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ABSTRACT 

An overview of the Finnish national research programme on the Nuclear Power Plant 
Structural Safety, being carried out from 1990 to 1994, is presented. The focus of this 
paper is on recent results in the areas of experimental and computational fracture 
mechanics, material deterioration due to neutron irradiation, corrosion and water 
chemistry, nondestructive testing methods and procedures, and verification of structural 
integrity assessment methods by large scale component tests. 

INTRODUCTION 

The structural safety and integrity of nuclear power plants is largely dependent on the 
design of structures and materials which has been decided prior to the construction. 
Planning alone, however, cannot guarantee the safe operation of the power plant 
throughout its life. The materials are deteriorated due to the mechanical and environ
mental (neutron irradiation, feedwater of primary and secondary circuits) effects. The 
safe use of mechanical components and structures requires continuous monitoring 
during the operational life of the plant If there is defects in structures, it must be 
possible to evaluate their size and location. It is particularly important to be able to 
estimate the safety and the remaining life of a cracked component The research being 
carried out in NPP Structural Safety Programme III is directed in a general level on 
quantifying the uncertainties affecting the safety margin of a pressure retaining 
component (Fig. 1). 

Research c.i structures and structural materials aims to prevent accidents and unfore
seen outages. Consequently, the concerns and risks arising from faults in equipment 
and structures are kept to a minimum. Research ensures the safe and reliable operation 
of equipment throughout its planned life. At the same time, ways are being sought to 
extend the lifetime of components. 

The research is divided into three specific technical areas focusing on the key issues 
which are relevant and of great importance in assuring the structural integrity and 
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reliability of pressure boundaiy components (Fig. 2). The fourth area consists of the 
validation of structural integrity assessment methods by means of component tests. 
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Fig. 1. The technical issue and the overall objective of the Nuclear Power Plant 
Structural Safety (RAW) research programme. 
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Fig. 2. Main development areas and general objective of the structural integrity related 
research at the VTT. 
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Studies on the structural materials in nuclear power plants create the experimental data 
and background information necessary for the structural integrity assessments of 
mechanical components. The research is carried out by developing experimental 
fracture mechanics methods including statistical analysis methods of material property 
data, and by studying material ageing and, in particular, mechanisms of material 
deterioration due to neutron irradiation, corrosion and water chemistry. Besides 
material studies, new testing methods and sensors for the measurement of loading and 
water chemistry parameters are developed. The monitoring data obtained in real power 
plants has been used again to simulate more precisely the real environment during 
laboratory tests. The research on structural analysis is focused on extending and 
verifying the analysis capabilities for structural assessments of nuclear power plants. A 
widely applicable system including various computational fracture assessment methods 
are created with which different structural problems can be solved reliably and 
effectively. Development of more accurate nondestructive testing methods and pro
cedures provides increased reliability for flaw detection and size assessment during in-
service inspections of nuclear power plants. In particular, methods are being developed 
for the evaluation of flaws and materials for which traditional NDE-methods are not 
well-suited. Validation of structural integrity assessment methods is performed by 
verifying the transferability of laboratory data to large scale component tests and by 
quantifying the accuracy of the analysis methods and procedures. Validation studies are 
being carried out through intensive international collaboratorion. 

This paper summarizes main recent results of the Finnish national Research Programme 
on the Nuclear Power Plant Structural Safety /2/ in the areas of fracture mechanics, 
irradiation damage, environmentally assissted cracking (EAC), nondestructive testing 
(NDT) and large scale pressurized thermal shock tests. 

FRACTURE MECHANICS 

The recent experimental fracture mechanics development has been focused on the 
determination of reliable lower-bound fracture toughness estimates, in particular consid
ering the statistical aspects of fracture mechanical material properties. Additionally, 
materials aspects in fracture assessment of surface cracks, with emphasis on transfer
ability of fracture toughness data to structures with surface flaws have been investi
gated. Further, a simple single specimen methodology to determine the dynamic 
fracture resistance curve from the instrumented precracked impact test has been 
developed. 

Statistical analysis 

Present testing standards do not give any recommendations for the correct application 
of fracture toughness data for structural integrity assessments and yet this is a crucial 
point for a successful assessment and fracture mechanics verification. Standardization 
bodies have been reluctant to produce what they call application documents. Their 
single interest have been the test performance. Unfortunately, this state of affairs has 
reduced the credibility of fracture mechanical parameters due to a lacking verification. 
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With the object of enabling the determination of reliable lower-bound fracture tough
ness estimates, considering the statistical aspects of fracture mechanical properties, a 
statistical analysis, of the Finnish data generated in the IAEA CRP on Optimizing 
Reactor Pressure Vessel Surveillance Programmes and Their Analysis, phase 3, has 
been performed 131. 

An extensive evaluation of three different materials AS33B Class 1 (designation JRQ) 
and A508 Class 3 (designation FFA and JFL) in the as-received and irradiated condi
tion has been carried out in Finland The mechanical properties measured at different 
temperatures include tensile data, Charpy V notch and instrumented precracked Charpy 
data and elastic-plastic fracture toughness (J). The specimen size and geometry have 
been varied in the tests. Correlation between different fracture properties and optimized 
analysis methods were evaluated. 

Based on the evaluation of the experimental results it can be concluded that precracked 
Charpy V notch (CVN^ and round compact tension (RCT) type specimens are suitable 
for determining fracture toughness provided the elastic-plastic parameter K K is applied 
together with the statistical size correction (Fig. 3). 

OTHBMMni A5338 Cl.l STEEL (JIQ) 

-188 -58 B 50 188 
T - To CO 

Fig. 3. Size corrected fracture toughness data based on the statistical methodology. The 
material is an A533B Class 1 (JRQ) used in the IAEA CRP on Optimizing Reactor 
Pressure Vessel Surveillance Programmes and Their Analysis, phase3. 
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Fig. 4. Size corrected fracture toughness data based on the statistical methodology 
using A533B Class J material data from literature M. 
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Combined with additional analysis of other data sets found in the literature, the 
previously developed statistical methodology for treating brittle fracture toughness 
results, obtained by using CT specimens with different thickness, has been validated 141 
(Fig. 4). Based on the results, simple guidelines for obtaining optimum "best-" and 
"safe-" estimates of the behavior of the actual fracture toughness, derived from small 
specimen data, have been developed /4/, see example in Fig. 5. 

Correlations 

A cleavage crack, running in an unstable manner, may arrest if the crack driving force 
decreases below the materials crack arrest toughness. As such, the crack arrest tough
ness denotes a true global minimum fracture toughness of the material. Even if a local 
cleavage fracture event, would occur (e.g. local brittle zone etc.) at a lower driving 
force than the crack arrest toughness, the crack would immediately arrest, producing a 
so called pop-in event which is not critical to its nature. 

The standardized crack arrest toughness is named K,, (ASTM E1221-88). Measuring a 
standardized K,, value requires a comparatively large specimen. In the case of normal 
surveillance programs for monitoring the irradiation induced changes in nuclear 
material properties, the specimen sizes are small as necessitated by available space in 
the reactor. Normally, small 10-10-55 square section specimens are applied. These 
specimens are much too small to enable a standardized direct measurement of K u . 
Instead, attempts have been made to correlate parameters determined by the small 
specimens with the crack arrest toughness. 

The standard test used in surveillance programs is the Charpy-V impact test Presently 
it is assumed that the shift in die 41 J impact energy transition temperature coincides 
with the irradiation induced shift in the crack arrest toughness transition curve. 
However, it is possible to determine several different definitions for the transition 
temperature in the Charpy-V impact test This is especially true if the tests are 
performed instrumented so that the load-time (load-displacement) response of die 
specimen is recorded. 

In this task an alternative definition of Charpy-V transition temperature was unveiled 
and its descriptive potential with respect to crack arrest K b was investigated and 
compared with other presently applied transition temperature definitions 151. 

Fig. 6 shows a typical example of an instrumented impact test load trace corresponding 
to the ductile/brittle transition region. Cleavage fracture has initiated at the point F u . 
However, the specimen has not fractured completely, but the crack has arrested at point 
Fa. The load Fa shows an increasing temperature dependence. At low temperatures the 
cleavage crack will propagate completely through the specimen, whereas at higher 
temperatures the crack will arrest at increasingly higher load values. Thus F, is 
connected to the materials crack arrest toughness K,,. It is possible to define a transiti
on temperature based on the fracture arrest parameter F,. Previously, promising 
attempts have been made to correlate the shift in the fracture arrest transition tempera
ture T F , to the shift in the Pellini NDT temperature ( A T ^ T ^ N D T } ) and to the 
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Robertson wide plate test crack arrest temperature n y . W T>. in this task the mean 
temperature corresponding to a fixed arrest load, equal to 4 kN, ( T ^ B I ) was selected 
as transition criteria. 

Fig. 6. Definition of fracture arrest parameter Fr 

The correlation including all materials is presented in Fig. 7. With the exception of one 
material (PTSE-2) all materials yield a very clear correlation between T ^ , , and TK,,. 
The PTSE-2 material differs from the other materials by having a low yield strength 
combined with a low upper shelf toughness. These differences may explain the found 
behavior. If PTSE-2 is excluded from the correlation, the result presented in Fig. 9 is 
obtained. The standard deviation of the correlation is in this case only a = 9.2 °C as 
compared to o = 13.3 °C for the case including all materials. 

From the analysis it appears that the Charpy-V fracture arrest parameter T^^, has a 
comparatively good descriptive potential with respect to crack arrest K„. 
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Fig. 7. Observed correlation between TFmml and TKU based on all materials. 
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Fig. 8. Observed correlation between TMW and TKh excluding FTSE-2. 
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Computational Fracture Analysis of Multimaterial Test Speciinen 

A stable crack growm analysis for a multimaterial CS type specimen was performed 
161. Toe specimen was detached from the inner surface of me HDR reactor pressure 
vessel and it was tested at the Fraunhofer-Institot for Werkstoffmechanik. The speci
men consisted of die base material and two different cladding material layers. A 
measured JR-curve was available only for the base material and for the cladding 
materials hypothetical JR-curves were applied On die basis of measured stress strain 
curves it was obvious dial die inner cladding layer was very brittle, because die 
ultimate strain was extremely low. 

Ahhough die available material data was rattier incomplete, reasonably good agreement 
was obtained with experimental results (Fig. 9). Good agreement was found as well for 
die global behaviour (load versus load line displacement curves) as for die crack 
growtit. In die area of die inner cladding layer the crack growth was somewhat 
underestimated because die used hypodietical JR-values were obviously too high, and 
corresponding to die mxieresdmated compliance die calculated load values were 
slighdy higher dun die measured ones as a function of prescribed displacement. 

Development off die expert system MASI for fracture assessment 

Computational fracture mechanics is used to assess die effea of flaws on structural 
integrity. The development of fracture assessment mediods and experimental fracture 
toughness definition has made die evaluation of very complex cases possible. The cases 
analyzed range from brittle fracture, in which linear elastic methods are appropriate, to 
ductile fracture assessments that have to be performed using nonlinear, elastic-plastic 
methods. In practice any case can be solved applying the finite element method but it 
may even today, though powerful computers and effective modeling programs, be too 
time consuming. Sometimes very fast decisions on component replacement or repair 
have to be drawn - for example during die annual revision of a nuclear power plant hi 
die structural design phase die effect of possible cracks at all critical locations should 
be checked. For such cases various engineering assessment methods are suitable. 

At VTT several computer codes have been developed for fracture mechanical assess
ments of nuclear power plant components and other structures. Capabilities for both 
engineering type assessments and accurate analyses based on die finite element method 
have been extended and improved. The engineering mediods make fast assessments 
possible but inevitably tiiey may be somewhat rough. For finite element metiiod 
applications, codes have been created to simplify the accurate analyses for cracked 
structures. 

Presently attention is paid on improving the user friendliness of die fracture assessment 
programs and on making them more widely applicable. This is achieved by implement
ing die engineering assessment programs in a personal computer and by developing an 
intelligent user interface for diem. The program system MASI (Fig. 10) is aimed 
primarily to help a structural analyst to judge the severity of found or postulated cracks 
and the allowable crack size 111. It comprises three basic components: die user inter
face, the computational part and a material data base. 
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Fig. 10. General structure of the program system MASI. 
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The elements of the program system MASI 

The computational put of the program system comprises several independent FOR
TRAN codes (VTTSIF, TEMPS, LIMIT etc.). Most of them have originally been 
developed under other computer environments (Cyber, VAX, SGI, Cray). In 1993 they 
have been converted to the Microsoft FORTRAN and implemented in a personal 
computer. The programs ate implemented into the MASI system as executable files that 
are run by die user interface. 

The VTTSIF program is aimed to be an easy-to-use engineering tool for fracture and 
fatigue analysis. It is intended for replacing the need to use fracture mechanical 
handbooks for rapid assessments of die stress intensity factor and further of crack 
growth by fatigue according to Paris equation. It can be used for example for studying 
die criticahty of several load cases combined wim cracks in various locations of die 
structure. It can be combined wim studies by die finite element method as it can use 
die stress results from finite element analyses for uncracked structures. Further, die 
finite element results for stress intensity factors for two- or dnee-dimensional crack 
cases can be implemented in die program case library. 

The solutions available presently in the VTTSIF program are limited to crack opening 
mode I with 10 2D geometry cases and 19 different solutions. For the six 3D geometry 
cases totally 15 different load case solutions are available. New stress intensity factor 
solutions have been developed for several cases by curve fining finite element results 
to rational polynomials. This was done for tension and bending loads for die 
semi-elliptical surface crack in a plate. In 1993 new solutions were developed for axial 
semi-elliptical surface cracks on the inner and the outer surface of a cylinder. The 
solutions cover uniform tension and linear stress load cases. In 1993 capabilities for 
analysing stress intensity factor values under a loading, which yields a non-symmetrical 
stress distribution about the symmetry axis of the semi-elliptical crack, have been 
developed. 

Very tough materials are insensitive to cracks. The load carrying capability is in such 
cases defined by the plastic limit load that is governed by die yielding properties rather 
than by the fracture mechanics properties of the material. The cracks or flaws reduce 
the load carrying capacity compared to an uncracked structure because of smaller load 
carrying cross-sectional area. Miller has presented an extensive collection of plastic 
limit load solutions. Among others these solutions have been implemented in 1993 into 
the system as the LIMIT module. Routines for the calculation of hoop and axial 
stresses in an unflawed cylinder under internal pressure and under thermal transients 
are included into the system. For the latter case the TEMPS module has been devel
oped. 

The event driven graphical user interface helps the user to model the problem, to 
simplify the crack/structure -configuration and to the treat die loads. Further it transfers 
data to and between the different programs, controls their execution and visualizes me 
results. The user interface is being developed in the Windows environment with Visual 
Basic, which it is a very effective tool for creating Windows applications. The first 
version of the user interface has been developed during 1993. 
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A material database relevant for nuclear applications is being combined to the MASI 
system. The generation of a general material database is complicated because especial
ly the fracture mechanical properties of a material do not only depend on the chemical 
composition but also on many other things. For this reason, at the first stage just the 
"skeleton" for the material data base has been created. Later, the system will be tailored 
for some chosen components and at that stage actual material data will be implement
ed. 

Further development 

The computational part of the program system will be further extended and improved 
by adding new engineering fracture assessment methods into it and by extending the 
structural case library. An extensive and well-defined series of test analyses will be 
created for the codes that are included into die MASI system. These analyses consist 
of cases for which other solutions are available or in which* e.g., some limit values can 
be judged. The test series will be used for verification of new program modifications. 
In addition the whole system is tested by simulating experiments. 

IRRADIATION DAMAGE 

The recent development work has been focused on studying die effect of neutron 
irradiation on the fracture toughness of some reactor pressure vessel steels by evaluat
ing die results of die Finnish contribution to the IAEA Coordinated Research Pro
gramme, phase 3, by applying both static and dynamic tests. 

IAEA Coordinate Research Programme Phase 3 

Surveillance testing of nuclear pressure vessel steels is presently usually based on 
standard Charpy-V tests. Recent investigations have shown that the Charpy-V test may 
be an unreliable indicator of the true irradiation embrittlement. This has increased the 
need for a direct measurement of the fracture toughness. 

In the case of surveillance testing, where the specimen size is typically small, especial
ly two types of tests are attractive, static testing based on the J-integral and dynamic 
testing performed by the instrumented impact hammer. Many factors speak in favor for 
the dynamic test. The test is as simple and swift to perform as the normal instrumented 
impact test. It is debated that the dynamic loading increases the measuring capacity of 
the specimen and produces a conservative estimate of the static fracture toughness. The 
Charpy-V specimens already used in the surveillance programs can be applied. 
However, even though much speaks in the favor of the dynamic test, it has not been 
clear whether the irradiation embrittlement is depicted similarly by static and dynamic 
tests. 

Within the IAEA coordinated programme on optimizing of reactor pressure vessel 
surveillance programmes and their analysis, phase 3, a specially tailored "radiation 
sensitive" correlation monitor material, a Japanese steel plate with code designation 
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JRQ, a French forging material (FFA) and a Japanese forging material (JFL) were 
selected for the investigations to be carried out in Finland. 

An extensive evaluation of the materials in the as-received and irradiated condition 
composed of material property characterization. The mechanical properties measured 
at different temperatures include Charpy V notch and instrumented precracked Charpy 
data, and elastic-plastic fracture toughness (J). The specimen size and geometry have 
been varied in the tests. Correlation between different fracture properties have been 
evaluated and the results of the experimental investigation have been reported to IAEA 
iy. 

The effect of loading rate upon irradiation embrittlement, measured by fracture 
mechanical properties, has been investigated experimentally applying precracked 
Charpy-V type specimens tested both statically as well as dynamically IZI. It was found 
that the shift in the fracture toughness transition temperature is smaller for dynamic 
loading than for static loading for all three materials (Fig. 11). A theoretical explana
tion for the effect has been proposed. 

Based on the present evaluation of the experimental results the following conclusions 
can be drawn 191: 

* CVN^ and RCT type specimens yield equivalent ;esults for the fracture 
toughness transition shift 

* The dynamic fracture toughness transition shift is equivalent to the Charpy V 
shift, but the static shift may be considerably larger than the dynamic shift. 

* Charpy V is not suitable for estimating the static fracture toughness transition 
shift. 

In the near future the results will be analyzed further and combined with other foreign 
fracture toughness data generated in the IAEA Phase 3 program. The results form the 
basis for developing guidelines for optimized surveillance testing. 

Irradiation, annealing and reirradiation behaviour 

Annealing is a vital means to restore the mechanical properties of irradiated pressure 
vessel in nuclear power plants. The optimum time for the annealing operation is 
defined by the degree of recovery gained in annealing and by the re-embrittlement rate 
of the steel in reirradiation. Multiple annealing operations are also feasible and they 
might be required in case the pressure vessel material properties will define the 
ultimate plant life. 

In a co-operative study between VTT and PSI (Switzerland) the irradiation, annealing 
and reirradiation behaviour of the IAEA correlation monitor material JRQ was studied 
by using Charpy-V impact tests and dynamic tests with precracked Charpy-size 
specimens. Precracked specimens were tested with the new pendulum type instru-
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mented impact tester equipped with an optical crack moth opening displacement 
extensiometer allowing also the measurement of ductile fracture initiation parameters. 
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Fig. 11. A comparative summary of irradiation embrittlement of three reactor pressure 
vessel steels (A533B Class 1 (JRQ), A508 Class 3 (FFA and JFL)) based on the direct 
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The material was irradiated into three different fluence values. Some of the specimens 
were annealed intermediately using the parameter 460 °C / 18 h. Neutron fluence 
experienced by the specimen before the annealing and after the annealing was about the 
same. 

The measured transition temperatures as a function of neutron fluence are given in Fig. 
12. Charpy-V transition temperature (42 J) and the dynamic K,c transition temperature 
(100 MPa^m) respond to neutron irradiation in the same way giving practically the 
same embrittlement function. However, it shoud be noted that the transition tempera
tures for the lowest neutron fluence value (0.4 x 1019 n/cm2, E > 1 MeV) measured 
with precracked specimens do not follow the trend curve. The behaviour of the low 
fluence embrittlement in general is not a well modelled phenomenon. According to 
previous tests with JRQ material irradiated in Loviisa NPP into one fluence value 
Charpy-V and dynamic KJC transition temperature shifts were also equal but the static 
transition temperature shift was considerable higher than these dynamic shifts. The 
present results confirm that specimen test rate, not the specimen geometry (V-notch 
versus fatigue cracked), is the important parameter in defining the value of the 
measured shift 
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The annealing behaviour of the material was not directly measured. However, the fact 
that the reirradiation curve (R) follows the irradiation curves suggest that JRQ material 
anneals well. 

ENVIRONMENTALLY ASSISSTED CRACKING (EAC) 

The aim of the ongoing research work is to apply the advanced testing cababilities and 
methods on the irradiation assissted stress corrosion (IASCC) by performing tests in the 
Halden test reactor, and on studying the environmental effects on cracking (EAC) in 
stainless steels, nickel based alloys and low alloy steels. Further, the development of 
water chemistry measurement techniques for optimal chemistry control in LWR 
conditions, and the application of advanced testing methods like CER (Contact Electric 
Resistance) method for in-situ corrosion measurements have been the specific item of 
the research work. 

Studies on Corrosion and Hydriding of Zr Cladding 

The current trends in nuclear power generation are towards plant life extension and 
extended fuel bumup. At die same time there is an interest to increase the coolant inlet 
temperature and an apparent need to reduce the activity buildup and resulting radiation 
fields by controlling the coolant chemistry. Therefore better predictability of corrosion 
behavior of the core materials is needed. The Contact Electric Resistance (CER) 
technique has been applied for the corrosion studies of zirconium fuel cladding alloys. 

The surface film resistance of Zircaloy-2 was studied in simulated PWR coolant water 
with 2000 ppm boric acid where 0 - 7 0 ppm Li as LiOH was injected at temperature 
of 300 °C l\\l. At LiOH concentrations higher than roughly 70 ppm Li a marked 
reduction was found in the electric resistance of Zircaloy-2 surface film. The observed 
decrease in film resistance occurred abruptly, within 20 seconds, after an incubation 
period which depends on the concentration of LiOH. The extremely fast kinetics of the 
decrease in the surface film resistance indicates that the mechanism of degradation of 
zirconium oxide in LWR environments, containing lithium hydroxide, is controlled by 
a phase transformation rather than a diffusion limited process. 

The measured film resistances on Zr-2, Zr-4 and Zr-Nb tubes showed first an unstable 
behavior before the film resistance reached a stable value. This initial incubation time 
varied from 75 to 175 hours depending on the alloy. The resistance values of the stable 
oxides showed an order of magnitude difference be'ween different alloys. Lithium was 
injected after the oxide showed a stable resistance value and there were some indica
tion that the effect of LiOH (about 60 ppm Li) on the oxide resistance was also alloy 
dependent. 

The trends of oxide kinetics in LiOH solutions found in long term weight gain tests are 
similar to the trends in the surface film resistance measured with the CER technique. 
Due to the high sensitivity of the CER measurement technique to detect the changes in 
the surface film properties, the time required for corrosion testing of zirconium alloys 
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can be decreased by several orders of magnitude in comparison with the common 
weight gain tests. 

Irradiation Assissted Stress Corrosion Cracking (IASCC) Tests in OECD Halden 
Test Reactor 

The Joint Programme IASCC experiment began in July 1992. The main objective of 
the study is to obtain crack growth data on reactor internals materials in environments 
similar to those found in operating BWRs. In particular, the investigation is aimed at 
determining whether Hydrogen Water Chemistry (HWC) can effectively suppress 
IASCC in core component materials. The test facility is designed to operate under 
radiation and thermal-hydraulic conditions typical of those found in commercial BWRs, 
with a representative fast neutron flux of 6 x 10" n/cm2s (> 1 MeV). The 10 Double 
Cantilever Beam (DCB) test specimens are all wedge-loaded to a stress intensity of 
37.4 MPaVm, and 8 of the DCBs are instrumented for on-line crack propagation 
monitoring. Corrosion potential, considered one of the most important parameters 
affecting the crack growth rate of materials, is monitored in-core by means of pairs of 
Ag/AgCl and Pt electrodes placed in close proximity to two DCB sensors in the high 
fast flux region. One Pt electrode located is in the upper test section adjacent to the 
uppermost DCB. 

The test began by operating the loop under a Normal Water Chemistry (NWC) regime 
and crack growth of sensitized 304 SS specimens started immediately. The hydrogen 
additions to the system stopped crack growth. Once the effectiveness of HWC in 
suppressing crack growth had been established, the investigation was devoted to 
qualifying the response of the DCB sensors and ECP monitors in greater detail, both 
as a function of coolant chemistry and parameters such as temperature and power. The 
performance of the ECPs under a range of operating conditions was evaluated. 

The fluence accumulated during 45 days of full power operation is only 0.21 x 10 2 1 

n/cnr and hence the only irradiation produced effect is the increased redox-potential in 
the environment. 

Development of Water Chemistry Measurement Techniques for Optimal Chemis
try Control in NPPs 

There has been an increasing concern on chemical environments of nuclear reactor core 
in relation to corrosion and ageing of structural materials. Depending on the used water 
chemistry the radiation effects on the EAC of construction materials can be different 
but in general it is believed to shift the corrosion potential of construction materials to 
the positive direction and thus increasing the risk of stress corrosion cracking in a 
sensitized material. 

Development of reliable and accurate sensors is required to measure on-line the effects 
of radiation on the prevailing chemical and electrochemical parameters needed to 
estimate the environmental effects on the materials life lime. Hydrogen electrode is a 
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very suitable internal reference electrode for high temperature aqueous work, because 
the components (H2, H*) are stable over the temperatures of interest and they do not 
contaminate the environment where the measurements are carried out. 

The operation and stability of the hydrogen electrode was tested at Halden reactor in 
loop number 7 /12A The electrode gave stable signals and the values were convertible 
to SHE (standard hydrogen electrode) scale for the whole measurement period. During 
the test also the effects of possible impurities on the electrode potential was checked 
by injection sulfuric acid into the loop system. The sulfate impurities did not cause 
fluctuation in electrode signals. The personnel at Halden was convinced about the 
operation and therefore it is planned to install this type of hydrogen electrodes inside 
the reactor core during the next spring. 

At the same time also a new generation conductivity electrode was tested. During the 
sulfuric acid injection the water conductivity was followed by room temperature 
sensors as well as with our high temperature conductivity probe. The high temperature 
measurements showed that the impurity leakages are more readily monitored at high 
temperature, because the ionic mobilities increase as the temperature increases. 
Furthermore if the sample stream is cooled down the deposition of impurities on the 
sampling line surfaces will change the concentration of ions and therefore also the 
measured conductivity values are lower. The comparison between room temperature 
outlet conductivity values and high temperature results is shown in Fig. 13. By using 
high temperature conductivity measurements it is possible to detect impurity leakages 
faster. 

206.1993 306.1993 37.1993 571993 87 1993 117.1993 137.1993 16 7 1993 

Fig. 13. Effect of sulfuric acid injections on high temperature and low temperature 
conductivity. 
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Application of CER (Contact Electric Resistance method) to the Steam Generator 
Materials Studies 

The Contact Electric Resistance (CER) technique has been applied for the investigation 
of the dependence of nickel oxidation on the hydrogen overpressure in high tempera
ture water environment Surface films play a major role in corrosion-assisted cracking 
depending upon the conductivity of films /13/. They can be conductive, nonconductive 
or semiconductive. A Contact Electric Resistance method has been developed for in 
situ measurement of the electric resistance of surface films. 

Nickel oxidation was investigated in borate buffer solution of pH 8.5, in 1 M NaOH 
and 1M NaOH + 0.3M HjB0 3 at temperatures 25 - 300 °C and hydrogen overpressures 
up to 50 bars (Figs. 14 - 16). Tests were performed in a static autoclave equipped with 
an external 0.1 M Ag/AgCl reference electrode. 

The oxidation of nickel is mainly defined by the electrochemical potential. Hydrogen 
overpressure retarded the formation of NiO only slightly in all investigated conditions, 
and never prevented oxidation of Ni completely. The electrochemical potential at which 
the films electric resistance starts to grow coincides well with the calculated NiO 
equilibrium potential in corresponding environment (Fig. 14). In 1 M NaOH at open 
circuit potential NiO is stable at temperatures up to 200 °C (Fig. 15), but above 250 °C 
the oxide formed by anodic polarization was reduced when polarization was switched 
off. In 1M NaOH + 0.3 M H 3 B0 3 NiO is stable in open circuit conditions up to 295 °C 
(Fig. 16). Hydrogen overpressure changes the open circuit potential to lower values. In 
all investigated cased the open potential under hydrogen overpressure is lower than 
NiO equilibrium potential, resulting in reduction of the surface film in open circuit 
conditions. The logarithm of the film resistance growth rate plotted against the inverse 
of temperature (in 0K*') yields a linear dependence. This gives the activation energy for 
nickel oxidation /14/. 
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Fig. 14. The electric resistance of the surface film on pure nickel as a Junction of the 
electrochemical potential at 295 "C in IM NaOH + 0.3M H^03 solution. The line is 
an average of two units. The bars indicate the minimum and maximim values measured 
at each potential. The open circuit potential was -0.90 V, which is about 0.07 V more 
positive than the calculated NiO equilibrium potential. 
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Fig. 15. The electric resistance of the surface film on Ni as function of the electro
chemical potential at 200 °C in 1M NaOH + 0.3M HJi03 solution. Open circles denote 
the run without hydrogen, closed circles denote 1 bar hydrogen overpressure. The open 
circuit potentials were -0.5 VSHE without and -0.85 VSHE with hydrogen. Hydrogen 
overpressure is seen to change the potential at which oxidation starts with roughly 50 
mV (comparison based on the level 10* CI). 
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Fig. 16. The electric resistance of the surface film on Ni as function of time at 295 "C 
in 1M NaOH + 0.3M HJBOJ solution. The specimen was first polarized to -1.1 V ^ to 
reduce the films. At nme 1 minute polarization was switched off. Oxidation starts and 
the film resistance increases to 1.5-KT2 CI in 5.5 minutes. 

NONDESTRUCTIVE TESTING 

The main objective of the VTT contribution to the international PISC Project in 1993 
was to analyse the results of the round robin exercise of nozzles and dissimilar metal 
welds (NDW-action). The results show that manual ultrasonic inspection using very 
low recording level is the most effective flaw detection technique in laboratory 
conditions. This technique was used in the exercise e.g by VTT. In mechanized 
inspection at same sensitivity level clearly lower flaw detection frequency was 
achieved. The results demonstrate the needs for further development on mechanized 
and automatic inspection equipment 

The first results of the PISC sub-project "Austenitic steels" show very similar trends as 
the results of nozzles and dissimilar metal welds. The evaluation of results is still in 
progress and detailed results are not yet available. In general the performance of the 
participating teams is better than in NDW-action. In some parts of the exercise nearly 
all participants have detected all intended flaws. 
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The evaluation of the NDE-results of HDR-project is in progress. A summary report 
describing the performance of different techniques used in the inspection of nozzles 
will be prepared. Especially, the applicability of advanced ultrasonic techniques like 
SAFT will be evaluated. 

FRACTURE ASSESSMENT OF LARGE-SCALE COMPONENTS 

Testing of large-scale components is required for the validation of different fracture 
assessment methods. Validation is performed by verifying the transferability of 
laboratory data to large scale component tests and by quantifying the accuracy of the 
analysis methods and procedures. Validation studies are being carried out through 
international collaboratorion. 

Evaluation of the PTS Tests on WER 440 Model Pressure Vessels 

A reactor pressure vessel may be exposed to the most severe loading during its 
operational life, when in a possible emergency cooling cold water is injected into the 
reactor. The high thermal stresses combined with the stresses due to internal pressure 
and residual stresses in the cladding may cause initiation of a possible crack and its 
propagation into the pressure vessel wall. The decrease in operation temperature and 
the irradiation embrittlement due to fast-neutron fluence reduce the fracture toughness 
of the vessel material. Thus all these effects may lead in the worst case to catastrophic 
failure of the reactor pressure vessel. The integrity of a reactor pressure vessel must be 
maintained in all postulated transients and accidents. To assess the pressure vessel 
integrity, relevant material properties and validated fracture assessment methods are 
needed. The best and most reliable way to validate the assessment methods is to 
perform simulated model tests on pressure vessels. 

A joint pressure vessel integrity research programme between the Central Research 
Institute of Structural Materials "Prometey" from Russia, IVO International Ltd (IVO) 
from Finland and the Technical Research Centre of Finland (VTT) is being carried out 
1990 - 1994 /15/. The programme is divided into four parts: pressure vessel tests 
(responsible partner is Prometey), test measurements (responsible partner is IVO), 
material characterization and computational fracture analyses (responsible partner is 
VTT). 

The testing programme comprises tests on two model pressure vessels (outside 
diameter 980 mm and wall thickness 150 mm) with artificial axial outside surface 
flaws. An embrittlement heat treatment procedure with a low annealing temperature 
was applied to the vessels prior to the tests to simulate fracture toughness at the end of 
life condition of a real reactor pressure vessel. The second model vessel has austenilic 
stainless steel cladding and the first model vessel had circumferential weld seam at the 
midlength of the vessel. 

In the test the pressure vessel is first heated by resistors to an approximately constant 
temperature of about 300 °C. The pressurization is due to closed system, which means 
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that water expansion and steam generation causes pressure rise during the heating 
phase. When the test is started, the heating resistors are lifted up and the pressurized 
vessel is subjected to a sudden flow of 0 - 20 °C tap water around the outside surface. 
The test configuration is presented in Fig. 17. 

Fig. 17. The PTS test configuration. 

The pressure vessel material was a VVER-440 type reactor pressure vessel steel 
15X2^4^. In the case of the second model vessel the austenitic cladding was welded 
in three layers using submerged arc welding. The first layer was welded using weld 
material CB-07X25H13 and the second and third layer CB-08X 19H 10r25. The vessel 
was thermally degraded by lower temperature tempering (610 °C) than normally (-660 
°C). 

Seven pressurized thermoshock tests were carried out with the first model pressure 
vessel using different flaw geometries (all flaws were axial outside surface flaws). 
After the tests, the vessel was sectioned into pieces and material characterization was 
performed /16/. 

In tests 1, 2, 3 and 4 no crack initiation occurred /16/. The reason for this was the 
shallow and blunt flaw (tests 1, 2 and 3) or nonideal crack geometry (test 4). In test 5 
the pressure drop due to leakage during the test possibly caused a warm-prestress 
effect, which prevented crack initiation. The crack initiated and propagated in test 6. In 
the base material the crack extension was more than 10 mm and tunneling occurred in 
the crack ends (about 100 mm). In the weld metal only some ductile tearing was 
observed. The testing was continued (test 7) with the arrested flaw to possibly induce 
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reinitiation of the crack. In test 7 a small amount of ductile crack growth occurred. The 
fracture surface of the flaw (no. 3) after test 7 is shown in Fig. 18. 
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Fig. 18. The contour of the crack front before and after test 7 where considerable 
crack extension with crack arrest occurred. 
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The proof stresses of the base and the weld material were at room temperature 1037 
MPa and 624 MPa, respectively. The ultimate tensile strength of the base material at 
room temperature was 1132 MPa and that of the weld material 70S MPa. The impact 
tests showed that the toughness of the base material was higher near the vessel outside 
surface (in the depth of 12.5 mm). In the depth of SO mm the transition temperature 
corresponding to the impact energy of 48 J was 101 °C. The transition temperature of 
the weld material corresponding impact energy of 48 J was only 39 °C. The fracture 
toughness of the base material at temperature of 100 °C was 56 MPa/m an1 that of the 
weld material was 184 MPa/m, respectively. These values correspond to the depth of 
50 mm from the outside surface. 

Comparison of calculated and measured temperatures, strains and CMOD values 
revealed a good correlation. The calculations of the cleavage fracture initiation in test 
6 gave conservative results, Fig. 19. The experiments and calculations showed, that the 
dimensions of the crack must be large (i.e. length 350 mm and depth 30 mm or more) 
to obtain crack initiation in this case. 
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Fig. 19. Comparison of calculated stress intensity factors at three locations (I, II and 
III) to the material toughness curves. 
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Two PTS tests (tests 8 and 9) have been carried out with the second model vessel. The 
second vessel had two axial ouiside surface flaws located at the raidlength of the vessel 
and 180 °C from each other. The first flaw has a through-cladding flaw and the second 
flaw was an sub-cladding flaw. 

In the pre-test phase before test 8 the pressurization of the vessel at room temperature 
caused a premature failure 111/. The surface flaw (flaw 1) initiated and propagated 
through the wall. Therefore, the actual thermoshock test was carried out without 
internal pressure. 

In the thermoshock the sub-cladding flaw probably initiated, basen on the results of one 
strain gage. The comparison between the calculated and measured data reveals a 
reasonable correlation, although the lack of actual material property values limits 
further conclusions at this stage. 

The vessel was repaired and a new PTS test (test 9) was carried out in October 1993. 
The work will be continued in 1994 and the final conclusions will be reported by the 
end of 1994. 

Evaluation of the Corrosion Fatigue Test on the HDR Piping 

In the HDR test E21.1 the crack initiation and crack growth under the influence of 
corrosive water chemistry conditions were studied /18 - 20/. In the test the degradation 
of the piping system was caused by cyclic crack growth on a pipe bend. The test 
piping system is shown in Fig. 20. The piping system was loaded cyclically using 
displacement controlled load under high pressure (10.6 MPa) and temperature (240 °C). 
The loading was chosen to simulated operational conditions such as startup, shutdown 
and local thermal stresses due to restricted thermal expansion. The water chemistry was 
chosen to simulate worst case conditions in order to achieve aggravated environmental
ly assisted crack growth. The frequency of the sawtooth-shaped cyclic load was 1 
cycle/15 min and the load ratio was 0.50. 

The Staatliche Materialprufungsanstalt, Universitat Stuttgart (MPA), of Germany 
defined for the test E21.1 a large matrix of three dimensional finite element (FE) 
computations for fracture mechanical analyses in order to verify numerical crack 
growth analysis methods. Most of these analyses were linear-elastic. The fracture 
mechanical parameters were computed using the virtual crack extension method (VCE). 
MPA performed both linear-elastic and elastic-plastic fracture mechanical analyses 
using ABAQUS-program. VTT computed its linear-elastic FE-analyses using ADINA-
program and used a separated post-processing program named VTTVIRT /21/ for J-
integral calculations. Also some analyses were performed with ABAQUS-program. In 
the ADINA models by VTT, in addition to 3D-solid elements both pipe and beam 
elements were applied. 
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Fig. 20. HDR Test E21.1 piping /20/. 

All calculated 3D cases for the HDR test E21.1 are shown Table 2. "Asymmetric case" 
means that the FE-model describes only one axial inner surface crack on another pipe 
bend flank. In the "symmetric case" one axial inner surface crack is located in each 
pipe bend flank (Fig. 21). 

The number of load cycles leading to failure in the experiment was 2-3 times higher 
than the value suggested by crack growth calculations for a single crack in pipe bend 
flanks. Thus on the pipe bend flanks there were multiple crack field instead of a single 
crack and crack configurations were asymmetrical (different crack depths on the both 
flanks). When the influence of the multiple crack field and the asymmetrical crack 
configurations were taken into account according to the MPA result /19/ the good 
agreement was achieved between the measured and calculated results /20/. 
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Table 2. The fracture mechanical calculation matrix for the HDR test E21.1 piping 
/W. 

crack angle 

crack depth a/t 

crack angle 0,10 0,25 0,50 0,75 1,00 crack angle 

symmetric case 

2a c = 15° 
2a c = 30° 
2a c = 60° 

MPA 
MPA 
MPA 

MPA 
VTT/MPA 
MPA 

MPA 
Vn/MPA 
MPA 

MPA 
VTT/MPA 
MPA* 

MPA 
VTT/MPA 
MPA 

asymmetric case 

2a c = 60° VTT VTT VTT VTT 

elastic-plastic FE-analysis. 

Fig. 21. A symmetric FE-model. 
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The national research programme on the Nuclear Power Plant Structural Safety is being 
carried out at the Technical Research Centre of Finland (VTT) during the time span of 
1990 -1994. The main emphasis of the programme is directed to the topics which are 
relevant in assuring the safe and reliable operation of the nuclear power plants during 
the whole planned service life. At the same time, ways are being sought to extend the 
lifetime of the ageing components. The focus has been on research in the areas of 
experimental and computational fracture mechanics, material deterioration due to 
irradiation and water environment, non-destructive structural integrity evaluation, 
validation of fracture assessment methods by large-scale pressure vessel tests. Main 
results and conclusions achieved during the last years are briefly summarized. 
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