crack driving force along the whole 

crack front is available, use the maximum value of that.  

(c) Otherwise, conduct a stress analysis for the actual case without considering the 

crack. Use the fracture mechanics Handbook for determination of the crack driving 

forces. It gives KI values at the deepest point of the crack and at the intersection 

with the free surface.

Note that the crack driving force can be due to primary and secondary stresses. 

These two types of stresses can be treated separately as described in the fracture 

mechanics Handbook. 

(d) Conduct fracture assessment according to the fracture mechanics Handbook. 

Assumptions on cladding residual stresses (CRS) and fracture toughness for the 

three crack geometries are outlined below: 

II: Surface cracks in the cladding 

(a) Assume a tensile uniform cladding residual stress in the cladding as below: 

CRS = 300 MPa in the cladding and at room temperature 

CRS = 0 MPa in the cladding and at the operating temperature (  300 oC)

CRS = 0 MPa in the base material at any temperature 

For other temperatures, scale between these two values. 

Note that for cladding residual stresses of this crack geometry, there is no 

significant deference if the clad component is stress-relieved or not after cladding. 

(b) Use the fracture toughness value of the cladding from the data given in Fig. 3.8 of 

this report for the actual temperature.  

III: Surface cracks through the cladding 

(a) If the clad component is stress-relieved after cladding, assume a tensile uniform 

cladding residual stress as below: 

CRS = 300 MPa in the clad layer and at room temperature 

CRS = 0 MPa in the clad layer and at the operating temperature (  300 oC)
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CRS = 0 MPa in the base material at any temperature 

For other temperatures, scale between these two values. 

(b) If the clad component is not stress-relieved after cladding (repair weld), assume a 

tensile uniform cladding residual stress in the cladding and base material as below: 

CRS = 300 MPa in the cladding and a distance of twice cladding thickness 

below the cladding, and at room temperature 

CRS = 0 MPa in the cladding and base material, at the operating temperature 

For other temperatures, scale between these two values. 

(c) For this crack geometry, the maximum crack driving force commonly occurs in the 

base material. Thus, use a relevant fracture toughness value of the material at the 

actual temperature.  

IV: Subclad cracks 

(a) If the clad component (plates or cylinders) is stress-relieved after cladding, assume 

a tensile uniform cladding residual stress as below: 

CRS = 0 MPa in the base material and at any temperature 

(b) If the clad component is not stress-relieved after cladding (repair weld), assume a 

tensile uniform cladding residual stress in the cladding and base material as below: 

CRS = 300 MPa in the cladding and a distance of twice cladding thickness 

below the cladding, and at room temperature 

CRS = 0 MPa in the clad component at the operating temperature (  300 oC).

For other temperatures, scale between these two values. 

(c) For subclad cracks in RPV nozzles, assume as in (b) above, regardless if the nozzle 

is stress-relieved or not. 

(d) For this crack geometry, considering the ductile behaviour of the cladding, the 

crack growth would occur at the deepest point towards the base material direction, 

and the clad layer remains mainly intact under the loading. Thus, use a relevant 

fracture toughness value of the base material at the actual temperature. 



Page 67

7. CONCLUSIONS AND RECOMMENDATIONS 
Based on this study, the following conclusions and recommendations can be made: 

Due to significant differences in the thermal and mechanical properties between the 

austenitic cladding and the ferritic base metal, residual stresses are induced in the 

cladding and the underlying base metal. These stresses are left in clad components 

even after PWHT. 

The different restraint conditions of the clad component have a minor influence on 

the magnitude of the cladding residual stresses in the cladding layer. The thickness 

of the clad object is the main impacting geometrical dimension in developing 

cladding residual stresses. A clad object having a base material thickness exceeding 

10 times the cladding thickness would be practically sufficient to introduce cladding 

residual stresses of a thick reactor pressure vessel.  

For a clad component that received PWHT, the peak tensile stress is in the cladding 

layer, and the residual stresses in the underlying base material are negligible. 

However, for clad components not receiving PWHT, for instance the repair welding 

of the cladding, the cladding residual stresses of tensile type exist even in the base 

material. This implies a higher risk for underclad cracking for clad repairs that 

received no PWHT. 

For certain clad geometries, like nozzles, the profile of the cladding residual stresses 

depends on the clad thickness and position, and significant tensile stresses can also 

exist in the base material. 

Based on different measurements reported in the literature, a value of 150 GPa can 

be used as Young's Modulus of the austenitic cladding material at room 

temperature. The control measurements of small samples from the irradiated RPV 

head did not reveal a significant difference of Young's Modulus between the 

irradiated and the unirradiated cladding material condition.  

No significant differences between the axial and tangential cladding residual 

stresses are reported in the measurement of different clad components. 

Measurement of cladding residual stresses in a decommissioned RPV head, which 

was exposed to service conditions (pressure test, temperature, neutron irradiation, 
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etc.), and the results from the cladding in a cut-out-piece, which did not experience 

any service or test pressure, basically showed similar profiles.  

Considering the low scatter and the reproducible data, the hole-drilling technique is 

recommended in measurement of the peak of the cladding residual stresses. 

The profile and magnitude of the cladding residual stresses depend mainly upon 

cladding composition, cladding thickness, clad component geometry and clad 

component temperature. The peak of the cladding residual stresses is actually about 

2-3 mm under the surface of the clad layer, and values in the range of 150 and 500 

MPa are reported. 

Fracture assessments on different clad components at different loading conditions 

reveal that fracture assessments based on LEFM and ASME KIc curve lead to 

unrealistic conservative results, and the cladding residual stresses are of importance 

for surface crack behaviour, especially under cold loads. The NESC projects have 

shown that the Master Curve methodology can give good predictions of the 

conducted experiments.  

It is reasonable to assume a peak value of cladding residual stresses in the whole 

clad layer to be equal to the yield strength of the cladding material (around 300 

MPa) at room temperature. Providing that the clad component has received PWHT, 

it can be assumed no residual stresses in the underlying base material. For the 

nuclear pressure vessel, it is also reasonable to assume that the cladding stress free 

temperature is at the operation temperature of the vessel (around 300 oC).

It has been shown that the cladding residual stresses have negligible influence on 

subclad crack behaviour in clad components (receiving PWHT). It has also been 

shown that the crack growth for subclad cracks would be towards the base material 

direction, and the clad layer remains mainly intact during the loading. 

However, for the clad nozzles, significant tensile stresses can also exist in the base 

material, depending on the clad thickness and positions around the nozzle. This may 

be of importance for fracture assessment of subclad cracks. 
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APPENDIX A: DETAILED FEM ANALYSIS WITH CREEP CONSIDERATION 

For Point B after PWHT:
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For Point C after PWHT:
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APPENDIX B: SIMPLIFIED FEM ANALYSIS WITHOUT CREEP CONSIDERATION 
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