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The surveillance test data for the nuclear power plant which is under operation in Ukraine have been used to 

estimate WWER-1000 RPV material embrittlement. The beltline materials (base and weld metal) were characterized 
using Charpy impact and fracture toughness test methods. The fracture toughness test data were analyzed according to 
the standard ASTM 1921-05. The pre-cracked Charpy specimens were tested to estimate a shift of reference 
temperature T0 due to neutron irradiation. The maximum shift of reference temperature T0 is 84°C. A radiation 
embrittlement rate AF for the RPV material was estimated using fracture toughness test data. In addition the AF factor 
based on the Charpy curve shift (ΔTF) has been evaluated. A comparison of the AF values estimated according to 
different approaches has shown there is a good agreement between the radiation shift of Charpy impact and fracture 
toughness curves. Therefore Charpy impact test data can be successfully applied to estimate the fracture toughness 
curve shift and therefore embrittlement rate. Furthermore it was revealed that radiation embrittlement rate for weld 
metal is higher than predicted by a design relationship. The enhanced embrittlement is most probably related to 
simultaneously high nickel and high manganese content in weld metal. 
 

1. Introduction 
 

In the frame of surveillance program for WWER-1000 type reactor in Ukraine the Charpy V-notch impact testing is 
used as simple and inexpensive method to estimate the fracture toughness curve shift due to irradiation and therefore 
embrittlement rate for the reactor pressure vessel (RPV) steels. However, the evidence is needed that Charpy impact test 
data is valid to estimate the changes in material fracture toughness due to irradiation considering that RPV is subjected 
to the static loading during the operation. So according to requirements of surveillance program the pre-cracked Charpy 
V-notch (PCVN) specimens for a direct determination of static fracture toughness are also used to evaluate an 
embrittlement rate of RPV materials. 

It is known from the test reactor irradiation experiment that Charpy impact test data describes well the changes of 
material fracture toughness because of radiation damages [1]. This observation is valid only if the ductile to brittle 
transition temperature does not exceed 100°C. However there is experimental evidence [2] that Charpy impact test data 
can underestimate a shift of the fracture toughness curve due to irradiation. In this study a comparison of the radiation 
shift of the Charpy impact and fracture toughness curves has been made from a view point of material embrittlement 
estimation. 
 

2. Materials and test methods 
 

The studied materials are 15Ch2NMFAA steels (Cr-Ni-Mo-V steel) and its welds (Sv-12ChGNMAA, welding 
compound ФЦ-16) which are used for WWER-1000 reactor pressure vessel fabrication. The chemical composition of 
RPV belt line materials is shown in the Table. Materials are low carbon and low alloyed ferritic steels with ferrite and 
bainite metallographic structure. The typical heat treatment is quenching with high tempering. The materials are 
extremely pure with regard to impurities of copper and phosphorus. At the same time welds have a high nickel (1,88 % 
wt.) and manganese (0,97 % wt.) content that increases their susceptibility to neutron irradiation in spite of the low Cu 
and P content [3, 4]. For base and weld metal in unirradiated condition the yield strength is about 560 MPa and 480 
MPa respectively. 
 

Chemical composition for base and weld metal (% wt) 
 

Material Element 
C Si Mn Cr Ni Mo Cu S P V 

Base 
metal 0,15 0,33 0,48 2,07 1,12 0,53 0,06 0,009 0,007 0,1 

Weld 0,06 0,26 0,97 1,80 1,88 0,65 0,02 0,007 0,006 - 
 

Specimens were irradiated in the standard surveillance capsules within the neutron  
(E > 0,5 MeV) fluence range of (12,9 ÷ 46,5)·1022 m-2. Irradiation temperature was about 300°C. Surveillance 
specimens were being irradiated during 16 fuel cycles (~ 4128 days) by neutron flux of about 1015 m-2/sec that is usual 
for WWER-1000 type reactor irradiation condition. For the analysis fracture toughness and Charpy impact test data 
have been used. The RPV material have been tested at scientific center “Kurchatov Institute” (Russia) in the frame of a 
standard surveillance program for one NPP unit which is under operation in Ukraine. 

The standard Charpy specimens (10 x 10 x 55 mm) were used for the estimation of impact energy in the specified 
temperature range. For this purpose an impact pendulum machine with 300 Joules capacity and the environment 
chamber were applied to get the Charpy curves for unirradiated and irradiated materials. A shift of Charpy curves due to 
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irradiation (ΔTF) is defined according to PNAE G-7-002-86 approach (an index temperature for the Charpy curve 
depends on the material yield strength). 

A three point bend method was applied to test pre-cracked Charpy specimens and determine the fracture toughness 
parameters (in this case KJc value, i.e. elastic-plastic equivalent of a critical stress intensity factor). Specimens without 
side grooves were L-T and L-S oriented for base and weld metal respectively. For test at low temperatures, liquid 
nitrogen is used to cool the specimens. A fracture toughness analysis has been performed according to the ASTM 
1921-05 standard as well as an estimation of the radiation shift of Master curve (ΔT0). 

A radiation embrittlement rate for base and weld metal was estimated using the fluence dependencies of Charpy 
impact (ΔTF) and fracture toughness (ΔT0) curve shift. The PNAE embrittlement model ΔTF = AF·Fn (where F is 
neutron fluence in the terms of 1022 m-2 and a power exponent n = 1/3) was applied to define a chemistry factor AF 
using a statistical analysis. 
 

3. Experimental results and discussion 
 

The neutron fluence dependencies of transition TK and reference temperature T0 shift based on Charpy impact and 
fracture toughness test data are shown in Figs. 1 and 2 for base and weld metal respectively. For base metal the ΔTF 
value obtained from Charpy impact test is consistent with a T0 reference temperature shift at low neutron fluence. 
However some discrepancy between two approaches is observed at high neutron fluence. This is most probably related 
to the relatively high uncertainty in T0 determination. For this set three of six PCVN specimens have been tested near 
lower-shelf toughness range that increases the uncertainty in T0 determination. 

For weld metal the Charpy impact curve shift is consistent with a T0 reference temperature shift within studied 
neutron fluence range. The maximum radiation shift of Charpy impact and fracture toughness curves is 82°C and 84°C 
respectively for irradiated materials. The results indicate that Charpy impact test data is adequate to describe the 
changes in material fracture toughness due to the radiation damages and, therefore, to estimate reliably the 
embrittlement rate for this material irradiated up to neutron fluence ~ 45·1022 m-2. 

For comparison a PNAE G-7-002-86 design curves for studied materials (a chemistry factor AF = 23°C for base 
metal and AF = 20°C for weld metal) are shown next to the test data points. The chemistry factor AF estimated from a 
regression analysis is equal to 11°C for base metal and do not exceed the PNAE design value (see Fig. 1). For weld 
metal the statistical analysis gives AF = 24°C (see Fig. 2). This results means that weld metal is more susceptible to 
radiation damages in comparison to base metal. 
 

Fig. 1. Neutron fluence dependence of TK and T0 
shift for base metal. 

(Charpy impact and fracture toughness test data). 

Fig. 2. Neutron fluence dependence of TK and T0 
shift for weld metal.  

(Charpy impact and fracture toughness test data). 
 

Furthermore the radiation embrittlement rate for weld metal is higher then predicted by PNAE G-7-002-86 
approach. One of the reason for enhanced embrittlement can be the simultaneously high nickel (1,88 % wt.) and 
manganese (0,97 % wt.) content in weld metal since it is known these alloying element play a crucial role in the 
radiation embrittlement phenomena in the case of RPV materials [3, 4]. It should be noted the design AF value does not 
takes into account a chemical composition of RPV steels that is one of the shortcoming for PNAE G-7-002-86 
approach. 

 

4. Conclusions 
 

In this study the WWER-1000 RPV material embrittlement rate has been evaluated using the surveillance test 
data for the nuclear power plant which is under operation in Ukraine. A comparison of the radiation shift of the Charpy 
impact and fracture toughness curves has been made from a view point of material embrittlement estimation. 
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The following conclusions can be drawn: 
for weld metal the Charpy impact curve shift is consistent with a T0 reference temperature shift up to 84°C; 
Charpy impact test data is adequate to describe the changes in material fracture toughness due to the radiation 

damages and, therefore, to estimate reliably the embrittlement rate for this material irradiated up to neutron fluence  
~ 45·1022 m-2; 

radiation embrittlement rate for weld metal is higher then PNAE G-7-002-86 design approach prediction. One of the 
reasons for enhanced embrittlement can be the simultaneously high nickel and manganese content in weld metal. 
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