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SUMMARY 
This project on “Reactor Vessel embrittlement” was identified as a main topic in the very early stage 
(1991) of the TACIS and PHARE programmes for nuclear Safety. 

The general objective of the project was to provide complementary data for the validation of the 
thermal annealing efficiency, as well as the (re-)embrittlement rate and kinetics of the VVER 440/230 
RPV core materials. The verification of the significance of “direct characterisation” on boat samples, 
taken from the inner surface of the non-cladded RPV wall, and the harmfulness of the remaining cut-
outs can be stressed out as a second main objective. Beside the investigations on trepans taken from 
Novovoronezh units 2 RPV, the “direct characterisation” of the operating Russian VVER 440/230 
RPVs shall be seen as another main objective for the description of the most realistic situation of each 
plant, which is highly safety related. 

According to the above-mentioned objectives the work plan was split into 7 main tasks, each of them 
related with the main objectives. Additional investigations were proposed under task 8 in order to 
assess the upper core weld (Nr 5) and to judge the quality of the neutron transport calculations. 

KOLA 1 & 2 could not be sampled in the frame of this project. These NPPs remain the only non-
cladded VVER 440 / 230 units, which have not been investigated for that purpose. The contractor 
considers that situation as not satisfactory, regarding the related safety concern. Even if the materials 
properties are foreseen as showing higher toughness values, long term-operation should be based on 
specific measurements. Therefore, the recommendation for doing this sampling remains as a result of 
the project. 

The feasibility of sampling at the inner surface of the non-cladded RPVs is demonstrated on the 
basis of local stress analyses. This allows systematic sampling of these RPVs at an extent which 
appears comfortable for an extensive “direct characterisation”, at least for RPVs whose wall thickness 
is in compliance with the required dimensions. 

Based on the chemical composition results, it can be assumed that the samples, which will be taken 
at the inner surface, are representative, indeed even conservative in terms of neutron embrittlement 
sensitivity. Therefore these samples are recognised to be very valuable for assessing safety cases. 

A qualification programme of the Russian testing equipment was successfully implemented at the 
beginning of the project. It has provided for improvements on equipment (instrumentation of 
pendulums), on testing procedures, with respect to the international Q-A standards. A complementary 
round robin exercise, involving 4 laboratories (Siemens KWU – EDF / RRC Kurchatov Institute – 
CRISM Prometey) has been performed. It demonstrates that the conventional tests (tensile and 
Charpy V impact tests) are done in equivalent manner. For fracture mechanics testing according to 
ASTM E-339, a good co-operation between the main contractor and the local sub-contractor provided 
for assistance to the Russian laboratories in making their personnel familiar with the experimental 
procedures and evaluation techniques. 

Sampling and testing of Novovoronezh 3 and 4 RPVs have been successfully performed. Tensile 
test results are looking consistent. Charpy V impact tests have been carried out at weld Nr 4 and 5 as 
well as on base metal. Prediction according to the Russian procedure appears to be rather 
conservative, at least for the weld Nr 4, where the comparison was performed in detail. These results 
suggest that the re-embrittlement rate is appropriately addressed using the “lateral” shift. These 
analyses do not take into account any provision for uncertainties. The available results show evidence 
on the fact that weld Nr 4 is to be considered as the leading case for rest lifetime assessment. This 
statement is valid since the loads at welds Nr 4 & 5 are recognised to be at similar level. 

The investigations performed at Novovoronezh 2 RPV trepans are unique and therefore valuable, 
even if the results are not as conclusive as expected in some areas. Therefore a list of 
recommendations has been issued to address the main topics. 

The chemical analyses confirmed the homogeneity of the base metal, whereas the weld showed a 
more heterogeneous picture, mainly due to the presence of the root. Consequently, that part of the 
samples was not considered for the investigations. 

An extensive microstructure investigation programme has been carried out, involving 5 laboratories 
(Siemens KWU – EDF – AEA Technology / RRC Kurchatov Institute – CRISM Prometey). The 
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metallographic examinations were almost confirming the expected microstructures and confirmed the 
particular sensitivity to grain boundary segregation of the weld metal. By combining the various 
possibilities the advanced investigation techniques have been able to identify radiation induced 
segregations and dislocation loops. The results are quite consistent with expected individual 
mechanisms and qualitatively of very high importance. Indeed, at this level of knowledge, it is not 
possible to account for physically based model proposals. Therefore, it is recommended to pursue 
these investigations in order to identify the relevant embrittlement mechanisms. 

The mechanical tests produced a broad quantity of not always consistent data. The high neutron 
dose accumulated by the RPV at real irradiation conditions (up to 6,7 x 10-19 n/cm2) is expected to be 
the cause of some inconsistencies. This may be the case for the Charpy V results, which show at as 
received specimens (AR) that the lateral expansion criteria is appearing dominant. This may be part of 
the explanation of the fact that the statistically based approach, correlating sub-size and standard 
Charpy V results was found questionable in general and not conservative enough for high irradiated 
weld material. Two other inconsistencies shall be addressed at that stage on tensile results and 
through wall-thickness Charpy V results. Some tensile results show unexpected effects of annealing, 
mostly on base metal, which should be clarified later. On the other hand, the through-wall Charpy V 
and neutron doses gradients were found inconsistent in many cases, and dependent on the leading 
criteria. Therefore, the consistency of sub-size and standard Charpy V results was satisfactory on only 
few cases. Fortunately, this appeared to be the case for weld material, at least at the inner surface, 
when all criteria are taken into account. This does compensate for any further validation. In the mean 
time, one should recommend to include a provision for compensating uncertainties in the safety 
analyses. 

Concerning the neutron doses evaluation, it has been established that the calculated values are in 
good coincidence with the experimental ones, provided by RRC KI, at least at the RPV wall in front of 
the active core. Nevertheless, values evaluated by Siemens KWU, using the activity measurements 
provided by RRC KI for spectrum adjustment, are significantly higher than the calculated ones. 
Considering the results available it was decided to rely on the experimental neutron doses provided by 
RRC KI, which appear conservative for the evaluation of the irradiated material properties and 
accurate within the +/-20% scatter band, which is considered as technically reasonable. 

The following recommendations have been issued in the project final report: 

1. To sample the core weld of KOLA 1 & 2 RPVs, which was originally planned in the frame of this 
contract; 

2. To re-irradiate spare metal from the core weld of Novovoronezh 3 & 4 RPVs; 

3. To analyse the available data on the annealing behaviour of 15Ch2МFА type steel; 

4. To reconsider the correlation between sub-size and standard Charpy V results for base metal; 

5. To reconsider the correlation between sub-size and standard Charpy V results for weld metal; 

6. To investigate the results’ inconsistencies and the uncertainties; 

7. To assess an adequate K1c reference curve by further experimental investigations; 

8. To pursue advanced microstructure investigations. 

FOREWORD 
The work was financed by the Directorate General 1A of the Commission of the European 

Communities under the contract n° WW 9103 0301 B051 to a consortium, including Siemens KWU, 
Framatome and Electricité de France. Siemens KWU was the leader of the consortium. AEA 
Technology was involved as a subcontractor to the consortium for further microstructure 
investigations. 

The Russian beneficiary was Rosenegoatom (REA), acting as the Russian utility. 

The Russian subcontractor of the consortium was MOHT-OTJIG RM. Within MOHT-OTJIG RM, the 
main contributors were RRC Kurchatov Institute, CRISM Prometey and EDO Gidropress. 

The global duration for implementation of the project was about 3,5 years. The contract started early 
1994 (T0: December 1993) and ended in may 1997.  
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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 
This project on “Reactor Vessel Embrittlement” was identified as a main topic in the very early stage 

(1991) of the TACIS and PHARE programmes for nuclear Safety. 

The 440 / 230 series of Russian pressurised water reactors were of concern at a generic basis, due 
to the absence of the third physical barrier. Therefore, the RPV was considered of major safety 
relevance. The potential risk of dissemination of radioactive materials in case of its failure during a 
pressurised thermal shock, which may occur by overcooling by ECCS activation after detection of a 
small leakage in the Primary circuit, was not properly demonstrated. 

Even if it was obvious that the ECCS cooling capacity appears limited, the main designer and his 
support institutes identified significant deficiencies on the knowledge of the RPV core materials 
toughness. Furthermore, the absence of a surveillance programme appears as a significant safety 
concern, which should be compensated by adequate investigations. This leads to the development of 
preventive (“small” core arrangement) and curative (on-site thermal annealing) mitigation measures, 
which were applied in the late 80s. Thermal annealing was first applied at Kola 2 and Novovoronezh 3, 
but without the desired assessment. 

Later, it became clear that direct assessment by measurements on samples, taken from the inner, 
not cladded, surface of the RPVs, would provide for further useful information on the real and past 
materials properties. This information was expected for extended annealing process validation as well 
as for underpinning of the materials properties predictions. 

Therefore the Commission of the European Communities supported the annealing of the RPV of the 
unit 2 at Kozloduy NPP and its accompanying measurements by a specific PHARE project. This 
project was successful and revealed the necessity of further investigations in order to accumulate 
enough generic data. 

The TACIS R1.1/91 project was initiated on that basis in order to provide complementary data for 
the validation of the thermal annealing efficiency, as well as the (re-)embrittlement rate and kinetics of 
the VVER 440/230 RPV core materials. 15Ch2МFА type steel and welds made from Sv-10ChMFT 
type wires, associated with AN-42 type flux, are of concern, because it was the standard 
manufacturing process used by Izhora for manufacturing these RPVs. Detailed investigations on the 
decommissioned Novovoronezh unit 2 RPV were foreseen for that purpose. The project was also 
including a systematic “direct characterisation” on boat samples, taken from the inner surface of the 
non-cladded RPV wall, of all operating Russian VVER 440/230 NPPs, after the necessary verification 
of its significance and the harmfulness of the remaining cut-outs. 

This summary report has the objective to report on the scope and results of the TACIS R1.1/91 
project. These results will be made available to the interested organisations in the Beneficiary country, 
on an open basis. The final report of the project [48] has been extensively used as a basis for this 
report. 

2 OBJECTIVES 
The general objective of the project was to provide complementary data for the validation of the 

thermal annealing efficiency, as well as the (re-)embrittlement rate and kinetics of the VVER 440/230 
RPV core materials. The verification of the significance of “direct characterisation” on boat samples, 
taken from the inner surface of the non-cladded RPV wall, and the harmfulness of the remaining cut-
outs can be stressed out as a second main objective. Beside the investigations on trepans taken from 
Novovoronezh unit 2 RPV, the “direct characterisation” of the operating Russian VVER 440/230 RPVs 
shall be seen as another main objective for the description of the most realistic situation of each plant, 
which is highly safety related. 

The project objectives were specified in the technical terms of Reference TOR as follows: 

• To determine correct values of the parameters used to characterise the irradiation 
embrittlement of the pressure vessel material for the operating units of Novovoronezh 3 and 4 
and Kola 1 and 2: 
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o Transition temperature Tk0 (non irradiated), 

o Transition temperature Tk (irradiated). 

This should allow to refine the predictive formulas used presently to assess the embrittlement of 
the pressure vessels on the basis of the content in impurities (copper and phosphorus) and the 
neutron doses. The copper and phosphorus contents have already been determined for these 
units, and the neutron doses are known as well. 

• To confirm that it is possible to take samples from the inside surface of the vessel without 
affecting its structural integrity (local thinning of the vessel wall). 

• To validate the annealing procedure used for the VVER 440/230 pressure vessels and the way 
the restoration of the material ductility is monitored. 

• To validate and expand the correlation between sub-size and standard Charpy specimens and 
correlate these tests with the fracture toughness K1c (on large size trepans from Novovoronezh 
2). 

• To improve the knowledge of the re-embrittlement after annealing (in real conditions). This 
implies taking boat samples at the inside surface of the vessels in the plants Novovoronezh 3 
and 4 (annealed in 1991) and Kola 1 and 2 (annealed in 1989). The neutron flux being higher in 
Novovoronezh than in Kola, both vessels would yield valuable information. 

• To gain more understanding of the embrittlement mechanisms of the RPV material by means 
of micro structural investigations. 

• To reach a conclusion on the basis of the information on the annealing efficiency and on the 
re-embrittlement after annealing obtained in the framework of the present project, and making 
use also of the existing information regarding: 

o The efficiency of the annealing procedure to restore the material ductility; 

o The criterion to determine the time to be allowed between successive annealing of the 
pressure vessels. 

3 IMPLEMENTATION 
According to the above-mentioned objectives the work plan was split into 7 main tasks, each of them 

related with the main objectives. Additional investigations were proposed under task 8 in order to 
assess the most critical core weld and to judge the quality of the neutron transport calculations. 

Table 3.1 shows the project tasks’ references and description as planned in the contract. The 
additional investigations were only proposed at that stage as possible useful actions for further 
clarification. 

 
Task reference Task description 
1 Effect on local stress 

concentration of sampling 
 Calculation of stress concentrations in sampling locations 
to prove that sampling does not affect operability 

2 Sampling and testing of 
Novovoronezh 3&4 and 
Kola 1&2 

 Sampling and testing of Novovoronezh 3&4: 
o Taking boat samples from the inner surface of the 

core weld Nr 4, 
o Grinding the sampling locations, 
o Testing the specimens and evaluation of the results, 
o Reporting separately for each unit 

 Sampling and testing of Kola 1&2 (dito Novovoronezh) 
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Task reference Task description 
3 Qualification of the Russian 

testing equipment 
 Performing inspections of equipment and certificates 
 Carrying out a benchmark on mechanical testing on 
standard and sub-size specimens of a reference material 
in Russian as well as in EDF and Siemens KWU 
laboratories 

4 Taking trepans in 
Novovoronezh 2 

 Taking trough-wall trepans of 110 mm diameter for core 
weld Nr 4 and base metal 
 Carrying out the thermal annealing at the necessary 
extent of materials for obtaining the desirable materials 
states for the investigation programme (Tk0, Tk after 
embrittlement, Tk after annealing)1 

5 Testing on trepans from 
Novovoronezh 2 before 
annealing 

 Etching the weld trepans in order to identify the weld 
position, 
 Registration of the copper and phosphorus contents 
across the trough thickness section, 
 Machining of specimens out-off the trepans, 
 Carrying out all planned mechanical tests (hardness 
measurements, tensile and Charpy V [standard & sub-
size], …), 
 Performing microstructure examinations at a due extend 
regarding the involved ageing mechanisms. 

6 Testing on trepans from 
Novovoronezh 2 after 
annealing 

 (dito before annealing) 

7 Output from TACIS to the 
PHARE programme 

 Discussion of the results with an experts group of VVER 
440/230 operating countries  

8 Additional investigations  
А Core weld Nr 5  Sampling and testing of the core weld Nr 5 of 

Novovoronezh NPP 3 & 4 at the same extent as in task 
Nr 2 for the core weld Nr 4, 
 Sampling and testing of Kola 1&2 (dito Novovoronezh) 

B Neutron transport 
calculation  

 Neutron doses calculation for Novovoronezh NPP Units 
2, 3 and 4 and for Kola NPP Units 1 and 2 reactor 
pressure vessels. 

 
Table 3.1.: Reference and description of the project tasks 

 

Kola unit 1 and 2 RPVs could not be sampled within the project (see task 2 and subtask 8a) 
because permits were not obtained for these NPPs. Obviously, the corresponding tests could not be 
carried out. 

On the other hand, the contractor took an early decision to implement the subtask 8b, which gave 
the opportunity for implementing a partial benchmark on methods used by the different organisations 
in that area. This provided for additional transfer of expertise and experience in the corresponding 
technical fields. 

4 PRESENTATION AND DISCUSSION OF THE PROJECT RESULTS 

4.1 Task 1: Effect of sampling on local stress concentration 
Stress analyses were performed on a typical geometry (Novovoronezh 3), with and without 

modelling the grinded zones at the inner surface of the RPV wall at the possible sample locations in 
the weld Nr 5. Due to symmetry effects, the model is recognised as conservative. Nominal dimensions 
(with a minimum wall thickness of 140 mm) and specified material properties were used to make the 
assessment of generic interest. The local geometry of the grinded zones is taken into account with a 
specified maximum depth of 9 mm and spherical shape (r = 300 mm). 

                                                           
1 On-site annealing was not included in the scope of the contract. 
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EDO Gidropress produced the initial data set [11, 12]. Framatome [13] and EDO Gidropress [14] 
have made separate assessments according to their own practice and referring to Western (RCC-M / 
ASME) and Eastern relevant code sections respectively. Framatome used 3 dimensional finite element 
models for all stress analyses, whereas EDO Gidropress did use it only for pressure induced stresses 
calculations. EDO Gidropress calculated the stresses due to thermal effects during heating-up and 
down using analytical formulas and estimated the corresponding usage factor using a simplified and 
conservative approach. 

The general conclusions can be summarised as follows: 

• Under pressure loading the effect of sampling is very local and limited: 

o Local membrane stresses can be increased by around 1,5% whereas the local 
membrane plus bending stresses can be increased by about 7,5% within the sampled 
area, according to Framatome’s evaluations. 

o EDO Gidropress shows a greater influence of sampling on the local stress field. Stress 
concentration factors of about 1,3 up to 1,45 in the axial direction have been reported. 

o The reported local stresses are in compliance with the required criteria with significant 
margins, but the application of Western codes shows that dimensioning of the RPV 
appears very adjusted (Pm max = 187,5 MPa / Sm = 179,6 MPa). Nevertheless, this cannot 
be a reason of any rejection because of the specific material grade. 

• Regarding the thermal stresses induced by operating transients; 

o Framatome reports about very local and limited effect on membrane and total thermal 
stresses within the sampled area for heating-up and cooling-down transients. The 
corresponding maximum values are below the fatigue limit of the material. 

o EDO Gidropress did a more global evaluation of the usage factor induced by the most 
damaging operating thermal transients (heating-up and cooling-down, emergency 
protection actuation, small steam line break) and additional hydrotests. Using rough 
estimates EDO Gidropress ended up with a very low (0,04) usage factor. 

As a general conclusion of the task it appears that, in all cases, the Russian evaluations have been 
identified as conservative when compared to the Western ones. Despite the increase of local stresses 
around the grinded zone by sampling, the stress limits are met with significant margins and there is no 
risk of fatigue damage. 

Thus the feasibility of sampling at the inner surface of the RPVs of welds Nr 4 and 5, as well as of 
the core shell, is demonstrated. Depth (up to 9 mm) and the number of samples (up to 12 locations for 
each material) are limiting conditions. 

4.2 Task 2: Sampling and testing of Novovoronezh 3 & 4 

4.2.1  Sampling and preliminary investigations on the templates 

Sampling of Novovoronezh units 3 [9, 16, 17] and 4 [10, 18] RPVs has been carried out in the 
frame of this project. Regarding the purpose, first some background information needs to be 
recalled for each unit. 

4.2.1.1 Novovoronezh 3 

Unit 3 went into operation in 1971. Weld Nr 4 of the RPV was annealed in 1987 at 430°C 
during 150 hours and in 1991 at 475°C during 100 hours. In 1991, 8 templates were cut off 
from the RPV inner surface of the RPV, 5 from weld Nr 4 and 3 from the core shell at the 
maximum neutron doses level. They were used for the determination of the transition 
temperature of weld and base metal (Tk), before and after annealing, as well as for the 
evaluation of the initial transition temperature (Tk0) of the weld metal. The copper and 
phosphorus contents have been measured on some templates by spectroscopy and 
chemical methods. 

In April 1995 10 additional, large templates (7,5 x 60 x 95 mm in the welds and 4,5 x 60 x 
95 mm in the core shell) were cut off from the inner surface of the RPV wall; 2 at weld Nr 5 
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(9 & 10) and 4 at weld Nr 4 (1, 2, 3 & 4) as well as at the core shell (5, 6, 7, & 8). After 
cutting, the sampling locations have been grinded smoothly with a final radius not less than 
300 mm to comply with the generic assessment. Metallographic examinations have been 
done randomly on all templates cut out from welds Nr 4 and 5, showing no significant 
differences on the microstructure. The phosphorus and the copper contents have been 
measured by spectrometry on each template. 

The locations of the templates, cut off from the inner surface of the RPV, are shown in 
figure 4.2.1.1. 

 

 
 

Figure 4.2.1.1: Novovoronezh 3 – Locations of the templates (1991-95) 
 

A summary of the copper and phosphorus contents measured on the templates is given in 
table 4.2.1.1 below. Both sides of the weld templates have been investigated, but the results 
did not reveal any significant difference between bulk and crown. The results have been 
recognized as very consistent. 

 
   Weld Metal 
   Weld Nr 4 Weld Nr 5 

Base Metal 

RRC KI 0,11 / 0,15 / 0,15 / 0,185 1991 
CRISM P 0,121 / 0,142 

1995 RRC KI 0,12 0,16 / 0,17 0,14 / 0,15 

Copper (%) 

Mean 0,12 0,17 0,16 
RRC KI 0,027 / 0,029 / 0,0105 / 0,013 1991 

CRISM P 0,0295 / 0,0106 
1995 RRC KI 0,031 / 0,036 0,028 / 0,034 0,010 / 0,011 

Phosphorus (%) 

Mean 0,031 0,031 0,011 
 

Table 4.2.1.1: Novovoronezh 3 – Copper and Phosphorus contents measured on templates 
(1991-95) 

 

Exec. Sum. R1.1-91 Rev.25.4.2002-Eng 
Page 9 of 38 



 

4.2.1.2 Novovoronezh 4 

Unit 4 went into operation in 1972. Weld Nr 4 of the RPV was annealed in 1991 at 475°C 
during 150 hours. In 1991, 11 templates were cut off from the RPV inner surface of the RPV, 
8 from weld Nr 4 and 3 from the core shell at the maximum neutron doses level. They were 
used for the determination of the transition temperature of weld and base metal (Tk), before 
and after annealing, as well as for the evaluation of the initial transition temperature (Tk0) of 
the weld metal. The copper and phosphorus contents have been measured on the 
templates. 

In October 1995 10 additional, large templates (7,5 x 60 x 95 mm in the welds and 4,5 x 
60 x 95 mm in the core shell) were cut off from the inner surface of the RPV wall; 2 at weld 
Nr 5 (9 & 10) and 4 at weld Nr 4 (1, 2, 3 & 4) as well as at the core shell (5, 6, 7, & 8). After 
cutting, the sampling locations have been grinded smoothly with a final radius not less than 
300 mm, to comply with the generic assessment. 

Metallographic examinations have been done randomly on some templates cut out from 
the welds Nr 4 (2 & 3) and 5 (9 & 10), showing no significant differences on the 
microstructure. The phosphorus and the copper contents have been measured by 
spectrometry on each template.  

The locations of the templates, cut off from the inner surface of the RPV, are shown in 
figure 4.2.1.2. 

 

 
 

Figure 4.2.1.2: Novovoronezh 4 – Locations of the templates (1991-95) 
 

A summary of the copper and phosphorus contents measured on the templates is given in 
table 4.2.1.2 below. Both sides of the weld templates have been investigated, but the results 
did not reveal any significant difference between bulk and crown. The results have been 
recognized as very consistent. 
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  Weld Metal 
  Weld Nr 4 Weld Nr 5 

Base Metal 

1991 0,14 / 0,17 / 0,14 / 0,15 
1995 0,16 / 0,18 0,15 / 0,16 0,14 

Copper (%) 

Mean 0,16 0,16 0,16 
1991 0,024 / 0,030 / 0,012 / 0,013 
1995 0,027 / 0,029 0,030 / 0,032 0,008 

Phosphorus (%) 

Mean 0,028 0,031 0,011 
 

Table 4.2.1.2: Novovoronezh 4 – Copper and Phosphorus contents measured on templates 
(1991-95) 

4.2.2 Specimens for mechanical testing 

Basically 4 material states were investigated (As received [AR], annealed at 475°C during 150 
hours [AA], annealed at 560°C during 2 hours [A01], annealed at 650°C during 2 hours [A02]). 
Tensile and sub-size Charpy V specimens have been manufactured from the templates to be 
tested. The heat treatments were performed on the machined specimens, in a furnace at the 
laboratories in charge of testing. 

4.2.2.1 Novovoronezh 3 

Sub-size specimens have been prepared from the templates cut out from the RPV for 
carrying out the testing programme, according to relevant manufacturing standards. Table 
4.2.2.1 gives a summary of the origin, number and destination of the specimens. 

 
  Weld Material Base material 
  Spec. dim. (mm) Weld Nr 4  Weld Nr 5 Spec. dim. (mm) Core Shell 

Tensile Φ3 – l=15 3(C)  Φ3 – l=15 3(C&L) 
AR 

Charpy V 5x5x27,5 9 (LR) 12 (LR) 3x4x27 11(LC) 
Tensile Φ3 – l=15 3(C)  Φ3 – l=15 3(L) 

AA 
Charpy V 5x5x27,5 9(LR)    
Tensile      

A01 Charpy V 5x5x27,5 6(LR)    
Tensile Φ3 – l=15 1(C)  Φ3 – l=15 2(C) 

A02 Charpy V 5x5x27,5 9(LR)  3x4x27 11(LC) 
Manufacturing standards: T (Φ3 – l=15): (GOST 1497-84) / Cv (3x4x27): DIN 50115 / Cv (5x5x27,5): ASTM 23 
 

Table 4.2.2.1: Novovoronezh 3 –Origin, number and destination of specimens 

4.2.2.2 Novovoronezh 4 

Sub-size specimens have been prepared from the templates cut out from the RPV for 
carrying out the testing programme, according to relevant manufacturing standards. Table 
4.2.2.2 gives a summary of the origin, number and destination of the specimens. 
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  Weld Material Base material 
  Spec. dim. (mm) Weld Nr 4  Weld Nr 5 Spec. dim. (mm) Core Shell 

Tensile Φ3 – l=15 3(C)  Φ3 – l=15 3(C&L) 
AR 

Charpy V 5x5x27,5 9 (LR) 12 (LR) 3x4x27 11(LC) 
Tensile Φ3 – l=15 3(C)  Φ3 – l=15 3(C&L) 

AA 
Charpy V 5x5x27,5 14(LR)  3x4x27 10(LC) 
Tensile Φ3 – l=15   Φ3 – l=15  

A01 Charpy V 5x5x27,5  (LR)  3x4x27 11(LC) 
Manufacturing standards: T (Φ3 – l=15): (GOST 1497-84) / Cv (3x4x27): DIN 50115 / Cv (5x5x27,5): ASTM 23 
 

Table 4.2.2.2: Novovoronezh 4 – Origin, number and destination of specimens 
 

4.2.3 Specimen testing and summary of the results 

Testing was performed according to the relevant Russian standards. For sub-size Charpy V 
specimen testing, instrumented pendulum machines were used providing for direct recording of 
the results. 

4.2.3.1 Novovoronezh 3 

4.2.3.1.1 Tensile tests 

All specimens were tested at 20°C. The tensile tests (weld Nr 4 and core shell) 
show the following main results: 

o On as received (AR) specimens: 

 The homogeneity of the investigated layers was confirmed (specimens 
with C and L orientations gave similar results); 

 The weld metal shows significantly higher strength than base metal (+ 78 
MPa for yield / 45 MPa for ultimate), whereas the reduction of area is about 
45% lower; 

 The ductility of both metals was found to be high. 

o On annealed (AA & A0) specimens: 

 Strength values are lowered and reduction of area increased within the 
same levels by both annealing processes; 

 The weld metal recovered more efficiently. 

4.2.3.1.2 Charpy V impact tests 

Only specimens as received (AR) were tested. The results are summarised below in 
table 4.2.3.1.2 together with those gained by previous investigations performed in 
1991 on specimens taken from templates cut out before and after the second on-site 
annealing. Reference Tk values2 are given when measured. 

                                                           
2 Only final results equivalent to results which would have been measured on standard (10x10x50 mm) Charpy V specimens are 
given. 
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 1991 1995 

 As Received Annealed As received (AR) 

Core shell  - 25°C (*) / 5°C (*) 

Weld Nr 4  120°C (*) 70°C (*) 72°C (**) 

Weld Nr 5 / / 62°C (**) 
(*): Yield impact energy criteria / (**): Ultimate impact energy criteria / (***): Lateral expansion criteria 

Table 4.2.3.1.2: Novovoronezh 3 – Reference Tk values derived from sub-size specimens’ 
testing results 

 

4.2.3.2 Novovoronezh 4 

4.2.3.2.1 Tensile tests 

Specimens were tested at 20 and 270°C. The tensile tests (weld Nr 4 and core 
shell) show the following main results: 

o On as received (AR) specimens: 

 The homogeneity of the investigated layers was confirmed (specimens 
with C and L orientations gave similar results); 

 The weld metal shows higher strength than base metal (+ 22 MPa for 
yield / 17 MPa for ultimate), whereas the reduction of area is about 14% 
lower; 

 At 270°C, the strength properties of weld and base metal were similar, 
whereas the reduction in area was higher of about 16% for the weld metal; 

 The ductility of both metals was found to be high enough. 

o On annealed (AA) specimens, strength values were lowered, but the ductility 
parameters remained unchanged. 

4.2.3.2.2 Charpy V impact tests 

Only specimens as received (AR) were tested. The results are summarised below in 
table 4.2.3.2.2 together with those gained by previous investigations performed in 
1991, on specimens taken from templates cut out before and after the second on-site 
annealing. Reference Tk values3 are given when measured. 

 

 1991 1995 

 As Received Annealed As received (AR) 

Core shell  55°C (***) 23°C (*) 28°C (*) 

Weld Nr 4  170°C (**) 30°C (*) 62°C (*) 

Weld Nr 5 / / 14°C (*) 
(*): Yield impact energy criteria / (**): Ultimate impact energy criteria / (***): Lateral expansion criteria 

Table 4.2.3.2.2: Novovoronezh 4 – Reference Tk values derived from sub-size specimen 
testing results 

 

                                                           
3 Only final results equivalent to results, which would have been measured on standard (10x10x50 mm) Charpy V specimens, 
are given. 
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4.2.4 Specimen testing and summary of the results 

4.2.4.1 Novovoronezh 3 

4.2.4.1.1 Base Metal 

Samples were taken at locations where the maximum neutron dose is about 100 
mm below the mid-core level. 

Tensile test results indicate that annealing at 475°C during 150 hours leads to 
almost full recovery of the corresponding properties. 

The Charpy V impact tests are in compliance with that conclusion even if there are 
no measured values available before and after annealing. Nevertheless, the evidence 
of the beneficial effect of annealing is shown by comparison of the results obtained in 
1991 and 1995 on the same state of specimens. The initial transition temperature (Tk0) 
can only be estimated (below 0°C). 

The low transition temperatures (Tk), showed by the base metal at all states, allows 
to conclude that the core shell impact toughness properties are significantly better 
than those of the welds, and therefore may not influence the RPV lifetime prediction. 

4.2.4.1.2 Weld Nr 4 

The results already available show the efficiency of the on-site annealing procedure. 
Therefore, moderate residual transition temperature shift (∆Tr = 15°C) after annealing 
is assumed. This appears consistent with the assumption which considers high initial 
transition temperature (Tk0 = 55°C) as typical for relatively sensitive metals (Maximum 
Phosphorus content around 0,035%). Such a statement also appears consistent with 
specific Charpy V impact test results on thermal treated metal (at 650°C during 2 
hours). 

At the date of sampling (AR), predictive transition temperature values can be given 
using representative copper (0,12%) and phosphorus (0,034%) contents and the 
estimated neutron doses4 accumulated since 1991 (FE>0,5MeV  = 1,08 x 1019 n/cm2). 
Using all these specific data, the following estimates come out: 

o Using the “conservative shift approach”5: Tk = 145°C, 

o Using the “lateral shift approach” 6: Tk = 130°C. 

Predicted and “measured”7 transition temperatures (145-130°C / 72°C) are not very 
consistent; both predictions are overestimating the “measured” values. Nevertheless, 
the “lateral shift approach” gives a more realistic estimate. On the other hand, the 
experimental values are subject to uncertainties, coming from 2 sources:  

o The correlation between sub-size and standard Charpy V results, which 
shows a mean square deviation of 21°C, 

o The accuracy of the determination of the transition temperature itself, which is 
currently +/- 10°C. 

There is evidence of the fact that the re-embrittlement rate is lower than the 
embrittlement rate, but additional information is needed to conclude on the physical 
mechanisms. On a more empirical basis, the “lateral shift approach” appears 
conservative enough for case-by-case evaluations. 

                                                           
4 Experimentally determined by RRC KI. 
5 Tk = Tk0 + ∆Tr + AF × (10-18 x FE>0,5MeV )1/3, where Af = 800 x (P(%) + 0,07.Cu(%)) 
6 Tk = Tk0 + [∆Tr

3 + AF
3 × (10-18 x FE>0,5MeV )]1/3, where Af = 800 x (P(%) + 0,07.Cu(%)) 

7 « Measured » values are values which have been transferred from sub-size specimen testing results by a specific linear 
correlation. 
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4.2.4.1.3 Weld Nr 5 

The “measured” transition temperature, at the date of sampling (AR), is lower than 
for weld Nr 4, whereas the radiation sensitivity factors (Af) of both materials are 
equivalent. The difference in neutron doses accumulated since 1991 (7,6 to 8,9 x 1017 
n/cm2 for weld Nr 5 against 1,08 x 1019 n/cm2 for weld Nr 4) appears to be a consistent 
explanation. 

Therefore it can be concluded that the weld Nr 5 will nor appear as the leading case 
for RPV lifetime evaluation, since the loads are assumed not to be specific, when 
compared with those considered for the weld Nr 4. 

4.2.4.2 Novovoronezh 4 

4.2.4.2.1 Base Metal 

Samples were taken at locations where the maximum neutron dose is (about 100 
mm below the mid-core level). 

Tensile as well as past Charpy V test results show that annealing at 475°C during 
150 hours leads to almost full recovery of the corresponding properties. Low initial 
transition temperature (Tk0) can be expected (below 0°C) from the available data. 

The recent Charpy V impact test results suggest relatively low re-embrittlement 
damage, which is consistent with the low phosphorus content. 

The low transition temperatures (Tk), showed by the base metal at all states, allows 
to conclude that the core shell impact toughness properties are significantly better 
than those of the welds, and therefore may not influence the RPV lifetime prediction. 

4.2.4.2.2 Weld Nr 4 

The results already available show the efficiency of the on-site annealing procedure. 
Therefore, moderate residual transition temperature shift (∆Tr = 20°C), after annealing, 
is assumed. This appears consistent with the assumption, which considers a 
moderate initial transition temperature (Tk0 = 10°C) as specific for this metal (with a 
maximum Phosphorus content around 0,030%0). Such a statement also appears 
consistent with specific Charpy V impact test results on thermal treated metal (at 
650°C during 2 hours). 

At the date of sampling (AR), predictive transition temperature values can be given 
using representative copper (0,17%) and phosphorus (0,030%) contents and the 
estimated neutron dose8 accumulated since 1991 (FE>0,5MeV  = 1,5 x 1019 n/cm2). Using 
all these specific data, the following estimates come out: 

o Using the “conservative shift approach”9: Tk = 113°C, 

o Using the “lateral shift approach” 10: Tk = 93°C. 

Predicted and “measured”11 transition temperatures (113-93°C / 62°C) are not very 
consistent; both predictions are overestimating the “measured” values. Nevertheless, 
the “lateral shift approach” gives a more realistic estimate. On the other hand, the 
experimental values are subject to uncertainties, coming from 2 sources:  

o The correlation between sub-size and standard Charpy V results, which 
shows a mean square deviation of 21°C, 

                                                           
8 Experimentally determined by RRC KI. 
9 Tk = Tk0 + ∆Tr + AF × (10-18 x FE>0,5MeV )1/3, where Af = 800 x (P(%) + 0,07.Cu(%)) 
10 Tk = Tk0 + [∆Tr

3 + AF
3 × (10-18 x FE>0,5MeV )]1/3, where Af = 800 x (P(%) + 0,07.Cu(%)) 

11 « Measured » values are values which have been transferred from sub-size specimen testing results by a specific linear 
correlation. 
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o The accuracy of the determination of the transition temperature itself, which is 
currently +/- 10°C. 

There is evidence of the fact that the re-embrittlement rate is lower than the 
embrittlement rate, but additional information is needed to conclude on the physical 
mechanisms. On a more empirical basis, the “lateral shift approach” appears 
conservative enough for case-by-case evaluations. 

4.2.4.2.3 Weld Nr 5 

At the date of sampling (AR), the “measured” transition temperature is significantly 
lower than for weld Nr 4, whereas the radiation sensitivity factors (Af) of both materials 
are equivalent. The difference in neutron doses accumulated since 1991 (5,3 to 6,3 x 
1017 n/cm2 for weld Nr 5 against 1,5 x 1019 n/cm2 for weld Nr 4) appears to be a 
consistent explanation. 

Therefore it can be concluded that the weld Nr 5 will not appear as the leading case 
for RPV lifetime evaluation since the loads are assumed not to be specific when 
compared with those considered for the weld Nr 4. 

4.3 Task 3: Qualification of the Russian testing equipment 

4.3.1 Performing inspections of equipment and certificates 

The contractor was involved in reviewing the laboratory equipment and procedures since the 
beginning at RRC Kurchatov Institute and CRISM Prometey. Experts from these institutes were 
made aware of the Western equipment and procedures in use. A particular visit of Siemens 
KWU laboratories was organised in conjunction with the Kick-off meeting and a specific round 
robin was organised in order to achieve the qualification of the Russian testing equipment and 
procedures [6]. Improvements on equipment, such as instrumentation of pendulums, and 
implementation of testing procedures, with respect to the international Q-A standards, were 
made and qualified. 

4.3.2 Benchmark on mechanical testing 

A round robin exercise on mechanical testing was performed in the frame of the project in 
order to promote an extensive preparation of the equipment and personnel and their 
qualification. 

For that purpose, non-irradiated test coupons from a well characterised German RPV material 
(22 Ni Mo Cr 37) for “blind” tests were distributed to the participants. The participation of the 
different laboratories is shown in table Nr 4.3.2. 

 

  Siemens 
KWU EDF RRC KI CRISM 

Prometey 
Tensile Φ6 – l=5Φ Y Y Y Y 

3x4x27 Y    
5x5x27,5 Y  Y  Charpy V 
10x10x55 Y Y Y Y 

Fracture 
toughness 

CT ½” Y Y Y Y 

Y = Participation 

Table 4.3.2: Round robin testing matrix 
 

The results of the round robin exercise can be summarised as follows: 

• The tensile results are in good agreement, 

• The Charpy V results (standard and sub-size) are consistent and within a reasonable 
scatter-band, 
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• The valid fracture mechanics results are comparable (evidence of the importance of 
pre-cracking and testing methods was shown during the exercise). 

4.4 Task 4: Taking trepans in Novovoronezh 2 

4.4.1 Location of trepans 

Unit 2 went into operation on 27 December 1969. It was decommissioned on 23 January 1990 
after 20 operating cycles (16,09 effective full power years), mainly on an economical basis. The 
RPV shells were made from 15Ch2MFA steel grade forgings, welded together using a similar 
welding technology as for the VVER 440/230 series. Considering the representativity of the 
materials, and despite the fact that the irradiation conditions were slightly different but well-
known, an extended investigation programme was performed on through-thickness trepans 
taken from it. These trepans offered the possibility to investigate the through-thickness 
distribution of some materials’ properties and state conditions, as well as to compare data 
obtained by sub-size and standard specimens. The test programme is prepared to provide for 
additional results which are interesting for further validation of the “direct characterisation 
procedure” in use for the determination of the VVER 440/230 RPVs properties, and of the 
effectiveness of thermal annealing. 

Six trepans (Φ ~ 110 mm) were taken from the core weld Nr 4 and two from the core shell 
[20], at selected positions regarding the accumulated neutron doses, as shown in table 4.4.a. 

 
Material Trepan No Circumferential position Axial position (*) 

99 267° 93 cm 
2 93°  
3 147°  
4 153°  
5 207°  

Weld Nr 4 

6 213°  
7 95° 15 cm Core shell 8 145°  

(*): Below mid-core plane 

Table 4.4.a: Novovoronezh 2 – Locations of trepans 
 

4.4.2 Specimen preparation, including thermal annealing 

Specimens were manufactured from the trepans in a convenient way, dividing the thickness in 
a desirable number of layers according to the specimen types. Tensile, Sub-size and standard 
Charpy V, CT ½” as well as COD specimens have been prepared to the extent needed to fulfil 
the investigation programme. The orientation of the specimens was selected to be in 
accordance with the corresponding standards. 

Different trepans have been used to prepare the specimens. Spare parts have been used for 
investigations on chemical composition, activity and hardness measurements as well as for 
specific microstructure investigations. Spared trepans (Nr 2 and 99) have been left for possible 
complementary investigations, but were not used in the frame of this project. 

After machining the specimens were prepared to be in compliance with the programme 
regarding the metal state. Three different thermal treatments were achieved on the desirable 
specimen sets: one representing the industrial annealing (AA) at 475°С during 150 hours and 
two others, which are supposed to be retrospective annealing (A0), able to restore the initial 
material properties. The two heat treatments are short (2 hours), but differ by three temperature 
levels (560°С for A01 and 650°С for A02). The heat treatments on the manufactured specimens 
were made in the subcontractors’ laboratories. 

Figure 4.4 shows weld trepan Nr 5 and illustrates the corresponding cutting scheme as an 
example. By etching the side sections of the weld trepans, the actual weld metal could be 
identified directly. This provides for further validation of the accuracy of the positioning 
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procedure, as far as not more than 13 mm difference was identified between theoretical and real 
weld axes. 

 

а) 
 

 

b) 

 
Impact bending

test
specimens

10x10x55 mm
 

 
 
Impact bending 
test  
specimens 
5x5x27.5 mm 

Figure 4.4.a: Novovoronezh 2 – Weld trepan Nr 5 - General overview (a) and cutting scheme (b) 
 

Tables 4.4.b & c give a summary of the specimens produced from the trepans and tested in 
the frame of the project, respectively for the weld and the base metals. 
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Specimen Number of specimens in each layer (*) 

Type Condition 
Trepan 

Nr 1 2 3 4 5 6 7 9 8 
AR 5      4   
A01 5      4   

5      1   
Tensile 

(Φ3 – l=15) Reserve (AR) 3      9   
AR 5      12   
AA 3      12   
A01 5      12   

5      3   

Sub-size 
Tensile 

(Φ1,2 – l=6) Reserve (AR) 3      12   
AR 6 12 2 8 6     14 
AA 4 18  2 9     13 
A01 6       14   
A02 6      12 2   

6  6 1  12   14 2 

Sub-size 
Charpy V 
(5x5x27,5) 

Reserve (AR) 4  6        
6 7 7 6 7 8   7 7 AR 4   2    2   

AA 4 7 7  4 8   7 7 
A01 6      7 7   

Standard 
Charpy V 

(10x10x55) 
Reserve (AR) 4   5       

5 6  6  6 AR 
3   1  6 

AA 3 6  6  7 

CT ½” 

A01 5     6 
(*): From inside (1) to outside (8) 

Table 4.4.b: Novovoronezh 2 – Weld Nr 4 – Specimens produced from the trepans 
 

Specimen Number of specimens in each layer (*) 
Type Condition 

Trepan 
Nr 1 2 3 4 5 6 7 

AR 8 4 9 2  2 4 7 
AA 7 3 8 3  2  8 
A01 8   4 9    

8  2  3    

Tensile 
(Φ3 – l=15) 

A02 7    9    
AR 8  16   16  16 
AA 7  16     16 
A01 8    16    

Sub-size 
Charpy V 
(3x4x27) 

A02 7    16    
AR 8  12   12  12 
AA 7  12   12  12 
A01 8    12    

Standard 
Charpy V 

(10x10x55) 
A02 7    12    

8 7   7 AR 7 3   3 
AA 7 4  7 4 CT ½” 

A01 8 7    
AR 8 6    
AA 7 6  6 6 COD 
A01 8   6  

(*): From inside (1) to outside (7) 

Table 4.4.c: Novovoronezh 2 - Core shell – Specimens produced from the trepans 
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4.5 Tasks 5 & 6 : Testing on trepans from Novovoronezh 2 before and after 
annealing 

4.5.1 Chemical composition 

The chemical composition was determined by spectroscopy on the spared side parts of 
trepans for both, weld and base metal. Phosphorus, copper, as well as other main alloying 
elements and impurities were investigated at 12 locations through the thickness [20]. 

For base metal, the phosphorus content was almost constant through the thickness and lower 
than 0,020%, whereas the average copper content appears decreasing from the inner (0,14%) 
to outer surface (0,11%). 

For weld metal, the phosphorus content does not vary significantly through the thickness, but 
the measured average values show an increase from inside (0,035%) up to outside (0,042%). 
Root metal showed the lowest phosphorus content (down to 0,025%). The copper content 
appears much more affected by the presence of the root, where the copper content dropped 
down to 0,10%. Nevertheless, the average copper content appears higher near the inner 
surface (0,16%) than at the outer surface (0,12%). An example of typical through-thickness 
copper and phosphorus content distribution is shown in figure 4.5.1. 
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Figure 4.5.1: Novovoronezh 2 –Through-thickness phosphorus and copper distribution (trepan Nr 6) 

 

The above-mentioned results where taken into account by eliminating the root zone from any 
sampling. A second important conclusion may be drown from the previous results: for both weld 
and base metals the inner surface clearly reveals the most radiation sensitive material. 

4.5.2 Microstructure investigations 

4.5.2.1 Conventional microstructure investigations 

Microstructure investigations were performed on base metal (AR from the inner and the 
outer surface, as well as AA from the inner surface) and heat affected zone (on specimens 
taken from the outer surface at AR state) [22]. 

Samples have been prepared for optical metallography, by standard preparation methods 
(acid etching). Precipitates were extracted from the surface by a standard replica technique 
(pioloform-colloido-film). Polishing and deep etching was performed afterwards for further 
investigations by advanced techniques. 

For the base metal, the metallographic investigations confirmed the homogeneous and 
small grained microstructure, which corresponds to a quenched and tempered forging. The 
content of on metallic inclusions (80 / 110 µm length) is moderate. Prior austenite grains 
(ASTM E 112-88: 12/13) have been observed clearly. A fine grained (< 2 µm) carbide 
population is apparent within the grain structure. 
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The heat-affected zone is characterised by fine globular (ASTM E 112-88: < 8) grains, 
with respect to the prior austenite grain structure, in most of the area. The prior austenite 
grain size (ASTM E 112-88: 2/3) in the coarse grained zone, near the fusion line, is smaller 
than in base metal. Small populations of fine grained (< 2 µm) carbides are apparent in that 
coarse grained zone. 

For the weld material, the prior austenite grain structure is not clearly visible. Irregular 
shaped secondary grains have large sizes (ASTM E 112-88: 13), but the size and density of 
carbides are much smaller than in the base metal and the heat affected zone. This suggests 
a certain degree of sensitivity to grain boundary segregation. 

4.5.2.2 Advanced microstructure examinations 

4.5.2.2.1 FEG-STEM and AES analyses 

a) Grain boundary segregation 
Base as well as weld metals (AR & AA from the inner surface) have been 

investigated by AEA Technology [40]. 

On all samples FEG-STEM analysis showed the presence of phosphorus, 
molybdenum, manganese and chromium segregation on all (grains and lath) 
boundaries. On AR material, the level of segregation of these elements was found to 
be higher in the weld than in the base metal. On annealed material (AA), the level of 
segregation increased. Some specific silicon segregations (more in base metal than in 
weld metal) have also been observed on AR materials. During annealing (AA), these 
segregations disappeared on both metals. 

Three different types of grain boundary precipitates have been identified on base 
metal; molybdenum, vanadium and chromium enriched ones. In weld metal, the 
composition of the grain boundary precipitates appeared more diversified. After 
annealing (AA), chromium-rich precipitates were found to be predominant in base 
metal, whereas complex precipitates, including vanadium, molybdenum and copper, 
were identified. The small size of the copper-rich precipitate suggests that annealing 
could have induced them. 

AES analyses showed phosphorus segregation at the grains boundaries on base 
metal specimens in AR & AA states, exhibiting intergranular fractures. The level of 
phosphorus segregation is higher at the outer surface than at the inner surface. 
Annealing (AA) intensifies the phosphorus level. 

b) Matrix analysis 
Base metal (AR & AA from inner and outer surface), weld metal (AR & AA from 

inner and outer surface) and unirradiated quasi-archive base and weld metals were 
investigated by AEA Technology using FEG-STEM. 

Homogeneous matrix precipitates were found in both base and weld metals: 
copper-rich particles and micro-alloyed vanadiun carbides. The composition of the 
precipitates appears not dependent on material type and state. It was shown clearly 
that copper precipitation occurs during irradiation (possibly with sulphides and in 
association with manganese). During annealing, copper containing precipitates 
generally appears to coarse. Vanadium concentration in solution appeared unaffected 
by irradiation and annealing. This suggests that irradiation and annealing may have an 
effect on re-distribution and coarsening of vanadium carbides respectively. Based on 
the measured precipitates compositions, vanadium-rich particles are expected to be 
more common in weld than in base metals. 

4.5.2.2.2 TEM examinations 

AEA Technology, RRC Kurchatov Institute, CRISM Prometey and Siemens KWU 
have performed TEM examinations on base and weld metals. Different methods and 
devices (HV-TEM by AEA technology / A-TEM by the others) were used. 
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The purpose of the investigation programme of each participant was specific. AEA 
Technology was concentrating on the damage nature and moreover on small 
radiation-induced precipitates. Therefore base (AR & AA) and weld (AR, AA, A01 & 
A02) from the inner surface was selected. Siemens KWU investigated the structure, 
morphology and chemical composition of the precipitates on the same batch of 
material as the conventional examinations (section 4.5.2.1). Electron beam diffraction 
investigations have also been performed on these materials and a heat affected zone 
near the outer surface. RRC Kurchatov Institute and CRISM Prometey have carried 
out their own investigation with the aim to identify precipitates and other radiation 
induced defects on weld (AR, AA & A01 from the inner and the outer surfaces) and 
base (AR, AA & A01 from the inner surface) metals respectively. 

The results can be summarised as follows. 

a) Base metal: 

Some evidence of “black dots” (Φ < 5 nm), which may be small precipitates with 
directional strain or small dislocation loops, but no vanadium precipitates have been 
reported by AEA Technology on AR specimens. AA specimens revealed the presence 
of resolvable dislocation loops, which suggest that the “black dots” are small 
dislocation loops. Their size generally grows (Φ from 4 to 8 nm have been reported) 
and their density decreases during annealing (AA). 

Furthermore, CRISM Prometey identified three different types of microstructures: 
tempered lath martensite zones, well developed subgrain structure areas, both in 
solution of massive phase transformation. The presence of tempered lath martensite 
appears typical for this steel. The density of lath and subgrain structures appears to 
be lower in the external layers. Various microstructures have been seen revealing 
different dislocation density and coarse (0,1-0,5 µm) carbide distribution. On AR 
specimens, the laths show additionally fine plate shaped precipitates (5-30 nm), 
identified as cubic phases similar to vanadium carbides. Annealing (AA) increases 
their size (max. 50nm) and leads to the formation of fine precipitates in some laths 
boundaries, as well as super-fine (1-5nm) precipitates within the laths. Annealing (AA) 
seams to have the same effect on these precipitates as reported for “black dots”. 

Siemens KWU reported those chromium, iron and molybdenum-rich carbides, with 
face centred cubic M23C6 structure, and are dominant in all material states. Their 
composition and morphology does not vary depending on the material state. Less 
copper segregations have been reported. Disc-shaped (Φ ~ 10-60 nm) vanadium-rich 
carbides have also been identified, as reported by CRISM Prometey. 

b) Teat affected zone: 
Only Siemens KWU performed investigations on heat affected zone. They reported 

about similar precipitates as in base metal, with only a higher density of molybdenum-
rich precipitates. 

c) Weld metal: 
“Black dots” from various sizes, identified as dislocation loops, have been reported 

by RRC Kurchatov Institute on AR specimens. Their density was about two times 
higher at the outer than at the inner surface. Precipitates of different morphology, 
sizes and density have been identified. Their size and density depend on the material 
state as well. Fe2MoC inclusions are the dominant ones among others, whose sizes 
may sometimes be relatively high (0,1 to 10 nm). Disk-shaped precipitates (thickness 
of about 1-2 nm) are present in the microstructure. Complete disappearance of the 
radiation-induced defects has been noticed after annealing (AA) on all specimens 
(from inner and outer surface). The size and the density of the disk-shaped 
precipitates decrease by annealing (AA). A02 annealing decreases their density too, 
but increases their size (from 10 to 20-23 nm). 

AEA Technology reported that AR specimen microstructure includes lathy-acidular 
zones and equi-axed feritic grains. Nor “black dots”, nor dislocation loops were 
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reported, but small precipitatesfrom various sizes and morphology, identified as 
vanadium carbides (VC or V4C3), were found. They were generally distributed more 
uniformly in equi-axed ferritic grains environment than in lathy-acidular zones, and 
nucleated on dislocations. In equi-axed ferritic grains environment there are disk-
shaped, similarly to those identified by RRC Kurchatov Institute, but larger (20-30 nm / 
10 nm). Additionally, small vanadium carbide precipitates have been seen on 
annealed (AA & A01) as well as quasi-archive metals. 

Siemens KWU reported about similar results as found in heat affected zones. 

4.5.2.2.3 SANS and AFPIM examinations 

Base metal (AR & AA from inner and outer surface), weld metal (AR, AA & A01 from 
inner and outer surface, A02 from inner surface) and unirradiated quasi-archive base 
and weld metals were investigated by EDF, using the Glutter method. 

SANS experiments revealed a single distribution of scattering centres (R ~ 1nm) in 
irradiated (AR) an annealed (AA, A01 & A02) states. The scattering center size does 
not change during annealing, but their density decreases (A02 annealing seams to be 
the most effective). 

4.5.3 Hardness measurements 

Dynamic hardness measurements were performed by VNIAES (DT-4M testing machine) on 
lateral spare parts from weld (trepans 5 & 6) and base (trepan 8) metals. HB-hardness values, 
yield strength (Rp0,2%) and ultimate strength (Rm) have been measured through the wall 
thickness. The highest strength values are measured near the inner surface (1). They decrease 
slightly through the wall tickles as shown in table 4.5.3. These results are consistent with the 
expected neutron embrittlement effect. 
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Figure 4.5.3: Novovoronezh 2 –Through-thickness HB and tensile properties measured by dynamic 
hardness process 

 

4.5.4 Mechanical testing 

4.5.4.1 Base metal 

4.5.4.1.1 Tensile tests 

Sub-size specimens (Φ=3 – l=5Φ) have been tested. 

a) Tensile test at room temperature 
At AR state, both, yield (Rp0.2) and ultimate (Rm) strengths decrease from the inner 

surface to outer surface (from 662 to 588 MPa and from 763 to 705 MPa, 
respectively). The reduction of area remains constant through the thickness, whereas 
the elongation appears higher (1,5 / 1 %) at the outer surface. 
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At AA state, a general and significant decrease of the tensile strengths as well as a 
very limited decrease (2%) of the reduction of area has been observed. They are lying 
within the same scatter and can be considered constant through the thickness. 
Reference yield (Rp0.2) and ultimate (Rm) strengths are about 552+/-10 MPa and 636+/-10 
MPa, respectively. 

At A01 & A02 states, yield (Rp0.2) and ultimate (Rm) strengths show similar values at 
about 512+/-5 MPa and 617+/-7 MPa, respectively. The total elongation remains 
constant during annealing, whereas the uniform elongation decreases slightly.  

b) Temperature dependence of tensile properties 
In all cases, yield (Rp0.2) strength decrease have been observed, when the testing 

temperature rises from - 196 up to + 270°C. The lowest values have been registered 
for A01 & A02 states. 

The reduction of area decreases drastically (from 78 down to 0%), when the testing 
temperature decreases from + 20 to - 196°C. AA annealing has a detrimental effect on 
the reduction of area, equivalent to a 15°C testing temperature reduction. For testing 
temperature above - 100°C, A01 & A02 states show reduction of area measures, which 
are at the upper limit of the scatter band registered at AA state. 

The high values of elongation area, within the testing temperature range between – 
196 and - 165°C, at the outer surface on AR specimens is unexpected. 

4.5.4.1.2 Charpy V impact tests 

Methodological details will not be given here. The transition curves and the 
reference values for the different criteria (impact energy, shear fracture and lateral 
expansion) are reported in the relevant project task report [21]. 

a) Standard Charpy V  
The individual impact test results are generally given for various Western and 

Eastern criteria, but the reference 10x10x55Tk values are defined taking into account the 
following criteria12 (TE1, T 1,5.E1 - 30, T50% - 30). The testing results are summarised in 
table 4.5.4.1.2.a.  

 
Metal   

State  Origin (Trepan / layer) 10x10x55Tk (°C) 
8 / 2 + 48 (***) [+ 46(*)] 
8 / 5 + 39 (***) [+ 26(*)] AR 
8 / 7 + 18 (***) [+ 13(*)] 
7 / 2 + 25 (***) [+ 23(*)] 
7 / 5 + 9 (***) [- 23(*)] AA 
7 / 7 - 1 (***) [- 45(*)] 

A01 8 / 4 - 20 (*) 
A02 7 / 4 - 36 (*) 

(*): E1 criteria / (**):E1,5.E1 criteria 
(***): Shear fracture criteria / (****): Lateral expansion criteria 

Table 4.5.4.1.2.a: Novovoronezh 2 - Base Metal - Reference Tk values 
 

                                                           
12 The absorbed energy (E1) to be taken into account is defined on the basis of the GOST requirements and depends on the 
measured yield strength at room temperature (mean value out of 3 measurements or maximum value out of 2 values), according 
to the following table: 

Rp0,2 (MPa) Absorbed energy E1 (J) 
<= 304 23 

304 < & <= 402 31 
402 < & <= 549 39 
549 < & <= 687 47 
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For AR state, the transition temperature (Tk) values show a gradient from the inner 
to the outer surface. The values are moderate and substantially lower than those 
measured on the weld Nr 4. 

After annealing (AA), the residual transition temperatures (Tkr) are lower, but the 
gradient through the wall thickness is higher than at AR state, which is not expected 
and not really consistent. The corresponding gradient is higher than expected from the 
prediction law according to the neutron dose damping. The leading criteria appears to 
be systematically the shear fracture criteria. By excluding this criteria, the results (see 
non bold characters in table 4.5.4.1.2.a) would be based on the E1 criteria, but the 
conclusions would remain. 

A01 & A02 states were characterised on specimens taken from the same layer (4). A 
lower initial transition temperature (Tk0) can be expected by A02 annealing. The 
difference is about 16°C and should be considered with care, because of the related 
uncertainties. Tk0 is assessed to be the mean value. 

b) Sub-size Charpy V 
The testing results are summarised in table 4.5.4.1.2.b. These values are derived 

from transition temperature curves determined on sub-size Charpy V specimens using 
correlated criteria13 (TE1, T 1,5.E1 - 30, TLE - 30). 

 
Metal    

State  Origin (Trepan / layer) 3x4x27Tk (°C) 10x10x55Tk (°C) 
8 / 2 - 16 (*) + 49 (*) 
8 / 5 - 33 (*) + 32 (*) AR 
8 / 7 - 45 (*) + 20 (*) 
7 / 2 - 60 (*)  + 5 (*)  AA 7 / 7 - 64 (***) + 1 (***) 

A01 8 / 4 - 89 (***)  - 24 (***)  
A02 7 / 4 - 92 (***) - 27 (***) 

(*): E1 criteria / (**):E1,5.E1 criteria / (***): Lateral expansion criteria 

Table 4.5.4.1.2.b: Novovoronezh 2 - Base Metal - Reference Tk values derived from sub-size 
Charpy V measurements 

 

Similar to the results got from standard Charpy V for AR State, the transition 
temperature (TKO) values show a gradient from the inner to the outer surface. The 
corresponding data are consistent with those obtained on standard Charpy V.  

After annealing (AA), the residual transition temperatures (Kr) are lower, as well as 
the gradient through the wall thickness. This appears closer to the expected values 
from the prediction law, according to the neutron dose damping. 

A01 & A02 states were characterised on specimens taken from the same layer (4). 
The results are very close.  

4.5.4.2 Weld metal 

4.5.4.2.1 Tensile tests 

Standard (Φ = 10 mm – l = 50 mm) and sub-size (Φ = 3 mm – l = 15 mm) 
specimens have been tested at room temperature for some extend. The 
corresponding results are discussed below. 

                                                           
13 For 3x4x27 mm Charpy V specimens the criteria are the following: 

Rp0,2 (MPa) Absorbed energy E1 (J) Lateral expansion (mm) 
<= 304 1,1 

304 < & <= 402 1,5 
402 < & <= 549 1,8 
549 < & <= 687 2,2 

0,30 

 

Exec. Sum. R1.1-91 Rev.25.4.2002-Eng 
Page 25 of 38 



 

a) Tensile test at room temperature 
At AR state, both, yield (Rp0.2) and ultimate (Rm) strengths are found to be very 

close and can be considered as lying in the same scatter band (670 / 701 MPa and 
767 / 791 MPa, respectively). The reduction of area remain values is between 59 and 
65%, and the elongation ones between 20,5 and 22,6%. The results for standard and 
sub-size specimens are in good agreement. 

At AA state, a general and significant decrease of the tensile strengths as well as a 
very limited increase (2%) of the reduction of area has been observed. Reference 
yield (Rp0.2) and ultimate (Rm) strengths values (513 / 551 MPa and 666 / 672 MPa, 
respectively) are lying within the same scatter and can be considered constant 
through the thickness. 

At A01 state, the test results obtained on standard specimens are higher than those 
obtained on sub-size specimens, for all parameters except reduction of area. The 
results obtained on standard specimens are even higher than those obtained at AA 
state, which cannot be properly explained yet. 

b) Temperature dependence of tensile properties 
In all cases (AR, AA & A01) regular decreases of yield (Rp0.2) and ultimate (Rm) 

strengths have been observed when the testing temperature rises from - 196 up to + 
270°С. The lowest values have been registered for A01 state. 

4.5.4.2.2 Charpy V impact tests 

Methodological details will not be given here. The transition curves and the 
reference values for the different criteria (impact energy, shear fracture and lateral 
expansion) are reported in the relevant project task reports [20, 21]. 

a) Standard Charpy V  
The individual impact test results are generally given for various Western and 

Eastern criteria, but the reference 10x10x50Tk values are defined taking into account the 
following criteria12 (TE1, T1,5.E1 - 30, T50% - 30). The testing results are summarised in 
table 4.5.4.2.2.a.  

 
Metal   

State  Origin (Trepan / layer) 10x10x55Tk (°C) 
6 / 8, 9 + 180 (**)  [+ 181 (****)] 
6 / 4,  + 179 (**)  [+ 202 (****)] AR14 

6 / 1, 2 + 177 (**)  [+ 208 (****)] 
4 / 8, 9 + 95 (*) 
4 / 4, 5 + 49 (*) AA 
4 / 1, 2 + 48 (*) 

A01 6 / 3,4 +21 (*) 
(*): E1 criteria / (**): E1,5.E1 criteria 

(***): Shear fracture criteria / (****): Lateral expansion criteria 

Table 4.5.4.2.2.a: Novovoronezh 2 - Weld Metal - Reference Tk values 
 

For AR state, the transition temperature values for individual criteria shows some 
non-consistencies. Ultimate impact energy criterion almost does not show any 
gradient through the thickness. The lateral expansion values are reported to be 
generally linear-dependent from the previous ones. In this particular case, the 
absolute values are in the same range, but the lateral expansion values are also 
higher at the outer surface, which appears as complementary deviation. Yield impact 
energy values are consistent with the shear fracture ones. They both show a gradient 
from outside down to inside, which appears not consistent with the neutron dose 

                                                           
14 For that situation the leading criterion is the lateral expansion (see non-bold values), but it is not significantly different for the 
reference values. 
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damping. There is no definitive explanation for these non-consistencies. The most 
likely would be to consider the lateral expansion and the ultimate impact energy 
criteria as not representative for high irradiated materials. The reason of the deviation 
could be related with the fact that the criteria are to close to the upper shelf in such a 
case. 

After annealing (AA), the residual transition temperatures (Tkr) are lower, but they 
remain high. The gradient through the wall thickness is oriented from outside to inside 
and its value is significant. 

A01 state was characterised on specimens taken from layers 3 & 4. The 
corresponding transition temperature (21°C) is significantly lower than those 
measured at AA state and suggests Tk0 to be high enough. 

b) Sub-size Charpy V 
The testing results are summarised in table 4.5.4.2.2.b. These values are derived 

from transition temperature curves determined on sub-size Charpy V specimens using 
correlated criteria15 (TE1, T 1,5.E1 - 30, TLE - 30). 

 
Metal    

State  Origin (Trepan / layer) 5x5x27,5Tk (°C) 10x10x55Tk (°C) 
6 / 8 + 109 (***)  [+ 85 (**)] + 159 (***) [+ 135 (**)] 

6 / 3, 4 + 67 (***)  [+ 65 (**)] + 117 (***) [+ 115 (**)] AR16 
6 / 1, 2 + 158 (***)  [+ 91 (**)] + 208 (***) [+ 145 (**)] 
4 / 8 + 45 (**)  + 95 (**)  

4 / 4, 5 + 19 (*) + 69 (*) AA 
4 / 1, 2 + 8 (*) + 58 (*) 

A01 6/3 -16 (*) + 34 (*) 
A02 6/3,4 -46 (*) + 4 (*) 

(*): E1 criteria / (**):E1,5.E1 criteria / (***): Lateral expansion criteria 

Table 4.5.4.2.2.b: Novovoronezh 2 – Weld Metal - Reference Tk values derived from sub-size 
Charpy V measurements 

 

Similar to the results got from standard Charpy V for AR state, the transition 
temperature (Tk) values show a various gradients from the inner to the outer surface 
depending on the criteria. Reference values are derived from ultimate energy or lateral 
expansion criteria, which are consistent together, but their representativity remains 
questionable since the criteria are close to the upper shelf.  

After annealing (AA), the residual transition temperatures (Tkr) at the outer surface 
remains substantially higher than inside. 

A01 and A02 have been characterised on specimens from layers 3 & 4, but the 
results are quite different as well as significantly lower than those measured at AA 
state. This seems to confirm that Tk0 is high enough. 

                                                           
15 For 5 x 5 x 27,5 mm Charpy V specimens the criteria are the following: 

Rp0,2 (MPa) Absorbed energy E1 (J) Lateral expansion (mm) 
<= 304 3,0 

304 < & <= 402 4,0 
402 < & <= 549 5,0 
549 < & <= 687 6,0 

0,35 

 
 
16 For that situation the energy criteria (see non-bold values) shows limited shifts, but not really consistent with the values 
obtained on standard Charpy specimens. 
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4.5.5 Fracture toughness measurements 

4.5.5.1 Experimental results 

The aim of the fracture mechanics test was to verify if additional data would be properly 
covered by the codified reference curve, derived by conventional indexation on Tk. Moreover, a 
re-assessment of the K1c curve was expected. 

The various codes [28, 29, 30, 31, 32] are defining the specimens, the sampling locations and 
orientation with some slight differences.  

The equipment, procedures and personal have been evaluated in the frame of the benchmark 
(see section 4.3). This round robin exercise provide for the implementation of up-to-date 
equipment instrumentation, procedure, personnel training, as well as for transfer of expertise. 
Thus a common approach for testing Russian RPV materials was developed taking into account 
the desirable recommendations and the adequate requirements from existing procedures. 
Among these, some have been developed specifically for MnMoNi steel grades [25, 26, 30, 31] 
and others more specifically for NiMoCr steel grades [27, 29]. As a final result of that exercise, 
all partners involved in fracture mechanics testing (Siemens KWU, EDF, RRC Kurchatov 
Institute, CRISM Prometey) have had a common technical basis. Close co-operation between 
contractor and local subcontractors provided for in-depth technical know-how transfer on 
preparation and testing procedures. As an example, pre-cracking as well as the choice of the 
relevant testing temperature, were subject to discussions. 

CT 1/2” and COD specimens at various states (AR, AA, A01) and origin (see tables 4.4.b and 
4.4.c) have been tested by RRC Kurchatov Institute (weld metal) and CRISM Prometey (base 
metal). Detailed results are available in the task reports [20, 21] as well as in the final project 
report [45]. A detailed and extensive review of the results according to ASTM E 39-990 [23] 
carried out by Siemens KWU [42] allowed their evaluation and validity classification. 

4.5.5.2 K1c reference curve 

Valid K1c as well as non valid results (KQ) are used for the elaboration of K1c reference 
curves according to the different (ASME, PNAE, KTA and RCC-M) codified practices, which 
differ somehow depending on the scope of materials covered by the code and experimental 
practices. 

Most of the new results (and probably even the existing ones) are not valid according to any 
current evaluation method [25, 26, 27, 28]. Additionally, due to limited specimen sizes, it was not 
possible, even at irradiated state (AR), to explore the transition region. 

From the comparisons of the results with the various K1c curves, it becomes obvious that the 
accumulated values will not provide for a final decision for the adequate K1c trend curve. 
Nevertheless, the valid results (at the lower shelf region) are generally covered by the codified 
and proposed curves, with some small exceptions. 

Further data, in particular in the transition region range, are necessary for the assessment of 
the K1c curve. Further R&D actions should concentrate on this subject. The present project has 
already had a positive effect by giving local laboratories the opportunity to make their personnel 
familiar with the experimental procedures and evaluation techniques. 

4.6 Task 7: Output from TACIS to the PHARE programme 

4.6.1 Main Results of the project 

4.6.1.1 Sampling from the inner surface for direct characterisation using sub-size 
specimens 

As a result of task 1 (see section 4.1), sampling at the inner surface by cut-outs, with 
thickness up-to 9 mm is possible on all non cladded VVER 440 / 230 RPVs without reducing 
significantly the corresponding margins. 
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The chemical composition measured on the trepans (see section 4.5.1) show that the 
samples from those places may be considered as representative, indeed even conservative 
in terms of sensitivity to neutron embrittlement. 

The practical experience from several applications of the sampling and testing procedures 
did not reveal any major problem. Nevertheless, the results, and moreover the evaluation 
procedure, suggest the corresponding results to be specific. As far as they are based on 
recognised empirical laws and statements, they are certainly compensating for the absence 
of surveillance programmes. Anyway a reasonable provision for uncertainties shall be 
considered in the final assessment. 

4.6.1.2 Validation of the “direct characterisation” procedure by sub-size Charpy V 
specimens’ testing 

4.6.1.2.1 Efficiency of the annealing procedure 

Standard annealing at VVER 440 / 230 RPVs consists of a thermal treatment of the 
weld Nr 4 (and the surrounding areas) at 475°C during 150 hours (AA). 

The investigations made on Novovoronezh 2 trepans actually confirm the significant 
recovery in transition temperature shift after annealing on the weld metal. 
Nevertheless, the recovery ratio for weld metal appears very dependent on the 
leading criteria at the irradiated (AA) state. Since it has been recognized that the 
lateral expansion and the ultimate impact energy may give conservative results, 
attention should be given to that point. This may also explain the differences that 
appear when comparing results from sub-size and standard specimens. 

For the base metal the efficiency is visible, but its quantification remains 
questionable due to unexpected and unexplained results at different locations through 
the thickness. 

Despite some unexpected and unexplained results, tensile results are generally 
showing visible effect of annealing. 

4.6.1.2.2 Correlation between sub-size and standard Charpy V results 

The correlation between sub-size and standard Charpy V results were originally 
established on the basis of a limited number of available data in Russia (5x5 27,5 mm) 
and Germany (3x 5 x 27 mm). They are the following: 

- for base metal: 10x10x55Tk = 
3x4x27Tk + 65°C 

- for weld metal: 10x10x55Tk = 
5x5x27,5Tk + 50°C 

Taking into account the experimental results gained within the project among the 
available ones, several re-evaluations (within various assumptions) were performed 
by the contractor and the subcontractors [20, 21, 38]. 

As a general conclusion, it appears that the correlations are still valid for metal with 
limited fast neutron doses. This statement is based on the fact that on high irradiated 
weld material the correlation does no more appear conservative, at least if the lateral 
expansion results are taken into account. For base metal the correlation remains 
conservative, even over conservative if the lateral expansion results are excluded. 

4.6.1.2.3 Embrittlement and re-embrittlement rate and kinetics 

a) Initial data 
The original manufacturing data sets are not complete enough for defining the 

neutron sensitivity factor (copper and phosphorus contents of the weld deposit are not 
available) and do not contain Tk0 values. The direct characterisation shall provide for 
both missing parameters. 

The chemical composition and the Tk0 values are not independent and they are 
varying through the wall thickness. Tk0 has to be established by a “retrofitting” 
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procedure. Since the microstructure may have a significant influence, the Russian 
procedure is based on an expert assessment taking into account AA and A01 Charpy 
V results. For weld metal Tk0 is expected to be about A01Tk + 20°C and appears to be 
consistent with the experimental data. 

For base metal the results are not consistent enough to draw definitive conclusions. 

b) Embrittlement rate and kinetics 
Table 4.6.1.2.4.b summarises the references values which can be established for 

Novovoronezh unit 2nd core weld. 
 

    ∆ Tkf (°C) 
 Tk0 

(°C) 
Af Φ x 10-19 

(n/cm2) 
Calculated Exp. 

(standard Cv) 
Exp. 

(sub-size Cv) 
Outside + 75 47,2 2,2 + 132 + 106 +84 
Within + 29 42,8 4,7 + 154 + 173 + 88 
Inside +28 43,9 6,7 + 180 + 180 + 180 

Table 4.6.1.2.4.b: Novovoronezh 2 - Weld Metal - Reference Tk values  
 

The comparison is proposed only for the weld metal, which is recognised as the 
“leading” material regarding the sensitivity to radiation embrittlement. The comparison 
of the predictive and experimental (both have considered the lateral expansion 
criteria) shows an unexpected good coincidence at the inner surface. Through the wall 
thickness the consistency is rather bad. Several reasons have been discussed above. 

As a general conclusion the “direct characterisation” on sub-size specimens taken 
from the inner surface of the RPV wall, shall be used with caution. The use of the 
procedure for providing data for safety analysis appears possible, but provision for 
uncertainties shall be considered in the final assessment. 

For base metal the procedure has not been evaluated due to the inconsistencies. 
Nevertheless, it is assumed that its application is rather over predictive for base metal. 

c) Re-embrittlement rate and kinetics 
The results from Novovoronezh 3 and 4 show that the Russian procedure, including 

the lateral shift, gives rather conservative assumptions for re-embrittlement. 

4.6.1.2.4 Embrittlement mechanisms 

A broad microstructure investigation programme has been carried out in the frame 
of the project (see section 4.5.2). 

Conventional investigations almost confirmed the expected microstructures. The 
particular sensitivity of the weld structure has been addressed. 

The advanced investigation techniques have been able by combining the various 
possibilities to identify radiation-induced segregations and dislocation loops. The 
results are quite consistent with expected individual mechanisms and very 
qualitatively of very high importance. Indeed, at this level of knowledge, it is not 
possible to account for physically-based model proposals. 

4.6.1.3 Additional transfer of knowledge 

4.6.1.3.1 Neutron transport prediction 

Neutron transport predictions have been made available for every case, involving 
various partners, using their own procedures and experience. Predictions and 
“measured” values at the RPV wall are in good coincidence, especially in front of the 
active core. “Measured” values from Siemens KWU are differing from the others by 
roughly 20% and over predicting. 
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4.6.1.3.2 Fracture toughness and K1c reference curve 

CT 1/2” and COD specimens have been tested by the local subcontractors with 
close co-operation of the main contractor. This allowed them to make their personnel 
familiar with the experimental procedures and evaluation techniques. Since the results 
are at the lower region, there is no possibility to justify any K1c reference curve.  

4.6.2 TACIS / PHARE links 

The following section is informative. Due to the generic aspects, which are of concern, it is of 
importance that the projects results are based on well-accepted bases.  

4.6.2.1 Common approaches 

The main contractor, as well as the local subcontractors, were at the same time deeply 
involved in PHARE projects, addressing the same topic for Kozloduy NPP. This provided for 
close co-operation on common bases for both TACIS and PHARE projects. The results 
obtained at Kozloduy 2 [2] and later 1 [35] were well known by the experts in charge of the 
project activities. 

4.6.2.2 Project results dissemination 

The provisional results were discussed in a topical experts meeting organised in Erlangen 
by the main contractor [36]. Leading experts from all countries operating VVER 440 / 230 
NPPs were invited for the presentation of the results and discussion. This meeting was a 
unique opportunity to discuss the results at a broad assistance. 

The technical reports submitted to the EC are open for consultation. EC contracting 
authority stays responsible for giving access to the documents. 

4.7 Task 8a: Additional investigations on core weld Nr 5 
The corresponding results have been given and discussed in section 4.2. 

4.8 Task 8b: Additional investigations on neutron transport prediction 
The objective of this work was to provide for accurate neutron doses, flux, as well as spectrum 

estimations, at the locations of interest on the RPVs under investigation in the frame of the project. 
Only deterministic neutron transport codes and procedures were used. As far as it was internationally 
recognised that in this particular field a tentative benchmark would be of interest, the work plan has 
been organised in order to involve Framatome and Siemens KWU, allowing discussions and exchange 
of experience. 

In Eastern Europe, fast neutrons are counted above 0,5 MeV. Codes and physical properties as well 
as the elements taken into account differ by experience and choice, as shown in table 4.9. Differences 
in detailed geometric and physical models can only be investigated in the corresponding technical 
reports [45, 46, 47]. 

 
  Code and physical properties 
 Tasks Code Cross section library Dosimeter file 
Siemens KWU Novovoronezh 2 

& 3 
Sn-DOT 4.2 EURLIB-VI (*) / 

Framatome Novovoronezh 4, 
Kola 1 & 2 

Sn-DORT BIBCEA94 (**) IRDF 85 

(*): Based on ENDF-B/VI – (**): Based on ENDF-B/VI for Fe, Cr & Ni and ENDF-B/IV for other nuclides 

Table 4.9.a: Neutron transport prediction –Tasks, codes and physical properties 
 

The neutron source distributions were generated for each case by specific procedure in order to 
represent the internal power distribution over the operating period. Bases of this were the average 
thermal power distributions given by the NNP representatives. Roughly, the main operating facts and 
dates can be summarised as given in table 4.9.b. 

Exec. Sum. R1.1-91 Rev.25.4.2002-Eng 
Page 31 of 38 



 

 
 From cycle …: … to cycle: Comments 

1 (1969) 16 (1985) With thermal shielding 
17 (1985) 17 (1985) With thermal shielding and 

Low leakage core 

Novovoronezh 2 

18 (1986) 20 (1990) Without thermal shielding and 
Low leakage core 

1 (1971) 15 (1987) Full core (annealing in 1987) 
16 (1988) 18 (1991) 
19 (1992) 25 (1999) 

Low leakage core (annealing 
in 1991) 

Novovoronezh 3 

26 (2000)  Dummy assemblies  
1 (1972) 18 (1991) Full core (annealing in 1991) Novovoronezh 4 
19 (1992)  Low leakage core 
1 (1973) 11 (1985) Full core 

Kola 1 12 (1985)  Dummy assemblies and  
Low leakage core 

(annealing in 1989) 
1 (1974) 10 (1985) Full core 

Kola 2 11 (1985)  Dummy assemblies  
Low leakage core 

(annealing in 1989) 
Table 4.9.b: Neutron transport prediction – Operating history 

 

Predictive and experimental17 neutron doses were compared where possible. RRC KI performed all 
activity measurements on the samples. The evaluation of the experimental neutron doses, performed 
by RRC KI using the measured 54Mn activity and their own procedure were considered as the 
reference for the project. For some cases, Siemens KWU performed independent evaluations using 
the activity measurements provided by RRC KI for adjusting the calculated spectrum. 

For Novovoronezh unit 2 an extensive comparison at the inner surface of the trepans, taken from the 
RPV after decommissioning, shows that the calculated neutron doses are higher than the experimental 
ones provided by RRC KI. The difference, which varies from 3 to 18%, are detailed in table 4.9.c. On 
the other hand, the evaluated values using a spectrum adjusted on the activity measurements given by 
Siemens KWU are systematically higher than those provided by RRC KI of about 35%. 

 
Trepan Nr 10-19 x ΦC (*) (n/cm2) 10-19 x ΦM (**) (n/cm2) ΦC / ΦM 

3 9.97 8.48 1.18 
4 9.97 8.67 1.15 
5 9.97 9.67 1.03 
6 9.97 9.03 1.10 
7 12.1 10.3 1.18 
8 12.1 11.4 1.06 

(*): Calculated neutron dose / (**): Measured [upper 95% confidence limit of the experimental data] neutron dose (RRC KI) 

Table 4.9.c: Novovoronezh 2 – Comparison of calculated and measured neutron doses 
 

In addition, the calculated and the measured neutron dose through-wall gradients appeared 
consistent within a reduced scatter band (a few percent). The ratio between inner and outer surface at 
the “hot” point is about 4,5 (1,23 x 1020 n/cm2 versus 2,68 x 1019 n/cm2). 

For Novovoronezh 3 the conclusions are quite similar. At the sample locations in front of the active 
core, the calculated and the experimental (determined by RRC KI) neutron doses are in good 
coincidence (on average the calculated ones lie 3% above the experimental ones). For weld Nr 5 
sample location the agreement is worst. The poor model of the axial power distribution as well as the 
use of non-specific data (spectrum and cross-section from weld Nr 4) may be in cause. Similarly to 
Novovoronezh 2, the evaluated neutron doses using a spectrum adjusted on the activity 
measurements given by Siemens KWU are on an average 28% higher than the calculated ones. 

                                                           
17 The experimental neutron doses are evaluated using activity measurements on 54Mn and the calculated spectrum. 
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For Novovoronezh 4, the 54Mn were calculated at the sample locations and compared with the 
measured ones. The agreement is good (on average the calculated ones lie about 2% above the 
experimental ones) for the samples taken in front of the active core, as shown in table 4.9.d. 

 
  54 Mn specific activity (Bq/g) 

Location Template Nr 106 x 54MnC (*) 106 x 54MnM (**) 

54MnC / 
54MnM 

Weld Nr 4 1 5.52 5.53 1.00 
 2 5.52 5.60 0.99 
 3 5.52 5.50 1.00 

Core Shell 6 7.07 6.86 1.03 
 8 7.07 6.64 1.06 

(*): Calculated (FRA) / (**): Measured [upper 95% confidence limit of the experimental data] (RRC KI) 

Table 4.9.d: Novovoronezh 2 – Comparison of calculated and measured neutron doses 
 

For Kola 1 & 2 the maximum neutron doses have been calculated after 19 cycles of operation, 
taking into account the core management conditions. 

5 OVERVIEW OF THE PROJECT RESULTS 

5.1 Fulfilled scope 
Kola 1 & 2 could not be sampled in the frame of this project. These NPPs remain the only non-

cladded VVER 440 / 230 units which have not been investigated for that purpose. The contractor 
considers that situation as not satisfactory, regarding the related safety concern. Even if the materials 
properties are foreseen as showing higher toughness values, long-term operation should be based on 
specific measurements. Therefore, as a result of the project (see section 6), the recommendation for 
doing this sampling remains. 

5.2 Discussion 
The feasibility of sampling at the inner surface of the non-cladded RPVs is demonstrated on the 

basis of local stress analyses (section 4.1). This allows systematic sampling of these RPVs at an 
extent, which appears comfortable for an extensive “direct characterisation”, at least, for RPVs whose 
wall thickness is in compliance with the required dimensions. 

Based on the chemical composition results, it can be assumed that the samples, which will be taken 
at the inner surface, are representative, indeed even conservative in terms of neutron embrittlement 
sensitivity. Therefore these samples are recognised to be very valuable for assessing safety cases. 

A qualification programme of the Russian testing equipment was successfully implemented at the 
beginning of the project. It has provided for improvements on equipment (instrumentation of 
pendulums) and on testing procedures, with respect to the international Q-A standards. A 
complementary round robin exercise, involving 4 laboratories (Siemens KWU – EDF / RRC Kurchatov 
Institute – CRISM Prometey), has been performed. It demonstrates that the conventional tests (tensile 
and Charpy V impact tests) are done in equivalent manner. For fracture mechanics testing according 
to ASTM E-399, a good co-operation between the main contractor and the local sub-contractor 
provided for assistance to the Russian laboratories in making their personnel familiar with the 
experimental procedures and evaluation techniques. 

Sampling and testing of Novovoronezh 3 and 4 RPVs has been performed successfully. Tensile test 
results are looking consistent. Charpy V impact tests have been carried out at weld Nr 4 and 5 as well 
as on base metal. Prediction according to the Russian procedure appears to be rather conservative, at 
least for weld Nr 4, where the comparison was performed in detail. These results suggest that the re-
embrittlement rate is appropriately addressed using the “lateral” shift. These analyses do not take into 
account any provision for uncertainties. The available results show evidence on the fact that weld Nr 4 
is to be considered as the leading case for rest lifetime assessment. This statement is valid since the 
loads at welds Nr 4 & 5 are recognised to be at similar level. 
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The investigations performed at Novovoronezh 2 RPV trepans are unique and therefore valuable, 
even if the results are not as conclusive as expected in some areas. Therefore a list of 
recommendations has been issued to address the main topics. 

The chemical analyses confirmed the homogeneity of the base metal, whereas the weld showed a 
more heterogeneous picture, mainly due to the presence of the root. Consequently, that part of the 
samples was not considered for the investigations. 

An extensive microstructure investigation programme has been carried out, involving 5 laboratories 
(Siemens KWU – EDF – AEA Technology / RRC Kurchatov Institute – CRISM Prometey). The 
metallographic examinations almost confirmed the expected microstructures and confirmed the 
particular sensitivity to grain boundary segregation of the weld metal. The advanced investigation 
techniques have been able to identify radiation induced segregations and dislocations loops by 
combining the various possibilities. The results are quite consistent with expected individual 
mechanisms and qualitatively of very high importance. Indeed, at this level of knowledge, it is not 
possible to account for physically based model proposals. Therefore, it is recommended to pursue 
these investigations in order to identify the relevant embrittlement mechanisms. 

The mechanical tests performed in that task produced a broad quantity of not always consistent 
data. The high neutron dose accumulated by the RPV at real irradiation conditions (up to 6,7 x 10-19 
n/cm2) is expected to be the cause of some inconsistencies. This may be the case for the Charpy V 
results, which show at as received specimens (AR) that the lateral expansion criteria is appearing 
dominant. This may be part of the explanation of the fact that the statistically based approach, 
correlating sub-size and standard Charpy V results was found questionable in general and not 
conservative enough for high irradiated weld material. Two other inconsistencies shall be addressed at 
that stage on tensile results and trough wall-thickness Charpy V results. Some tensile results show 
unexpected effects of annealing, mostly on base metal, which should be clarified later. On the other 
hand, the through-wall Charpy V and neutron doses gradients were found inconsistent in many cases, 
and dependent on the leading criteria. Therefore, the consistency of sub-size and standard Charpy V 
results was satisfactory on only few cases. Fortunately, this appeared to be the case for weld material, 
at least at the inner surface, when all criteria are taken into account. This compensates for any further 
validation. In the mean time, one should recommend to include a provision for compensating 
uncertainties in the safety analyses. 

Concerning the neutron doses evaluation, it has been established that the calculated values are in 
good coincidence with the experimental ones, provided by RRC KI, at least at the RPV wall in front of 
the active core. Nevertheless, values evaluated by Siemens KWU using the activity measurements 
provided by RRC KI for spectrum adjustment are significantly higher than the calculated ones. 
Considering the results available it was decided to rely on the experimental neutron doses provided by 
RRC KI, which appear conservative for the evaluation of the irradiated material properties and 
accurate within the +/-20% scatter band, which is considered as technically reasonable. 

6 RECOMMENDATIONS 
The following recommendations have been issued in the project final report: 

1. Sample the core weld of KOLA 1 & 2 RPVs, which was originally planned in the frame 
of this contract: 

Systematic sampling of the core weld of the operating non cladded VVER 440/230 for the evaluation 
of the initial and current metal properties, using sub size specimens is recommended. Specific data 
may compensate for the absence of surveillance data. 

2. Re-irradiate spare metal from the core weld of Novovoronezh 3 & 4 RPVs: 
Complementary data are needed for the validation of a re-embrittlement rate and kinetics prediction 

law, as well as for further understanding of the physical mechanisms. These results will be added to 
those from Kozloduy 1 & 2. 

3. Analyse the available data on the annealing behaviour of 15Ch2МFА type steel: 
The tensile and the Charpy V impact test results are not consistent with the expectation (e.g.: Rm is 

lower at A01 state than at the as manufactured, Tk and neutron doses gradients are opposite through 
the wall thickness). Even if it is recognised that base metal may not influence the RPV life time, 
complementary investigations should provide for the clarification of the unexplained results. 
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4. Reconsider the correlation between sub-size and standard Charpy V results for base 
metal: 

The regression law has been established by considering all individual results. It shows a quite high 
standard deviation. The regression law should be re-assessed after considering the possible 
improvements (e.g. discussion on the validity of the criteria, selection of the results on the valid criteria 
only). 

5. Reconsider the correlation between sub-size and standard Charpy V results for weld 
metal: 

As recommendation d the rest of the sentence is missing 

6. Investigate the inconsistencies and the uncertainties of the results: 
Large scatter on transition temperature curves and inconsistencies on the impact test results 

(through thickness gradient, sub-size / standard Charpy V results inconsistencies) have been identified 
during Novovoronezh 2 RPV investigation. In-depth investigation is needed in order to try to identify 
the root causes and propose the necessary recommendation for the use of the “direct characterisation” 
method (uncertainties, improvements) in safety assessments. 

7. Assess an adequate K1c reference curve by further experimental investigations: 
This project succeeded in broad transfer of knowledge in that field, but the experimental data failed 

for the validation of an adequate K1c reference curve. It is strongly recommended to do further work in 
that area, by accumulation of experimental data at the transition region (interpretation of existing non 
valid data and new data on larger specimens). 

8. Pursue advanced microstructure investigations: 
A broad investigation programme has already been performed in the frame of this programme, but 

the effort should be continued in order to identify the relevant embrittlement mechanisms. 

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 
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 
E1 Reference absorbed fracture Energy (codified and depending on the yield 

strength) 
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 
CTε” Compact Test specimen (thickness ε”) 
SANS Small Angle Neutron Scatterring 
AFPIM Atom Probe Field Ion Microscopy 
FEG-STEM Field Emission Gun- Scanning Transmission Electron Microscopy 
TEM Transmission Electron Microscopy 

High Voltage Transmission Electron Microscopy 
A-TEM Analytical Transmission Electron Microscopy 
TOR Terms of Reference 
PNAE-G Rules and Norms for Nuclear Energy (Russian Design Code) 
GOST Russian Regulatory Standards 
ASME American Society of Mechanical Engineers 
ASTM American Society for Testing and Materials 
KTA Kerntechmischer Auschuss 
RCC-M Regles de Conception et de Construction des Composants Mecaniques 
Siemens KWU Siemens Kraftwerkunion (Nowadays “Framatome ANP“) 
FRA Framatome (Framatome ANP = Framatome Advanced Nuclear Power) 
AEA Technology A unit of the British Atomic Energy Agency 
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) 
IAEA International Atomic Energy Agency 
CEC Commission of the European Communities 
TACIS Technical Assistance to the Commonwealth of Independent States 
PHARE Poland Hungary Assistance in Reconstruction of the Economy 
WANO  World Association of Nuclear Operators 

HV-TEM 
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