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SUMMARY 
The TACIS project entitled “Integrity Assessment of the VVER 1000 RPVs, Including Embrittlement 

Aspects” (NUCRUS R2.09/94), was the first TACIS project dedicated to this problem. 

The project has covered four major areas: 

1. Collection of the material data on Russian VVER 1000 reactor pressure vessels (RPVs), 

2. Evaluation of baseline material properties, 

3. Evaluation of the surveillance material data 

4. Limited RPV integrity assessment for one unit. 

In addition, some experimental results from test reactor programmes have been analysed to 
complete the limited surveillance data. 

The surveillance test results of the three Russian VVER 1000 units, i.e. Balakovo 1, Kalinin 1 and 
Novovoronezh 5, show that the embrittlement rates of the high-Ni welds (No. 4) of the RPVs could be 
higher than that specified by the Russian Guide, but supplementary material data for higher neutron 
doses is needed for assessing the end-of-life material properties. Besides the low specimen neutron 
doses, uncertainties associated with the irradiation conditions (neutron dose determination, irradiation 
temperature) as well as the small number of test results reduce the applicability of the present 
surveillance test results. 

As a general conclusion from the material data and the results of the PTS assessment, showing no 
or a small margin in respect of the predicted fracture toughness, mitigation measures may be needed 
for most of the Russian VVER 1000 RPVs against the embrittlement of the beltline weld (No. 4). 
According to the preliminary evaluation performed, heating the ECCS water from 20°C to 55°C could 
be a sufficient measure. More relevant test data, at least on the high-nickel welds, as well as plant 
specific integrity assessments are necessary for addressing the need of further mitigation measures 
against irradiation embrittlement. 

FOREWORD 
The work has been financed by the Direction General 1A of the Commission of the European 

Communities under contract WW.94.06/01.02/B003. 

The Contractor was VTT Manufacturing Technology. IVO International (nowadays Fortum Nuclear 
Services) was associated as Western Subcontractor. 

The Russian Beneficiary was Rosenergoatom (REA). 

The Russian Subcontractor was MOHT-OTJIG RM. Within MOHT-OTJIG RM, the main contributors 
were EDO Gidropress, AO Izhora Plants, CRISM Prometey and RRC Kurchatov Institute. 

The global implementation duration of the project was 1,5 years. The contract started October 19th, 
1995 and ended April 28th, 1997. 

The work was done according to the requirements specified in the quality assurance program, based 
on the relevant IAEA standards as well as other international standards, applicable for nuclear 
facilities. 

1 INTRODUCTION 
The project "Integrity Assessment of the VVER 1000 RPVs Including Embrittlement Aspects", 

referenced to as NUCRUS R.2.09/94 was put forward under the TACIS 94 programme for nuclear 
safety agreed upon between the European Commission and the Authorities of the Russian Federation. 
The purpose of the project was to perform a limited integrity assessment of the VVER 1000 reactor 
pressure vessels (RPVs), taking into account the main degradation mechanism of irradiation 
embrittlement, which was to be assessed in detail [1, 2]. 

The scope of the project was restricted to cover mainly the Russian VVER 1000 reactors (7 reactors 
in operation). Additionally some general test data, i.e. not specific to certain reactors, published 
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previously on the VVER 1000 RPV material properties were evaluated. The project covered the 
collection of the existing RPV beltline material data, the evaluation and documentation of this data and 
the integrity assessment. 

This summary report is a quasi-direct citation of the original VTT synthesis report [3].  The results of 
the TACIS R209/94 project are given in details in technical reports [5, 9, 11, 12, 13, 14, 15, 16]. They 
are based on the data delivered by the local subcontractor of the project (MOHT-OTJIG RM) according 
to subcontract signed January 30, 1996 between VTT and MOHT-OTJIG RM. 

2 OBJECTIVES 
The general objective of the project was to provide assistance to the Russian parties for evaluating 

the existing experimental RPV material data, and to assist in improving and developing the approach 
to VVER 1000 RPV integrity assessments and the related analytical methods. 

Detailed objectives of the work were: 

- To collect and document the existing VVER 1000 RPV material property data; 

- To evaluate the embrittlement of the VVER 1000 RPV material; 

- To evaluate the integrity of the RPV, taking into account embrittlement; 

- To recommend and evaluate preventive and corrective measures; 

- To improve Russian Federation approach to RPV integrity, and the related analytical methods to 
be used; 

- Transfer of Western know-how to the Russian organizations. 

3 IMPLEMENTATION 
The project was carried out in three phases and 15 tasks as follows [4]: 

 PHASE 1: EVALUATION OF EMBRITTLEMENT OF THE VVER 1000 RPV MATERIALS 
The objective of phase 1 was to critically assess all available experimental data and evaluate the 

state of embrittlement of VVER 1000 RPV beltline materials. 

Task 1: Project management and definition, collection of background information: The first 
objective of this task was to provide basis for the project conduction; i.e. to define the project 
organization, the detailed work plan and time schedule. The second objective was to collect all 
relevant background information needed in the course of the project. 

Task 2: Review of baseline (un-irradiated) data: The objective was to collect the existing material 
property data on un-irradiated VVER 1000 RPV materials, evaluate this data and review the initial 
material states of RPVs. 

Task 3: Check of origin and representativity of the irradiated specimens: The objective was to 
check the origin and extracting positions of the surveillance specimens representing the VVER 
1000 RPV steels. 

Task 4: Review of the existing results on irradiated materials: The objective was to collect and 
evaluate the VVER 1000 RPV surveillance data of capsules withdrawn from reactors as well as 
the data from relevant irradiation programmes. 

Task 5: Assessment of kinetic hardness methods for defining RPV metal properties: No activity 
was performed on this task due to the following facts: 

• The kinetic hardness measurement data is available only for irradiation embrittlement 
assessment of uncladded VVER 440 RPVs. Therefore, the existing data was found to be non-
relevant as cladded VVER 1000 RPVs are considered. All VVER 1000 RPVs have been 
cladded with an austenitic stainless steel overlay, which means that hardness measurements 
cannot be performed on the ferritic RPV steel. 

• Because no data existed for VVER 1000 RPVs and the uncertainties in the method itself 
even with relevant data would be large, it was concluded after discussions that Task 5 is not 
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vital to meet the goals of the project. It was mutually agreed between the Contractor, Local 
Subcontractor and Beneficiary to skip the activities planned for Task 5. 

Task 6: Comparison of predictions: The objective was to assess the applicability and 
conservatism of the predicted transition temperature (Tk). 

Task 7: Database on test results of irradiated specimens: The objective was to establish a 
database including the available surveillance test results of the VVER 1000 RPVs. 

Task 8: Investigation of the possibility to have a rapid increase of the shift of Tk above a given 
"threshold" (incubation) neutron dose: The objective was to perform an evaluation on the risk of 
accelerated irradiation embrittlement after the observed incubation of embrittlement and to assess 
the safe lower limit value of this incubation neutron dose. 

Task 9: Fracture toughness: The objective was to clarify the difference between the irradiation 
induced transition temperature shifts measured by static and dynamic tests. 

Task 10: Global assessment of the experimental results: The objective was to perform a global 
evaluation of the surveillance test results and the possible embrittlement problems of the VVER 
1000 RPVs. 

 PHASE 2: INTEGRITY ASSESSMENT 
The purpose was to perform a limited comparison of the Russian and Western integrity 

assessment methodologies. The target plant was taken to be Balakovo 3. 

Task 11: Definition of pressure-temperature (P-T) limits: The objective was to calculate the 
operating limits for the heat-up and cool-down of the RPV on the basis of the fracture toughness 
curves according to Russian and Western approaches. 

Task 12: Cold overpressure protection: The objective was to evaluate the measures, which have 
been taken in the selected unit for protecting the RPV against cold over-pressurization. 

Task 13: Pressurised thermal shock (PTS) studies: The objective was to compare Russian and 
Western PTS assessment procedures in the particular case using existing models. 

 PHASE 3: MITIGATION MEASURES FOR RPV EMBRITTLEMENT 
The objective was to review the measures, which might reduce either the embrittlement, by 

limiting the neutron dose in the RPV wall, or the risk of RPV failure by adapting special operating 
modes or by preheating the emergency core cooling (ECCS) water. The need to develop an 
annealing technique for VVER 1000 RPVs was also to be evaluated. 

Task 14: Heating of ECCS water: The objective was to evaluate the effect of ECCS water 
preheating on the safety margins in the case of PTS. 

Task 15: Other mitigation measures for RPV embrittlement: The objective was to evaluate the 
need of developing mitigating measures for the VVER 1000 RPVs embrittlement. 

4 PRESENTATION AND DISCUSSION OF THE PROJECT 

4.1 Phase 1: Evaluation of embrittlement of the VVER 1000 RPV materials 

4.1.1 Baseline material properties 

The material properties measured by the manufacturer of the Russian VVER 1000 reactor pressure 
vessels (RPVs) were reviewed [5]. The available data included the chemical composition and 
mechanical properties of the three shells and the two circumferential welds of the RPV core areas (Fig. 
1). 

The compositions as well as the mechanical properties met the requirements of the material 
specification apart from a few slight deviations, indicating low impurity contents but nickel contents up 
to 1.9% in some welds. The impact test results, which were not available for other RPVs than that of 
Balakovo 3, exhibited a relatively large scatter in the transition region. The reported Tk0 values, the 
validity of which could not be checked (excluding Balakovo 3), were in accordance with the specified 
values apart from a few slight deviations. 
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Some fracture mechanics test results were provided, but without knowing the NPP units for which 
the results were given, and test temperatures. The results were evaluated by using the VTT method [6, 
7] in respect of temperature difference T-Tk0 only. According to the measured values and the statistical 
evaluation of these and some previously published K1c test data on 15Kh2NMFA base and weld 
metals, the corresponding K1c reference curves given by the Russian Guide [7] are likely to be 
conservative for the weld metals but can be un-conservative for the base metals. The 100 MPa√m 
reference temperatures (T0) of the evaluated steels were low, i.e. about -30°C or lower, but the 
material conditions of these steels are not known. The evaluated K1c test results also exhibited an 
exceptionally weak dependence on temperature. The differences in the reported Tk0 values suggest 
that the heat treatments of various RPVs and core shells in a RPV have not been identical [5]. 
 

Fig. 1: The VVER 1000 reactor core and pressure vessel 
 

The following conclusions can be drawn on the baseline material properties (the amount of available 
data, which in part is very limited, should be noticed) [5]: 

1. According to the measurements carried out by the manufacturer (AO Izhora Plants), the 
chemical compositions and mechanical properties of the beltline materials (shells I-III and 
welds 3 and 4) of the Russian VVER 1000 RPVs meet the requirements of the material 
specification apart from a few slight exceptions. 

2. For the units other than Balakovo 3 and those (3 units) which have surveillance programme 
results, a judgement of the impact or fracture toughness of the RPV materials is at present 
only possible from the reported Tk0 values, the validity of which could not be checked in the 
frame of this work because the original test results were not available. According to the 
reported values, the Tk0 temperatures of the materials in question meet the specified 
requirements apart from a few slight deviations. 
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3. A fairly large scatter in the impact toughness within the transition region as well as a large 
transition range is characteristic of 15Kh2NMFA-A -type base and weld metals. 

4. The 100 MPa√m reference temperatures (T0) of the 15Kh2NMFA-A -type base and weld 
metals are on the basis of the performed statistical evaluation relatively low, i.e. at the 
highest about -30°C, but the exact microstructures or heat treatments of these steels are not 
known. 

5. On the basis of the available K1c test results, the K1c vs. T-Tk reference curves given by the 
Russian Guide for the 15Kh2NMFA-A -type base and weld metals are likely to be 
conservative for the weld metals but can be un-conservative for the base metals. 

4.1.2 Irradiation embrittlement of materials 

The surveillance test results of the reactor pressure vessels (RPVs) of three Russian VVER 1000 
units, i.e. Balakovo 1, Kalinin 1 and Novovoronezh 5, as well as results from some test reactor 
programmes [8] were dealt with [9] and the embrittlement rates compared to those predicted by the 
Russian Regulatory Guide [8]. Besides the Charpy test results, which were available for the base and 
weld metals and the heat-affected zone of the three units, some tensile and fracture mechanics test 
results were provided. 

As to the given (calculated) irradiation temperature and the neutron dose rate, the irradiation 
conditions of the surveillance materials correspond relatively well to those of the RPVs but the neutron 
doses of specimens are low compared to the designed end-of-life neutron dose of the RPVs (10 - 35% 
of the RPV EOL neutron dose on average; the EOL neutron dose value is 5.7*1019 n/cm2, E>0.5 MeV, 
for Balakovo 1 and Kalinin 1 base metal and weld 3). As a consequence no reliable prediction for the 
(47 J) transition temperature shift at the end of the technical service life is possible from the present 
test results. Things which further increase the uncertainty of the test results are: 

• the high neutron dose rate gradients that exist in the surveillance positions used, i.e. in the 
upper part of the core, 

• the subsequent large variations in the neutron dose between and within specimens, 
arranged vertically in two layers within the capsules, 

• the fact that true irradiation temperatures are not exactly known. Also the number of 
specimens was very small in some test series. 

However, consistently with the test reactor results (see Fig. 2), the surveillance test results 
confirmed that the welds with high nickel content (1.7 - 1.9% Ni) exhibit higher transition temperature 
shifts than the base metals and the welds with lower nickel content (1.1 -1.2% Ni). 

The surveillance test results even suggested that the transition temperature in welds with the high 
nickel contents could exceed the predicted one because of the relatively high embrittlement rate (part 
of which may be thermal ageing) but such an evaluation is disturbed especially by the low neutron 
dose values and the small number of specimens. The same difficulty is true for the fracture mechanics 
surveillance test results (available for Balakovo 1 only), which showed lower shift values (at 100 
MPa√m) than the corresponding Charpy test results. 
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Fig. 2: Effect nickel content on 47J transition temperature shift of weld metal (the shift values may 

deviate from the real ones due to the small number of test specimens) 
 

The following conclusions can be made from the material test results produced in the surveillance 
and test reactor programmes covered in this study. 

1. The initial mechanical properties and Tk0 values of the surveillance materials differ from 
those of the materials used by AO Izhora Plants for quality control of the RPVs. The 
differences in the Tk0 values are mainly caused by the (different) determination procedures 
used. 

2. Utilization of the surveillance test results is highly reduced by the large scatter in the 47 J 
transition temperature shift values (caused likely by high neutron dose rate gradients, 
different neutron spectra, the large scatter of impact toughness in the transition region and 
the small number of specimens) and the low specimen neutron doses. 

3. Due to the small number of impact specimens and their low neutron doses, the dependence 
of transition temperature Tk on the neutron dose cannot be reliably estimated for any of the 
three RPVs (for which surveillance data were available) from the present test results. 
Testing of additional sets of specimens is therefore recommended. 

4. The transition temperature shifts of surveillance materials may differ from those of the RPVs 
also due to different irradiation temperatures. The effect of such temperature differences on 
the embrittlement rate, as well as the role of thermal ageing in embrittlement is not known. 

5. The transition temperatures of the RPV base and weld metals cannot be reliably estimated 
at the end of the planned operating time from only the surveillance (and test reactor) test 
results presented here. 

6. Both the surveillance test results (measured with specimens irradiated to (1.3 – 1.8)*1018 
n/cm2, E>0.5 MeV) and the results from test reactor programmes (high neutron dose and 
neutron dose rate) show that for the welds with high nickel content (1.7 - 1.9% Ni) the 47 J 
transition temperature shifts are higher than for the base metals and welds with lower nickel 
content (1.1 - 1.2% Ni). 

7. According to the surveillance test results, the chemistry factors specified by the Russian 
Guide are well conservative for the base metals and welds with low nickel content, but can 
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be un-conservative for the welds with high nickel content (estimation up to the neutron dose 
of about (1 - 2)*1019 n/cm2, E>0.5 MeV is only possible from the present test results). The 
detrimental effect of the high nickel content (1.7 - 1.8% Ni) exists with high neutron dose 
rates also. 

8. Due to the low neutron dose values (also compared to the EOL neutron dose) and the 
insufficient number of specimens, the irradiation response of fracture toughness cannot be 
reliably evaluated from the present surveillance test results. 

4.1.3 Phase 1: Recommendations for further research 

The results concerning irradiation embrittlement left open many essential features and give rise to 
the following recommendations: 

1. Irradiation temperatures should be measured by thermocouples inside and outside 
surveillance capsules. 

2. Irradiation capsules should be modified to reduce the scatter in neutron dose and to achieve 
the irradiation conditions of RPVs as far as possible (lead factor, irradiation temperature 
etc.). 

3. Existing Cr-Mo-Ni welds with various nickel contents should be irradiated and tested to 
clarify the role of nickel in embrittlement. 

4. Specimens should be irradiated to examine the effect of irradiation temperature differences 
existing between the surveillance positions and the RPV wall on embrittlement. 

4.2 Phase 2: Integrity assessment 

4.2.1 Pressure-temperature limits 

The pressure-temperature limits were determined according to the Russian (Strength Analysis Code 
PNAE-G-7-002-86) and Western practice (ASME III & XI) [11,12]. The analyses were conducted for 
heat-up and cool-down transition modes. 

The analyses demonstrated that the pressure margin between the operation values and limiting 
values is sufficient with both practices (Western and Russian). The calculated pressure margin was 
greater with Russian practice than with the Western. Thus the Western practice was more 
conservative. 

The both approaches are similar technically, but the Western practice includes factors, which make 
it more conservative. The conservative factors, the most important to be mentioned, are the reference 
crack size (shape), the fracture toughness reference curve, and the safety margin for the transition 
temperature shift. 

4.2.2 Cold-overpressure protection 

In general, the Russian approach to handle the cold overpressure is similar to the Western practice 
[13]. A detailed evaluation of the cold overpressure protection is necessary to get more precise and 
quantitative estimate of the adequacy of the protection system. As stated, it is planned to install new 
safety valves having a lower opening pressure. As a basic arrangement, the renewed protection 
system makes it possible to have a reliable pressure control. However, it is important to assure, mainly 
by administrative means, that no more pumps are possible to be activated than specified in cold 
conditions. 

4.2.3 PTS analyses 

The pressurised thermal shock (PTS) analyses were performed by AO Izhora Plants (Russia) using 
mainly analytical methods and by VTT using finite element method [13]. Two typical deterministic PTS 
transient having a reasonable probability of occurrence were selected to be analysed. The first 
transient was ”Primary Leak DN 80 (1 HPP)” and the second transient was ”Opening of Pressuriser 
Safety Injection Valve and Its Subsequent Closing”. In the case of the second transient, which causes 
axisymetric cooling and loading conditions, the both methods gave well comparable results. 
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In the case of the first transient the strip cooling loading is much more complex, which is the main 
reason for greater differences. The stress calculation, done by AO Izhora Plants at the design stage, 
was based on analytical formulas and cannot account for complex deformation/stress state due to strip 
cooling. The computed temperatures were almost identical. 

The reasons for the differences of PTS analysis results can be summarised as: 

1. The results of the calculation done by AO Izhora Plants are based on analytical formulas for 
stresses. Thus local behaviour of the reactor pressure vessel structure and localised loading 
effects are not taken into account. 

2. The temperature dependence of material properties has not been taken into account in the 
stress calculation done by AO Izhora Plants, which causes minor differences. 

3. In the Western practice two additional locations (weld 3 and lower beltline shell in the middle 
of the coolant strip [locations 7 and 8]) have been examined. The Russian analyses have 
not been performed for these locations. 

4. The Western analyses have been performed using two crack aspect ratios, 1/3 and 2/3. 
Aspect ratio 2/3 was used to allow the comparison. In the Russian practice only one aspect 
ratio 2/3 has been used. The aspect ratio 1/3 (Western practice) gave more conservative 
results. 

The Western results show that in few of the examined cases crack loading is rather high, when it is 
compared to the given material toughness. 

The performed PTS analyses were simplified ones. Cladding was not taken into account in the 
fracture mechanics evaluation and stress calculations were linear-elastic. 

4.2.4 Phase 2: Recommendations for further research 

There is a need to perform the entire integrity assessment of a RPV for each unit utilising plant 
specific data. This includes thermohydraulic calculations of the conditions with loss of integrity of the 
primary and secondary circuit, calculations of temperature fields, stresses and brittle fracture 
resistance. There is also a need to perform more advanced three dimensional elastic-plastic fracture 
mechanics analyses at least for the most critical locations. These more advanced methods allow also 
examination of shallow flaw and cladding effects. 

4.3 Phase 3: Mitigation measures for RPV embrittlement 

4.3.1 Heating of ECCS water 

Additional PTS computations were performed for Balakovo 3 and the effect of pre-heating ECCS 
water from 20 to 55°C was examined [14]. The Russian analyses were performed both by AO Izhora 
Plants [15] and EDO Gidropress [16]. There were quite large differences between the analytical results 
of AO Izhora Plants and the finite element results of VTT. The finite element results of VTT and 
Gidropress were quite near each other. 

The results of VTT, with and without pre-heating of the ECCS water, are shown in Fig. 3 for the 
critical location (weld 4). Thus, heating of the ECCS water clearly improves the situation. The results of 
VTT and EDO Gidropress for weld 4 are compared in Fig. 4. 
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Fig. 3: Calculated stress integrity factor for circumferential cracks in weld 4 (location 4) by Western 
approach. Crack depth is 20,6 mm and aspect ratios are 1/3 and 2/3. Fracture toughness curve is also 

shown. Results are shown with and without pre-heating. 

 

Fig. 4: Calculated stress integrity factor for circumferential cracks in weld 4 (location 4) by VTT and 
Gidropress. Crack depth is 20,6 mm and aspect ratio is 2/3. Fracture toughness curve is also shown. 

Results are shown for pre-heated ECCS water. 
 

4.3.2 Other mitigation measures 

The results from the Western PTS analyses showed that in a few of the examined cases crack 
loading was rather high, when it was compared to the given material toughness. The assumed heating 
of the emergency core cooling system water improved the situation considerably. 
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According to the performed (simplified) calculations, there seems to be no need to implement further 
measures against embrittlement than heating the ECCS water (to 55°C). Other measures are, 
however, needed if the ECCS water is not heated or if the obtained margin even with the ECCS 
heating is not regarded as sufficient, but this question was not evaluated in detail. The necessity to 
develop other mitigating measures for embrittlement of VVER 1000 RPVs is a subject for further 
research [14]. 

The other possible mitigating methods are: 

• Methods reducing the neutron dose rate at the RPV wall, 

• Recovery annealing, and 

• Methods to reduce the stresses expectable in the RPV during a PTS, or to reduce the 
probability of a PTS. 

4.3.3 Phase 3: Recommendations for further research 

Heating the ECCS water seems to be the most potential mitigation measure to improve the safety of 
RPVs against brittle fracture. The need of heating the ECCS water and the optimum water 
temperature shall be evaluated on the basis of plant-specific integrity assessments. 

Thermal annealing might be an effective method to mitigate irradiation embrittlement for VVER-1000 
RPVs, but the applicability of thermal annealing requires further verification. 

The need to develop a thermal annealing concept or other mitigating measures for VVER-1000 
RPVs can only be assessed after plant-specific integrity assessments in cases where heating of the 
ECCS water is considered insufficient. 

The whole integrity assessment should be performed for each unit utilising plant-specific data. This 
is needed when the necessity of heating the ECCS water and the optimum water temperature are 
evaluated. 

5 OVERVIEW OF THE PROJECT RESULTS 

5.1 Fulfilled scope 
The project covered four major areas: 

1. Collection of available material data, 

2. Evaluation of baseline material properties, 

3. Evaluation of the surveillance material data 

4. Integrity assessments. 

In addition, some results from test reactor programmes were included in the study for comparison. 
Evaluation of micro-hardness data (Task 5), which originally was included in the scope as well, was 
excluded already in the beginning of the project. Another subject mentioned in the work plan but which 
could not be studied in detail, was materials' behaviour after irradiation to high neutron doses, with an 
aim to clarify whether there is a rapid increase in the embrittlement rate at high neutron doses, i.e. 
above a certain threshold neutron dose. Unfortunately, as to the neutron dose the provided data were 
not perfect. They comprise three kinds of material conditions: un-irradiated reference materials, 
surveillance materials with low neutron doses and materials irradiated to high neutron doses in the test 
reactor programmes. Due to the low specimen neutron doses it proved to be uncertain to estimate 
even the end-of-life material properties from the surveillance data, not to mention estimations to the 
higher neutron doses. The applicability of the test reactor results was also limited due to the highly 
different irradiation conditions. 

On the other hand, some tasks were carried through in greater detail than it was originally planned. 
Additional data were collected and used for the following evaluations: 

1. The fracture toughness of VVER 1000 RPV materials, 

2. Comparison of predictive formulas in respect of the measured data, 
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3. The effect of nickel content on the embrittlement rates of materials, 

4. Evaluation of the test data produced in test reactor programmes. 

Particularly, the predictive formulas and the effect of nickel content are topics worth discussing 
further from the point of view of PTS assessments. 

5.2 Discussion 
The Russian Guide [10] specifies the K1c reference curves as a function of temperature difference T-

Tk for the base and weld metals. Same curves are used for both un-irradiated and irradiated materials. 
Transition temperature Tk is determined for the VVER 1000 RPV materials in terms of the neutron 
dose and a constant "chemistry factor" (Af). 

Basically the Russian concept of defining the fracture toughness vs. temperature for irradiated 
materials is very similar to those applied in Western countries [17]. The K1c reference curves have 
been specified in terms of temperature and for irradiated materials the curves are shifted to higher 
temperatures, depending on the neutron dose. A shortcoming of this concept is that the shift of K1c is 
determined from a parameter determined from Charpy tests which does not usually produce shift 
values equal to the true K1c shifts measured by static tests [18, 19]. This means that such an estimate 
for the K1c shift, i.e. measured by Charpy tests only, is not necessarily conservative without an extra 
margin or other procedure, which ensures the conservativity. The Tk shift does not include margin but, 
on the other hand, the energy level of Tk depends on the strength of the material so that the level is 
raised with strength (and thus the neutron dose), which somewhat tends to increase the predicted 
shift. 

Uncertainties caused by the improper load condition can be avoided by determining K1c (or KJc) 
directly for a relevant neutron dose, or at least by estimating the shift from KJc measurements (usually 
from low-neutron dose values). If a direct determination of the K1c vs. temperature curves is not 
possible for the use of PTS assessments, the conservativity of the curves used should at least be 
demonstrated. The integrity assessments [13] were performed for the upper and lower beltline shells 
and welds 3 and 4 of the Balakovo 3 RPV corresponding to the end of the designed service life of the 
RPV. A best-estimate -type assessment would have been possible if measured relevant material 
property data had been available. However, it proved unfeasible to estimate the fracture toughness of 
the RPV materials using the experimental data because of the small number of test results and low 
specimen neutron doses which have already been discussed in detail [9]. With a larger amount of 
relevant fracture mechanics test data this would have been possible by using the statistical method of 
determining KJc vs. temperature. This enables a direct estimation of KJc vs. neutron dose, even from 
test data with various specimen neutron doses, besides reference temperature T0 [5, 9, 20]. Similarly, 
the Charpy transition temperature (Tk) could also not be determined reliably enough [9]. As a 
consequence, the PTS studies were performed using material properties predicted with the constant 
"chemistry factors" and the values of Tk0 specified by the Russian Guide [10]. 

The analysed experimental test data suggest that the transition temperature (Tk) shift in all base 
metals and in the welds (No. 4) with low nickel content (1.1 - 1.2% Ni) would be well below the trend 
curve specified by the Russian Guide. The same was not true for the high-nickel welds (1.7 - 1.8% Ni), 
though their compositions still are accordant with the specification, since these welds exhibited 
embrittlement rates distinctly higher than that predicted by the Russian Guide. It was jointly recognised 
that in this case this kind of demonstration cannot be very reliable due to the mentioned uncertainties. 
Nevertheless, the results show the detrimental effect of the high nickel content on irradiation response 
and suggest that the nickel content alone (with low impurity contents), at or above a limit encountered 
in welds, can markedly enhance the embrittlement rate. This observation also makes it possible to 
address the materials, all of which in this case are welds, which are the most critical in regard to 
irradiation embrittlement. The welds, showing the highest embrittlement sensitivity, are the beltline 
ones (No. 4) of all (Russian) units except that of Novovoronezh 5. On the basis of the present data, in 
all base metals and Novovoronezh 5 weld No. 4, the embrittlement rates are expected to result in the 
end-of-life shift values of Tk well below that predicted by the Russian Guide [10]. 

As a general conclusion from these observations and the results of the PTS assessment [13,14], 
showing no or a small margin in respect of the predicted fracture toughness, one can express that 
some kind of mitigation measures may be needed for most of the Russian VVER 1000 RPVs against 
the embrittlement of the beltline weld (No. 4). According to the preliminary evaluation performed, 
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heating the ECCS water from 20°C to 55°C could be a sufficient measure, but prerequisites for an all-
inclusive assessment of this issue are that: 

1. The true embrittlement rates of the high-nickel welds have been reliably measured, 

2. Results from more accurate PTS studies, by taking into account e.g. the cladding, are 
available. 

The specified trend curves should evidently be modified for the high-nickel welds of VVER 1000 
RPVs, for instance, by including the nickel content as one variable in the predictive formula. However,  
it would  be preferable at least for the high-nickel weld to measure metal static fracture toughness data 
directly and estimate its reference temperature To and its shift with neutron dose [6, 7]. This would be 
possible without determination of Tk from Charpy tests, and, for example, 3-point bend specimens 
reconstituted from the halves of tested Charpy specimens could be used for this purpose. 

As both the PTS analyses and the material data indicated that the beltline welds (No. 4) with the 
high nickel content are likely to be the most critical locations and materials in the VVER 1000 RPVs for 
achieving their present designed service life, the further activities should primarily be focused on 
studies of these materials and, on the other hand, on the plant specific integrity assessments using 
advanced analysis methods. 

6 RECOMMENDATIONS 
The following general recommendations can be made from the results of the project: 

1. In order to assure the safety of the Russian VVER 1000 RPVs up to the end of the service 
life, it is recommended to update the integrity assessment of a RPV specifically using 
relevant material property data and more sophisticated structural analysis methods. 

2. Heating up the ECCS water seems to be the most potential mitigation measure to enhance 
the safety of the VVER 1000 RPVs against brittle fracture and is therefore recommended. 

7 LIST OF ABBREVIATIONS 
BM Base Metal 
WM Weld Metal 
HAZ Heat Affected Zone 
NPP Nuclear Power Plant 
VVER Russian type Pressurised Water Reactor type 
PWR Pressurised Water Reactor 
RPV Reactor Pressure Vessel 
ECCS Emergency Core Cooling System 
PTS Pressurised Thermal Shock 
BOL Begin of Life 
EOL End of Life 
EFPY Effective Full Power Years 
FE>α MEV Neutron dose (neutron energy higher than α MeV) 
DBTT Ductile to Brittle Transition Temperature 
CHARPY V V notched impact test specimens 
TK Ductile to brittle transition temperature defined using Charpy V impact test 

results according to the Russian standard 
TK0 Initial Tk (As received) 
∆TK Tk shift due to time dependant degradation mechanisms (∆TF = due to 

neutron embrittlement / ∆TT = due to thermal ageing / ∆TN = due to low 
cycle fatigue) 

AF Neutron embrittlement factor 
∆TR Residual Tk shift after (thermal) annealing 
TKA Acceptable Tk value 
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K1C Critical fracture toughness, valid according ASTM E399 
KJC Fracture toughness 
CTε” Compact Test specimen (thickness ε”) 
TOR Terms of Reference 
PNAE-G Rules and Norms for Nuclear Energy (Russian Design Code) 
ASME American Society of Mechanical Engineers 
ASTM American Society for Testing Materials 
VTT Manufacturing 
Technology 

A unit of the Finnish Research Center 

IVO Imatra Voima OY 
REA Rosenergoatom (Russian Utility) 
MOHT-OTJIG RM Russian economical corporate company for the development and 

application of annealing technology, backfitting and modernization of NPPs 
RRC KI Russian Research Centre “Kurchatov Institute” 
CRISM P Central Research Institute of Structural Materials “Prometey” 
EDO G Experimental and Design Organisation “Gidropress” 
GAN Gosatomnadsor (Russian Regulatory Body) 
AO Izhora Plants Stock Company “Izorskie Zavody” 
IAEA International Atomic Energy Agency 
CEC Commission of the European Communities 
TACIS Technical Assistance to the Commonwealth of Independent States 
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