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ABSTRACT 

At the preset time the Russian VVER-1000 surveillance Data Base consists of about 100 
experimental points for base metal and of about 100 experimental points for weld seams of 15 
different units. The chemical composition of the surveillance materials is characterized by low 
copper (0.04% on the average) and phosphorous (~0.009% on the average) contents and high 
nickel contents (1.1–1.88 % for weld seams). The irradiation time of the surveillance specimens 
ranges from 17,000 to 127,000 hours. The fast neutron fluence ranges from 2 to 50 ×10P

22
P 

neutron/mP

2
P (E ≥ 0.5 MeV). The leading factor ranges approximately from 0.5 to 2. The 

representativity of the Russian VVER-1000 surveillance programs is discussed. The results of 
the Russian VVER-1000 surveillance programs are presented. The Russian VVER-1000 
surveillance Data Base is analyzed. The effect of phosphorus, copper, manganese and nickel 
contents on radiation embrittlement of VVER-1000 reactor pressure vessel steels is studied 
using the Russian VVER-1000 surveillance Data Base. The synergetic effect of manganese and 
nickel on radiation embrittlement is suggested. The trend curves for VVER-1000 reactor 
pressure vessel steels are developed.  
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1. INTRODUCTION 
Lifetime of VVER-1000 reactor pressure vessels (RPV) is known to define by radiation 

embrittlement of core weld seam, which is much higher, than for base metal. In the present 
paper consideration will be restricted to weld seam radiation embrittlement. 

Regulatory Body (Gosatomnadzor) of Russian Federation specifies the following reference 
dependence for estimation of radiation embrittlement of VVER-1000 RPV welds at the 
irradiation temperature of 290±15°С: 

 
 ∆TТ BF B = 20 FP

1/3
P, °С (1) 
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where ∆TTBF B stands for radiation induced transition temperature shift; F stands for fast neutron 
fluence in 10 P

22
P neutron/mP

2
P (Е ≥ 0.5 MeV).  

Certification of VVER-1000 RPV steels was carried out on the basis of the results of highly 
accelerated irradiation in test reactors. That study did not allow revealing of essential increase 
in radiation embrittlement with nickel contents. Nowadays there are a lot of reliable data, that 
enables to make a conclusion about considerable increasing VVER-1000 RPV weld radiation 
embrittlement with increasing nickel content higher than 1–1.3 % (Nikolaev, 2002).  

Figure 1 gives the actual radiation induced transition temperature shifts for VVER-1000 
surveillance welds in comparison with the standard reference dependence (1). As can be seen in 
Fig. 1, the standard reference dependence specified in the Russian Guide for VVER-1000 RPV 
weld seams is not conservative. Therefore, a new trend curve for VVER-1000 RPV welds that 
will take into account dependence of radiation embrittlement on nickel contents should be 
developed.  

 

 
 

Figure 1. Comparison of the actual radiation embrittlement of surveillance welds with the 
standard reference dependence (1). 

 

2. SURVEILLANCE SPECIMENS REPRESENTATIVITY 
TThe results of VVER-1000 surveillance programs are the most representative for radiation 

embrittlement evaluation of VVER-1000 RPV materials. First of all it is connected with the 
fact that VVER-1000 surveillance specimens were irradiated with low neutron fluxes, i.e. 
leading factor for surveillance specimens ranges within the limits from 0.5 up to 2. Within the 
research programs specimens are irradiated with neutron flux higher in 40 - 200 times than 
flux on the inner RPV surface.  

Till 2001 the most essential disadvantage of the current VVER-1000 surveillance programs 
was considered to be probability of surveillance specimens overheat as compared to RPV inner 
surface (Kryukov, 2000). According to OKB Gidropress (1979) calculations it was supposed 
that the overheat of surveillance specimens can reach 20°C and even more. The question about 
the actual irradiation temperature of surveillance specimens was practically closed after 
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international validation of the results concerning measurements of surveillance specimens 
irradiation temperature carried out using melting monitors within the project TASIS R 2.06/96. 
According to the results of this project it was concluded that current VVER-1000 surveillance 
programs are representative in regard to irradiation temperature, as it was established that the 
actual irradiation temperature does not exceed 300°С. 

The irradiation assembles with surveillance specimens are positioned in a reactor above the 
baffle in a place with complicated topology of iron-water surrounding (Fig. 2a). Only 
application of three-dimensional calculations instead of two-dimensional for neutron fields 
estimation allowed correct estimation of neutron fluences on surveillance specimens (Zaritsky, 
2001). 

 

a 
 
b

 
Figure 2. Location of surveillance assemble in VVER-1000 reactor (a) and specimens in 
surveillance assemble (b). CVN is Charpy V notch impact bend specimen, PCVN is precracked 
Charpy fracture toughness specimen. 

 
Location of the irradiation capsules with surveillance specimens above the core region (Fig. 

2a) in a zone with high neutron flux gradient and disadvantage of surveillance assembly design 
(arrangement of the capsules with surveillance specimens in two storeys apart from each other, 
Fig. 2b) resulted in noticeable inhomogeneity of neutron flux in the irradiation capsules: the 
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difference between maximum and minimum in one horizontal section of irradiation capsule is 
170-200%. It makes impossible to select specimens irradiated with reasonable homogeneity 
even for one transition curves. 

To solve this problem the reconstitution technique (RD EО 0352-02) was developed and 
approved by Russian Regulatory Body. Reconstitution consists in stud welding of tab ends to 
the fragments of broken halves under reconstitution and further treatment of the welded billet 
obtained to new specimen (Fig. 3). Application of reconstitution technique increases number of 
test specimens and allows to select sets of uniform irradiated specimens for impact bend and 
fracture toughness tests. Application of reconstruction technique provides representativity of 
the VVER-1000 surveillance programs. 

 

 
 

Figure 3. The scheme of preparing new reconstituted specimens from broken halves of tested 
specimen. 1 – the fragment under reconstitution; 2 – tab end; 3 – joint made using method of 
pulsed arc welding. 

 

3. VVER-1000 SURVEILLANCE DATA BASE ANALYSIS 
 
VVER-1000 surveillance Data Base analysis showed considerable increasing radiation 

embrittlement of VVER-1000 welds with increasing nickel and manganese contents:  
 
 ∆TTBF B = 17.8 F P

1/3
P (σ = 16.0 °C) (2) 

 
 ∆TTBF B = 11.4 CBNi B FP

1/3
P (σ = 13.0 °C) (3) 

 
 ∆TTBF B = 21.8 CBMn B FP

1/3
P (σ = 12.9 °C) (4) 

 
Where CBNi B and CBMn B are nickel and manganese contents in steel. 
Comparison of variance of regression model (2) with the ones of the models (3) and (4) 

shows, that account of influence of steel chemical composition on radiation embrittlement 
resulted in considerable (with probability more than 95%) improvement of predictive model.  

Analysis showed, that radiation embrittlement has linear dependence on manganese and 
quadratic dependence on nickel contents (Fig. 4):  

 
 ∆TTBF B = 22.3 CBMn PB

1.14
P FP

1/3
P (σ = 12.8 °C) (5) 

 
 ∆TTBF B = 6.34 CBNi PB

2.19
P FP

1/3
P (σ = 11.9 °C) (6) 
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Figure 4. Dependence of standard deviation on nickel and manganese exponent. 
 
Linear superposition of nickel and manganese did not resulted in improvement of model 

estimation of radiation embrittlement (standard deviation for that model was found to be 11.6 
°C). At the same time account of nickel and manganese as a product significantly improves the 
model (Fig. 5). The model, corresponding to the lowest standard deviation (Fig. 5) was found to 
be as follows: 

 
 1/30.78

Mn
1.35
NiF  FC C 0.11∆TT =  (σ = 10.7 °C) (7) 

 
As can be seen in Fig. 6, residuals of model 1/3n

Mn
n
NiMn&NiF  FC C A∆TT MnNi=  apparently 

depends on silicon contents. Williams (2002) also observed that silicon decreases radiation 
embrittlement. Account of the silicon effect on radiation embrittlement in the form proposed by 
Williams (2002) gives the following trend curve for VVER-1000 RPV welds: 

 
 ( ) 1/3

Si
0.70
Mn

1.35
NiF  FC-0.64 C C 5.33∆TT =  (σ = 9.47 °C) (8) 

 
As can be seen in Fig. 7, the best choice for fluence exponent in model 

n
SiSi

n
Mn

n
NiF  F)C-(C C C A∆TT

0
MnNi=  is n=1/3. Model (8) was found to be the best from all 

considered models. Model (8) provides much better assessment of VVER-1000 welds radiation 
embrittlement than equation (1), specified in the Russian Guide (Fig. 8). 

It worth noting, the following results of the analysis concerning neutron flux effect on 
radiation embrittlement: 
1. On the average for surveillance specimens flux effect on radiation embrittlement is 

negligible (Fig. 9). 
2. 20 times increase in flux on the average results in 20°C decrease in transition temperature 

shift that makes results of research programs unrepresentative for assessment of RPV steel 
radiation embrittlement (Fig. 10). 
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Figure 5. Dependence of standard deviation for model 1/3n
Mn

n
NiMn&NiF  FC C A∆TT MnNi=  on 

nickel and manganese exponent. 
 

 
 

Figure 6. Silicon residual plot for model 1/3n
Mn

n
NiMn&NiF  FC C A∆TT MnNi= . 
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Figure 7. Dependence of standard deviation for model n
SiSi

n
Mn

n
NiF  F)C-(C C C A∆TT

0
MnNi=  

on nickel and manganese exponent. 
 

 
 

Figure 8. Comparison of the actual radiation embrittlement of surveillance welds with 
corresponding values predicted using models (1) and (8). 

941



 

 Copyright © 2005 by SMiRT18 
 

 
 

Figure 9. Fast neutron flux residual plot for model (8). 
 

 
 

Figure 10. Comparison of the actual radiation embrittlement of surveillance welds and welds 
irradiated in the frame of research programs with values predicted using model (8). 
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4. CONCLUSIONS  
1. The results of VVER-1000 surveillance programs are the most representative for radiation 

embrittlement evaluation of VVER-1000 RPV materials. 
2. Application of reconstruction technique provides representativity of the VVER-1000 

surveillance programs. 
3. VVER-1000 surveillance Data Base analysis showed considerable increasing radiation 

embrittlement of VVER-1000 welds with increasing nickel and manganese contents 
4. Increase in nickel and manganese contents in VVER-1000 surveillance welds considerably 

increases radiation embrittlement. 
5. Silicon decreases radiation embrittlement of VVER-1000 surveillance welds. 
6. The nickel and manganese effect on radiation embrittlement was observed to be synergetic 

rather than independent. 
7. The best choice for exponential coefficient in dependence of transition temperature shift on 

fast neutron fluence for the VVER-1000 welds was found to be 1/3.  
8. Model ( ) 1/3

Si
0.70
Mn

1.35
NiF  FC-0.64 C C 5.33∆TT =  was found to be the best of all considered 

models. This model provides much better assessment of VVER-1000 welds radiation 
embrittlement than equation specified in the Russian Guide 

9. On the average for surveillance specimens flux effect on radiation embrittlement is 
negligible 

10. 20 times increase in flux on the average results in 20°C decrease in transition temperature 
shift that makes results of research programs unrepresentative for assessment of RPV steel 
radiation embrittlement 
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