
Project Summary 

SRR 2/95 Development of Advanced Methods for evaluation of 
Irradiation Embrittlement of VVER 1000/320 type RPVs 

Objectives: 

The development of a sound basis for reliable evaluation and prediction of the embrittlement effects 
on VVER 1000/320 type reactor pressure vessel materials is of concern. The shortcomings of the 
surveillance programme (large scatter in dose rate within a set of specimens, questionable irradiation 
temperature) and the possible detrimental “nickel effect” are the main safety issues to be addressed. 

The aim of TACIS SRR2/95 project was to contribute to the resolution of the above-mentioned 
shortcomings by improving and harmonising the tools and practices. The related objectives were: 

• To establish the state-of-the-art upon neutron spectrum, dose rate and doses evaluations and 
measurements and to provide recommendations for accurate neutron characteristics evaluation 
in various typical irradiation locations (experimental and/or surveillance); 

• To investigate experimentally further the nickel, dose rate and temperature effects; 
• To contribute to the development a physically based neutron embrittlement model by sharing the 

available knowledge between the project partners and implement more specific examination on 
selected specimens for the above-mentioned experiments. 

 

Project Description: 

Implementation of the project 

The work was financed by the Directorate General 1A of the Commission of European Communities 
under two contracts (97-0804 & 97-0806) to a consortium of Belgatom SA, Electricité de France 
(EDF), Forschungszentrum Rossendorf (FZR) and Siemens KWU (nowadays AREVA), acting as the 
leader. The global budget was 1.076.900 €. 

The Beneficiaries were MINATOM (Russia) and GOSKOMATOM (Ukraine). The local Subcontractor 
was ATOMENERGOEXPORT assisted by RRC Kurchatov Institute (RRC KI) as the technical leader. 
Leading experts and organisations from Russia, Ukraine, Czech Republic and Bulgaria were also 
involved under the technical leadership of RRC Kurchatov Institute. 

The global implementation duration of the project was about 46 months.  8 months extension was 
accepted to compensate for delay in delivery of irradiated specimens (incident at Novovoronezh 5 
during the irradiation cycle). The date of entry into force of the 2 related contracts was the 2nd of 
February 1998. The final completion date was the 2nd of October 2001. 

The following 14 tasks were performed in order to achieve the 3 specified objectives: 

• Task 1: Test plan; 
• Task 2: Measurement of neutron fluence in VVER-1000 reactor vessels (Balakovo-3 and Rovno-

3); 
• Task 3: Measurement of neutron fluence in test-bench “Korpus”; 
• Task 4: Measurement of fluence inside LR-0; 
• Task 5: Actual measurement and evaluation of neutron detectors; 
• Task 6: Materials for irradiation; 
• Task 7: Mechanical test; 
• Task 8: Fine-structural investigation; 
• Task 9: Precise fluence calculation for VVER-1000 of the test-bench “Korpus” and “LR-0”; 
• Task 10: Comparison of calculations and experiments; 
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• Task 11: Improvement of neutron data: methods and codes; 
• Task 12: Calculation of fluences for witness specimens of VVER-1000; 
• Task 13 and 14: Correlation and simulation. 

33 documents were delivered (all in English and some of them in Russian), covering the complete 
scope of the tasks. The quality of the reports is quite scattered. A considerable amount of information 
has been summarised and reported, but the process of building-up some of the conclusions and the 
extent of experts’ recognition of the conclusions is not always visible, despite an important effort in the 
final report. An additional extension of the 2nd contract was not allowed and, therefore, part of the 
originally planned tasks could not be fulfilled (e.g. tasks 13 & 14), which restricted the possible 
conclusions on the most attractive and innovative objective (neutron embrittlement modelling). 

Short Tasks review 

Objective 1: Determination of local fast neutron field characteristics (spectrum, dose and dose rate) 
by experimental and theoretical means 

Tasks 2, 3, 4, 5, 9, 10, 11 and 12 contributed to the objective number 1. 

In the frame of the TACIS SRR2/95 project, a lot of work was done for developing accurate methods 
for experimental determination and calculation of neutron doses of VVER 1000 reactors, on the basis 
of results made available for analysis and peer review. 

Benchmark neutron dose measurements on the KORPUS facility at RBT-6 (RIAR) performed for rows 
1 to 3, involving a large variety of dosimeters and several (Russian, German, Bulgarian) teams, were 
analysed. The results obtained with the different experimental methods were in satisfactory agreement 
in most cases. Only a limited number of significant deviations have been noticed. It has been 
recommended to further extend the benchmark, including available experimental dosimetry data for 
the row 1 & 2 (obtained by Western specialists). 

Ex-vessel dosimetry experiments at Balakovo 3 and Rovno 3 and comparison with neutron dose 
calculations were consistent for adjustment analyses of individual dosimeters and a good basis for 
neutron transport method validation. It was suggested to use Balakovo 3 experiment as a basis for an 
international full-scale reactor dosimetry experiment. 

Measurements of Reference Neutron Spectra as well as activation and fission track, performed in the 
baffle channel (with and without irradiation device model) in the mock-up core, at the inner and outer 
RPV surface and inside it (1/4 thickness) in the VVER 1000 mock-up (LR0), have been analysed. The 
shapes of the spectra at the inner surface of the RPV, in the baffle and in the core are comparable 
(E<2 MeV), but differ significantly from the one inside the RPV wall. The activation and track 
measurements were analysed and compared with calculation results. 

Comparisons of experimental and analytical data on mock-up and reactors show that the uncertainty 
on main characteristics of fast neutron fields can reach 20%, using up-to-date codes methodologies 
and nuclear data libraries. A loose definition of the local power and fuel burn-up distributions in the 
core periphery (especially within the zone of influence of the investigated zone) can be a major source 
of uncertainty. It is recommended to pay specific attention to this point. 

Available multigroup cross section libraries (BUGLE-96 / BGL 1000) derived from the ENDF/B-VI basis 
are giving similar results. 

Discrete ordinates and Monte Carlo (with continuous energy dependence cross section) calculations 
are showing a significant difference (about 10%) on the neutron attenuation through the down-comer 
(water gap). A higher order in the approximation of the source description (P7S16) for the discrete 
ordinates calculations shows good agreement with Monte Carlo results. This suggests that the origin 
of the difference is due to anisotropy of the source, which would need quite considerable practical 
resources to be solved. 
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Good consistency of discrete ordinates and Monte Carlo calculation results are shown for the 
attenuation through the RPV, but their deviations from experimental results suggest that the nuclear 
data for iron are not really accurate in the ENDF/B-VI library. 

The use of the technology of parallel computations on a multiprocessor computer is strongly 
recommended, in order to reduce significantly major uncertainty contribution induced by: 

• Inaccurate description of the real system by the mesh model, 
• Low order discrete ordinates approximation and scattering anisotropy description, 
• Multigroup approximation. 

It has been recommended to upgrade the neutron dose evaluation by taking into account the very 
local environment (verification of the position of the capsules according to the 54Mn activity 
distribution, refined cycle by cycle modelling of the local power and burn-up distributions (eventually 
pin-by-pin) in the upper part of the adjacent fuel assemblies). Additionally, it has been suggested to 
improve the accuracy of the neutron dose evaluation for the following surveillance sets by introducing 
the 93mNb activity, using assembly stainless steel materials. 

Objective 2: Further experimental investigations of nickel, dose rate and temperature effects 

Tasks 1, 6, 7 and 8 contributed to the objective number 2. 

The proposed test matrix considered all three aspects (nickel, dose rate and temperature). The 
reference irradiation was considered to take place in specific irradiation locations at a reference unit 
(Novovoronezh 5). 

The irradiation temperature is expected to be 290/295ºC. Two target neutron doses were defined, a 
moderate one (FE>0.5 MeV ~ 2/3.1019 n/cm2) and one corresponding to the design EOL level (FE>0.5 MeV ~ 
5/6.1019 n/cm2). 4 typical weld materials, with various nickel contents (1.1 to 1.8%) have been 
selected. 

Available results on one material (weld nº 3) in VVER 440 (T ~ 270ºC & δF/δtE>0.5 MeV ~ 6.1011 n/cm2.s) 
and in VVER 1000 (T ~ 290/295ºC & δF/δtE>0.5 MeV ~ 7.1010 n/cm2.s) standard surveillance locations 
were providing for temperature and flux effects evaluation, respectively. A low neutron dose (FE > 0.5 MeV 
~ 1,5.1019 n/cm2) was considered for both effects, whereas higher ones (FE > 0.5 MeV ~ 5/6 & 8,5.1019 
n/cm2) were also considered for the temperature effect. 

Tensile properties and standard Charpy V impact test results are presented in summary in the final 
report. Even if the high nickel materials show a tendency of high sensitivity, the nickel effect is not 
visible for the explored neutron dose range. Experimental scatter (individual measurements, number of 
specimens in one set, additional neutron dose scatter due to integration of reconstituted specimens in 
some sets), possible flux effect, impurity effects etc. may hide this expected effect. Static fracture 
toughness measurements were performed for one material (weld nº 1) according to the “master curve” 
approach. The corresponding reference temperature shifts appear more realistic. Available results at 
Framatome ANP GmbH on NiCrMo type weld materials with various nickel contents were also 
presented in summary. They suggest a saturation effect for low nickel (~ 1%) material for neutron 
doses (FE>0.5 MeV) higher than 1.1019 n/cm2, and a quasi-linear increase of the reference temperature 
shift for high (~ 1,7%) material. 

Investigations regarding the applicability of the activation analysis (Cottrell-Stokes method) were 
tentatively done at RRC KI and FZR, based on uniaxial tensile test results on small size specimens. 
The limited number of specimens did not allow to identify any nickel effect and this tentative 
investigation was considered to be inadequate for the identification of neutron embritlement effects. 

The results got for the welds nº 3 at 2 show a temperature effect (δTk/δT~ -1ºC/ºC). This is consistent 
with results got previously by Framatome ANP GmbH on NiCrMo type weld materials as well as in 
open literature. 

By comparison of the results obtained for the wed nº 3 (δF/δtE>0.5 MeV ~ 6.1011 n/cm2.s) at the lowest 
dose rate (FE > 0.5 MeV ~ 1,5.1019 n/cm2) with the surveillance specimen results (δF/δtE>0.5 MeV ~ 7.1010 
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n/cm2.s), a flux effect (δTk ~ 20ºC) is reported. Nevertheless, the relevance of this unique result is 
questionable since the surveillance results may be affected by significant uncertainties and is 
contradicted by many other results. Therefore, this topic remains a point of discussion between 
experts. 

Microstructure investigations (Metallography, SANS, ATEM, ASAXS, TEM) were performed on 
samples from weld materials nº1 & 3. SANS and TEM examinations showed some neutron 
embrittlement effects (density and size of defects), but theses techniques did not allow to discriminate 
any significant differences which could reflect a nickel effect. Evidence of intergranular ruptures is 
reported, but the corresponding sensitising parameters could not be well understood. 

Planned AFPIM investigations were not performed within this contract. 

 Objective 3: Development of a physically based neutron embrittlement model 

Tasks 13 and 14 contributed to the objective number 3. 

The objective was to use the results (microstructure investigations and mechanical tests) from this 
project as a basis for the evaluation of a possible physically based neutron embrtittlement model. The 
consistency of the testing matrix and the planned programme were seen as promising. 

The project management had to deal with unexpected events and results, such as the absence of 
evidence of a nickel effect in both, microstructure investigations and mechanical tests, and 
shortcoming in microstructure investigations, which made the planned application of the SCK/CEN 
model impossible. 

Therefore, the theoretical work was limited to the analysis of an extended database of Charpy V 
impact test results. This extended database includes the results got in the frame of this programme as 
well as available results on a 5th material (weld nº5) and for higher neutron doses (welds nº4 & 5). 

Results of the analyses of these data by RRC KI have been presented. They include fitting of 
polynomial and simplified (δTk

F = AF.F1/3 + BF.F) models, as well as analyses of available surveillance 
data regarding the influence of other impurities / elements. 

A tentative conclusion proposing a simplified model taking into account the influence of nickel and 
manganese (δTk

F = (20,3.Ni[%] + 27,7.Mn[%] + 36,7).F1/3) is given. 

The relevance of this proposal is questionable for several reasons, among these: 

• The possible discrepancies caused by the integration of results from different origins, 
• The unexplained differences in temperature shifts indicated in tasks 7 (Final report 

TGM/2002/en/0016 section 6.7.2.2) and 13/14 (Final report TGM/2002/en/0016 section 
6.13.2.2.1). 

Additionally, it shall be pointed out that the adjustment of the model is mainly (exclusively) driven by 
the available results, which really lowers the impact of the experimental results of this project for this 
objective. 

 

Project Results and recommendations: 

The extensive review of various experimental, analytical and benchmark results on neutron fields 
characterisation (neutron spectra, dose and dose rate) has brought the opportunity to evaluate the 
relevance of these results, to identify future needs and, last but not the least, to recommend best 
practice for the evaluation of the VVER 1000 surveillance and experimental data. Local environment 
(geometry and power and burn-up distributions), detailed power history (cycle by cycle) shall be taken 
into account as well as Niobium activity for spectrum adjustment. This practice should become routine 
for the surveillance programme. At this very point, it is not clear whether it has been extensively done 
for this project results evaluation. 
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The experimental irradiation programme was performed according to the original objective. 
Unfortunately, neither the microstructure investigations nor the mechanical tests could provide for 
clarification on the main target (is there evidence of a “nickel effect” or not?). The temperature effect 
could be evaluated (δTk/δT ~ -1ºC/ºC) rather consistently, whereas the flux effect remains in open 
discussion. It also was concluded that the activation analysis (Cotrell-Stokes method) based on 
uniaxial tensile test results on small size specimens is inappropriate for the identification of neutron 
embrittlement effects. Additionally, it has to be underlined that planned APFIM investigations were not 
performed within this contract de facto, due to delay in delivery at the laboratory. 

The development of a physically based neutron embrittlement model on the basis of the results of this 
project appeared not possible for many reasons, mostly because of non-consistent and non-
conclusive experimental data and shortcoming in microstructure investigations. Consequently, the 
foreseen application of the SCK/CEN model was left beside. Thus, the theoretical work was limited to 
the analysis of an extended database of Charpy V impact test results. The outcome of this work is a 
simplified model taking into account the influence of nickel and manganese. This proposal is mainly 
independent of the experimental results got within this project and remains questionable for various 
reasons. 

The partners have provided the following recommendations as a result of this project: 

• All available experimental data on reactor dosimetry (inter-laboratory benchmark, KORPUS and 
Balakovo 3 ex-vessel experiment) should be shared within an extensive international 
benchmark; 

• The spectrum effect should be assessed and it consequences on the surveillance programme 
analysed; 

• Advanced processing needs appropriate data availability and preparation, which need to be 
validated; 

• Evidence of the synergy effect between manganese and nickel needs further underpinning by 
means of further microstructural examinations 

• The flux effect requires further data analysis or/and investigations; 
• Physically-based modelling needs further results upon the respective contribution of the matrix 

and precipitates to the global embrittlement damage. Originally planned APFIM examinations on 
available specimens would contribute significantly. 


	Implementation of the project
	Short Tasks review
	Objective 1: Determination of local fast neutron field characteristics (spectrum, dose and dose rate) by experimental and theoretical means
	Objective 2: Further experimental investigations of nickel, dose rate and temperature effects
	 Objective 3: Development of a physically based neutron embrittlement model

