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Abstract

An atom probe tomography microstructural characterization has been performed on an A533B pressure vessel steel
(JRQ) after irradiation to a fluence of 5 · 1023 n m�2 (E > 1 MeV) and a subsequent annealing treatment of 168 h at
460 �C and also through two cycles of neutron irradiation (0.85 · 1023 n m�2 (E > 1 MeV)) and annealing (168 h at
460 �C). The alloy that was neutron irradiated to a fluence of 5 · 1023 n m�2 exhibited a high number density of Cu-
enriched precipitates and a shift in the ductile-to-brittle transformation temperature of DT41J = 96 �C. Annealing for
168 h at 460 �C coarsened these Cu-enriched precipitates and recovered the embrittlement. The material that was re-irra-
diated to a total fluence 1.7 · 1023 n m�2 also exhibited a high number density of Cu-enriched precipitates and a DT41J shift
of 56 �C. Annealing the re-irradiated material for 168 h at 460 �C coarsened these precipitates and recovered the
embrittlement.
Published by Elsevier B.V.

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

Atom probe field ion microscopy and atom
probe tomography have firmly established that a
high number density of ultrafine copper-, manga-
nese-, nickel- and silicon-enriched precipitates are
produced in copper-containing pressure vessel steels
during neutron irradiation [1,2]. These precipitates
are a primary cause of the degradation in the
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mechanical properties of these materials during
service in a nuclear reactor. Several studies have
demonstrated that the mechanical properties of
these steels may be recovered by annealing the pres-
sure vessel at a temperature of �340 to �450 �C for
a few days [2–12]. This annealing procedure permits
the lifetime of the reactor to be extended.

An atom probe field ion microscopy (APFIM)
study has been performed on a forging and weld
materials from the B&W Owners Group containing
0.017 and 0.24 wt% Cu, respectively, after neutron
irradiation to fluences of up to 3.5 · 1023 m�2

(E > 1 MeV) and thermal annealing for 168 h at
454 �C or 29 h at 610 �C [13]. This study revealed
the formation of Cu-, Si-, Ni-, Mn-enriched clusters
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during the irradiation and a decrease in the matrix
copper level followed by dissolution and growth of
these precipitates during the thermal anneal with a
further decrease in the matrix copper level. Similar
results were also obtained in an APFIM study of
a weld from the Midland reactor that was irradiated
to a fluence of 1.1 · 1023 m�2 (E > 1 MeV) and ther-
mally annealed for 168 h at 454 �C [14].

An atom probe tomography (APT) study of a
submerged arc weld (Weld 73 W) containing
0.16 wt% Cu in the matrix after the stress anneal
that was irradiated to a fluence of 1.8 · 1023 m�2

(E > 1 MeV), thermally annealed for 168 h at
454 �C and reirradiated to an additional fluence of
0.8 · 1023 m�2 (E > 1 MeV) revealed the formation
of Cu-, Si-, Ni-, Mn-enriched clusters during the
initial irradiation, dissolution and growth of these
precipitates during the thermal anneal, and the for-
mation of some additional subnanometer diameter
clusters after the reirradiation [15]. Another APT
study of a 15Kh2MFA steel used in a VVER440
reactor containing 0.14 wt% Cu that was irradiated
to a fluence of 9.7 · 1023 m�2 (E > 0.5 MeV), ther-
mally annealed for 150 h at 475 �C and reirradiated
to an additional fluence of 9.7 · 1023 m�2 (E >
0.5 MeV) also revealed the formation of Cu-, Si-,
Ni-, Mn- and P-enriched clusters during the initial
irradiation, dissolution and growth of these precip-
itates during the thermal anneal, but no additional
Cu-, Si-, Ni-, Mn- and P-enriched clusters were
detected after the reirradiation [16]. Phosphorus
segregation to dislocations was also observed in
these studies.

In this atom probe tomography study, the num-
ber density, size, and composition of these ultrafine
precipitates have been studied in a reference A533B
steel (JRQ) after neutron irradiation to a relatively
high fluence and an annealing treatment and also
through two irradiation and annealing cycles.

2. Experimental

The composition of the JRQ steel used in this
atom probe tomography study was Fe–0.14 wt %
Cu, 0.18% C, 1.42% Mn, 0.84% Ni, 0.24% Si,
0.51% Mo, 0.12% Cr, and 0.017% P (Fe–0.12 at.%
Cu, 0.83% C, 1.43% Mn, 0.79% Ni, 0.47% Si,
0.30% Mo, 0.13% Cr, and 0.03% P). The alloy was
characterized after neutron irradiation to a fluence
of 5 · 1023 n m�2 (E > 1 MeV) (I) in the 10 MW
(thermal) SAPHIR reactor and after subsequent
annealing for 168 h at 460 �C (IA). The alloy was
also characterized after neutron irradiation to a
fluence of 0.85 · 1023 n m�2 (E > 1 MeV), annealing
for 168 h at 460 �C and reirradiation to a fluence of
0.85 · 1023 n m�2 (E > 1 MeV) (IAR). The anneal-
ing treatment was performed when 50% of the total
target fluence of 1.7 · 1023 n m�2 (E > 1 MeV) was
reached. This IAR material was also given a subse-
quent annealing treatment of 168 h at 460 �C
(IARA). All irradiations were performed at a tem-
perature of 288 �C.

These alloys were characterized with the Oak
Ridge National Laboratory local electrode atom
probe [17]. A specimen temperature of 50 K, a pulse
repetition rate of 200 kHz and a pulse fraction of
20% were used for the analyses. This high pulse rep-
etition rate significantly reduces the possibility of
preferential evaporation of the low evaporation field
solutes such as copper [18,19]. Compared to previ-
ous types of atom probes, this new instrument has
a significantly larger field of view and hence larger
volumes of analysis and faster rate of data
acquisition.

Previous atom probe studies of these materials
have revealed that the primary microstructural fea-
ture that changes during the irradiation and anneal-
ing cycles is the copper-enriched precipitates
[1,2,20–27]. These precipitates are typically less than
5 nm in diameter. Therefore, the number of atoms
associated with these features is extremely small
and the proportion of atoms in the surface of the
feature is large. Consequently, the estimation of
their size, composition and number density is depen-
dent to the precise definition of the extent of the fea-
ture. The presence of solute-enriched precipitates
was determined with the maximum separation
method [17,21]. 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 atoms
that belong to a solute-enriched precipitate may be
distinguished from those in the matrix based on a
maximum separation distance, dmax. Computer sim-
ulations of random solid solutions containing 0.12%
solute with a body centered cubic a-Fe crystal
(a0 = 0.288 nm) and a detection efficiency of 60%
were used to define the value of dmax = 0.6 nm and
the minimum number of solute atoms associated
with each cluster, nmin = 5, to exclude fluctuations
consistent with the random solid solution. The size
of the solute-enriched features was estimated in
terms of the radius of gyration, which was deter-
mined from positions of the solute atoms in each



Fig. 1. Fracture toughness of the irradiated (I 5 · 1023 n m�2

(E > 1 MeV)) and irradiated and annealed (IA 5 · 1023 n m�2

(E > 1 MeV) and 168 h at 460 �C) materials.

Fig. 2. Energy absorbed in fracture of the irradiated
(0.85 · 1023 n m�2 (E > 1 MeV)), annealed (168 h at 460 �C) and
reirradiated (0.85 · 1023 n m�2 (E > 1 MeV)) (IAR) and reirradi-
ated and annealed (168 h at 460 �C) (IARA) materials.
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cluster. A correction was applied to account for the
measured variation in the local magnification
between the cluster and the matrix. The composi-
tion of each cluster was estimated with the envelope
method with a grid spacing of 0.11 nm [17]. The
number densities were estimated from the number
of particles in the volume of analysis, where the vol-
ume was estimated from the number of atoms in the
volume, the detection efficiency of the mass spec-
trometer and the atomic density of body centered
cubic iron. These definitions should be taken into
account when comparing these results with the
results from other techniques.

3. Results and discussion

3.1. Mechanical properties

The Charpy impact test results of these materials
exhibited typical irradiation-induced behaviour with
fluence [28]. The T41J temperatures of the unirradi-
ated and neutron irradiated (I) conditions were
estimated to be �28 �C and 68 �C, respectively.
Therefore, the shift in the ductile-to-brittle transi-
tion temperature due to neutron irradiation to a
fluence of 5 · 1023 n m�2 was 96 �C. The T41J tem-
perature of the neutron irradiated and annealed
(IA) material was estimated from Reg. Guide
1.162 to be �22 �C. Therefore, the shift in the duc-
tile-to-brittle transition temperature compared to
the unirradiated alloy was �6 �C. This result indi-
cates that the mechanical properties were almost
fully recovered after the thermal annealing treat-
ment of 168 h at 460 �C. The fracture toughnesses
of the irradiated (I) and irradiated and annealed
(IA) materials are shown in Fig. 1. These curves also
indicate full recovery of T0 after the annealing treat-
ment of 168 h at 460 �C.

The results of the Charpy impact tests of the
unirradiated, IAR and IARA conditions are shown
in Fig. 2. The T41J temperatures of the IAR and
IARA conditions were estimated to be 28 �C and
�18 �C, respectively. The shift in the ductile-to-brit-
tle transition temperature after reirradiation to a
fluence of 0.85 · 1023 n m�2 and a total fluence of
1.7 · 1023 n m�2 was 56 �C indicating significant
reembrittlement after the intermediate annealing
treatment. The shift in the ductile-to-brittle transi-
tion temperature of the IARA condition compared
to the unirradiated alloy was �10 �C indicating that
the mechanical properties were almost fully recov-
ered after the second thermal annealing treatment
of 168 h at 460 �C. The upper shelf energy was
found to increase after the IARA treatment. Addi-
tional details of the mechanical properties are pre-
sented elsewhere [29–31].

3.2. Microstructure

No copper-enriched precipitates were observed in
the unirradiated control material. The matrix cop-
per level of the unirradiated control material was
estimated to be 0.12 ± 0.01 at.% Cu. This value
was the same as the alloy composition indicating
that no significant amount of copper was consumed
in coarse precipitates during the prior thermal pro-
cessing of the alloy.

Atom probe tomography revealed that neutron
irradiation (I) produced a high number density of



Fig. 3. Atom maps of the neutron irradiated material (I 5 · 1023 n m�2 (E > 1 MeV)) material. A high number density of Cu-, Mn-, Ni-
and Si-enriched precipitates is evident.
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ultrafine copper-, manganese-, nickel- and silicon-
enriched precipitates, as shown in Fig. 3. The num-
ber density was estimated to be �3 · 1023 m�3. The
average radius of gyration of the precipitates was
estimated to be 1.1 ± 0.1 nm. The average composi-
tion of the core of these precipitates estimated by
the maximum separation envelope method was
Fe–87 ± 9% Cu with enriched levels of nickel,
Fig. 4. Atom maps of the neutron irradiated 5 · 1023 n m�2 (E > 1 MeV
density of Cu-enriched precipitates is evident.
manganese, silicon and phosphorus. It is evident
from the atom maps that the extent of the nickel,
manganese and silicon was larger than that of cop-
per. The matrix copper content of the neutron irra-
diated materials was reduced to 0.07 ± 0.01 at.% Cu
from the unirradiated level of 0.12 ± 0.01 at.% Cu
as a result of these copper-enriched precipitates. The
high number density of these precipitates correlate
) and annealed and 168 h at 460 �C (IA) material. A low number
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with the embrittlement of the steel and 96 �C shift in
the ductile-to-brittle transition temperature.

After annealing at 460 �C (IA), the number den-
sity of these intragranular precipitates significantly
decreased. Some copper-enriched precipitates were
observed on a grain boundary, as shown in Fig. 4.
The number density of these precipitates was �2 ·
1022 m�3. The average radius of gyration of these pre-
cipitates was 1.5 ± 0.1 nm. A slight decrease in the
matrix copper content to 0.06 ± 0.01 at.% Cu was
also observed after the thermal annealing treatment.
These results indicate that the precipitates did not
redissolve into the matrix but coarsened. This coars-
ening process in conjunction with the irradiation
removed a significant amount (50%) of copper from
the matrix of the alloy so that only 0.06% Cu is avail-
able for the formation of additional precipitates dur-
ing subsequent reirradiations. The number density of
precipitates was sufficiently low that their influence
on the mechanical properties was small. This result
is in agreement with the previous atom probe studies
[15].

After the irradiation, annealing and reirradiation
(IAR) treatment, a high number density of signifi-
cantly smaller copper-enriched precipitates was
again observed, as shown in Fig. 5. The presence
of these small precipitates correlates with the reem-
brittlement of the steel and the 56 �C shift in the
ductile-to-brittle transformation temperature. The
number density of these precipitates was estimated
to be 1.3 · 1023 m�3. The radius of gyration of these
precipitates was estimated to be 0.9 ± 0.4 nm. The
average number of atoms in these precipitates was
16 ± 9. The average composition of the core of the
precipitates estimated by the maximum separation
envelope method was Fe–93 ± 7% Cu. The matrix
copper content was 0.09 ± 0.01 at.% Cu. This
matrix content is slightly higher than that measured
Fig. 5. Atom map of the IAR condition showing a d
after the irradiated (I) condition due to the lower
total fluence (5 · 1023 n m�2 compared to a total
of 1.7 · 1023 n m�2 (E > 1 MeV)). Consequently,
the time available for diffusion of copper atoms
from the supersaturated matrix to the precipitates
was shorter and resulted in a slightly higher matrix
level. It is also possible that some sample to sample
variation may account for some of this difference.
Therefore, the difference (at least 0.03 at.% Cu) is
available for the formation of additional precipi-
tates and embrittlement during further neutron irra-
diation. If the first irradiation and annealing cycle
does not remove the excess copper from the matrix,
additional Cu-enriched precipitates form, which
reembrittles the steel. The precise solubility level
of copper in the ferrite matrix under neutron irradi-
ation conditions where there is an enhanced vacancy
concentration and enhanced diffusion has not been
firmly established. However, several atom probe
studies indicate that this level is less than �0.05%
Cu. Therefore, the matrix copper content of the
alloy, the stress relief treatment and the parameters
(fluence, flux, temperature and time) of the first
irradiation and the annealing treatment control cop-
per content of the matrix and together with the
parameters (fluence, flux, temperature and time)
of the reirradiation control the level of reem-
brittlement.

A significantly lower number density of ultrafine
copper-enriched precipitates was observed after the
second annealing treatment (IARA), as shown in
Fig. 6. However, some larger copper-rich precipi-
tates were observed after this treatment. The num-
ber density of these precipitates was estimated to
be �1 · 1022 m�3. The radius of gyration of the
precipitate shown in Fig. 6 was 1.6 nm. These
results indicate that the ultrafine precipitates did
not redissolve into the matrix but coarsened.
istribution of ultrafine Cu-enriched precipitates.



Fig. 6. Atom maps of the IARA condition showing a significant reduction in the number density of Cu-, Mn-, Ni- and Si-enriched
precipitates.
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Phosphorus segregation was also observed at dislo-
cations in these materials.
4. Conclusions

This atom probe tomography microstructural
characterization of an A533B pressure vessel steel
(JRQ) revealed a high number density of Cu-
enriched precipitates and a shift in the ductile-to-
brittle transformation temperature of DT41J = 96 �C
after irradiation to a fluence of 5 · 1023 n m�2

(E > 1 MeV). Annealing this material for 168 h at
460 �C coarsened these Cu-enriched precipitates
and recovered the embrittlement. Materials that
were neutron irradiated through two cycles of
0.85 · 1023 n m�2 (E > 1 MeV) and an intermediate
annealing cycle of 168 h at 460 �C also exhibited a
high number density of Cu-enriched precipitates
and a DT41J shift of 56 �C. The stress relief treat-
ment, matrix copper content of the alloy and the
parameters (fluence, flux, temperature and time) of
the first irradiation and the annealing treatment
control copper content of the matrix and together
with the parameters (fluence, flux, temperature
and time) of the reirradiation control the level of
this reembrittlement. Annealing this reirradiated
material for 168 h at 460 �C coarsened these precip-
itates and recovered the embrittlement.
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