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ABSTRACT 

 
The transition temperature (Тк) of nozzle material could increase because of thermal aging 

effects. All VVER-1000 reactor pressure vessels (RPVs) are supplied with thermal aging surveillance 
specimens (TSS). TSSs give the possibility to receive data after long time (t) exposure under the 
operation temperature. Normative assessment of VVER base metal (BM) thermal aging effects ( Тк) is 
following: Тк=0°С if t 50000 h; Тк 30°С if t 50000 h. Actual TSS data demonstrate higher than 
normative Тк.  

VVER-1000 BM TSS data base is characterized by high level of scatter. Тк distribution in the 
area of BM SS cutting and in shells has been performed to reveal the causes of high Тк scatter in BM SS 
data. It has been discovered that main cause of high Тк scatter in BM SS is the gradient of Тк along the 
height of coupon at the area of BM SS cutting. The Тк distribution in shell is lower than at the area of BM 
SS cutting. The difference between actual initial Тк sets of VVER-1000 BM SS sets (as an example of 
reference and any of current sets) could be 26оС. To decrease the scatter contribution in TSS data the 
reference and current sets for new TSS data base have been formed from the specimens with maximum 
tight location with equal axial and radial coordinates. The volume of tested material is more local in this 
case. The level of scattering is much lower for new TSS data base than for the regular TSS data. The 
assessment of VVER-1000 BM thermal aging effects has been done using the new TSS data base.  

 
INTRODUCTION 

 
For non-irradiated components of VVER-1000 reactor pressure vessel, for example, nozzle area, 

the determining factor in properties change is a long-term exposure under operating temperature of 310-
320°С (thermal aging). In this context the assessment of thermal aging effects is an important part of 
activity in the area of RPV material properties behavior under operation.  

Steels 15Х2НМФА and 15Х2НМФА-А were tested for thermal aging susceptibility at the 70-s at 
NPO CNIITMASH under 350°С with exposure from 1000 till 10000 hours Ukhanov (1980), Goritsky et 
al. (1992), Ukhanov and Shur (2006) . A curve with the maximum was proposed for description of 
transition temperature shift (∆Тк) under thermal aging effect. The conservative assessment of ∆Тк for base 
metal during operation was determined as 30оС with exposure up to 50000 hours and 5оС with longer 
exposures.  

For monitoring and prediction of RPV material properties change under operation the SS 
programs are used. The surveillance specimens are made of the same materials as the reactor pressure 
vessel. The main goal of the SS programs is confirmation of the conservatism of the dependencies, built 
into justification of the RPV safe operation. If the conservatism of dependencies is not confirmed by the 
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results of surveillance specimens testing, then, a new model is developed on the base of surveillance 
specimens testing results.  

At the 90-s at the NRC «Kurchatov institute» they started to obtain data from the VVER-1000 
TSS testing. The accumulated data base consists of 36 points with values of Тк and Rp 0.2 (Fig. 1). 

 

 

 
 
 

Figure 1. BM temperature surveillance 
specimens data base and normative 

dependence for VVER-1000 shell metal. 
The normative values are marked by the 

shaded area. Different legends mean 
different materials. 

 
 

 
Comparison of TSS data with normative values shows non-conservatism of normative values to 

compare with the thermal aging effects.  
In the paper Margolin et al (2009)  a new dependence was proposed on the ground of VVER-

1000 TSS data base for prediction of VVER-1000 RPV properties change because of thermal aging. A 
description of material behavior is similar to the description that is given in the works Ukhanov (1980), 
Goritsky et al. (1992), Ukhanov and Shur (2006) . A curve with the maximum is proposed. Increase of 
the transition temperature during aging is explained by material hardening. Hardening in various time 
ranges is determined at first by occurrence and then coagulation of carbides: increase of ΔТт with carbides 
generation and decrease with their coagulation. A conservative assessment of Тк for BM (for 320°С) is 
determined by the correlation: 

 
∆TТ(t) = (2,65 + 13,88*exp((24600-t)/19800))*th(t/19800) +38(°С)   (1) 
 
The constant (38°С) characterizes scattering of the experimental points relative to the middle line 

of regression. The calculated and experimental values of ∆Тк (points) are given in Figure 2. 
 

 

 
 
 
 

Figure 2. Conservative assessment of 
∆Тк for data base of VVER-1000 
base metal standard TSS. Average 

calculated values (solid line) and ∆Тк 
conservative assessment  

(dotted line). 
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The upper envelope curve ∆Тк varies from 40 to 56°С. From the very beginning a hypothesis has 
appeared that such high values of ∆Тк are connected with the essential contribution of scatter into the 
results of reference SS (RSS) and thermal aging SS (TSS). It requested the more detailed analysis of BM 
TSS testing results. Analysis of data base of VVER-1000 BM TSS has revealed obtained data features: 
increase of BM Тк after exposure under 310-320оС is registered not for all cases, but only for 3/4 of 
values. Increase of base metal yield strength is registered only for 2/3 of experimental values. BM Тк 
increase is not always followed by Rp 0.2 increase. In some cases Тк increase is followed by Rp 0.2 decrease 
and vice versa. In this paper a hypothesis has been stated that the experimental data scatter is connected 
with scatter of properties between groups of BM SS in the initial state. 

As BM TSS are made of the same materials as VVER-1000 pressure vessel shells. The conditions 
of their exposure are the same as for nozzle areas shells during operation process. They are the best object 
for the correct assessment of VVER-1000 RPV material properties change under thermal aging. At the 
same time testing data of base metal standard SS are characterized by great scatter. The main purposes of 
this work is:  
1) Study of properties distribution in the areas of BM SS cutting and in shell metal in order to 
determine the cause of scatter in BM SS testing results. 
2) Elaboration of the way to assess BM properties change under thermal aging on the basis of RSS 
and TSS metal with maximally possible decrease of contribution into the result of properties scatter.  
3) Development and analysis of new base metal thermal aging data base (in time range from 11000 
to 170000 hours) with maximally possible decreased contribution of properties scatter in the initial state. 
4) Reveal of mechanisms determining change of properties during thermal aging.  

 
MATERIALS 

 
All studies are performed on the metal of regular forgings for VVER-1000 RPVs. In this work 

specimens of 6 standard forgings were used. Chemical composition of the materials is given in Table 1. 
 

Table 1: Chemical composition of the materials under study. 
 

Material Steel  Content of alloying and doping elements, % mass. 
C Si Mn P S Cu Cr Mo Ni V 

NASh -1 15Х2НМФА 0,15 0,25 0,44 0,010 0,018 0,15 2,00 0,50 1,17 0,11 
NASh -2 15Х2НМФА 0,16 0,32 0,42 0,010 0,010 0,11 2,05 0,53 1,34 0,08 
BM(HAZ)-1 15Х2НМФА-А 0,13 0,27 0,48 0,009 0,010 0,04 1,88 0,54 1,14 0,10 
BM (HAZ)-2 15Х2НМФА-А 0,17 0,24 0,43 0,006 0,012 0,05 2,02 0,54 1,28 0,10 
BM (HAZ)-3 15Х2НМФА-А 0,14 0,23 0,38 0,009 0,016 0,04 1,91 0,54 1,33 0,10 
BM (HAZ)-4 15Х2НМФА-А 0,16 0,30 0,43 0,006 0,011 0,04 2,05 0,51 1,09 0,10 
BM (HAZ)-5 15Х2НМФА-А 0,16 0,28 0,40 0,004 0,009 0,02 2,10 0,53 1,17 0,10 
BM (HAZ)-6 15Х2НМФА-А 0,14 0,22 0,42 0,007 0,013 0,05 1,91 0,49 1,11 0,10 
BM (HAZ)-7 15Х2НМФА-А 0,15 0,30 0,51 0,010 0,012 0,04 1,93 0,56 1,13 0,10 
BM (HAZ)-8 15Х2НМФА-А 0,15 0,28 0,43 0,006 0,004 0,05 1,82 0,50 1,15 0,10 
BM (HAZ)-9 15Х2НМФА-А 0,14 0,31 0,45 0,002 0,004 0,02 2,01 0,54 1,26 0,10 

 
All materials were heat treated in accordance with standard procedure for VVER-1000 shells. In 

order to study distribution of properties in the areas of BM SS cutting a coupon from the forging intended 
for nozzle area shell (NSh-1) manufacture (Figure 3a) was used. Distribution of properties in the bulk of 
the shell was studied with the use of templates from the nozzle area shell (NSh-2), (Figure 3b). 
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Figure 3. Scheme of cutting a 

coupon ring (a) and a shell 
(b) from the forging 

cylindrical section (а) and the 
shell segment (b). 

 
Base metal properties distribution was assessed by the transition temperature values and strength 

characteristics. The data quantity analysis is performed with the use of mathematical statistics methods. 
 

PROPERTIES DISTRIBUTION IN BM SS CUTTING LOCATION AND IN VVER-1000 RPV 

SHELLS 

 
VVER-1000 RPV surveillance specimens are cut from the test coupon of forgings for the core 

shells. In order to provide uniformity of properties in thickness the SS are cut from the coupon section of 
medium thickness ( 31

4 4  of thickness). In order to provide uniformity of properties in height, a heat 
barrier is applied to the top of forging before the quenching. The barrier should provide equal cooling rate 
along all the height of the test coupon.  

In order to study causes of the data scattering between SS groups in initial state, distribution of 
alloying and doping elements, Rp0.2 and Тк e in three directions: radial (Rr), axial (Ra) and azimuthal (Rt) 
was assessed. Six templates were cut from the test ring in the way that is shown in Figure 4. 

 

 

 

 

 

Figure 4. A scheme of cutting templates 
from coupon ring of nozzle shell  

(NSh-1). 

 
From each template the billets have been cut for standard Charpy specimens, as it is shown in 

Figure 5. Groups of Charpy specimens were consisted from 12 specimens cut compactly in three mutually 
perpendicular directions. The distribution in one of three directions has been studied when the coordinates 
of two other directions have been fixed. All together 348 Charpy specimens (29 groups) were 
manufactured and tested. Marking stipulated unambiguous identification of each specimen location in the 
test ring. 

After impact bending testing, tensile samples were made from Charpy specimens halves in such a 
way that specimens for investigation of distribution in the selected direction had equal coordinates in two 
other directions, as it was shown in Figure 5. Similar principles are put into investigation of NSh-2 shell 
metal. 

Rt 
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Figure 5. Scheme of specimens cutting from templates 1 – 3 and arrangement (a) of Charpy specimens 

into groups as well as  (b) for static tensile test (grey color) and chemical composition study (rings). 
 
Chemical composition is homogeneous in coupon and shell. Regular distribution of alloying and 

doping elements in thickness and height has not been observed. Regular distribution of strength 
characteristics in radial and axial directions has not been stated. Axial and radial distributions of Тк for 
groups of specimens from templates 1-2-3 and 4-5-6 are shown in Figure 6. 

 

  
 

Figure 6. Axial (a) and radial (b) Тк distribution in coupon (a). 
 
Data in Figure 6a show a gradient in Тк distribution in axial direction for all studied coordinates. 

The coordinate in this case means a fixed pair (radial + azimuthal coordinate). Transition temperature 
near the forging top is lower than in the bulks located far from the top and it reaches minus 88  93ºС and 
minus 63ºС – in the templates 4-5-6. At a distance more than 70 mm from the forging top, Тк regular 
variation is not available. Samples cut from the lower part of coupon correspond to the shell metal. 
Difference between Тк in the coupon and in the bulks adjacent to the shell can reach 65оС. Study of Тк 
axial distribution in the shell has shown absence of gradient specific for areas of surveillance specimens 
cutting (Figure 7).  

Transition temperature increase is observed from minus 50ºС to minus 37ºС, then a decrease to 
minus 48ºС along radial direction from the forging inner surface to its outer surface. Thus, there is Тк 

b a 

а b 
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regular distribution along thickness with the maximum value in the thickness from zero to a quarter 
(Figure 6b) in radial direction. Similar Тк distribution is in radial direction in the shell was observed 
earlier Chernobaeva et al (2009) .  

 

 
 
 

 
Figure 7. Axial Тк distribution in the nozzle 

shell (NSh-2) 

 
Thus, the results of study of transition temperature distribution in axial direction in coupon show 

that heat barrier does not provide homogeneity of properties in axial direction. 
Groups of SS have been composed in such a way that each group includes 2 specimens from each 

of 6 layers in thickness. Specimens with different axial coordinates of cutting got into groups in a random 
way. System of specimens marking did not stipulate fixing the specimen axial coordinate in the coupon. 
That is why surveillance specimens groups (reference and temperature) can have different properties in 
initial state (for example, Тк0). With difference of Тк in initial state between reference and temperature 
groups a positive and a negative value of ∆Тк can be obtained, especially, if effects of thermal aging 
influence are small. 

In order to assess scatter of properties that is already available as differences in initial Тк for 
reference and thermal aging groups a virtual experiment has been performed simulating surveillance 
specimens testing in the work Chernobaeva et al (2012) . This experiment has shown that it is possible to 
obtain different types of the same material properties change only due to Тк difference between the groups 
in initial state.  

In order to study thermal aging effect on base metal materials it is suggested to perform studies of 
base metal on the basis of reference and thermal aging surveillance specimens with maximally possible 
decrease of properties scatter contribution in initial state. 

 
SELECTION OF OBJECT FOR THERMAL AGING STUDY 

 
For correct study of thermal aging effects on base metal of VVER-1000 RPV, the surveillance 

specimens metal is the best object, since these data are obtained under actual operating temperatures and 
rather long-term exposures (tens of years). It is practically not possible to obtain such kind of data as a 
result of special experiments. 

In radial and axial directions in the areas of base metal surveillance specimens cutting a regular 
distribution of Тк is observed. Therefore, in the process of machining of surveillance specimens it is 
necessary at first to try to avoid scatters in these two directions. As it was shown hereinbefore, in using 
standard base metal surveillance specimens a “noise” will always be present due to Тк scatter in the areas 
of surveillance specimens cutting. Hypothetically, the “noise” can be more than thermal aging effects 
themselves. Thus, it is necessary to aspire to decrease contribution of this “noise”.  

Other than base metal surveillance specimens, samples of weld and heat-affected zones are 
included into surveillance specimens program. In the Charpy specimens of heat-affected zone (HAZ) a 
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notch is located along the boundary between base and weld metals. That is why one of the halves of each 
HAZ specimen is base metal (Fig. 8).  

 

 

 
 
 
 
 
 

Figure 8. Scheme of cutting the HAZ SS with 
designation of base metal material selected for 

study. 

For the purpose of maximal decreasing the contribution of properties scatter in initial state (in 
axial and radial directions) into the final result of thermal aging effects study in base metal it is necessary 
to use base metal halves from HAZ SS of the one layer. It allows simultaneously fixing the axial 
coordinate of samples cutting because a part of the sample is always in the weld metal and excludes a 
scatter of properties in radial and axial directions. Standard Charpy specimens and tensile test specimens 
were fabricated from the base metal halves of the tested HAZ SS using reconstruction. 12 Charpy 
specimens and 4 tensile 5-fold specimens of 3 mm in diameter were tested for each state each material. 

One of the indices of metal homogeneity is scatter of experimental values of observed energy 
relative to temperature dependence of observed energy curve. Comparison of scatter of experimental 
points relative to the serial curve was performed by the value of standard deviation. Standard deviation 
values of with such approach to specimen groups arrangement had decreased not less than twice 
Chernobaeva et al. (2012) . I.e., the proposed technique of specimen groups arrangement for thermal 

aging study significantly reduces experimental values scatter relative to the serial curve and decreases 
contribution of properties scatter to assessment of thermal aging effects. 

 
ANALYSIS OF NEW DATA BASE 

 

 Figure 9 shows a new thermal aging database obtained during testing the recovered specimens 
made of the HAZ specimen base metal. 

All thermal aging models being available at the present for steel 15Х2НМФА suppose the 
presence of a reinforcing mechanism with carbonization and carbide coagulating 15,16 . It is accepted 
that the maximum of «property change – exposure time» relationship is within the range 20000 to 30000 
h. Analysis of data, mainly, is related to check of validity of an assumption, that yield strength and Тк 
increased, first, within the range from 20000 to 50000 h, and, then, the stage of decreasing is observed. 

The structural studies (using TEM and SEM methods) of thermal aging VVER-1000 SS sets 
showed, that a phase composition of the BМ TSS surveillance specimens studied did not significantly 
change during isothermal exposure time from ~10000 to 140000 hours at temperature of 300-320оС as 
compared with the initial state and is represented by α-iron, carbides and carbonitrides. No other phases 
were detected. [Gurovich, et al (2012), Gurovich, et al (2012-1)]. Size and density of carbides and 
carbonitrides in BМ did not change practically during long-term temperature exposure at the operation 
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temperature. Microhardness of the studied specimens after various isothermal exposures does not change, 
i.е. additional tempering of bainite obtained after standard heat treatment does not occur. This, it is 
demonstrated that there are no structural backgrounds for change in strength characteristics of the BМ 
specimens studied within the temperature range of 300-320оС to ~ 140 000 hours. 

 

  
 

Рисунок 9 Values of Тк and RP 0.2 for all studied materials depending on exposure time within the 
temperature range from 310 to 320°С. 

 
The correlation between Тк and RP 0.2 is equal to minus 0,06. It can mean that the change in 

transition temperature is not related to a hardening mechanism, as no correlation between yield strength 
increasing and Тт  is observed (Fig. 10). 

 

 

 
 
 
 
 

Figure 10. Тк versus Rp02 for the studied 
VVER-1000 base metal. 

 

 
Actually, in the data base there is one experimental value within the time range from 20000 to 

50000 h, which may be considered as an evidence of yield strength increasing (12 MPa). Effect of 
chemical composition is not revealed. All data may be considered as an integrated file. Within the time 
range from 20000 to 50000 hours there are three minus values of Rp02т . The average value of yield 
strength within the time range from 20000 to 50000 h is equal to 9 MPa. A half of all values of Rp02 has 
a minus sign. This result does not confirm an assumption on yield strength increasing. 

As no variation of Rp02 with maximum is found out within the studied time range, the correlation 
was evaluated between Rp02 and exposure time. The correlation between of Rp02 and time is equal to 
minus 0,05. This means that a linear dependence between yield strength change and exposure time is not 
stated. A great deal of the data indicates no yield strength change within the studied time range (to 

а b 
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171096 h). A significant decrease in yield strength is detected only for two materials. Hence, based on the 
data obtained in the present paper one can conclude that there is no significant change in yield strength. A 
tendency to degradation of strength characteristics shall be checked during testing the thermal aging SS 
with the exposure time exceeding 200000 h. 

Visual expert evaluation of data makes possible to assume that variation of Тк can be described by 
a curve with a maximum. Such dependence can describe change in properties stipulated by microstructure 
evolution consisting in sedimentation at the first stage and subsequent coagulating or grain-boundary 
segregating and simultaneous decreasing in yield strength. If from any time moment, the Тк decrease 
caused by softening occurs more intensive than the Тк increase caused by grain-boundary segregations 
the data can be described by curve with a maximum. 

A fraction of intergranular fracture on the surface of the BM Charpy specimens does not exceed 
10% within the range of exposure times up to 170000 h. The yield strength data indicate no significant 
decrease. There is no correlation between Тк and Rp02т. Thus, the results of microstructure investigation 
and laws of yield strength change make possible to assume that no significant variation of Тк for BM 
during thermal aging is available.  

To be sure of validity of the assumption concerning no variation of Тк during thermal aging, the 
presence of maximum in variation of Тк is checked. To check the presence of maximum the time scale 
was divided into two parts: from 0 to the time of an expected maximum equal to 35184 h (the maximum 
shift of Тк corresponds to this exposure time) and from 35184 through 171096 h. Within each section a 
correlation was determined between Тк and the exposure time. The outline of the performed analyses is 
shown in Figure 11.  

 

 

 
 
 
 
 

Figure 11. The Figure shows an outline of 
the analysis 

 
The first section is shown with dotted line in Figure 11, the second section – with solid line. The 

correlation coefficient at the first section is equal to 0,39. For sample from 13 elements, the correlation is 
not significant. The correlation at the second section is equal to 0,20 and it is also insignificant. Analysis 
of correlations did not confirm the assumption that variation of Тк can be described by dependence with a 
maximum.  

Variation of Тк can be caused by phosphor segregations along grain boundaries. In this case 
increasing in Тк should be observed in the hole interval of time. The correlation between of Тк and time 
for the whole data file is equal to minus 0,02, this indicates no linear relation between Тк and exposure 
time. The parameters of power dependence of Тк and Тк on time are evaluated. The power dependence 
does not describe the obtained database. This allows to conclude, that significant increasing in Тк is not 
observed within the studied time range. 

Maximum increasing in Тк is 27°С. The maximum decreasing in Тк is minus 14°С. The data 
represented in Figure 10 show that the Тк increase is observed with the lower values of Тк0. The Тк 
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decrease is observed with the higher values of Тк0. In this case, increasing and decreasing in Тк can be 
registered, if a group with the minimum or the maximum Тк0 falls into a reference set, respectively. The 
correlation coefficient between  Тк and Тк0 is equal to 0,39. For sample of 24 elements the correlation is 
significant. This means that the lower Тк0 is, the more Тк shift is. As relation between Тк and structural 
changes is not stated, one may conclude that the reported shift of Тк is related to azimuthal scatter in Тк 
for the exposure time within the temperature ranges from 310 to 320°С with the length up to 170000 h. 
 

CONCLUSIONS 

 

1. In the locations of base metal surveillance specimens cutting and in the shell space in radial 
direction there is a regular distribution of Тк values. Increase and decrease in Тк values is observed when 
changing in radial coordinate from the inside surface of shell (forging) towards to the outside surface, 
which is related to different cooling rate of metal volume near the surfaces of forging and internal spaces. 
An axial gradient of Тк values is observed in coupon ring. For the spaces adjacent to the top of coupon 
ring the minimal values of Тк, which can be lower 65°С than the values of Тк in the spaces distant from 
the top. At the distant more than 70 mm from the top there is no axial gradient of Тк values.  
2. In shell metal there is no axial gradient of Тк. Shell metal is more homogeneous than the coupon 
ring metal from which surveillance specimens were cut.  
3. Regular change in properties in radial and axial directions in the location of surveillance 
specimens cutting leads to significant scattering of SS data on ∆Тк when studying thermal aging and 
irradiation based on base metal surveillance specimens, this makes possible to plot an adequate model and 
results to the super conservative evaluation of thermal aging and radiation embrittlement of VVER-1000 
base metal. 
4. A way for obtaining data for studying thermal aging of VVER-1000 base metal from base metal 
of HAZ surveillance specimen temperature set is proposed, that makes possible to evaluate effects of 
thermal aging with maximally possible reduction of contribution of scatter of properties in initial state 
into final results of tests. 
5. Analysis of the obtained data base on thermal aging at the temperatures of 310-320оС within the 
range from 11000 to 170000 hours has showed that regular variations of Rp0.2 and Тк are absent. 
Correlation between variation of yield strength and brittle-to-ductile transition temperature is not 
detected. The absence of significant increase (decrease) in yield strength within thee whole time range 
excludes the presence of reinforcing (softening) mechanism within the studied range of times.  The 
presence of both positive and of negative values of ∆σ0,2 and ∆ТТ, evidently, is related to scattering of 
properties in initial states between the  specimens being a part of various sets (reference and temperature 
ones). 
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