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APT characterization of high nickel RPV steels
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Abstract

The microstructures of three high nickel content pressure vessel steels have been characterized by atom probe tomog-
raphy to investigate the influence of high nickel levels on the response to neutron irradiation of high and low copper
pressure vessel steels. The high-nickel, low-manganese, low-copper VVER-1000 weld and forging exhibited lower than
predicted levels of embrittlement during neutron irradiation. The Palisades weld exhibits a DT41 J of 102 �C which was sig-
nificantly lower than the value of 154 �C predicted by Reg. Guide 1.99 Rev. 2. Atom probe tomography revealed nickel-,
manganese-, and silicon-enriched precipitates in both the VVER-1000 base and weld materials after neutron irradiation. A
high number density of copper-, nickel-, manganese-, silicon- and phosphorus-enriched precipitates were observed in the
Palisades weld after neutron irradiation. Atom probe tomography also revealed high levels of phosphorus segregation to
the dislocations in all three materials.
Published by Elsevier B.V.

PACS: 61.82.Bg; 62.20.Mk; 81.40.�z
1. Introduction

Nickel is added to reactor pressure vessel (RPV)
steels to increase hardenability and decrease the duc-
tile-brittle transition temperature. It is generally
accepted that the presence of nickel in RPV steels also
increases their sensitivity to neutron induced embrit-
tlement even at low phosphorus and copper concen-
trations [1–3]. Based on mechanical properties data
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alone, it is difficult to rationalize data that appear
to conflict with those observations. The mechanisms
controlling the damage process are not well under-
stood, although microstructural studies of irradiated
RPV steels have shown clear evidence of nickel in the
irradiation-induced copper-enriched precipitates, a
copper–nickel synergistic effect and, more recently,
a nickel–manganese synergistic effect [4–8].

However, there is only a limited amount of data
on neutron embrittlement of RPV steels with rela-
tively high nickel content, and especially for
VVER-1000 steels (Ni–Cr–Mo–V) with very high
nickel content. Because of the significance of transi-
tion temperature shift predictions for RPV integrity
assessments, it is of great importance to investigate
the mechanisms of neutron embrittlement of
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light-water RPV steels containing high nickel con-
tents, especially weld metals, including those typical
of pressurized water reactor (PWR) RPVs (Mn–Ni–
Cr–Mo). To quantify these effects, the irradiation-
induced physical changes in the microstructures of
the steels can be identified using state-of-the-art
analytical techniques and these observations can
be correlated with the observed changes in mechan-
ical properties.

In this study, the microstructures of three high
nickel content pressure vessel steels have been char-
acterized by atom probe tomography [9,10]. This
technique has been used to characterize several neu-
tron irradiated RPV steels and model alloys [11–23].
Fig. 1. The number of steels in the PR-EDB data base as a
function of nickel content. The nickel contents of the VVER-1000
forging, VVER-1000 weld and the Palisades weld were 1.26, 1.78
and 1.20 wt% Ni, respectively.

Table 1
Compositions of the steels used in this study

Element VVER-1000 reactor

Forging Weld

wt% at.% wt%

Cu 0.05 0.04 0.07
Ni 1.26 1.19 1.78
Mn 0.46 0.46 0.80
Si 0.30 0.59 0.33
Cr 2.2 2.34 1.80
Mo 0.51 0.30 0.59
V 0.10 0.11 –
C 0.17 0.78 0.06
P 0.008 0.014 0.005

The balance is iron.
a Nickel level limit of Reg. Guide 1.99 Rev. 2.
The purposes of this study were to investigate the
influence of high nickel levels on the response to
neutron irradiation of high and low copper pressure
vessel steels and to establish whether any additional
phases were present after neutron irradiation. The
nickel levels in these steels (1.20–1.78% Ni) were at
least twice that typically found (�0.6% Ni) in most
Western pressure vessel steels, as compared to the
steels in the Power Reactor Embrittlement Data
Base (PR-EDB) [24] shown in Fig. 1.

2. Experimental

Two different types of pressure vessel steels with
low and high copper contents were selected for this
study. The first set of alloys consisted of a low cop-
per (�0.05% Cu) forging (15Kh2NMFAA) and a
weld metal (weld wire 12Kh2N2MAA) used in a
VVER-1000 reactor. The full compositions of the
lower nickel (1.26% Ni, 0.05% Cu) VVER-1000 forg-
ing and the higher nickel (1.78% Ni, 0.07% Cu)
VVER-1000 weld metal are given in Table 1. The
VVER-1000 forging was austenitized at 920 �C,
water quenched, tempered at 650 �C and furnace
cooled. The VVER-1000 submerged-arc weld was
post weld heat treated at 620 �C for 25 h and furnace
cooled. The vessel was then stress relieved at 650 �C
for 20 h and furnace cooled. The VVER-1000 steels
were irradiated in the HSSI Program’s irradiation
facilities at the University of Michigan, Ford
Nuclear Reactor at a temperature of 288 �C for
2137 h at an average flux of 7.08 · 1011 cm�2 s�1

for a fluence of 5.45 · 1022 n m�2 (E > 1 MeV) and
for 5340 h at an average flux of 4.33 · 1011 cm�2 s�1

for a fluence of 8.32 · 1022 n m�2 (E > 1 MeV).
Palisades reactor

Weld

at.% wt% at.%

0.06 0.20 0.18
1.69 1.20a 1.14
0.81 1.27 1.29
0.65 0.18 0.36
1.93 0.04 0.04
0.33 0.55 0.32
– 0.003 0.003
0.28 0.11 0.51
0.009 0.014 0.03
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Therefore, the total fast fluence was 1.38 ·
1023 n m�2 (E > 1 MeV).

The second type of pressure vessel steel was a
high copper (0.20 wt% Cu), high nickel (1.2 wt%
Ni) weld from the Palisades reactor. The average
composition of the Palisades weld is listed in Table
Fig. 2. Ductile-to-brittle transition curves of the unirradiated and
1. The nickel level in the Palisades weld (1.20 wt%)
is the maximum nickel level permitted for predicting
a shift in the transition temperature under Reg.
Guide 1.99 Rev. 2. This steam generator weld was
fabricated with a submerged-arc welding process
with weld wire (heat 34B009) with a nickel addition
neutron irradiated VVER-1000 forging and weld materials.
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(Ni-200 heat number N7753A), and a Linde 1092
welding flux (Lot No. 3708). It was post weld heat
treated in the range 593–627 �C for �14 h. The Pal-
isades weld was also irradiated in the Ford reactor
at a temperature of 288 �C and a flux of
�7 · 1011 cm�2 s�1 to a fluence of 1.4 · 1023 n m�2

(E > 1 MeV).
These three alloys were characterized with the

Oak Ridge National Laboratory’s local electrode
atom probe. A specimen temperature of 50 K, a
pulse repetition rate of 200 kHz and a pulse fraction
of 20% were used for the analyses. The high pulse
repetition rate of this instrument significantly
reduces the possibility of preferential evaporation
of the low evaporation field solutes such as copper
[10,25].

The presence of the solute-enriched precipitates
and the compositions of their cores were determined
with the maximum separation envelope method
[9,14]. This method is based on the premise that
the distance between solute atoms in a solute-
enriched precipitate is significantly smaller than that
in the surrounding matrix. Therefore, the solute
atoms that belong to a solute-enriched precipitate
may be distinguished from those in the matrix based
on a maximum separation distance, dmax. The size
of the solute-enriched features was estimated in
terms of the Guinier radius, which was determined
Fig. 3. Ductile-to-brittle transition curves for the unir
from positions of the solute atoms in each precipi-
tate [9]. The solute atom positions defined by the
maximum separation method were also used to
define the extent of each precipitate by marking cells
in a fine three-dimensional grid with a grid spacing
of 0.1 nm. The composition of the precipitate was
then determined from the number of all the atoms
in these marked cells. At the size range of the precip-
itates in these RPV steels (i.e., <5 nm diameter), the
definition of the extent of the precipitate and solute
gradients at the precipitate–matrix interface have
strong influences on the composition estimates.
The number densities were estimated from the num-
ber of particles in the volume of analysis, where the
volume was estimated from the number of atoms in
the volume, the detection efficiency of the mass
spectrometer and the atomic density of body
centered cubic iron [9].

3. Results

3.1. Mechanical properties

The Charpy v-notch impact ductile-to-brittle
transition curves using a tanh fitting function for
the unirradiated and neutron irradiated VVER-
1000 forging and weld are shown in Fig. 2. Both
the VVER-1000 forging and weld exhibit DT41 J
radiated and neutron irradiated Palisades weld.
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values of 34 �C. The typical 95% confidence limits of
these DT41 J values are �10 �C [26,27]. Values of 57
and 66 �C, respectively for the forging and weld
were predicted from the Russian norm regulatory
guidelines based on the fluence, phosphorus and
copper contents of the alloys. Therefore, the high-
nickel, low-manganese, low-copper VVER-1000
weld and forging exhibited lower than predicted lev-
els of embrittlement during neutron irradiation [28].

The Charpy v-notch impact ductile-to-brittle
transition curves using a tanh fitting function for
the unirradiated and neutron irradiated high nickel
Palisades A533B weld is shown in Fig. 3. The upper
shelf energies of the unirradiated and neutron irra-
diated materials were 143 and 117 J, respectively.
The T41 J values of the unirradiated and neutron
irradiated weld materials were �51 and 51 �C,
respectively. The T68 J values of the unirradiated
and neutron irradiated weld materials were �30
and 94 �C, respectively. Therefore, the Palisades
weld exhibits a mean DT41 J shift of 102 �C. This
shift is significantly lower than the value of 154 �C
predicted by the Reg. Guide 1.99 Rev. 2 [29]. The
Eason, Wright and Odette (EWO) [30] and ASTM
E900 [31] parameters were both 137 �C.

3.2. Microstructure

Atom probe tomography revealed approximately
spherical nickel-, manganese-, and silicon-enriched
precipitates in both neutron irradiated VVER-1000
base and weld materials, as shown in the atom maps
in Figs. 4 and 5, respectively. These precipitates
were difficult to distinguish in the static atom maps
of the entire volume of analysis due to the relatively
Fig. 4. Atom maps of the neutron irradiated VVER-1000 base material
dislocation that is enriched in phosphorus, nickel and silicon is arrowe
high levels of nickel, manganese and silicon in the
matrix and the high density of precipitates through
the projected thickness of the analyzed volume.
Therefore, the atom maps shown in Figs. 4 and 5
are 2-nm-thick slices selected through the local elec-
trode atom probe data. Selected volume analysis of
a few of these precipitates in the VVER-1000 weld
revealed an approximate composition of Fe–10–
15% Ni, 4–6% Mn and 4–6% Si. The maximum
separation method [9,14] was not effective at distin-
guishing these precipitates from the matrix due to
the relatively high levels of nickel, manganese and
silicon in the matrix and the Ni58/Fe58 isobar over-
lap. The average diameter of these precipitates was
estimated from their extent in the atom maps and
was approximately 2–4 nm. The number density
estimated in the VVER-1000 weld was �1.5 ·
1023 m�3. The number density estimated in the for-
ging was slightly lower, �1 · 1023 m�3. This trend is
consistent with the higher nickel content and higher
nickel supersaturation of this alloy. No significant
copper enrichment was detected in the precipitates
in these low copper alloys. No copper-enriched pre-
cipitates were observed in these alloys indicating
that the 0.04 and 0.06 at.% copper in these VVER
materials was at or below the supersaturation
required for their formation during neutron irradia-
tion. Therefore, the embrittlement observed in these
materials resulted from the presence of the nickel-,
manganese-, and silicon-enriched precipitates.

No fine precipitates were found in the matrix of
the unirradiated Palisades weld and no depletion in
the matrix copper content from 0.18 at.% Cu was
detected. A high number density of approximately
spherical copper-, nickel-, manganese-, silicon- and
. A small nickel- and manganese-enriched precipitate is circled. A
d.



Fig. 5. Atom maps of the neutron irradiated VVER-1000 weld material showing some ultrafine manganese-, nickel- and silicon-enriched
precipitates (arrowed).

192 M.K. Miller et al. / Journal of Nuclear Materials 351 (2006) 187–196
phosphorus-enriched precipitates were observed in
the neutron irradiated Palisades weld, as shown in
Fig. 6. A higher magnification view of the solute
associated with a single particle is shown in Fig. 7.
The extents of the nickel, manganese, silicon and
phosphorus atoms were larger than that of the cop-
per atoms indicating some enrichment at the precip-
itate–matrix interface. The number density of these
precipitates was estimated to be Nv = 5 · 1023 m�3

and their Guinier radius was rG = 0.9 ± 0.2 nm.
The average number of copper atoms in these precip-
itates was approximately 50 ± 40 atoms. These pre-
cipitates were slightly smaller than the precipitates
observed in other neutron irradiated RPV steels
[11] indicating that the high nickel level may result
Fig. 6. Atom maps of the neutron irradiated Palisades weld material s
nickel- and silicon-enriched precipitates.
in some retardation of their growth during irradia-
tion. The compositions of 83 individual precipitates
were estimated from the maximum separation enve-
lope method [9] with a maximum separation distance
of 0.6 nm and a grid spacing of 0.1 nm and are
shown in Fig. 8. The average composition of the core
of the precipitates was Fe–87 ± 8% Cu, 0.42% Mn,
0.77% Ni, 0.23% Si, 0.15 at.% P. The copper in solid
solution in the ferrite matrix was estimated to be
decreased to 0.07 ± 0.005 at.% Cu after neutron
irradiation.

Atom probe tomography also revealed high lev-
els of phosphorus segregation to the dislocations in
all three materials. For example, dislocations in the
neutron irradiated VVER-1000 base and Palisades
howing a high number density of ultrafine copper-, manganese-,



Fig. 7. Atom map of an ultrafine copper-, manganese-, nickel-
and silicon-enriched precipitate in the neutron irradiated Pali-
sades weld material. Copper atoms are green, manganese atoms
are blue, nickel atoms are red, silicon atoms are purple and
phosphorus atoms are orange. Box is 5 · 5 · 5 nm. (For inter-
pretation of the references in colour in this figure legend, the
reader is referred to the web version of this article.)

Fig. 8. Compositions of the core regions of the ultrafine copper-, manganese-, nickel- and silicon-enriched precipitates in neutron
irradiated Palisades weld material. The balances of the compositions are iron.

Fig. 9. Atom map of the neutron irradiated Palisades weld
showing 83 copper-enriched precipitates and a dislocation with
phosphorus segregation. The smaller box surrounding the dislo-
cation is 20 · 20 · 50 nm. Green atoms are copper, red atoms are
phosphorus. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this
article.)
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Fig. 10. Atom map and two-dimensional tracer maps of the box shown in Fig. 9 surrounding the dislocation. The views were constructed
parallel to the core (left) and perpendicular to the core of the dislocation (right). The maximum phosphorus level was �7 at.% P. Green
atoms are copper, red atoms are phosphorus. (For interpretation of the references in colour in this figure legend, the reader is referred to
the web version of this article.)
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weld are shown in Figs. 4 and 9, respectively.
Higher magnification views parallel and perpendic-
ular to the core of the dislocation in the neutron
irradiated Palisades weld are shown in Fig. 10.
The lateral extent of the phosphorus segregation
was estimated to be �5 nm. The local phosphorus
concentration was estimated with the tracer
method. This method is analogous to taking an
X-ray picture except that the two-dimensional
intensity variation is related to the maximum con-
centration in projection through the thickness of
the volume rather than the absorption of the X-
rays. The volume encompassing a dislocation and
some surrounding matrix (i.e., the selection box
shown in Fig. 9) is divided into a three-dimensional
array of volume elements, typically 1–2 nm on each
side. The composition of each volume element is
estimated. The volume element with the maximum
phosphorus concentration is then found for each
column of volume elements along one of the
orthogonal directions. The concentrations of all
the solutes in these volume elements may be dis-
played as two-dimensional contour map or solute
intensity plot, as shown in Fig. 10. This tracer
method indicates average levels of 3–4 at.% P with
peaks of up to �7 at.% P at the dislocation.
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4. Conclusions

The low copper (�0.05 wt%) high nickel (1.26
and 1.78 wt% Ni) VVER-1000 forging and weld
materials that were neutron irradiated to a total flu-
ence of 1.38 · 1023 n m�2 (E > 1 MeV) exhibited
lower than expected shifts in the ductile-to-brittle
transition temperature of DT41 J = 34 �C. Atom
probe tomography revealed ultrafine nickel-, man-
ganese-, and silicon-enriched precipitates but no
copper-enriched precipitates. These observations
support other studies that show a strong synergism
of nickel and manganese in increasing the radiation
sensitivity of RPV steels even for steels with low
copper contents. The high copper (0.20 wt% Cu),
high nickel (1.2 wt% Ni) Palisades weld that was
neutron irradiated to a fast fluence of
1.4 · 1023 n m�2 (E > 1 MeV) exhibited a shift of
DT41 J = 102 �C. This shift is significantly lower
than the value of 154 �C predicted by Reg. Guide
1.99 Rev. 2. Atom probe tomography revealed a
high number density of �2-nm-diameter copper-,
nickel-, manganese-, silicon- and phosphorus-
enriched precipitates in the neutron irradiated Pali-
sades weld. Phosphorus segregation to dislocations
was observed in all materials.
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