
IAEA-CN-194-071 

 1

Estimation of RPV material embrittlement for Ukrainian NPP based 
on surveillance test data  

 

 V. Revka, L. Chyrko, Yu. Chaikovsky, Yu. Gulchuk 

 Institute for Nuclear Research, Kiev, Ukraine 

 
Abstract. The WWER-1000 RPV material embrittlement has been evaluated using the surveillance 
test data for the nuclear power plant which is under operation in Ukraine. The RPV materials after the 
neutron (E > 0,5 MeV) irradiation up to fluence of 22,9·1022 m-2 have been studied. Fracture toughness 
tests were performed using pre-cracked Charpy specimens for the beltline materials (base and weld 
metal). The maximum shift of T0 reference temperature is equal to 44°C. A radiation embrittlement 
rate, AF, for the RPV materials was estimated using the standard and reconstituted specimens. A 
comparison of the AF values has shown a good agreement between the specimen sets before and after 
reconstitution both for base and weld metal. Furthermore it has been revealed there is no nickel effect 
for the studied materials. In spite of the high nickel content the radiation embrittlement rate for weld 
metal is not higher than for base metal with low nickel content. Fracture toughness analysis has shown 
the Master curve shape describes well a temperature dependence of KJc values. However a higher 
scatter of KJc values is observed in comparison to 95 % tolerance bounds. 
 

1. Introduction 
 
Standard Charpy V-notch impact testing is used as simple and inexpensive method to estimate 
the fracture toughness curve shift due to irradiation for ferritic RPV steels. Nevertheless 
according to requirements of surveillance program for WWER-1000 type reactor the pre-
cracked Charpy V-notch (PCVN) specimens are also used to evaluate an embrittlement rate of 
RPV materials. However, at the time of fabrication of fracture mechanics specimens the high 
level of stress intensity was applied at the finish sharpening stage unlike ASTM 1921-05 
requirements and as sequence the fatigue cracks were blunted. An evidence for it is the 
reference temperatures, T0, for standard specimens are substantially lower than for 
reconstituted ones. For example, for unirradiated base metal in this study a T0 value is equal 
to – 122°C and – 106°C for standard and reconstituted specimen sets respectively. Also, in 
some cases the high level of low shelf of fracture toughness curve is observed for standard 
specimen set. 
 
Another issue for standard surveillance program is relatively high a neutron scatter (in same 
cases it reaches ± 60 % around the mean fluence value) for the PCVN specimen sets intended 
to estimate the T0 reference temperature. It should be noted that for the WWER-1000 reactor 
pressure vessel a design of the surveillance assemblies and their location in lower and upper 
layers above the core (not on the RPV inner wall against the core) leads to the surveillance 
specimens are being irradiated with non-uniform neutron fluence rate (neutron flux). In this 
relation there is some concern regarding a reliability of surveillance test data for the 
estimation of RPV material embrittlement. In fact the T0 values are considered as non-
representative from a regulatory point of view that requires ± 15 % fluence scatter [1]. From 
the other hand the surveillance specimens are used first of all to define the T0 shift due to 
irradiation and evaluate the radiation embrittlement rate of RPV materials. 
 
In order to clarify these issues the reconstituted specimens have been prepared and tested in 
addition to the standard surveillance program. An application of the reconstitution technique 
allows getting the irradiated specimen groups for the same surveillance set that meets the 
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regulatory requirements regarding the neutron fluence scatter. Furthermore, ASTM 1921-05 
requirements are satisfied for reconstituted specimens and therefore the T0 values can be 
reliably estimated. In this study a comparison of T0 shifts based on standard and reconstituted 
specimens has been made from a view point of radiation embrittlement estimation. 
 

2. Materials and test method 
 
The materials studied are 15Ch2NMFAA steels (Cr-Ni-Mo-V steel) and its welds (Sv-
12Ch2N2MAA, welding compound ФЦ-16) which are used for WWER-1000 reactor 
pressure vessel fabrication. The chemical content of materials is shown in Table I. 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 “detrimental” impurities of copper and phosphorus. At the same time 
welds have a high nickel (1,72 % wt.) and manganese (0,74 % wt.) content that increases their 
susceptibility to neutron irradiation in spite of the low Cu and P content [2, 3]. For both base 
and weld metal in unirradiated condition the yield strength and ultimate tensile strength is 
about 540 MPa and 640 MPa respectively.  
 
Table I. Chemical composition for base and weld metal (% wt) 

Material 

Element 

C Si Mn Cr Ni Mo Cu S P V 

Base 
metal 

0,14 0,3 0,42 2,02 1,33 0,56 0,02 0,006 0,007 0,1 

Weld 0,06 0,3 0,74 1,88 1,72 0,62 0,06 0,005 0,005 - 

 
Specimens were irradiated in the standard surveillance capsules within the neutron (E > 
0,5 MeV) fluence range of (6,7 ÷ 22,9)·1022 m-2. Irradiation temperature was about 300°C. 
Surveillance specimens were being irradiated during 9 fuel cycles (~ 2444 days) by neutron 
flux of about 1015 m-2/sec that is usual for WWER-1000 type reactor irradiation condition. 
 
Fracture toughness tests were performed according to the ASTM 1921-05 standard using 
100 kN static material testing machine (Instron 1362 retrofitted with 8800 digital controller) 
installed in a hot cell. Three point bend method was applied to test pre-cracked Charpy 
specimens and determine KJc values. Specimens without side grooves were L-T and L-S 
oriented for base and weld metal respectively. Testing rate was 0,5 mm per minute to meet the 
requirements regarding a rate of increase of stress intensity factor on the linear portion of a 
test record. A load-line displacement transducer is used to determine the plastic part of J-
integral. For test at low temperatures, liquid nitrogen is used to cool the specimens. 
 
In addition to standard surveillance program the reconstituted specimens were tested. The 
electron beam welding technique (50 kV accelerating voltage, 42 mA beam current and 
553 mA focusing coil current) has been applied for the reconstitution purposes with welding 
speed of 10 mm/s. The insert length for reconstituted specimens is 17 mm. 
 
The electric discharge machine has been used to make a mechanical notch on the 
reconstituted specimens. The notch has 1 mm radius to facilitate a crack initiation. A servo 
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hydraulic testing system with 50 kN load capacity has been applied to pre-crack the 
specimens after reconstitution using three point bend method. An optic incremental LLD 
transducer has been used to estimate a length of fatigue crack. The pre-cracking parameters 
are 3,8 kN maximum load per cycle, 20 Hz frequency, R = 0,1 stress ratio, 2·103 ÷ 5·104 
cycles to produce the last 0,6 mm of crack growth at room temperature. 
 

3. Experimental results and discussion 
 
The reference temperatures, T0, have been estimated according to ASTM 1921-05 multi-
temperature procedure for RPV materials in unirradiated and irradiated condition and T0 shifts 
due to irradiation have been determined. A radiation embrittlement rate (AF coefficient which 
is a functional equivalent of the chemistry factor) was evaluated using fracture toughness test 
data for the standard and reconstituted specimens (a total number of data is 119). A radiation 
embrittlement model, ∆T0 = AF·Fn, was applied to analyze T0 shift due to neutron irradiation 
(where F is neutron fluence in the terms of 1022 m-2 and exponent n = 1/3). 
 
The results of evaluation of radiation embrittlement rate based on standard and reconstituted 
specimens are shown in fig. 1 and fig. 2 for base and weld metal respectively. The maximum 
temperature shift of T0 reference temperature is equal to 44°C. In order to define the T0 value 
the 6 – 11 specimens have been tested for each set. A maximum neutron scatter is ± 25 % for 
standard and ± 12 % for reconstituted specimen sets. 
 

 
FIG. 1. Neutron fluence dependence of T0 shift for base metal (standard and  

reconstituted specimen sets) 
 
A comparative analysis has shown that an application of reconstitution technique and a use of 
valid fracture toughness test data (regarding PNAE-G-7-002-86 and ASTM 1921-05 
requirements) confirm an estimation of radiation embrittlement rate based on the standard 
specimens test data. Therefore, the T0 shifts obtained from the tests of standard PCVN 
specimens can be used for the adequate evaluation of embrittlement for this reactor pressure 
vessel. Any way the application of reconstitution technigue has an important advantage which 



 4

consists in possibility to get addiational T0 shift data for the higher neutron fluence and, 
therefore, confirm a longer term of RPV safe operation (see fig. 2). 
 
The AF coefficient which is a parameter of regression line is equal to 15,6°C and 11,8°C for 
base and weld metal respectively (see fig. 1 and 2). These AF values are noticeably lower the 
design ones that indicates about the high resistance to radiation damage for materials studied. 
It should be noted that weld does not reveal the increased embrittlement rate in comparison to 
a design one in spite of a high nickel content (1,72 % wt). Such behavior can be explained by 
the medium content of manganese which also plays a key role in the radiation embrittlement 
effects similar to the nickel. The increased embrittlement is known issue for WWER type 
RPV welds with a high nickel content (Ni > 1,5 % wt). However, the extended analysis of 
WWER-1000 surveillance test data has shown [4] that only high nickel welds 
(10ChGNMAA) with a high manganese content (Mn > 0,8 % wt) reveals the embrittlement 
rate which exceeds the design coefficient of AF. This outcome is in agreement with results 
obtained in our study for 12Ch2N2MAA weld with high Ni but medium (0,74 % wt) Mn 
content. 
 
It should be noted the fluence dependencies of T0 shift have been fitted using a PNAE Guide 
relationship, ∆TF = AF·F1/3, which is initially intended for analysis of Charpy curve shift 
(∆TF). It is most probably accepted at least for two reasons. The irradiation shifts in both 
Charpy and fracture toughness transition curves are controlled to a large extent by an increase 
of material yield strength due to neutron irradiation. Therefore it is reasonable to assume that 
an embrittlement model for ductile to brittle transition temperature shift might also describe 
well a shift of the T0 reference temperature. In addition there is experimental evidence that 
there exists a linear relation between Charpy impact and fracture toughness curve shifts [5]. 
 

 
FIG. 2. Neutron fluence dependence of T0 shift for weld metal (standard and  

reconstituted specimen sets) 
 
A regression analysis has shown that an experimental fluence dependence of the T0 shift is 
consistent with a PNAE-G-7-002-86 design trend curve with a power exponent n = 1/3 for 
both materials irradiated up to neutron fluence of 22,9·1022 m-2 (see fig. 1 and fig. 2). The 
maximum deviation of data points from the regression line is 6°C. This result indicates the 
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PNAE-G-7-002-86 relationship can be successfully applied for the estimation of RPV 
material embrittlement based on the fracture toughness test data. 
 
In this study a Master curve analysis according to ASTM 1921-05 has been performed for all 
PCVN specimen test data. In fig. 3 the fracture toughness data are presented in the normalized 
temperature coordinates. The Master curve with 5 % and 95 % tolerance bounds are drawn 
next to the experimental KJC values obtained for both standard and reconstituted specimens. 
According to fig. 3 all data have been obtained at temperatures within a specified range of 
validity - 50°C ≤ (T – T0) ≤ 50°C except two data points with no cleavage fracture for base 
metal.  
 

 
FIG. 3. Master curve, 5 % and 95 % tolerance bounds for base and weld metal (test data for 

standard and reconstituted specimens) 
 
The analysis has shown the temperature dependencies of fracture toughness parameters are 
consistent with a shape of Master curve both for unirradiated and irradiated RPV materials. 
However, it should be noted that a statistical scatter of KJC values is higher than it is predicted 
by Master curve tolerance bounds. The most of KJc values which fall out of 95 % tolerance 
bounds are related to the reconstitution specimens. It is known for WWER type RPV steels 
[6] the higher scatter of KJc values due to material inhomogeneity is observed in comparison 
to Master curve approach prediction. In this study, however, it seems like a reconstitution 
process makes a contribution to some extent in the scatter. 
 

4. Conclusion 
 
In this paper 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. The 
fracture toughness data obtained from the three-point bend test of the standard and 
reconstituted PCVN specimens were included in the analysis. The following conclusions can 
be drawn: 

− an application of reconstitution technique and a use of valid fracture toughness 
test data (regarding PNAE-G-7-002-86 and ASTM 1921-05 requirements) 
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confirm an estimation of radiation embrittlement rate based on the standard 
specimens test data; 

− the application of reconstitution technigue has an important advantage which 
consists in possibility to get addiational T0 shift data for the higher neutron 
fluence from the same surveillance set and, therefore, confirm a longer term of 
RPV safe operation; 

− weld metal does not reveal the increased embrittlement rate in comparison to a 
design one in spite of a high nickel content (1,72 % wt) that can be explained 
by the medium content of manganese; 

− an experimental fluence dependence of the T0 shift is consistent with a PNAE-
G-7-002-86 design trend curve with a power exponent n = 1/3 for both base 
and weld metal irradiated up to neutron fluence of 22,9·1022 m-2; 

− temperature dependencies of fracture toughness parameters are consistent with 
a shape of Master curve both for unirradiated and irradiated RPV materials. 
However, a statistical scatter of KJC values is higher than it is predicted by 
Master curve tolerance bounds. 
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