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Changes in the fine structure and mechanical properties of the base metal (BM) and weld metal (WM) of
VVER-1000 pressure vessels during accumulation of neutron dose in the range of fluences �(3.2–15) �
1023 m�2 (E > 0.5 MeV) at 290 �C are studied using methods of transmission electron microscopy, fracto-
graphic analysis, and Auger electron spectroscopy. A correlation was found between the changes of
mechanical properties and the micro- and nano-structures of the studied steels. Accumulation of neutron
dose considerably raises the strength characteristics and transition temperature of VVER-1000 pressure
vessel steels. The rate of changes in the mechanical properties of the weld metal is significantly higher
than that of the base metal. The slower growth of strength characteristics and transition temperature shift
of the base metal under irradiation as compared with the weld metal is due to the slower growth of the
density of radiation defects and radiation-induced precipitates. The level of intergranular embrittlement
under irradiation in the weld metal is not higher then in the base metal in spite of the higher content of
nickel.

� 2009 Elsevier B.V. All rights reserved.
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1. Introduction

Information on the micro- and nano-structure of reactor pres-
sure vessel materials irradiated by fast neutrons is very important
for development of physical models of radiation embrittlement of
these materials. Systematic studies of the fine structure of irradi-
ated pressure vessel materials have been carrying out in the Russian
Research Center ‘Kurchatov Institute’ for many years. The main
results of these studies are published in [1–7].

A number of studies carried out in Kurchatov Institute in the
last five years were aimed at clarification of the fine structure
ll rights reserved.

+7 499 1961701.
. Chernobaeva).
changes in reactor pressure vessel (RPV) materials under the action
of operation factors (such as a flux of fast neutrons and tempera-
ture). The central idea of these studies is accumulation of transmis-
sion electron microscopy (TEM) and fractographic data on pressure
vessel materials irradiated in a wide range of fast neutron fluences
for each material. Such problem definition allows revealing of RPV
fine structure behaviour during accumulation of neutron dose.

The subject of these studies was the metal of VVER-440 RPV
surveillance specimens. Some of the results of these studies are
published in [7,8].

In this paper, changes in the fine structure and mechanical
properties of the VVER-1000 base metal (BM) and weld metal
(WM) during accumulation of neutron dose in the range of fast
neutron fluences �(3 � 15) � 1023 m�2 (E > 0.5 MeV) are studied
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Fig. 1. Concentrations of Ni, Mn, Si, and Cu in the base metal and weld metal of
VVER-1000 pressure vessels and concentrations of these elements in the studied
materials.

Table 2
Parameters of irradiation.

Material TIrr (�C) F(E > 0.5 MeV) � 1023 m�2 Flux
(E > 0.5 MeV) � 1016 m�2 s�1

BM 290±2 7.1 2–4
290±2 9.5 2–4
290±2 14.8 4–5
290±2 3.1 2–4

WM 290±2 5.2 2–4
290±2 5.6 2–4
290±2 6.5 2–4
290±2 11.6 4–5
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using methods of TEM, fractographic analysis and Auger electron
spectroscopy.

2. Materials

The subjects of our studies were VVER-1000 base and weld met-
als. Specimens of the base metal were taken from the shell of
15Kh2NMFA-A steel. The material of the weld joints was Sv-
12Kh2N2MAA steel. Both of these materials were prepared accord-
ing to the standard technology for VVER-1000 pressure vessels. The
chemical composition of these steels is presented in Table 1.

Fig. 1 shows the range of concentrations of nickel, manganese,
silicon, phosphor, and copper in the irradiated shells and weld
joints of Russian and Ukrainian VVER-1000 RPVs. Black dots show
concentrations of these elements in the studied materials.

The chemical compositions of the studied materials is typical
for the base metal and the weld metal of VVER-1000 RPVs. Concen-
tration of Ni reaches the upper limit in the base metal and almost
the upper limit in the weld metal. Thus, in terms of manufacturing
technology and chemical composition, the selected materials may
be considered representative for analyzing the structure and
mechanical properties of the base metal and the weld metal of
the most critical (high nickel) VVER-1000 RPVs.

3. Experiments

Charpy specimens of the base and weld metals were irradiated
in a commercial reactor VVER-1000 at 290 �C. The parameters of
irradiation are listed in Table 2. The specimens were located closer
to the active zone than the reactor wall during irradiation. For this
reason, the fast neutron fluxes on the specimens are 25–50� high-
er than the values typical for irradiation of VVER-1000 pressure
vessel walls.

Embrittlement after irradiation was evaluated by the shift of
critical embrittlement temperature (DTK ) in the tests of standard
Charpy specimens [9].

Static uniaxial tensile tests were conducted to evaluate the
strength characteristics of the studied materials. All tensile test
specimens were prepared from halves of Charpy specimens.

The micro-structure of materials was studied using unirradiated
polished specimens etched in solution of 3% nitric acid in methanol.

An electron microscope TEMSCAN-200CX (Jeol, Japan) with an
acceleration voltage of 120 kV was used for transmission electron
microscopy (TEM) studies. Specimens for transmission electron
microscopy studies were cut from the halves of tested Charpy
specimens on an electro-erosion rig and polished on a Struers rig
(Austria) at �(70 � 60) �C using an electrolyte consisting of 10%
of HClO4 and 90% of methanol.

To determine the density of radiation-induced defects and pre-
cipitates, the thickness of specimens in the studied segment was
measured using the method based on diffraction of electrons in a
convergent beam [10], which provides accuracy better than 5%.

The halves of tested Charpy specimens were used for fracto-
graphic studies. The specimens were selected and vacuum-treated
immediately after tests for preserving their surface of fracture. The
radioactive version of the X-ray micro-analyzer SXR-50 (Cameca,
France) installed in a hot cell was used to study the surfaces of frac-
Table 1
Chemical composition of investigated pressure vessel materials, mass%.

Materials C Si Mn P S

Fe-balance
BM 0.17 0.29 0.47 0.009 0.
WM 0.08 0.26 0.74 0.006 0.
ture. Images of fractures were obtained in secondary electrons un-
der an acceleration voltage of 20 kV and a scanning probe current
of 0.9 nA in the 50–1500 magnification range. Glagolev’s method
[11] was used to estimate the share of areas with different types
of fractures (ductile transcrystalline fracture, brittle intercrystal-
line fracture, ductile intercrystalline fracture, cleavage, and quasic-
leavage) in the total surface of fracture after Charpy tests at
different temperatures. The absolute error of measurements with
a confidence probability of 95% did not exceed 5%.

Specimens of (1.3 � 1 � 15) mm3 with a thin 0.3 mm-deep
notch were prepared for Auger electron spectroscopy (AES) studies.
Specimens were fractured immediately in the vacuum chamber of
the Auger spectrometer MICROLAB Mk II in ultrahigh vacuum con-
ditions with liquid-nitrogen cooling.

A special procedure was used in order to correctly determine
the P content at the grain boundary (GB) [12]. Specimens of the
unirradiated base metal of VVER-1000 pressure vessels were pre-
pared for calibration measurements. The specimens were sub-
jected to several special types of heat treatment for promoting P
segregation to the grain boundary. Auger electron spectroscopy
measurements of the P content at the grain boundary were per-
formed for different types of heat treatment. The P content was
also calculated using McLean’s equilibrium segregation theory
with taking into account co-segregation of Ni [13]. The obtained
Cr Ni Mo Cu V

014 2.24 1.34 0.51 0.05 0.09
013 1.80 1.77 0.64 0.07 0.02
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reference values were used for calculation of the phosphorus con-
centrations of at the grain boundaries of irradiated specimens.

4. Results

4.1. Mechanical tests

Figs. 2 and 3 show the changes in the values of yield point
(DRp 0:2) and transition temperature shift (DTK ) of tensile test spec-
imens and Charpy specimens correspondingly after irradiation by
different fast neutron fluences.

The parameters of curves in these graphs were estimated using
the least-square method.
Base metal
1 The specified value of fluence is approximately tw
designed lifetime fluence for the shell and welds of the V
Weld metal
DRp 0:2 ¼ 16:9� ðF � 1022Þ0:4

DTK ¼ 6:2� ðF � 1022Þ0:5
 DTK ¼ 1:6� F � 1022
where F is the fluence of fast neutrons (m�2).
Analysis of the results of mechanical tests shows the following:

� Accumulation of damaging irradiation dose leads to a consider-
able increase in the strength characteristics and critical embrit-
tlement temperature of materials.

� The rate of changes in the properties of the weld metal is signif-
icantly higher than that of the base metal.

� Increase of the fluence of fast neutrons decreases the rate of
growth of the strength characteristics and critical embrittlement
temperature of the base metal. Increase of transition tempera-
ture shift of the weld metal is close to linear.
4.2. Micro-structure studies

Studies of the base and weld metals have shown that their micro-
structure is bainite typical for Russian steels VVER-1000 [1–7]. The
size of hereditary austenite grains varies in the range of
100–250 lm and is also typical for VVER-1000 RPV steels [1–7].

4.3. Transmission electron microscopy studies (TEM)

Typical areas of the fine structure of the studied specimens are
shown in Fig. 4. The results of TEM studies are presented in Table 3
and Figs. 2 and 3.

The obtained results make it possible to discover a number of
regularities and specific features of radiation-induced structural
changes in VVER-1000 RPV steels.

Radiation defects in the form of ‘black dots’ and dislocation
loops with a resolved zero-contrast line are observed in steels after
irradiation.

Disk-shaped precipitates are presented in the base metal. This
type of precipitates is identified as chromium enriched carbides
[14]. The density of chromium carbides remains practically the
same with the growth of fluence up to �1 � 1024 m�2. After irradi-
ation up to a higher fluence,1 the density of disk-shaped precipitates
grows to a certain extent and their sizes decrease. This may be an
indication that a new population of smaller radiation-induced car-
bides is formed with fluence increase (cv. na,k. 3) with somewhat
higher density and smaller average sizes. Radiation-induced carbides
were not found in weld joints in the studied range of fluences.

Round nano-sized precipitates were detected in irradiated spec-
imens of the base metal and the weld metal. Such precipitates are
completely absent in unirradiated materials. These precipitates are
o times higher than the
VER-1000 opposite core.
homogenously distributed in metal grains, and their average size
reaches 3–5 nm. The special samples for Atom probe tomography
(APT) investigation were cut out from the same halves of tested
Charpy specimens. APT study was performed at Oak Ridge National
Laboratory (ORNL) [15]. The results of this study show that the pre-
cipitates found in the weld metal are enriched with Ni, Mn and Si
atoms (Ni–Mn–Si precipitates) and the precipitates found in the
base metal are enriched with Ni and Si atoms (Ni–Si precipitates).
In earlier work the same materials, irradiated to fluence
2.4 � 1023 m�2 (E > 0.5 MeV) in Ford reactor were studied in ORNL
by APT. The results of this study have been reported in [16,17]. The
similar type of precipitates was described in [18–23].

The average size of rounded precipitates does not change when
the irradiation dose is increased up to 5.2 � 1023 m�2 for the weld
metal and up to 9.5 � 1023 m�2 for the base metal and starts to
grow upon further increase of the irradiation doze.

The volume density of rounded precipitates grows almost line-
arly in the entire range of fluences. The rate of growth of precipi-
tates density and its absolute values in the weld metal are much
higher than in the base metal.

The diameters of radiation-induced dislocation loops in the base
metal remain the same in the entire studied range of fluences. The
density of dislocation loops in the base metal slightly increases
with the growth of fluence from 7.1 � 1023 m�2 to 9.5 � 1023 m�2

and increases 2–3� upon further growth of fluence up to
�14.8 � 1023 m�2.

The diameters of radiation-induced dislocation loops in the weld
metal do not change when fluence grows from 3.1 � 1023 m�2 to
5.2 � 1023 m�2 and somewhat increases upon further growth of flu-
ence up to �11.6 � 1023 m�2.

The density of dislocation loops in the weld metal slightly in-
creases with the growth of fluence from 3.1 � 1023 m�2 to
5.2 � 1023 m�2 and increases 2� with the growth of fluence up
to �6.5 � 1023 m�2. Further growth of the irradiation doses up to
�11.6 � 1023 m�2 increases the density of dislocation loops in
30–40 times.

4.4. Fractographic studies

The results of fractographic studies are presented in Table 4 and
Fig. 5. The results presented in Table 4 show that:

� The share of ductile transcrystalline fracture in all studied frac-
tures correlates with normalized values of absorbed energy (A/
Amax, where A – absorbed energy value for a given test temper-
ature, Amax – maximum absorbed energy).

� Intergranular areas appear in fractures of irradiated specimens.
This structural component of fractures is absent in unirradiated
specimens.

� The share of intercrystalline fracture in the base metal and weld
metal are practically the same at comparable fluences and
increases with the irradiation dose.
4.5. Auger electron spectroscopy studies of grain-boundary
segregations of phosphorus

The fracture surfaces of the base metal and the weld metal were
studied by means of Auger electron spectroscopy (AES). The aver-
age concentration of phosphorus was equal to 19.6 ± 2.7% of mono-
layer coverage at boundaries of the base metal grains irradiated
with doses of up to 14.9 � 1023 m�2 and 15.2 ± 1.5% of monolayer
coverage at the boundaries of the weld metal grains irradiated with
doses of up to 11.5 � 1023 m�2.

Experimental data on phosphorus content in the grain bound-
aries were not obtained because fracture surfaces of small unirra-
diated specimens did not contain intergranular fracture areas. But



Fig. 2. TEM micrographs (dark-field images) of the fine structure of VVER-1000 base metal (F = 1.47�1024 m�2) and weld metal (F = 1.16�1024 m�2): radiation defects –
dislocation loops (a) base metal (b) weld metal; rounded precipitates (c) base metal (d) –weld metal (e) disk-shaped precipitates in base metal.

Fig. 3. SEM micrograph of brittle intergranular fracture surface: (a) base metal (irradiated up to F = 1.47�1024 m�2); (b) weld metal (irradiated up to F = 1.16�1024 m�2).
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calculations by McLean model of equilibrium segregations
[McLean] predict 3–4% of monolayer coverage for both the base
and weld metals after the initial heat treatment. Thus the irradia-
tion caused an increase in the phosphorus grain-boundary segrega-
tion level in the both materials with the corresponding increase in
intergranular fracture area share (see Table 4).



Fig. 4. Changes of transition temperature, yield stress, density of precipitates and
dislocation loops and part of inter-crystalline fracture in base metal under
irradiation.

Fig. 5. Changes of transition temperature, yield stress, density of precipitates and
dislocation loops and part of inter-crystalline fracture in weld metal under
irradiation.
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According to an estimate made in [24] a change of phosphorus
concentration at the grain boundary must lead to the following
shift of TK:

DTK ¼ ½42þ 78 lnðd=d0Þ�DCC3
p ð1Þ

where d is the grain size, lm, and d0 is a characteristic quantity
equal to 1 lm. For both the base metal and weld metal, the grain
size may be assumed to be equal to 200 lm as the measured values
were in the range 150–250 lm. Therefore, when the concentration
of phosphorus at the grain boundary increases by 1 at.%, the shift of
Table 3
Data on densities and average sizes of radiation defects, radiation-induced disk-shaped an

N� Fluence
(�1023 m�2)

Density of dislocation
loops (1021 m�3)

Diameter of
dislocation loops nm

Density of disk-sh
precipitates (1021

Base metal (Ni = 1.34%, Mn = 0.47%, Si = 0.29%)
1 7.1 5–6 4–5 3–5
2 9.5 7–8 4–5 3–5
3 14.8 10–20 4–5 4–6

Weld metal (Ni = 1.77%, Mn = 0.74%, Si = 0,26%)
4 3.1 5–6 4–5 –
5 5.2 6–7 4–5 –
6 6.5 10–20 5–6 –
7 11.6 400–600 6–8 –

Table 4
Summary data of fractographic analysis results for investigated Charpy specimens.

Fluence(�1023 m�2), TK (�C) Ttest (�C) Absorbed energy (J) Fraction of different

Ductile Quasiclea

Base metal (P = 0.009%, Cu = 0.05%, Ni = 1.34, Mn = 0.47%, Si = 0.29%)
F = 0 �90 57 20 70
TK = �82 �100 13 Traces 90
F = 7.1 �12.5 64 45 30
TK = �25 0 64 45 25
F = 14.8 �18 45 25 40
TK = �10 �12.5 53 35 30

Weld metal (P = 0.006%, Cu = 0.07%, Ni = 1.77%, Mn = 0.74%, Si = 0.26%)
F = 0 �75 25 15 80
TK = �59 �55 55 40 55
F = 5.2 �12.5 42 30 60
TK = 2 0 50 35 60
F = 11.6 50 19 20 50
TK = 94 87.5 41 40 20
TK must be approximately 4–5 �C. Thus, the estimation shows that
the increase in phosphorus content in the grain boundaries could
lead to a certain raise in TK.

The studied materials were subjected to accelerated irradiation,
whereas the fast neutron flux in real pressure vessels are 1 or 2 or-
ders of magnitude lower. The level of intercrystalline segregation
at the fast neutron flux densities corresponding to real operation
conditions may almost exceed the level of intercrystalline segrega-
tion during accelerated irradiation due to longer irradiation time
and, according to the estimate above, could cause a considerable
DBTT shift.
d rounded precipitates.

aped
m�3)

Diameter of disk-shaped
precipitates (nm)

Density of rounded
precipitates (1021 m�3)

Diameter of rounded
precipitates (nm)

15–20 80–100 2–3
15–20 100–200 2–3
10–15 200–300 3–4

– 70–90 2–3
– 200–400 2–3
– 300–500 3–4
– 700–800 3–5

fracture modes (%)

vage Cleavage Brittle intergranular fracture Ductile intergranular fracture

10 – –
10 – –
10 15 –
10 20 –
10 25 –
10 25 –

5 – –
5 – –
5 5 –
5 Traces –
5 20 –
5 20 –
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5. Discussion

The results obtained in this work (Figs. 2 and 3) reveal the fol-
lowing features of VVER-1000 pressure vessel steel behaviour un-
der irradiation:

� Formation of dislocation loops and gradual increase of their den-
sity in the base metal in the entire studied range of fluences.

� Formation of dislocation loops, gradual increase of their density
in the weld metal up to a fluence of �6.5 � 1023 m�2, and sharp
increase of their density (by a factor of 30–40) in the weld metal
in the range of fast neutron fluences �(6.5–11.6) � 1023 m�2.

� Formation of round precipitates (Ni–Mn–Si precipitates in the
weld metal and Ni–Si precipitates in the base metal). The density
of precipitates grows almost linearly in the entire studied range
of fluences. The rate of growth of the density of precipitates and
its absolute values in the weld metal are much higher than in
the base metal.

� No changes in the density of disk-shaped precipitates (chro-
mium-enriched carbides) in the base metal (up to a fluence of
9.5 � 1023 m�2) and formation of a new conglomerate of car-
bides upon further growth of fluence up to �14.8 � 1023 m�2.

� Absence of radiation-induced carbides in the weld metal.
� Formation of grain-boundary segregations of impurities, first of

all phosphorus, resulting in the formation of areas of brittle
intercrystalline fractures.

The rates of growth of the critical embrittlement temperature
are different for the base and weld metals due to the complex
changes in the structure of these metals.

Fine structure parameters for different states and the corre-
sponding shifts of critical embrittlement temperature (DTK ) are
presented in Figs. 2 and 3 to evaluate the contribution of different
radiation-induced changes in the structure of the base metal and
the weld metal to radiation-induced embrittlement.

The concentrations of phosphorus at the grain boundaries in the
base metal and weld metal are close within the measurement error.
The grain size in the weld metal is approximately twice as large as in
the base metal. The change in the yield point under irradiation
and its absolute value for the weld metal (Rp 0:2 = 795 MPa,
DRp 0:2 = 259 MPa) are higher that for the base metal (Rp 0:2 = 751
MPa, DRp 0:2 = 139 MPa). In this situation, the share of intergranular
fracture in the weld metal must be larger than in the base metal.

Estimation of contributions of different mechanisms to radia-
tion-induced embrittlement requires comparison between the rate
of growth of each of them and their influence on the variation of
DTK in the base metal and weld metal.

The growth of the densities of rounded precipitates in the base
metal and weld metal is not the only factor which affects the rise of
critical embrittlement temperature of VVER-1000 RPV steels under
irradiation. The changes of properties under irradiation are appar-
ently caused by the complex combined action of different struc-
tural elements. At the first stages of irradiation, embrittlement of
both the base metal and weld metal is mainly caused by formation
of radiation-induced nickel-enriched precipitates, grain-boundary
segregation of phosphorus. The density of dislocation loops at the
early stage of irradiation does not increase significantly for the
base metal and weld metal; simultaneously the rate of growth of
the density of the rounded precipitates does not change as well.
At higher fluencies the density of dislocation loops increases: by
a factor of �30–40 in the weld metal at 11.6 � 1023 m�2 and by a
factor of 1.5 in the base metal at 14.8 � 1023 m�2 with continuous
increase in the round precipitates density. It results in a consider-
able difference in the rates of embrittlement of weld and base met-
als. The function DTK linearly depends on fluence for the weld
metal and rate of DTK increase slows down for the base metal.
Thus at high fluences of fast neutrons, intensification of radia-
tion-induced embrittlement is mainly related to radiation harden-
ing, namely, the increase of the concentration of radiation defects
with further growth of the concentration of the rounded precipitates
in the weld metal, and mainly the growth of the concentration of the
rounded precipitates in the base metal.

Comparison of the obtained results with the results previously
published in [7,8] for VVER-440 RPV steels shows that the main
salient feature in the nano-structure of RPV steels under irradiation
is the fact that the density of radiation-induced round precipitates
does not decrease in VVER-1000 RPV steels, whereas in VVER-440
RPV steels the density of round precipitates drops after irradiation
to fluence of �1.3 � 1024 m�2. The difference may be explained by
the high content of alloying elements, whose atoms participate in
the formation of precipitates in VVER-1000 RPV steels. As long as
the contents of manganese and silicon are practically the same in
the respective materials of VVER-440 and VVER-1000, the main
difference is the content of nickel, which is much higher in
WWER-1000 materials.
6. Conclusions

1. The micro- and nano-structures of VVER-1000 pressure vessel
steels were studied in relation to the changes in the mechanical
properties of the base metal and weld metal of VVER-1000 pres-
sure vessels after irradiation with fluences of up to (11.6–
14.8) � 1023 m�2 at �290 �C.

2. A correlation was found between the changes of mechanical
properties and the micro- and nano-structures of the studied
steels.

3. Accumulation of neutron dose considerably raises the strength
characteristics and transition temperature of VVER-1000 pres-
sure vessel steels. The rate of changes in the mechanical prop-
erties of the weld metal is significantly higher than that of the
base metal.

4. The slower growth of strength characteristics and transition
temperature shift of the base metal under irradiation, as
compared to the weld metal, is due to the slower growth of
the density of radiation defects and radiation-induced
precipitates.

5. The increase of the density of radiation defects and the growth
of the density of radiation-induced precipitates result in the lin-
ear dependence of transition temperature shift on fluence of the
weld metal under irradiation without slowdown of its embrit-
tlement rate.

6. The weld metal does not demonstrate higher intergranular
embrittlement under irradiation then the base metal in spite
of the higher content of nickel.
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