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a b s t r a c t

A high nickel VVER-1000 (15Kh2NMFAA) base metal (1.34 wt% Ni, 0.47% Mn, 0.29% Si and 0.05% Cu), and
a high nickel (12Kh2N2MAA) weld metal (1.77 wt% Ni, 0.74% Mn, 0.26% Si and 0.07% Cu) have been char-
acterized by atom probe tomography to determine the changes in the microstructure during neutron irra-
diation to high fluences. The base metal was studied in the unirradiated condition and after neutron
irradiation to fluences between 2.4 and 14.9 � 1023 m�2 (E > 0.5 MeV), and the weld metal was studied
in the unirradiated condition and after neutron irradiation to fluences between 2.4 and 11.5 �
1023 m�2 (E > 0.5 MeV). High number densities of �2-nm-diameter Ni-, Si- and Mn-enriched nanoclusters
were found in the neutron irradiated base and weld metals. No significant copper enrichment was asso-
ciated with these nanoclusters and no copper-enriched precipitates were observed. The number densities
of these nanoclusters correlate with the shifts in the DT41 J ductile-to-brittle transition temperature.
These nanoclusters were present after a post irradiation anneal of 2 h at 450 �C, but had dissolved into
the matrix after 24 h at 450 �C. Phosphorus, nickel, silicon and to a lesser extent manganese were found
to be segregated to the dislocations.

Published by Elsevier B.V.
1. Introduction

The long term operation of nuclear power plants is currently
under consideration for almost all types of reactors including the
water-moderated VVER-1000 type reactors. The prediction and
evaluation of radiation embrittlement for reactor pressure vessel
(RPV) materials is of particular importance for ensuring the safe
operation of VVER-type nuclear power plants during their design
and over their planned lifetime. In order to predict the embrittle-
ment of steels used in these reactors, it is necessary to understand
the micro-processes that occur under irradiation.

The embrittlement of reactor pressure vessel materials under
irradiation is estimated by a transition temperature shift (DTk).
DTk = Tk � Tk0, where Tk is the transition temperature in the irradi-
ated condition, and Tk0 is the transition temperature in the unirra-
diated condition. According to the Russian Guide [1] the functional
dependence of DTk versus fast neutron dose is evaluated from the
following formula:

DTRG
F ¼ AF � ðF=F0Þ1=3

; ð1Þ

where
B.V.
� F is fast neutron fluence with E > 0.5 MeV, m�2,
� F0 = 1022 m�2,
� AF is radiation embrittlement coefficient, �C,
� AF = 23 for the steel of 15Kh2NMFAA grade, and
� AF = 20 for the welds of 15Kh2NMFAA grade.

The data concerning the transition temperature shifts under
irradiation obtained during the last 10–15 years were based on
tests of VVER-1000 RPV materials after irradiation in special chan-
nels in the VVER-1000 reactor. The data have shown, as suggested
in [2], that the dependences expressed in Eq. (1) are not always
conservative, especially for materials with high nickel content
(i.e., more than 1.5% Ni) [3–5]. Moreover, the nickel content of
most operating VVER-1000 RPV welds exceeds 1.5% Ni and, in
some cases it even reaches 1.9% Ni. Thus, the development of an
adequate model for DTk = f(fluence) at the present time is a contin-
uing issue.

The main advantage of any adequate model is the ability to reli-
ably predict the degree of embrittlement. The forecasting quality of
the model improves when the model is based on an understanding
of the micro-processes that occur under irradiation and that are
responsible for controlling the mechanical properties, including
hardening and embrittlement. Therefore, a reliable description of
the evolution of the microstructure during irradiation is essential.

The microstructures of several neutron irradiated VVER-1000
materials have been characterized by electron microscopy,
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Table 1
Chemical composition of the investigated VVER-1000 base and weld materials.

Element Base metal Weld metal

Balance Fe wt% at.% wt% at.%

C 0.17 0.78 0.08 0.28
Si 0.29 0.59 0.26 0.65
Mn 0.47 0.46 0.74 0.81
Cr 2.24 2.34 1.80 1.93
Ni 1.34 1.19 1.77 1.69
Cu 0.05 0.04 0.07 0.06
S 0.014 0.024 0.013 0.023
P 0.009 0.014 0.006 0.009
V 0.09 0.11 0.02 0.02
Mo 0.51 0.30 0.64 0.33
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fractography and Auger electron spectroscopy (AES) [6–12]. These
studies have revealed dislocation loops, precipitates and phospho-
rus grain boundary segregation under irradiation. However, the
chemical composition of precipitates was not established.

Progress in understanding the processes of nanostructure evo-
lution and material degradation mechanisms under irradiation is
due in part to the development of higher resolution methods for
microstructural examination, such as atom probe tomography
(APT). The majority of APT studies have been performed on Wes-
tern RPV steels and these studies have been reviewed recently
[13–16]. In addition, several studies have been performed on for-
gings and weld metals from VVER-440 and VVER-1000 reactors
[17–25]. As there are significant differences in the chemical com-
positions of Western and Russian RPV steels, a direct comparison
of a significant proportion of previous APT results may not be
applicable to VVER-1000 RPV materials. For example, the manga-
nese and copper contents in the VVER-1000 steels is lower, and
the nickel content is much higher. Higher nickel weld metals have
been shown to have an increased sensitivity to neutron irradiation
at high fluences [3–5], as accounted for, e.g., in the US Regulatory
Guide 1.99, Revision 2 [26,27].

In this APT study, the evolution of the nanostructure of a high
nickel base (1.34% Ni, 0.47% Mn, 0.05% Cu) and weld (1.77% Ni,
0.74% Mn, 0.07% Cu) material with a Russian VVER-1000 type reac-
tor composition has been characterized under high fluence irradi-
ation and post irradiation annealing (PIA). In a preliminary study of
the same base and weld materials, ultrafine (1.8-nm-diameter)
nickel-, manganese- and silicon-enriched nanoclusters were
observed in materials that were neutron irradiated in the Ford
test reactor to a total fluence of 1.4 � 1023 m�2 (E >1 MeV)
[2.4 � 1023 m�2(E > 0.5 MeV)] at a temperature of 288 �C [16].
The main distinction of the research reported in this paper is that
the steels were studied after irradiation to several different states
within a higher range of fluences, i.e., �2.4 to 12 � 1023 m�2

(E > 0.5 MeV),1 and after PIA.

2. Materials and experimental procedures

In the framework of the International Atomic Energy Agency
(IAEA) Coordinated Research Project (CRP) ‘Effects of Nickel on
Irradiation Embrittlement of Light Water Reactor Pressure Vessel
(RPV) Steels’, two low copper materials, a base metal with
1.34 wt% Ni and a weld metal with 1.77% Ni, prepared by standard
VVER-1000 technology procedures, were selected for investigation
[2]. The chemical compositions of these materials are presented in
Table 1.

Several laboratories from different countries have irradiated
and tested these materials. Mechanical property characterizations
of both materials in the unirradiated state were performed by
Charpy V-notch (CVN) impact tests at the Russian Research Center
Kurchatov Institute (RRC KI) and at the Oak Ridge National Labora-
tory (ORNL). Transition temperatures were assessed both at ORNL
and at RRC KI. Statistical analysis of the RRC-KI/ORNL joint data file
for each material was performed using the Chow test.

The Chow Test evaluates the hypothesis that transition curves
plotted for two different samples are coincident (i.e., correspond-
ing coefficients in regression equations are equal). If the P-value
of the Chow Test P 0.05, the hypothesis is not rejected at the 5%
significance level, hence the coefficients are equal. For the joint
data file, the Chow Test shows that the P-value is 0.62 for base me-
tal and 0.62 for weld metal. This fact indicates the possibility for
analysis of the data obtained by both ORNL and RRC KI, including
post irradiation data, as a whole data file.
1 Hereafter all fluences are stated in values of E >0.5 MeV.
Tensile tests of the base and weld metals in the unirradiated
condition and after neutron irradiation were performed at RRC
KI. Some neutron irradiations of CVN specimens of base and weld
metals were performed in the HSSI Irradiation, Annealing, Reirradi-
ation (IAR) facility at the University of Michigan Ford Reactor.
Additionally, neutron irradiations were performed in a VVER-
1000 reactor at the RRC KI. The irradiation conditions for these
experiments are summarized in Table 2. The values of doses and
dose rates given in Table 2 correspond to the arithmetical means
for each group of specimens.

The hardening under irradiation was assessed by testing tensile
specimens using the value of yield stress increase (DRP0.2), where
DRP0.2 = DRP0.2 � DRP0.20, and DRP0.2 and DRP0.20 are the yield stres-
ses in the irradiated and unirradiated states, respectively.

Atom probe tomography was used to investigate the changes in
the nanostructure of each material after neutron irradiation to dif-
ferent fluences at a temperature of 288–290 �C. A summary of the
irradiation conditions of the base and weld metals examined in the
APT investigations are presented in Table 3. The stability of the
microstructural features was also investigated after two PIA treat-
ments. Both PIA treatments of 2 and 24 h at 450 �C were performed
on 0.5 � 0.5 � 10 mm blanks in an inert argon atmosphere.

The atom probe tomography characterizations were performed
in the ORNL local electrode atom probe (LEAP�) [28,29]. Atom
probe needle-shaped specimens were electropolished from
0.5 � 0.5 � 10 mm blanks cut from bulk material. The standard
2-stage electropolishing procedure was used with a mixture of
25% perchloric acid in acetic acid for the double layer stage 1 and
a solution of 2% perchloric acid in 2-butoxyethanol for stage 2
[30]. Specimens were also repolished with the loop method
[29,30]. The experimental parameters used for these APT charac-
terizations were a specimen temperature of 60 K, a pulse fraction
of 0.2, and a pulse repetition rate of 200 kHz in voltage-pulsed
mode. All atom probe concentration estimates in this paper are gi-
ven in atomic percent. Statistical analysis of the size, number den-
sity and composition of the nanoclusters was performed with the
maximum separation method [29,31] and the envelope method
[29]. A detailed discussion of the applications of these methods
to the characterization of ultrafine precipitates in RPV steels has
been reported recently [16]. It should be emphasized that the esti-
mated composition of features in the �1–2 nanometer size range
typically observed in neutron irradiated pressure vessel steels is
strongly dependent on the precise definition of the location of
the interface between the precipitate/nanocluster and the matrix,
the assignment of the solvent (Fe) atoms in the interface region
to the phases, and the shape and sharpness of the solute concentra-
tion profiles. The parameters used were a maximum separation
distance, dmax, of 0.6 nm, a minimum number of atoms, nmin of
10 atoms, a grid spacing of 0.1 nm, and ranges for Cu, Mn and
Ni30 atoms. The nickel concentration was corrected with the use
of the natural abundances of the isotopes.



Table 2
Neutron irradiation conditions for the VVER-1000 RPV materials studied.

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

Base metal Ford Reactor 288 ± 2 2.4 0.5
VVER-1000 290 ± 2 9.5 2–4
VVER-1000 290 ± 2 14.9 2–4

Weld metal Research reactor 288 ± 2 2.4 0.5
VVER-1000 290 ± 2 3.2 2–4
VVER-1000 290 ± 2 5.1 2–4
VVER-1000 290 ± 2 6.8 2–4
VVER-1000 290 ± 2 11.5 2–4

Table 3
Summary of the neutron irradiation and post irradiation annealing conditions used
for the APT investigation of the base and weld metals. All fluences are E > 0.5 MeV.

Material State

Base Metal Irradiated to 2.4 � 1023 m�2

Irradiated to 9.5 � 1023 m�2

Irradiated to 14.9 � 1023 m�2

Irradiated to 14.9 � 1023 m�2 + Annealed for 2 h at 450 �C
Irradiated to 14.9 � 1023 m�2 + Annealed for 24 h at 450 �C

Weld Metal Irradiated to 2.4 � 1023 m�2

Irradiated to 5.1 � 1023 m�2

Irradiated to 6.8 � 1023 m�2

Irradiated to 11.5 � 1023 m�2

Irradiated to 11.5 � 1023 m�2 + Annealed for 2 h at 450 �C
Irradiated to 11.5 � 1023 m�2 + Annealed for 24 h at 450 �C

Fig. 1. Charpy impact test results of the VVER-1000 RPV (a) ba

Table 4
Values of yield strength, DRP0.2, and CVN transition temperatures, Tk, for the base and we

Material F(E > 0.5 MeV), � 1022 m�2 RP0.2, MPa

Base Metal 0 599
24 –
95 693
149 –

Weld Metal 0 536
24 –
32 612
51 623
56 641
68 –
115 –
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3. Results and discussion

The test results of Charpy V-notch (CVN) base and weld metal
specimens in the unirradiated condition are presented in Fig. 1.
The irradiation-induced changes in the mechanical properties are
presented in Table 4 and Figs. 2 and 3. Following irradiation to a
fluence of 2.4 � 1023 m�2 (E > 0.5 MeV), the transition temperature
shifts are relatively small and are approximately the same for base
and weld metals. As expected, the embrittlement increases with
fluence for both base and weld metals. The embrittlement rate of
the weld metal is much greater than twice that for the base metal.
Test results of the CVN specimens show a linear dependence versus
fluence with goodness of fit of R2 = 0.99 for the weld metal. A linear
fit for the more limited number of data for the base metal yielded a
lower goodness of fit of only 0.88 and appear to better fit a para-
bolic dependency. A linear type of dependence was previously
suggested [32].
se metal and (b) weld metal in the unirradiated condition.

ld metals in the unirradiated and neutron irradiated conditions.

DRP0.2, MPa TK, oC DTK, oC

�81
– �51 30
94 �16 65
– –4 77

�59
– �24 35
76 �16 43
87 5 64
105
– 29 88
– 95 154



Fig. 4. Atom maps of the Ni-, Si-enriched nanoclusters in the base metal for the
different fluences. Each atom map is 10 nm thick. Fluence is in units of 1023 m�2

(E > 0.5 MeV). Significant proportions of atoms shown in the copper and phospho-
rus maps are from random background noise.

Fig. 2. Transition temperature shift versus neutron dose, for: (a) base metal and (b)
weld metal. The curves labeled with DTk are those from the Russian Standard [1].

Fig. 3. DRP0.2 and the corresponding DTk values for base and weld metals for the
different fluences.
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Comparison of DTk experimental values with the reference
dependence, shown in Fig. 2, indicates that the reference depen-
dence does not account for the specific chemical compositions of
the steels.
It is known that nickel and manganese have the most influence
on embrittlement for materials with low copper and phosphorous
and high nickel (>1%) contents [3–5]. The results given in Table 4
and in Fig. 2 show that increases of nickel content from 1.34 to
1.77 wt%, and manganese from 0.47 to 0.74 wt% leads to an �3
times increase in transition temperature.

The values of DRP0.2 and the corresponding DTk values are given
in Table 4 and Fig. 3. The ratios of hardening to transition temper-
ature shift DTk/DRP0.2 are �0.7 and 0.6–0.7 for base and weld met-
als, respectively. As these ratios are practically equal for the weld
and base metal and the similarity of DRP0.2 and the corresponding
DTk of the weld metal (Fig. 3(b)) indicate that hardening is the ba-
sic mechanism of embrittlement under irradiation to doses of
�0.5–1.0 � 1024 m�2. These values are similar to those found in
studies for western RPV steels by Odette [33], Nanstad [34], and
Sokolov [35] for lower dose irradiation.

Typical selected volume atom maps of the base and weld metal
for the different fluences are shown in Figs. 4 and 5, respectively.
High number densities of �2-nm-diameter, roughly spherical, Ni-
, Mn- and Si-enriched nanoclusters are evident in both the base
and weld metals. In order to improve the visibility of the nanoclus-
ters for these relatively high solute contents, these atom maps
were 10-nm-thick volumes extracted from the significantly larger
sampled volumes. The atom maps indicated that the nanoclusters
are not significantly enriched in copper. It should be noted that sig-
nificant proportions of atoms shown in the copper and phosphorus
maps are from random background noise events (e.g., the back-
ground noise levels are less than �700 appm for Cu and less than
�200 appm for P) which cannot be removed on an atom by atom
basis as it is impossible to distinguish an individual atom from a
noise count. A high resolution atom map of three nanoclusters in



Fig. 5. Atom maps of the Ni-, Si- and Mn-enriched nanoclusters in the weld metal
for different fluences. Each atom map is 10 nm thick. The high phosphorus regions
correspond to a dislocation. Fluence is in units of 1023 m�2 (E > 0.5 MeV). Significant
proportions of atoms shown in the copper and phosphorus maps are from random
background noise.

Fig. 6. High resolution atom map of three Ni-, Si- and Mn-enriched nanoclusters in
the highest fluence weld metal (fluence = 11.5 � 1023 m�2 (E > 0.5 MeV)) showing
the distribution of the Ni, Si and Mn atoms.

Fig. 7. The average radial concentration profiles of 30 nanoclusters constructed
from the center-of-mass of each of the nanoclusters in the highest fluence weld
metal (fluence = 11.5 � 1023 m�2 (E > 0.5 MeV)). Enrichments of Ni, Si and Mn are
evident in the nanoclusters.
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the highest fluence weld metal (fluence = 11.5 � 1023 m�2) indicat-
ing the ramified nature of the interface is shown in Fig. 6. The aver-
age radial concentration profiles constructed from the centers of
mass of 30 nanoclusters revealed that they are only slightly en-
riched in copper, as shown in Fig. 7. However, the estimated copper
level is substantially lower than that estimated in the body-cen-
tered-cubic (bcc) copper-enriched precipitates found in most
neutron irradiated copper-containing RPV steels and copper-con-
taining model alloys [13–16,36] including high nickel and medium
and high copper steels, including a 1.2% Ni, 0.2% Cu weld from the
Palisades reactor [25], a 1.72% Ni, 0.63% Cu weld, [31,37], and the
3.7% Ni, 0.08% Cu, A508 Gr4N forging steel [38–40]. Thus, these
nanoclusters are distinctly different from the copper-enriched pre-
cipitates. The term nanocluster is used in this paper primarily to
distinguish them from the bcc Cu-enriched precipitates found in
other RPV steels. No experimental data are currently available on
the crystal structure of these Ni-, Mn- and Si-enriched
nanoclusters.
The average size (i.e., radius of gyration) and number density of
the nanoclusters for the base and weld metals for the different flu-
ences, are summarized in Table 5. The variations of the size and
number density with fluence are shown in Figs. 8 and 9, respec-
tively. No statistically significant increase in the average radius of
gyration was found with increasing fluence. A similar result was
found for the precipitates in a low copper steel from the Chooz
reactor [41]. The size of Cu-enriched precipitates increases under
irradiation [42–44].

The typical number of atoms in the nanoclusters was less than
100. The size distribution of these nanoclusters for the highest flu-
ence weld metal is shown in Fig. 10. The distribution was almost
symmetrical about the mean size with a small tail in the higher
size range.

Local inhomogeneities in the number density of nanoclusters on
the sub-micron scale and from specimen to specimen produces
large scatter in the data and therefore precluded a detailed analysis
of the number densities. The inhomogeneities were most pro-
nounced in the low dose base metal. However, the general trends
were apparent. In both the base and weld metals, higher irradia-
tion doses generated higher number densities of Ni-, Mn- and
Si-enriched nanoclusters. A similar result was found for the precip-
itates in a low copper steel from the Chooz reactor [41]. The
density of Cu-rich precipitates, however, exhibits only a minimal
increase under irradiation [42,45].



Table 5
Number densities and sizes of Ni-, Si- and Mn-enriched nanoclusters for the different
neutron doses as estimated from atom probe analyses with the maximum separation
method.

Material Fluence, � 1022 m�2

(E > 0.5 MeV)
Number
density � 1024, m�3

Size, nm

Base Metal 24 0.7 0.85 ± 0.2
95 1.1 0.91 ± 0.2
149 1.8 0.93 ± 0.2

Weld Metal 24 0.3 0.77 ± 0.2
52 1.6 0.87 ± 0.2
65 2.6 0.93 ± 0.2
115 2.9 0.90 ± 0.2

Fig. 10. The variation in the size of the Ni-, Si- and Mn-enriched nanoclusters in the
base and weld metals with fluence. No statistically significant change in size is
evident.
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The number density increase correlates with the increased
shifts in the ductile-to-brittle transition data observed in the Char-
py data at least up to a dose of �6 � 1023 m�2 for the weld metal.
At higher doses the rate of DTk for WM does not decrease in com-
parison with density increase.

For the highest doses in which the inhomogeneities were less,
approximately a factor of two higher number density of nanoclus-
ters was observed in the weld metal compared to the base metal.
This increase correlates with the higher nickel and manganese con-
tents of the weld metal.

The composition of the nanoclusters was estimated with the
maximum separation envelope method. Due to the overlap of the
Fig. 8. The size distribution of the Ni-, Si-, and Mn-enriched nanoclusters in the
highest fluence weld metal (fluence = 11.5 � 1023 m�2 (E > 0.5 MeV)).

Fig. 9. The compositions of the Ni-, Si-, and Mn-enriched nanoclusters in the
highest fluence weld metal (fluence = 11.5 � 1023 m�2 (E > 0.5 MeV)), as estimated
by the maximum separation envelope method. The balance of these concentrations
is predominantly iron. The data are sorted in terms of increasing radius of gyration.
58Fe2+ and 58Ni2+ isobars in the atom probe data, the analysis was
performed with a dmax parameter of 0.6 nm for the combined
60Ni2+, Mn2+ and Si2+ isobars and then scaled to the full nickel con-
centration. A cut off value of 10 atoms was used for the smallest
agglomeration of atoms considered to be a nanocluster in order
to eliminate random fluctuations. It should be noted that the enve-
lope algorithm is extremely aggressive in removing the matrix
atoms. Therefore, the ratios of the elements provide a more reliable
estimate of the concentrations rather than the absolute levels. The
results for the highest fluence weld metal are shown in Fig. 11. The
composition data are arranged in order of increasing radius of
gyration. No difference in composition was found in this limited
size range. The average composition of the nanoclusters was esti-
mated to be 50 ± 13 at.% Ni, 15 ± 9% Mn, 24 ± 11% Si, 0.14 ± 0.14%
Cu, balance Fe for the highest fluence weld metal (flu-
ence = 11.5 � 1023 m�2) and 53 ± 19 at.% Ni, 9 ± 6% Mn, 25 ± 12%
Si, 0.15 ± 0.15% Cu, balance Fe for the highest fluence base metal
(fluence = 14.8 � 1023 m�2). The large standard deviation in the
estimated compositions is a reflection of the small number of
atoms associated with each nanocluster. No statistical difference
in the average compositions of the nanoclusters in the base and
weld metals was observed. No statistical difference in the average
compositions of the nanoclusters with fluence was observed. The
Ni content of the nanoclusters was significantly higher than that
of Si and Mn. Based on these composition estimates, the nanoclus-
ters could be described as either having a (Ni,Mn)3Si stoichiometry
Fig. 11. The increase in number density of the Ni-, Si- and Mn-enriched
nanoclusters in the base and weld metals with fluence.



Fig. 13. Atom maps of the highest fluence base metal (fluence = 11.5 � 1023 m�2

(E > 0.5 MeV)) after the post irradiation annealing treatments of: (a) 2 and (b) 24 h
at 450 �C. The nanoclusters were present after post irradiation annealing for 2 h but
not after 24 h. Note the uniform manganese distribution in the 2 h PIA condition.
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or a concentrated solid solution of Ni, Si and Mn (such as could be
produced by phase separation within a low temperature miscibil-
ity gap). There is no reliable phase diagram for this region of the
multi-element system that takes into account the influence of
the excess vacancies, etc. present during neutron irradiation. Atom
probe tomography has shown previously that neutron irradiation
significantly alters the position of the miscibility gap in the Fe–Cr
spinodal system [46]. However, attempts to model these materials
have indicated the formation of nanoclusters [47–49]. It was re-
ported by Auger et al. [41] and Lambourne et al. [50], there is no
difference in chemical composition after irradiation to different
fluences.

Although the Ni-, Mn- and Si-enriched nanoclusters are in the
same size range and number density as the copper-enriched pre-
cipitates previously reported in many irradiated RPV materials,
their effect on the mechanical properties may differ depending
on whether dislocations are able to cut through (modulus harden-
ing) or bow around the nanoclusters. As shown by the DTk results
in Figs. 2 and 3, it is clear that the nanoclusters provide effective
barriers to dislocation motion.

Phosphorus, nickel, silicon and to a lesser extent manganese
were found to be segregated to the dislocations, as shown in the
atom map in Fig. 12 for the highest fluence weld metal (flu-
ence = 11.5 � 1023 m�2 (E > 0.5 MeV)). Unlike the copper-enriched
precipitates, there was no evidence of preferential formation of
the Ni-, Mn- and Si-enriched nanoclusters on dislocations. Phos-
phorus segregation to dislocations is a common feature in P-con-
taining pressure vessel steels [13–16]. Manganese and silicon
segregation to dislocations has also been observed in VVER-440
steels [21,22].

Atom maps of the highest fluence base and weld metals after
the PIA treatments at 450 �C are shown in Figs. 13 and 14, respec-
tively. The Ni-, Mn- and Si- enriched nanoclusters were still evi-
dent after the 2 h at 450 �C PIA treatment in both base and weld
metals. Careful examination of the atom maps from the base metal
revealed that the manganese in the nanoclusters was uniformly
distributed. Preliminary DIffusion Controlled TRAnsformations
(DICTRA) simulations have revealed that the diffusion rate of man-
Fig. 12. Phosphorus, nickel, silicon and to a lesser extent manganese were found to
be segregated to the dislocations in the highest fluence weld metal (flu-
ence = 11.5 � 1023 m�2 (E > 0.5 MeV)) weld metal.

Fig. 14. Atom maps of the highest fluence weld metal (fluence = 14.9 � 1023 m�2

(E > 0.5 MeV)) after the post irradiation annealing treatments of: (a) 2 and (b) 24 h
at 450 �C. The nanoclusters were present after post irradiation annealing for 2 h but
not after 24 h.
ganese is higher than that of nickel and silicon in iron and there-
fore, may indicate a faster dissolution of manganese. No
nanoclusters and uniform distributions of Ni, Mn and Si were ob-
served after the 24 h at 450 �C PIA treatment. The nickel content
of the matrix was found to increase, indicating that the Ni-, Mn-
and Si-enriched nanoclusters had dissolved rather than coarsened.
This is contrasted with Cu-rich precipitates in RPV steels which ex-
hibit coarsening following PIA treatment, but also exhibit a resto-
ration of the toughness. This behavior indicates that PIA
temperature of 450 �C for this composition is in a single phase re-
gion. This dissolution mechanism also suggests that the solute will
form a new distribution of nanoclusters and consequential re-
embrittlement on subsequent re-irradiation at the lower operating
temperature of the VVER-1000 reactor.

4. Conclusions

The microstructures of a high nickel, low copper VVER-1000
base metal (1.34 wt% Ni, 0.47% Mn, 0.29% Si and 0.05% Cu), and a
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high nickel, low copper weld metal (1.77 wt% Ni, 0.74% Mn, 0.26%
Si and 0.07% Cu) have been characterized by atom probe tomogra-
phy after neutron irradiation to fluences of up to 14.9 � 1023 m�3

and up to 11.5 � 1023 m�3 (E > 0.5 MeV), respectively. The fluence
dependencies of DT41 J-ADJ values indicated increased radiation
sensitivity of the higher nickel weld metal. High number densities
of �2-nm-diameter Ni-, Si- and Mn-enriched nanoclusters were
found in the neutron irradiated base and weld metals. No copper
enrichment was associated with these nanoclusters and no cop-
per-enriched precipitates were observed. The number density of
the nanoclusters increased during irradiation. However, the
average size of nanoclusters did not change significantly. The
composition of the nanoclusters in both base and weld metals
was Fe- �50% Ni, �25% Si, �10% Mn, and �0.15% Cu. Given the
local variability in these materials, there is a reasonable correlation
between the shift in the Charpy mechanical property data with the
number density of Ni-, Si- and Mn-enriched nanoclusters.

The increase in density, permanent size and chemical composi-
tion is strongly indicative that the nanoclusters are radiation in-
duced features.

These nanoclusters were present after a post irradiation anneal
of 2 h at 450 �C but had dissolved into the matrix after 24 h at
450 �C. Phosphorus, nickel, silicon and to a lesser extent manga-
nese were found to be segregated to the dislocations.
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