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ABSTRACT 

The results of the studies concerning determination of a dependence of radiation 
embrittlement on fast neutron flux for VVER-440 reactor pressure vessel (RPV) materials before and 
after annealing are presented. The studies of flux effect were carried out using standard VVER-440 
steels, which differ by phosphorous (0.013-0.036 %) and copper (0.08-0.18 %) contents. The level of 
radiation embrittlement was evaluated by transition temperature shift on the base of Charpy specimens 
test results. All materials were irradiated to high ~3×1012сm-2s-1 and low ~4×1011сm-2s-1 fluxes in the 
surveillance channels under similar conditions at the temperature of 270оС. It is shown that the 
significant flux effect is in the VVER-440 reactor pressure vessel materials with high copper content (> 
0.13 %). 

The results of microstructural studies of VVER-440 RPV steels show that there are copper 
content decrease in a ferrite matrix and formation of copper-enriched clusters and precipitates under 
irradiation and consequent annealing. Due to this the radiation damage does not depend on copper 
essentially at re-irradiation after annealing. Dependence of transition temperature shift on neutron flux 
is not expected for VVER-440 RPV materials under re-irradiation after annealing. 

 
Keywords: neutron flux, reactor pressure vessel, radiation embrittlement, transition temperature shift 

 

1. INTRODUCTION 
 
It is accepted to name the systematic differences in radiation embrittlement kinetics for 

materials under irradiation in conditions, which differ only by fast neutron fluence, as «flux effect».  
The problem of flux effect is always occurs in connection with the use of the research programs 

results and irradiation of surveillance specimens for estimation of RPV metal condition. Irradiation 
conditions for the surveillance specimens and RPV wall differ essentially from a value of fast neutron 
flux. The surveillance channels are closer to the core than pressure vessel  wall. Flux of fast neutrons 
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in these places is higher, than on a pressure vessel. It allows ahead predictions for the behavior of RPV 
metals. However, the difference in flux values  requires a validation of representativeness for the data  
obtained at irradiation of the surveillance specimens to make predicted estimation of pressure vessel 
metal condition. 

With regard to the current view of radiation damage the strength and plastic behavior of 
pressure vessel steels under irradiation is stipulated by their microstructure transformation. 
Temperature and time are among thermodynamic and kinetic parameters that control changes in 
materials microstructure under irradiation. It is a theoretical premise of flux effect. 
Since the seventies the flux effect was considered and discussed at various times both in Russian [1÷5] 
and foreign works [6÷21]. Nevertheless, the problem of flux influence on radiation embrittlement of the 
steels under irradiation is still debatable. The reason of this is a complexity of flux effect revealing. It is 
connected with two circumstances: 

- in the results of the studies the flux effect can be hidden by different radiation and material 
factors, which are fluence and spectrum of fast neutrons, chemical composition and structure 
of the steels; 

- in direct studies of  flux effect at low flux irradiation it is necessary a long-term irradiation for 
reaching the fluence level, which allows confident correlation of data for high and low fluxes of 
irradiation.  
For today a lot of works concerning flux effect is published that are not always related to special 

experiments. Among them, for example, the works concerning analysis of large data bases, in particular, 
surveillance data [14÷16, 20]1. A comparison of the data concerning irradiation of twenty pressure 
vessel steels obtained within the surveillance programs (irradiated in different positions that are differed 
by flux value) and in a research reactor VAK has been carried out in [15]. According to the authors of 
this work, the results of German research and surveillance programs do not reveal significant flux effect. 
However, in this work only qualitative data estimation was done.  
  The authors of [16] have analyzed models, which were designed on the base of American 
surveillance data that consists of ~ 700 data points. They consider that flux effect is not essential in a 
range of fluences interested. And the authors of [20], analyzing the same database conclude that flux 
effect is significant for ~ 20 % weld data. 

Among published works concerning flux effect studies we can mark a few that have used the 
idea that is comparison the results for trepans cut from pressure vessels that were removed from 
operation with the results of accelerated irradiation of similar materials [17, 18]. However, data analysis 
obtained at trepans studies [17] has shown significance of  assessment of data scatter through the 
thickness of pressure vessel wall in initial condition. The scatter of critical brittleness temperature (T )  

through the thickness of pressure vessel wall in initial condition is comparable with T  change 
through the wall in irradiated condition, the reason of the latter can be flux decreasing on outer surface 
of pressure vessel. 

K

K

  Therefore, the results published to the present concerning studies of flux effect, based on 
analysis of existing databases and on tests of trepans cut from decommissioned pressure vessels do 
not allow revealing of flux effect. Apparently, as it was said above, the flux effect is "hidden" by influence 
of different radiation and material factors.  

Direct experiments on irradiation of the materials in conditions, which differ only by flux level 
are more perspective for revealing of flux effect. It is possible to refer the works [19÷21] to these studies. 
The works [19, 20] were carried out using industrial steels, and the work [21] was done on model 
Fe-Cu-Ni-Mg alloys.  

Summarizing briefly the ideas and the results of the works [20 and 21] it should be noted the 
following. The development of flux effect is possible in those steels, for which a formation of copper 
precipitates and matrix damage are the basic mechanisms of irradiation hardening and embrittlement. 
In the steels with low copper content the formation of copper precipitates has been not detected by 
atom probe [20]. In this case there is either no flux effect or it is insignificant. In the steels with higher 
copper content the examination by atomic probe has shown occurrence of copper-enriched clusters. 
The significant flux effect has been revealed in this case. The authors of the work [20] assume that the 
threshold value of copper content at which  development of flux effect is possible makes ~ 0.15 % for 
low-nickel steels and 0.10 % for steels with high nickel content. 

It should be noted that in the above mentioned special experiments,  when flux effect studies 
were carried out at parallel irradiation of the same materials to high and low fluxes, maximum fluence 
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value to which  the materials were irradiated by low flux does not exceed ∼2×1019сm-2 (Е > 1 MeV). In 
addition the results were obtained at irradiation at the temperature of ~ 290оС on western pressure 
vessel  steels, in which  manganese and nickel content is higher, and chromium and phosphorous 
content is lower as compared to the materials of VVER-440 reactor pressure vessels. According to this 
it should be taken heed at interpretation of experimental results obtained in these works, when refer to 
Russian materials.  

Methodically the present work is a study of flux effect using special experiments, in which 
number of uncontrolled parameters is reduced to minimum. It means parallel irradiation of the same 
materials to «high» and «low» fluxes at the same temperature and close spectral characteristics of fast 
neutron flux.  

Irradiation of specimens to high flux was carried out at Armenian NPP, Unit №2 (АNPP-2), and 
to low flux – at Rovno NPP, Unit № 1 (RNPP-1). 

2. EXPERIMENT 

2.1 Materials 
 
Six materials of VVER-440 pressure vessel, namely, base metal of two forgings from steel 

15Kh2МFА and four weld seams with different impurities content have been studied. Phosphorous and 
copper contents are chosen as parameters for variation, as these elements define radiation resistance 
of VVER-440 pressure vessel steels. The manufacturing process of  weld and base metals 
corresponds to standard procedure completely. Chemical composition of the materials studied is 
presented in Table 1. 

 
Table 1. Chemical composition of base and weld metals, weight %. 
 

Material C Mn Si Ni Cr Mo V Cu P S 
BМ 109868 0.17 0.42 0.20 0.15 2.60 0.59 0.20 0.10 0.022 0.013

WМ 12 0.06 0.77 0.29 0.14 1.51 0.53 0.12 0.08 0.013 0.010
WМ 28 0.05 1.21 0.45 0.13 1.31 0.44 0.18 0.14 0.028 0.017
WM А2 0,07 1,30 0,56 0,16 1,63 0,50 0,22 0.18 0.028 0,022
WM 37 0.06 1.32 0.20 0.15 1.11 0.38 0.20 0.13 0.036 0.011

BM 108033 0.17 0.49 0.28 0.13 2.72 0.62 0.33 0.14 0.014 0.010
 

2.2 Irradiation conditions 
 

All materials were irradiated to «high» (in the surveillance channels of Аrmenia NPP-2∗, flux ~ 
3×1012сm-2s-1, E>0.5MeV) and «low» (in the surveillance channels of Rovno NPP-1, flux ~ 
4×1011сm-2s-1, E>0.5MeV) fluxes at the temperature 270оС. Hereinafter irradiation at Аrmenia NPP-2 
and Rovno NPP-2 is named as irradiation to «high», and irradiation at Rovno NPP-1 is irradiation to 
«low flux». It should be noted that fast neutron flux of ~3×1011сm-2s-1 affects on the wall of VVER-440 
reactor pressure vessel with full core.  

The experimental data matrix is shown schematically in Fig.1, and the ranges of fluences and 
fluxes of the experiment are presented. The figure illustrated the fact that irradiation of the specimens 
was carried out at the fluxes, which correspond to irradiation conditions of pressure vessel wall and 
surveillance specimens with full core. The experimental points were obtained under irradiation by both 
high and low fluxes in the range of fluences from 0 up to 12×1019 сm-2. 

 

                                                      
∗ irradiation of base metal BМ 108033 to fluence of 22×1019сm-2 (Е>0.5 MeV) was carried out by flux 
~3×1012сm-2s-1 in research reactor МR. 
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Fig. 1 The range of fluences and fluxes of the experiment. 

 

2.3 Mechanical tests 
 

A level of irradiation embrittlement was evaluated by the value of transition temperature shift 
( KT∆ ) using standard Charpy specimens tests: 0K K KT T T∆ = − , where KT is transition temperature 

in irradiated condition; 0KT is transition temperature in initial condition. The values of 0KT  and KT  
were estimated according to the Russian Guide [22]. 

3. ANALYSIS OF THE EXPERIMENTAL DATA  
 

According to the Russian Guide [22] prediction of TK increase for VVER-440 pressure vessel 
materials under irradiation is carried out using relation: KT∆ =  (Eq.1): 0.33RG

FA F
where F = neutron fluence/1018 

RG
FA =800(СР+0.07ССu)  (Eq.2) for the welds; 
RG
FA =18   (Eq.3) for base metal; 

PС  is phosphorous content, %; 

CuC  is copper content, %. 
The values   calculated using relations (Eq.2) and (Eq.3) are presented in Table2. FA
 

Table 2. The values of weight contents for phosphorous ( PС ) and copper (C ) and 
. 

Cu
RG
FA

Material 
PC . % CuC . % RG

FA  
BМ 109868 0.022 0.10 18.0 

WM 12 0.013 0.08 14.9 
WM 28 0.028 0.14 29.1 
WM А2 0.028 0.18 32.5 
WM 37 0.036 0.13 34.4 

BM 108033 0.014 0.14 18.0 
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The experimental values ∆TK are presented in Fig.2, to each value corresponds predicted value 
calculated according to the equation (Eq.1) and Table 2. The experimental values of ∆TK obtained 
under irradiation by high flux are indicated by black full points, instead of open points that correspond to 
the values of ∆TK obtained under irradiation by low flux. The points that correspond to irradiation by low 
flux are in most cases above the points that are for irradiation by high flux. Mean difference in level 
makes ~ 9оС.  

However, it should be taken into account that different materials can be sensitive to flux effect 
differently. The experimental data points were not selected by materials and fast neutron fluences to 
values of fluences in the array of experimental data presented in Fig. 2. Hereinafter, analysis of 
experimental data was carried out for each material separately. 
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Fig. 2 Predicted and experimental KT∆  values. 
 
 

3.1 Comparison of the data obtained after irradiation by high and low fluxes. 
 
The matrix of experimental data on irradiation of six pressure vessel steels, used in the present 

work consists of 52 points. Number of points for different data groups is presented on Table 3. 
 

Table 3. Number of experimental points for different data groups (n). 
 

Material Low flux irradiation High flux irradiation 
BM 109868 5 5 

WM 12 5 3 
WM 28 4 3 
WM А2 6 3 
WM 37 4 5 

BM 108033 6 3 
 

The data analysis was carried out using statistical estimation. The set of paired data ∆ТКi, Fi, 
was under consideration, where ∆ТКi is a value of transition temperature shift for one material after 
irradiation to fast neutron fluence Fi, i=1,…n is a number of irradiation experiment. In this case Fi is an 
independent variable and ∆ТКi is dependent variable. 

The problem of “the best" approximation for the observations set  ∆ТКi, Fi was solved as 
follows. As a function describing dependence KT∆ =ƒ(F), by analogy with the Russian Guide the 
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exponential function KT∆ = 0.33
FA F

0.33, iF

 was chosen. The parameter AF was evaluated by the least 

squares method (LSM) using observations . 0.33( ) ,K i iT F∆

K iT

) 0.33s − 
( 1− )

( )1n −

0. )1

FA

)

s 0.95

FA s ( )0.95 1t n −

The data ( )  were grouped together by the following principle: observations 
concerning one material and having identical flux level were put in one group. For each data group the 
coefficient A

∆

F was evaluated and a curve of predicted values ∆TK = 0.33
FA F  was plotted. For 

calculation of 95% upper and lower boundaries of this curve the formula 

(0.95F 1B A t= ± n F was used, 

where  is two-sided 95% quantile of Student's distribution with number of degrees 

of freedom  ,  

0.95t n

n is number of experimental data points (at a great number of experimental data the 
value of quantile  (95t n−  becomes nearer to 95% quantile of normal distribution 
1.96; 

  s is standard error of  AF estimation. 
Estimation of the coefficient  by the least squares method , the values of standard error   and 

quantiles  of Student's distribution for all the materials studied are given in Table 4. 

s

(0.95 1t n −
 

Table 4. Experimental values of ,  and FA ( )1t n − . 
 

Material Flux    ( )0.95 1FA t n+ − s  ( )0.95 1FA t n− −

BM 109868 low 16.4  1.2 2.8 19.8 13.0 
 high 13.6 1.0 2.8 16.4 10.8 

WM 12 low 18.2 2.2 2.8 24.5 11.9 
 high 22.0 1.8 4.3 29.9 14.2 

WM 28 low 32.0 2.5 3.2 40.1 23.9 
 high 22.9 1.7 4.3 30.3 15.5 

WM А2 low 32.4 2.0 2.6 37.5 27.3 
 high 25.6 1.5 4.3 32.0 19.3 

WM 37 low 40.2 2.5 3.2 48.2 32.2 
 high 39.9 1.7 2.8 44.7 35.0 

BM 108033 low 15.2 1.2 2.6 18.3 12.1 
 high 9.6 0.3 4.3 10.9 8.3 

s

 
The dependences ∆ =KT 0.33

FA F that approximate experimental results for irradiation by high 
and low fluxes, and also upper and lower boundaries of 95 % confidence interval for these curves are 
shown in Fig. 3. 

The statistical Chow test was used for understanding whether the difference between high and 
low fluxes data models is significant. The test Chow is called also as test for model stability detection or 
absence of structural changes. It tests the hypothesis that corresponding coefficients of two models are 
equal. Small (< 0.05) Р-values that are evaluated in this test, mean that main hypothesis should be 
rejected (on 95% significance level), and each data group should be described by its own model. 
Otherwise two data groups should be described by one model. 

Р-values, which are obtained at testing of the hypothesis that for the given material ∆TK 
experimental values are described by the same model for irradiation by high and low fluxes are 
presented in Table 5.  

 
 

955



 

 Copyright © 2005 by SMiRT18 
 

0 50 100 150 200
0

50

100

150

200

250

300

95% boundary for low flux
low flux

 weld 37 low flux
 weld 37 high flux

∆T
K,o C

Fluence x 1018, cm-2

 

0 50 100 150 200
0

50

100

150

200

250

300

low flux
95% boundary for low flux

 weld A2 high flux
 weld A2 low flux

∆T
K, 

o C

Fluence x 1018, cm-2

0 50 100 150
0

50

100

150

200

250

300

low flux

95% boundary for low flux

 BM 109868 high flux
 BM 109868 low flux

∆T
K, 

o C

Флюенс x 1018, cm-2
0 50 100 150 200

0

50

100

150

200

250

300

95% boundary for low flux

low flux

 BM 108033 low flux

∆T
K, 

o C

Fluence x 1018, cm-2

95% boundary for high flux

high flux

high flux

95% boundary for high flux

high flux

95% boundary for high flux 95% boundary for high flux

high flux

 BM 108033 high flux

 
Fig. 3 The curves of ∆ТК dependence for irradiation to high and low fluxes. 

 
Table 5. Р-values for the testing of the hypothesis that ∆T  experimental values are 
described by the same model for irradiation by high and low fluxes. 

K

 
Material Р-value 

BM 109868 0.11 > 0.05 
WМ 12 0.24 > 0.05 
WМ 28 0.02 < 0.05 
WМ А2 0.04 < 0.05 
WМ 37 0.61 > 0.05 

BM 108033 0.01 < 0.05 
 

The Р-values presented in Table 5 show that for base metal 109868 and the welds 12 and 37 
differences in ∆TK values for the same fluence are insignificant statistically under irradiation by high and 
low fluxes. 

At testing of the hypothesis that ∆TK experimental values are described by the same model for 
the welds 28, A2 and base metal BM 108033 the Р-values < 0.05 are obtained. It means, that 
differences in ∆TK values for the same fluence are significant statistically under irradiation by high and 
low fluxes for these materials. 

Therefore, the dependences of transition temperature shift on fluence under irradiation by high 
and low fluxes for the welds 28, A2 and base metal BM 108033 are described by different models, and 
∆TK values for the same fluence are different (on 95% significance level). 
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3.2 Discussion. 
 
As it was stated above, the functional dependence specified by the Russian Guide has been 

used for approximation of the data on irradiation by high and low fluxes of the materials studied.  
The analysis of data obtained in the present work has shown that for three materials: BM 109868, WM 
12 and WM 37, there was not revealed significant differences in  AF coefficients of the models under 
irradiation by high and low fluxes. For the welds 28, А2 and base metal BM 108033 the differences in 
AF coefficients of the models for irradiation by high and low fluxes are significant. For estimation of flux 
influence on ∆TK value the difference of  d = ∆TK (low flux) - ∆TK (high flux) was used, in which  
∆TK are determined after irradiation to fluence 4x1019 сm-2*. The values of d under irradiation by high 
and low fluxes makes 29, 23 and 19оС for the welds 28, А2 and base metal BM 108033, respectively. 
As in the present work irradiation of materials was carried out in identical conditions the revealed 
differences in sensitivity to flux effect can be connected with impurities content (phosphorous and 
copper) in the steel. 

For estimation of impurities influence on flux effect the correlation coefficients (R) between 
difference d after irradiation to fluence 4x1019 сm-2 and phosphorous and copper contents were 
determined. They are presented in Table 6. 

 
Table 6. The values of correlation coefficients. 

 
 R Р-value 

d (4×1019см-2) and  PC 0.28 0.298 > 0.05 

d (4×1019см-2) and  CuC 0.75 0.041 < 0.05 

 
To each value of correlation coefficient corresponds definite Р-value in Table 6. The given in 

this table Р-values relate to the test of hypothesis about equality to 0 of corresponding correlation 
coefficient. At Р-values ≥ 0.05 the hypotheses is rejected on 95 % significance level. Particularly, the 
correlation coefficient between (4×10d 19сm-2) and CCu is significant on 95 % level. In other words, the 
analysis confirms existence of relation between (4×10d 19см-2) and CCu. 

The correlation coefficient between (4×10d 19см-2) and CP is not significant on 95 %  level. 
Hence, the analysis of experimental data does not confirm existence of relation between 

(4×10d 19см-2) and CP.  
The data analysis shows possible influence of copper content on flux effect occurrence. The 

values of difference d after irradiation to fluence 4×1019сm-2 for different copper contents in the steel are 
presented in Fig. 4. Dependence of difference d after irradiation by low and high fluxes is approximated 
by linear model. 
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Fig. 4 The difference of ∆ТК values for differing copper content in the steel at irradiation to 

fluence 4×1019сm-2. 
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Therefore, the experiment on irradiation by high and low fluxes of  VVER-440 pressure vessel 
materials with different content of phosphorous and copper has shown that the flux effect is significant 
for steels with copper content more than ~0.13 %.  

Evaluation of copper content, at which the occurrence of  flux effect is possible, obtained in 
the present work is close to the value of 0.15 % revealed  in the work [20] for low nickel pressure 
vessel steels with higher manganese content and lower content of chromium.  

The analysis allows qualitative conclusion to be made about necessity of taking flux effect into 
account at using of test results of VVER-440 surveillance specimens for assessment of pressure vessel 
metal. 

It is possible to consider three differing phenomenological variants of flux influence. They are 
presented schematically in Fig. 5. The first scheme) (Fig.5а) supposes that for description of data set 
( ) ,K ii

T∆ F , obtained at irradiation of the same material to low and high fluxes, the identical functional 

dependencies, for example KT∆ = 0.33
FA F , were applied. This scheme was used for estimation of flux 

effect in the present work. In this case allowing for flux influence is provided with differing values of 
embrittlement coefficients  for low and high fluxes. In that case, when the flux effect is significant, 
the difference d = (A

FA
F (low flux) - AF (high flux))F0.33 increases at fluence growth. However, if 

occurrence of flux effect is connected to copper content in the steel, at fluence increase this effect 
should be decreased because of copper influence lowering on radiation embrittlement at fluence 
growth. The analysis presented allows conclusion about necessity of taking into account flux influence 
on radiant embrittlement for VVER-440 pressure vessel materials. However the scheme 1 does not fit 
for quantitative evaluation of flux effect. 

The second scheme (Fig. 5b) is based on the assumption that two different functions are used 
for description of dependence ( )KT f F∆ =  for one material at differing fluxes. For example, for 

irradiation to low flux it is KT∆ = 0.33
FA F , and for irradiation to high flux it is KT∆ = 0.5

FA F . In this 

case at definite fluence the curves will intercross, and for higher fluences the value of KT∆  will be 
higher at irradiation to high flux, than at irradiation to low flux. It is possible in principle in a case of 
priority replacement  for radiation embrittlement mechanisms. 

The third scheme (Fig. 5c) is considered in the works [7 and 20]. The following idea lays in its 
base. The flux effect is significant only for steels with high copper content and is connected to the 
mechanism of copper-enriched precipitates formation. The scheme presented in Fig. 5c illustrates two 
assumptions concerning phenomenology of flux effect. The first assumption is in the fact that flux effect 
occurs in a particular range of fluences. The second is in the fact that at irradiation to a dose higher 
than particular threshold value, there is no significant flux effect. In other words the dependences  

KT∆ = ( )1f F  at irradiation to high and low fluxes of one material different functions describe them: 

KT∆ (low flux) == ( )1f F  and KT∆ (high flux) = ( )2f F
)F

.  In addition for all fluence values higher than 

threshold  the equality ПFF ≥ ()( 2fF1f =  should be satisfied. It follows from this that at 
embrittlement process modeling for both high and low fluxes it is necessary to use different analytical 
dependences before and after threshold value of fluence. 

Threshold value of fluence depends on irradiation parameters and also on chemical composition of 
steel. The results of calculations presented in [20] show that for steels with copper content ~ 0.20 % 
and fluxes  ~ 1011-1012 см-2с-1 the flux effect can be expected before fluences of ~ 1×1019 сm-2s-1 (Е > 1 
MeV). In the work [3] the calculated threshold value of fluence is supposed of ~ 5-7×1019 сm-2s-1 (Е> 0.5 
MeV), and in the work [21] it is of ~ 7×1019 сm-2s-1 (Е> 0.5 MeV). Therefore for quantitative assessment 
of flux effect a new physically justified model of radiation embrittlement for VVER-440 pressure vessels 
is necessary. 
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Fig.5 Different schemes for flux effect. 
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3.2 Flux effect under re-irradiation. 
 

At the present some units of VVER-440 are operated after annealing in Russia, Finland and 
Bulgaria. According to the requirements of safe maintenance the validation of predicted  mechanical 
properties behavior during operation after annealing is required (necessary) for the welds located in the 
core region. This problem is being solved on the base of templates test results. The templates are cut 
from metal of the annealed weld of the corresponding pressure vessels and irradiated additionally to 
high flux in the surveillance channels.  

Correct using of experimental data concerning additional irradiation of the templates requires 
flux effect to be taken into account. As it was shown above copper content in metal influences 
significantly on flux effect occurrence, it is necessary to estimate a role of copper in radiation 
embrittlement of the steel under re-irradiation after annealing.  

The results of mechanical tests of VVER-440 pressure vessel steels show that copper 
influence on  shift is insignificant under re-irradiation, Fig.6. It agrees with data of microstructural 
studies [23÷31] of the steels in irradiated and annealed conditions, and also after re-irradiation after 
annealing. The studies carried out using methods of transmission electron microscopy [25, 26, 28÷31] 
and with atom probe [23,24,27] show that at primary irradiation (before annealing) of RPV steel the 
copper-enriched clusters occur. They are of 2-3 nm in diameter with high density of distribution and are 
effective barriers for dislocation movement. At this there is depletion of solid solution by copper atoms. 
Copper content does not change in solid solution during annealing, there is coagulation of 
copper-enriched clusters and formation of copper precipitates of diameter ~ 5 nm with much smaller 
density of distribution. Large copper precipitates formed during annealing are of low density and are not 
effective stopper for dislocations. At re-irradiation after annealing there is no more intensive formation 
of copper clusters. It results in considerable decrease of copper role in radiation damage of RPV  steel 
under re-irradiation.  

KT

The experimental data obtained in the present work shows that flux effect is detected in the steels 
with high copper content. As copper content in the materials matrix after irradiation annealing is 
insignificant, the dependence of transition temperature shift for  VVER-440 pressure vessel materials 
on fast neutron flux is not expected under re-irradiation. 
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Fig.6 The values of KT∆  at re-irradiation after annealing for the VVER-440 welds with 
differing copper content at phosphorous content of  0.04%.  
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4. CONCLUSIONS 
 

1. The work concerning establishment of fast neutron flux influence on radiation embrittlement for 
VVER-440 pressure vessel materials has been carried out using standard VVER-440 RPV 
materials irradiated in surveillance channels to high flux of ~3×1012сm-2s-1 and low flux of 
~4×1011сm-2s-1 of prompt neutrons up to fast neutron fluence of 1.2×1020сm-2. 

2. It has been shown that flux effect occurs in VVER-440 pressure vessel materials with copper 
content higher than 0.13 %. 

3. The results of mechanical tests have shown that radiation damage under re-irradiation after 
annealing does not depend on copper essentially. It is confirmed by data of microstructural 
studies. 

4. The dependence of transition temperature shift of VVER-440 pressure vessel materials on 
neutron flux under re-irradiation after annealing is not expected. 

 

Line of further works. 
 
The quantitative assessment of flux effect for different values of fluences is necessary for the 

solution of practical problems. It requires models building of radiation embrittlement at irradiation to 
high and low fluxes, based on modern understanding of mechanisms of microstructure changes under 
irradiation. 
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