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Abstract

Microstructural changes due to neutron irradiation of weld and forging materials were characterized using the atom probe
field ion microscope (APFIM). Neutron-induced clusters containing Cu, P, Ni, Mn and Si were detected in the high copper
weld (0.24 at.% Cu) after irradiation to fluences of 6.6 X 1022 and 3.47 X 102 nm~?2; only phosphorus atmospheres were
observed in the low copper forging material (0.02 at.% Cu) irradiated to an intermediate fluence of 1.5 X 10%* nm™2. These
results are in agreement with previous studies and with their respective measured transition temperature shifts. In addition,
APFIM experiments were carried out on the high fluence weld material after two post-irradiation annealing treatments. The
first annealing treatment of 168 h at 454°C is similar to the proposed condition for in situ pressure vessel annealing and the
second, 29 h at 610°C, is similar to the final stress relief heat treatment employed in vessel fabrication. Annealing at 454°C
led to coarsening of the copper-enriched precipitates and a 92% recovery of the radiation-induced transition temperature
shift. Essentially complete rehomogenization of the solutes was obtained in the simulated stress relief treatment at 610°C.

© 1997 Elsevier Science B.V.

1. Introduction

The neutron irradiation-induced embrittlement of reac-
tor pressure vessel (RPV) steels may lead to a reduction of
the vessel service life. This behavior is now well estab-
lished and is typically assessed by the measured increase
in the ductile-to-brittle transition temperature (DBTT) of
RPV materials. In addition to the need to maintain ade-
quate safety margins for vessel operation the economic
incentive associated with extending the lifetime of current
RPVs has motivated research to identify embrittlement
mechanisms and possible methods of mitigating embrittle-
ment. Thermal annealing treatments have been identified
as a suitable means to recover the mechanical properties.
Recent studies of this thermal recovery, including in situ
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RPV anneals [1-5], have provided an extensive set of data
describing the mechanical properties of irradiated, post-
irradiation annealed, and reirradiated-annealed materials.
Although the mechanical behavior of these materials is
relatively well-known, little information is available as far
as microstructural changes are concerned.

The extremely small size, up to few nm, of the features
that evolve in the microstructure under neutron irradiation
and after annealing treatments make atom probe field ion
microscopy (APFIM) [6] one of the most suitable tech-
niques for resolving outstanding questions in this field of
research. Therefore, an APFIM investigation of the mi-
crostructure of commercial reactor pressure vessel steels in
the as-irradiated (AI) and post-irradiation annealed (PIA)
conditions was performed. The experiments described in
this paper were performed in the Oak Ridge National
Laboratory (ORNL) energy-compensated instrument [7].

The degree of radiation-induced embrittlement in RPV
steels is known to be quite sensitive to copper content,
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even for bulk levels as low as 0.09 wt% [8]. For this
reason, two types of material from the Babcock & Wilcox
Master Integrated Reactor Vessel Surveillance Program
were investigated. The first was a SA-508, class 2 forging
steel, with a nominal copper content of 0.02 wt%. The
second material was a typical Mn-Mo-Ni-weld
wire /Linde 80 flux submerged arc weld, representative of
the materials used to fabricate the beltline shell course
regions of the Oconee Unit-3 and Arkansas Unit-1 RPV.
The nominal copper level in this weld is ~ 0.3 wt%, or 15
times higher than in the forging. The experimental results
we obtained show that the neutron irradiation had a negli-
gible influence on the microstructure of the forging mate-
rial, whereas extensive changes were observed in the weld.
Because of these initial observations, only the irradiated
weld specimens were heat treated for the study of anneal-
ing effects.

In order to isolate the effect of the neutron irradiation,
these materials were previously characterized in the as-re-
ceived (i.e., as stress relieved) and long-term thermally
aged (ie., stress relieved + 100000 h at 280°C) condi-
tions. A detailed description of these results can be found
in Ref. [9]. The most important conclusion from this study
was that long-term thermal-aging at 280°C appeared to
have no influence on the microstructure. This lack of
microstructural evolution was consistent with the mechani-
cal properties reported in Ref. [10].

2. Materials and experimental

The bulk composition of the forging and weld materials
used in this study is given in Table 1. For purposes of
comparison, the compositions are shown in both atomic
and weight percent. Subsequent APFIM compositions are
all reported in atomic percent. The forging material was
austenetized at 854-877°C for 4 h and water quenched,
then tempered at 666—688°C for 10 h and water quenched
and finally stress relieved at 593-621°C for 30 h and
furnace cooled. The weld material was subjected to a stress
relief heat treatment for 29 h at 593-621°C and furnace
cooled at a rate of ~ 8°C/hto ~ 310°C. The composition
of the ferrite matrix of the as-received materials was also
obtained as part of a previous study using the same
APFIM technique. These reference compositions are sum-

marized in Tables 2 and 3 along with the compositions
measured in the various irradiated conditions.

The weld material was irradiated to both a low and a
high fluence and the forging material to an intermediate
fluence. The irradiation conditions (flux, fluence and tem-
perature) and the associated increase of 41J Charpy transi-
tion temperature due to neutron irradiation of these materi-
als are reported in Table 4 [10-12]. The APFIM samples
(0.3 X 0.3 X 20 mm®) were cut from broken Charpy V-
notch specimens.

It should be noted from Tables 1 and 3, that the matrix
copper content of the weld material is depleted from the
bulk level of 0.24 to 0.14 at.% after the stress relief heat
treatment. This lower value is in agreement with the
predicted solubility 1imit of the SGTE database {13] for the
FeCu binary system for the given temperature of the stress
relief heat treatment and a slow furnace cool. The observed
depletion in Mn, C, Mo and Cr elements can be accounted
for by the presence of M;C cementite-type and Mo,C-type
carbides which are enriched in these elements.

The annealing treatment selected for the weld material
was based on a previous study investigating the effects of
annealing time and temperature on the recovery of Charpy
V-notch properties of irradiated high copper weld metal
[3]. This study showed that a reasonable compromise
between the highest degree of recovery and an acceptable
annealing time at a technically achievable temperature is
168 h at 454°C. Thus, four APFIM bars of the weld
material at the highest fluence of 3.47 X 10%* nm ™2 were
encapsulated in quartz tubes and annealed for 168 h at
454°C. In addition to these specimens, four others were
encapsulated and annealed for 29 h at 610°C, which was
the initial stress relief heat treatment. Both capsules were
furnace cooled.

Both field ion microscopy and atom probe experiments
were performed. The experimental conditions used for the
analyses included a pulse fraction of 20% and a specimen
temperature of S0 K to avoid a systematic error in the
copper level measurement [14]. Field ion needles were
electropolished using standard procedures [6]. All composi-
tions reported in this paper are quoted in atomic percent.
Concentration uncertainties (20 ) for each element due to
counting errors are given by the standard deviation o=
[X(1 —X)/N1"2, where N is the total number of atoms

Table 1
Chemical composition (bulk chemistry) of forging and weld surveillance materials (balance is iron)
Cu Ni Mn Si P C N Mo Cr
Forging wt% 0.02 0.76 0.72 0.21 0.014 0.24 0.012 0.62 034
at.% 0.017 0.72 0.72 0.41 0.025 1.1} 0.021 0.36 0.36
Weld wt% 0.28 0.59 1.49 0.51 0.016 0.09 0.016 0.39 0.06
at.% 0.24 0.56 1.5 1.01 0.03 0.42 0.03 0.23 0.06




Table 2

Composition (APFIM data) of the ferrite matrix of the forging material in various conditions (balance is iron)

at.%+20

Cu

Cr

Mo

Si

Mn

Ni
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0.36

0.36

1.11

0.025

0.41

0.72

0.72

0.017

Bulk

0.15+£0.03
0.1940.05

0.12+0.03

0.07+0.03

0.004 +0.004

0.021+0.02

0.72+£0.07 0.48 +0.06 0.50+£0.06 0.02+0.01
0.54+0.09 0.52+0.09

0.70+0.10

0.03+0.01
0.02+0.02

Reference (as-stress-relieved)

0.003 +0.003

-2

Neutron irradiated fluence: 1.45X10% nm

collected and X is the fraction of those atoms that are of
the given element.

3. Results and discussion

The results are presented in two parts. First, the results
obtained on the neutron irradiated weld and forging materi-
als will be discussed. Since the ferrite matrix is supersatu-
rated with certain solutes at the irradiation temperature, the
matrix chemistry was analyzed for each material condition.
The APFIM analysis also focused on characterizing the
density and chemical content of the radiation-induced de-
fect/solute clusters that were detected. Then, a similar
microstructural characterization of the neutron-irradiated
and annealed weld metal will be described.

3.1. Neutron irradiated forging and weld

3.1.1. Irradiated weld

Samples of weld metal which had been exposed to a
low and a high neutron fluence, 6.6 X 10?2 and 3.47 x 10%
nm~? (E> 1 MeV), were studied using the atom probe
field ion microscope. The results on the matrix measure-
ments are summarized in Table 3. The bulk chemistry, as
well as the as-received reference value are listed for
comparison.

These results show that the neutron irradiation has
further reduced the matrix copper level beyond the deple-
tion which occurred during the stress relief treatment. The
depletion is more pronounced at the highest dose. The
copper depletion of the matrix is also associated with a
phosphorus depletion for both irradiation conditions. The
difference between the phosphorus contents measured at
the two fluences is not statistically significant. Other solute
contents (except for Cr) are consistent with the composi-
tion expected to result from the initial heat treatment. It
must be noted that compositions are, in each case, an
average of several experiments. These RPV steels can
exhibit significant compositional variation in APFIM mea-
surements since only a small volume of material (~ 3 X
10~% m?) is sampled from any given specimen.

Although the matrix chemistry changes were modest, a
high number density (~ 102> and ~ 3 X 10 m~? after
fluences of 6.6 X 10 and 3.47 X 102 nm™? respec-
tively) of ultra-fine (2-3 nm in diameter) solute clusters
were observed and analyzed. These intragranular clusters
were enriched in Cu, P, Ni, Mn and Si. A representative
composition profile through one of the copper-enriched
clusters is shown in Fig. 1. The size and composition of
these copper-enriched clusters were similar at low and
high fluence. The average composition of these copper-en-
riched clusters and their enrichment factors (defined as the
ratio of the solute concentration detected in the cluster to
the concentration measured in the matrix), are reported in
Table 5.
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Table 3
Composition (APFIM data) of the ferrite matrix of the weld material in various conditions

at% 20

Cu Ni Mn Si P C Mo Cr
Bulk 0.24 0.56 1.50 1.01 0.03 042 0.23 0.06
Reference 0.14 +0.03 0454006 1.20+0.10 1.05+0.10 0.03+0.03 0.005 £ 0.005 0.18+0.04 0.03+0.03
(as-stress-received)
Low fluence 0.13+0.04 061 +0.08 1544014 075+0.10 0.003+0.003 0.01+0.01 0.17£0.04 0.09 + 0.03
6.6 102 nm~?
High fluence 0054001 057+005 1.08+007 1.22+0.07 0.013£0.007 0.005+0005 023+0.03 0.08+0.02

35X 10% am~?

Table 4
Irradiation conditions of the forging and the weld materials and their respective transition temperatures
Material Plant Average flux Fluence Irradiation temperature AT,y
(10" nm~?s™") (107 nm™ ) (E > 1 MeV) ) 0
Forging Oconnee-3 2.5-6.6 1.45 288 31 [10]
Weld Rancho-Seco 3.6-10 0.66 292 84 [11]
Pt-Beach-2 7.4 3.47 283 128 [12]

A detailed and accurate description of one of these
neutron-induced copper-enriched clusters provided by an
atomic-plane-by-plane-type analysis [6] is reported in Ref.
[15]. A very high enrichment is observed for copper and
phosphorus and a less, but significant, enrichment is also
observed for nickel, manganese and silicon solutes. Con-
centrations of manganese and nickel appear to be essen-
tially equal in all of the clusters that have been analyzed.
The presence of these small copper-enriched clusters in
these irradiated materials is consistent with the measured
increase in the ductile-to-brittle transition temperature. As
reported in Table 4, the temperature shifts are 84 and
128°C for materials irradiated to 6.6 X 10%* and 3.47 X
102 nm™2, respectively. The fact that the clusters de-
tected in this study were not observed in the reference and
the long-term thermally-aged materials confirms that their
formation is either irradiation-induced or irradiation-en-
hanced.

It must be noted, as has been previously reported in the
case of a French pressure vessel steel (Chooz A) [16,17],
that only the number density of the copper-enriched clus-
ters was found to increase with fluence. The average
cluster size was similar at both fluences. The main differ-
ence between the neutron-induced clusters observed in the
French steel and in the US weld examined in this study is
their copper contents. The measured copper contents ap-
pear consistent with the respective residual copper levels
prior to irradiation, 0.08 at.% for Chooz A and 0.14 at.%
for the US weld. However, the results of a small angle

neutron scattering (SANS) study of an RPV steel with a
somewhat higher copper level has found different results
[18]. The authors of the SANS study reported that the
density of copper-enriched clusters decreased and the aver-
age radius increased as the neutron fluence increased. The
altered fluence dependence could be due to compositional
differences between the alloys examined or an unresolved
interpretive difference between the two experimental tech-
niques.

The solute cluster densities from this study have been
compared with a compilation of data from the literature
that was reported in Ref. [16]. This compilation of cluster
densities for various irradiation conditions is summarized
in Table 6 [17,19,20,22]. These same data are also plotted

Table 5
Mean composition and associated enrichment factors of the cop-
per enriched clusters detected in the neutron irradiated weld
material

Fluence Cu P Ni Mn Si Cr Mo Fe

(nm~?)

6.6 X 107 at.% 78 12 42 49 15 - 05 715
enr. factor 60 400 69 32 2 - 3 -

3.5x 107 at% 58 04 51 52 29 0.1 03 806
enr. factor 116 31 9 5 2 1.3 14 -
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Fig. 1. Composition profile of a cluster analyzed in the weld
material after neutron irradiation to 3.5x10% n-m~2, (E>1
MeV).

in Fig. 2. The line drawn through the data points is a
simple power law with the coefficients indicated on the
figure. It must be noted that data are limited, for purposes
of comparison, to materials having a low ferrite copper
content (i.e., < 0.15 wt%) prior to irradiation.

Table 6

1.25 (fiuence)®®

e APFIM and SANS data

0.4 1 . .
0.1 1 10

Neutron fiuence (10%° n/m?)

Fig. 2. Fluence dependence of copper-enriched solute clusters
density obtained by APFIM and SANS (see Table 6).

Table 6 and Fig. 2 indicate that the cluster number
density consistently increases as the neutron fluence in-
creases. The evolution of radiation-induced solute clusters
appears to proceed in a similar manner in all these materi-
als.

3.1.2. Irradiated forging

The measured ferrite matrix composition of the irradi-
ated forging material at a fluence of 1.45 X 102 nm~? is
given in Table 2. The bulk chemistry and the reference
as-received state are also reported for comparison. The
large uncertainties associated with the reported concentra-
tions are due to the low number of ions collected during
experiments. This is due to the limited number of speci-
mens available for this type of material. However, within
the two-sigma uncertainty limit, the solute concentrations
in the irradiated material are similar to the as-received

Comparison of the copper content in the ferrite matrix of neutron irradiated steels

Ref. Steel Fluence (nm~2) Flux (n/m?/s) Matrix copper content (at.%) Cluster density (102> m~?)
unirradiated irradiated

[22] A533-B 2 x 10% 0.13 0.10 + 0.03

[19] KRB-A 8.4 x 10% 8.8 X 10'® 0.14 0.13 0.2

[19] KRB-A 2% 10% 0.14 0.12

[22] KRB-A 2.7 X 102 8.5 % 10'° 0.14 0.11 £ 0.01 0.3

[16] CHOOZ 4.7 x 102 0.08 0.05 + 0.01

This study WELD 6.6 x 102 ~ 7% 10" 0.14 0.13 £ 0.04 1.0

[22] KRB-A 8.5 x 10% 0.14 0.09 + 0.01

[16,17] CHOOZ 2.5 %102 ~1x10" 0.08 0.04 + 0.01 3.3

This study WELD 3.5x10% ~ 7% 10" 0.14 0.05 + 0.01 3.0

[16,17] CHOOZ 6.6 X 102 ~1x10" 0.08 0.03 + 0.04 5.7

[20] SA-508 7.0 X 102 5% 10 0.06 7.8

[16,17] CHOOZ 1.2 x 10% ~1x10" 0.08 0.04 + 0.01 8.9

[17] CHOOZ 1.6 x 10% ~1x10"” 0.08 11
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Fig. 3. Composition profile of an intragranular phosphorus atmosphere detected in the ferrite matrix of the forging material after neutron

_2

irradiation fluence to 1.45 X 10%* nm™2,

material. The exceptions are phosphorus which is depleted
and carbon which is slightly enhanced as the irradiation
proceeds. The matrix carbon content is much lower than
the bulk chemistry due to carbide precipitation.

A careful examination of atom probe composition pro-
files from the irradiated forging did not reveal the presence
of copper clusters as they were observed in the irradiated
weld. This absence of copper clusters is in good agreement
with the detected copper level in the matrix. However,
because of the small volume of material examined, it
cannot be concluded that copper clusters are completely
non-existent. If the number density of clusters is less than
~ 1022 m~?, the probability of encountering one during
an atom probe analysis would be quite low.

The only detectable microstructural changes that have
been observed in the ferrite matrix of the forging material
were intragranular phosphorus atmospheres. A typical
composition profile is shown in Fig. 3. The solute concen-
trations (in at.%) and their respective enrichment factors
(shown in brackets), in these phosphorus atmospheres were
P: 1.8+ 0.9 (600), C: 0.1 £0.1 (5), Si: 1.2+ 0.8 (2.3),
Mo: 0.1 + 0.1 (1.4), Mn: 0.7 + 0.6 (1.3). The high phos-
phorus level in these atmospheres is consistent with its
observed depletion in the matrix. These phosphorus-en-
riched regions are similar to those previously observed in
APFIM studies of model [21] and commercial [22] pres-
sure vessel steels.

3.1.3. Discussion

As shown in Table 6, the number of neutron-induced
clusters detected in the matrix increased with the neutron
fluence. A similar comparison can be made between the

evolution of the copper content of the ferritic matrix and
the accumulated neutron fluence. The respective matrix
copper levels prior to and following irradiation are also
listed in Table 6 [16,19,22]. These same data are plotted in
Fig. 4, where the ratio of the copper content at a given
fluence has been divided by the initial matrix copper
content.

The values in Table 6 indicate that there is a rapid
copper depletion during the first years of irradiation and
that the copper level appears to saturate at a value of about
0.03-0.04 at.%. Three other results concerning the neu-
tron-irradiated Fe—Cu binary system can be compared to

1 T T T
. .
e |
o8| A )
08 ]
."-
oal y ]
W
| e WELD ]
021+ a7 cHooz
ca- KRB-A
e AS533-B
0 . . :
0.01 0.1 1 10

Neutron fluence (1 0% nlmz)

Fig. 4. Fluence dependence of the matrix copper content normat-
ized by the initial matrix copper content for several steels. See
Table 6 for explanation of symbols.
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Si
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Weld metal ferrite matrix composition in the as-stress-relieved, as-irradiated, and two post-irradiation-annealed conditions

As-stress-relieved

Table 7
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the values in Table 6. These results are: Fe—0.13 at.% Cu
at a fluence of 1.2 X 102> nm™2, matrix copper content =

0.03+0.02

oo

S33 0.05 + 0.01 at.% [13]; Fe-0.09 at.% Cu, fluence = 5.5 X
;'c; g g' 10 nm™2, matrix copper = 0.03 + 0.01 at.% [17] and
S3S S Fe-0.17 at.% Cu, fluence =5.5X 10 nm™2, matrix

copper = 0.03 £+ 0.01 at.% [17].

el b All these experiments in commercial materials or the
259 Fe—Cu binary system indicate that after high fluence neu-
Qe tron irradiation the copper content in the ferrite matrix is
o OO

0.18+0.04

depleted to approximately 0.03-0.04 at.%. This observa-
tion suggests that such a value represents the quasi-equi-

0.005 +0.005

1.05+0.10 +

1.20+0.06

§ - — librium concentration under irradiation and could explain
= why no copper clusters were observed in the neutron-
QA irradiated forging material which had a bulk copper con-
233 tent of 0.02 at.%.

oo o

- 3.2. Influence of the annealing heat treatment on neutron-
= =z irradiated weld material

%33

g g g‘ The interest in post irradiation annealing arises from
S S the fact that some early nuclear power reactor pressure

vessels were fabricated in such a way that they may not
522 meet some pertinent regulatory requirements as they near
fl ‘_ﬂ fl end-of-life. For example, predictions suggest that several
aceg vessels may exceed the DBTT limits set by regulations
—-—=c concerned with pressurized-thermal shock [23]. For such
reactors, thermal annealing may be performed to mitigate

588 the effects of neutron embrittlement. Recently, an investi-
ﬁ f_| i gation of the annealing response of an irradiated high
828 copper submerged arc weld HSSI 73 W (HSSI: heavy steel
- irradiation) was performed [3]. This weld is similar to the
- weld examined in this study. The main differences in the
sz bulk composition are: P: 0.005 wt% (73W)-0.016 wt%
HHH (this study), S: 0.005 wt% (73W)—-0.016 wt% (this study),
2o N Mo: 0.58 wi% (73W)-0.39 wt% (this study), Cr: 0.25 wt%

0.45+0.06

(73W)-0.06 wt% (this study). It was reported that anneal-
ing at 454°C for 24 h recovered about two-thirds of the

0.141£0.03

— & =

23S transition temperature shift caused by the neutron irradia-
_H +| +I . . . . . _
83e tion. Annealing at this temperature for.longer times in
S S s creases the recovery, but at a decreasing rate, so that

doubling the annealing time from 168 to 336 h increases
the recovery from 92 to 96%.

Based on this experience, the high-fluence neutron-
irradiated (3.5 X 10**nm™?) weld material of this study
was annealed for 168 h at 454°C. The microstructural
characterization of this annealed material is of prime inter-
est, primarily to understand how recovery takes place, but
also to give information on how the microstructure could
evolve after re-irradiation. In addition to this standard
annealing treatment, an annealing treatment was performed
which corresponds to the initial stress relief heat treatment
condition, i.e., 29 h at 610°C.

3.2.1. Annealing 168 h ar 454°C
The ferrite matrix composition of the annealed weld
material is reported in Table 7. The composition of the

Neutron irradiated and annealed (168 h at 454°C)
Neutron irradiated and annealed (29 h at 610°C)

Neutron irradiated (3.5 X 10 nm~?)
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Fig. 5. Field ion micrograph of the ferrite matrix of the neutron-
irradiated (3.5 10” n-m™2, E> 1 MeV) and annealed (168 h at
454°C) weld material. The dark area (arrow) is the field ion image
of a copper precipitate (diameter ~ 5 nm). The dark disk in the
middle of the image is entrance aperture to the mass spectrometer.

as-stress-relieved and as-irradiated material is also reported
for comparison. These results show that there are no
significant changes in the matrix composition due to the
annealing. The copper matrix content is still depleted to
about 0.04 at.%, similar to that observed after neutron
irradiation. Only phosphorus and carbon are detected at

100

higher levels (2.3 and 8 times, respectively) after the
annealing treatment. Other solute contents remain essen-
tially constant before and after annealing. However, none
of the neutron-induced solute clusters described previously
were detected in the annealed material. This implies that
they either all dissolved during the heat treatment, or their
number density decreased so much that they were not
detected with the atom probe technique. In order to answer
the question of how the copper had been redistributed,
several additional specimens were observed using the fieid
ion microscope (FIM). This permits the observation of the
atomic plane by atomic plane evaporation of a large
volume of the material to be achieved. The volume exam-
ined was about a hundred times more than the volume
sampled with the atom probe.

One of the FIM experiments revealed the presence of a
small dark-contrast area, shown in Fig. 5, which is charac-
teristic of a copper precipitate [24]. The size of this
precipitate was estimated to be on the order of 5 nm.
Unfortunately, only a small portion of this precipitate
could be analyzed with the atom probe since the precipi-
tate had been partially field evaporated during FIM obser-
vation. The selected area analysis of the remaining portion
of the dark area gave the composition profile shown in Fig.
6. This experiment and the associated composition profile
do not provide quantitative information on the precipitate
composition. First, because only a small portion of the
precipitate was analyzed and secondly because a quantita-
tive composition is reliable only when it has been mea-
sured several times in different precipitates. Although only
one of these precipitates was observed, the composition
profile indicates that the copper content is at least 60%.

75

Composition (at%)
o
o

25

Distance (nm)

Fig. 6. Composition profile through a portion of the copper cluster observed in Fig. 3, in the ferrite matrix of the neutron-irradiated
(3.5x 10® nm~%, E> 1 MeV) and annealed (168 h at 454°C) weld material.
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In addition, an enrichment of Ni and Mn solutes was
observed at the interface in Fig. 6. Such enhancement of
Ni solute at the interface of a growing copper precipitate is
in good agreement with previous studies on a Fe—1.28
wt% Cu-1.43 wt% Ni temnary alloy [25]. This could be
explained by the rejection of some solute atoms in the core
of the particle towards the interface during the growth
process of a nearly pure copper precipitate. The observa-
tion of this large copper precipitate may explain why the
matrix is still copper-depleted despite the disappearance of
the small neutron-induced clusters. In addition, the large
amount of copper detected in this particle is in good
agreement with the fact that the particle number density
appears to be very low (only one of these was detected in
this study). Assuming that these large copper precipitates
(5 nm in diameter) are from 60 to 100% pure copper, the
results of this study indicate that the precipitate number
density would be in the range of 1.5 to 2.5 X 10%* m~>.
Moreover, it should be noted that the detected copper level
in the matrix is exactly equal to the copper solubility limit
given by the SGTE database [13] for a temperature of
450°C.

3.2.2. Annealing 29 h at 610°C

As expected from this heat treatment, the ferrite matrix
composition is similar to the as-stress-relieved condition
(this is shown in Table 7). Notably, the copper content has
increased from 0.05 + 0.01 to 0.17 £ 0.04 at.% which
suggests that all the intragranular neutron-induced copper
clusters have dissolved. The evolution of the copper con-
tent in the weld material after stress-relief heat-treatment,
neutron irradiation and both annealing treatments is
schematically shown in Fig. 7. Fig. 7 illustrates the loss of
copper from the matrix due to precipitation during the
initial stress relief, and the subsequent loss due to radia-
tion-induced precipitation at ~ 290°C. The effect of the
two PIA treatments is also shown.
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Fig. 7. Influence of neutron irradiation and annealing on the
copper content of the matrix in a weld material.

4. Conclusion

Microstructural characterization of neutron-irradiated
surveillance materials obtained from the B&W Owners
Group was performed. Both an intermediate-copper level
weld and a low-copper forging material were investigated.
The maximum neutron fluence of the materials was 3.5 X
10? nm~% (E> 1 MeV). The irradiated weld was also
examined after two post-irradiation heat treatments: 168 h
at 454°C and 29 h at 610°C.

Atom probe investigations have demonstrated a signifi-
cant level of copper and phosphorus depletion in the
neutron-irradiated weld ferrite matrix. In addition, a high
number density of ultrafine intragranular clusters contain-
ing Cu, P, Ni, Mn and Si were observed and analyzed in
this material. The copper concentration in the matrix of
this weld after neutron irradiation is determined to be as
low as 0.05 + 0.01 at.%. This value is in good agreement
with previous results available in the literature concerning
high-fluence neutron-irradiated reactor pressure vessel
steels. This result is also in agreement with the fact that no
copper clusters were detected in the forging material (low
copper level: 0.02 at.%) after irradiation to a neutron
fluence of 1.45X 102 nm~2, Only phosphorus atmo-
spheres were detected as an effect of the irradiation in this
low copper surveillance material.

The results concerning the annealing treatment per-
formed on the high-fluence neutron irradiated weld mate-
rial indicate that the neutron-induced copper clusters evolve
by an Ostwald ripening process. The smallest clusters
dissolve and the growth of larger copper particles takes
place. After 168 h at 454°C, the copper concentration in
the matrix is of the order of 0.04 + 0.01 at.% which is in
agreement with the copper solubility limit at this tempera-
ture.

The presence of neutron-induced copper clusters after
neutron irradiation is in agreement the measured transition
temperature shift. Also, their dissolution after annealing is
in agreement with the high percentage of recovery. This
indicates that the low number density of copper particles in
the ferrite matrix after annealing has little influence on the
mechanical properties of the recovered weld material.

Finally, it should be noted that if an annealing treat-
ment leads to a low number density of small, nearly pure
copper particles and a low matrix copper content, further
neutron irradiation of this neutron-irradiated and annealed
material should not produce large transition temperature
shifts. This projection assumes that radiation-induced cop-
per clusters are primarily responsible for the shift in the
DBTT following neutron irradiation.
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