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Irradiation-induced changes of the atomic distributions of solute and impurity elements around carbides
in a reactor pressure vessel steel of a Belgium nuclear power reactor were investigated by laser-assisted
local electrode-type three-dimensional atom probe, before and after in-service irradiation of 12 years.

Before irradiation, nano-scale Fe-Mn-Cr-Mo carbides were found to be intragranular. The atomic distri-
butions of Mn, Cr and Mo inside the carbide indicate that their concentrations around the inner carbide-
matrix interface were enhanced, while a clear segregation of P at the interface was observed. After irra-
diation, the Mn concentration in the carbide increased substantially. In addition, the enhancement of Mn,
Cr and Mo concentrations around the interface and the segregation of P were markedly intensified.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The irradiation-induced embrittlement of the nuclear reactor
pressure vessel (RPV) steels, low alloy ferritic steels in Western-
type light-water reactors, is one of the main issues limiting the
end of life of the reactors. Therefore extensive studies have been
made worldwide to clarify the mechanisms of the embrittlement.
So far, it is widely known that the embrittlement can be classified
into two categories; hardening and non-hardening embrittlement
[1-3]. The hardening one is due to irradiation-induced solute/
impurity precipitates and so-called matrix defects such as intersti-
tial loops and/or nanovoids [1-4]. The non-hardening one is due to
irradiation-induced segregation of impurity elements such as P at
grain boundaries [1-3,5], carbide-matrix interfaces [6-8] and so
on. However, the nanostructural origins of the non-hardening
embrittlement have not been fully understood yet.

In the case of cleavage fracture in the brittle metallic materials,
micro-crack nucleation initiates at a stress concentrated site. For
ferritic steels, carbides or carbide-matrix interfaces are the typical
initiation sites of the cleavage micro-crack nucleation [9,10]. A re-
cent fracture toughness prediction model suggests that the

* Corresponding author. Tel.: +81 29 267 3181; fax: +81 29 267 4947.
E-mail address: ttoyama@imr.tohoku.ac.jp (T. Toyama).
! Present address: EDF R&D, Les Renardiéres, MoretsurLoing, France.

0022-3115/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.jnucmat.2010.08.011

strength of carbide-matrix interface is reduced when the concen-
trations of impurity element such as P around the carbides increase
[6,11,12]. Thus we should take notice of irradiation-induced
changes of the atomic distributions of solute and impurity ele-
ments around carbide-matrix interfaces.

On the carbides in RPV steels, conventional scanning and trans-
mission electron microscopes have previously characterized their
size distributions [13] and structures [14]. Furthermore, atom
probe (AP) enables us to analyze nanostructures of carbides by
mapping out atomic distributions with atomic scale resolution.
Several AP works have investigated cementite carbides (M3C) and
Mo carbides (MoC and Mo,C) in RPV steels [15-18]: the shapes
and chemical compositions of the carbides have been reported.
However, to the best of our knowledge, detailed analyses on the
atomic distributions around carbide-matrix interfaces have rarely
been reported in the open literature. Here we employ a laser-as-
sisted local electrode-type three-dimensional AP (3D-AP) to ob-
serve the nanostructure of the carbides. A laser-assisted local
electrode-type 3D-AP has two marked advantages over a conven-
tional 3D-AP: much larger field of view with high data collection
rate [19] and lower specimen fracture probability with laser pulse
evaporation even for brittle specimens [20,21]. In this paper, we
show the irradiation-induced changes of the atomic distributions
around the interfaces of nano-carbides in a surveillance test spec-
imen of a RPV steel of a Belgium nuclear power reactor.
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Fig. 1. (a) Elemental maps of solute atoms around the carbide in the unirradiated specimen, and (b) concentration profiles of each element as a function of position across one
of the carbide-matrix interfaces in the selected region of a rectangular parallelepiped of 5 x 5 nm cross section in Fig. 1a.

Table 1
Chemical composition of the surveillance test specimen (balance: Fe).
C Si Mn P Cu Ni Cr Mo
at.% 0.9 0.56 1.45 0.014 0.04 0.71 0.12 0.31
wt.% 0.2 0.28 1.43 0.008 0.05 0.75 0.11 0.53

2. Experimental

The studied surveillance test specimen of low alloy ferritic alloy
A508 was obtained from the surveillance program of Doel-4 reac-
tor in Belgium operating since 1985. The chemical composition of
the specimen is listed in Table 1 in atomic and weight percent. This
is the typical second generation RPV steels characterized by lower
impurity concentrations of such as P, S and Cu. The specimen was
in-service irradiated to a neutron dose of 3.3 x 10'®ncm™2, for
about 12 years, with a flux of 1.3 x 10" ncm2s™! (E> 1 MeV) at
~300 °C. The same material of unirradiated (the archive specimen)
was also investigated for comparison with the irradiated one.

For 3D-AP observation, the rod samples were prepared from the
test specimens using an electrodischarge cutter in order to mini-
mize possible cutting-induced surface damage. Then the rods were
electro-polished to needles with a solution of 2-butoxyethanol
with 2% perchloric acid. Finally focused ion beam (FIB) with scan-
ning electron microscope was applied to set the carbide near the
top of the needle tip. 3D-AP observation was carried out with
LEAP-3000XHR by IMAGO Scientific Instruments, under conditions
of a laser power of 0.5 nJ, a laser pulse repetition rate of 200 kHz, a
DC voltage usually in a range from 5 to 10 kV and a specimen tem-
perature of 30 K.

3. Results and discussions

Elemental maps of various kinds of solute atoms around the
carbide in the archive specimen are shown in Fig. 1a. The observed
carbide was in a nano-scale dimension and was enriched with Mn,
Cr and Mo; Nano-scale Fe-Mn-Cr-Mo carbide. Ni, a non-carbide-
forming element [22,23], was hardly enriched. P was segregated
at the carbide-matrix interface. Si was depleted in the carbide,
which is similar to the case of cementites [23-25], but small sili-
cides were observed as indicated by the arrows. Average concen-
trations of the each element in the carbide other than the
silicides are as follows; C: ~13%, Si: ~0.2%, Mn: ~6%, Ni: ~1%,
Cr: ~1%, Mo: ~1% and balanced Fe (78%). All the concentrations
are given in atomic percent. Subtotal concentration of the metal
elements (Mn + Cr + Mo + Fe) is about 86%, which is close to that
of MgC type carbide, one of the typical carbides in low alloy ferritic
steels.

Fig. 1b shows concentration profiles of each element as a func-
tion of distance in the selected region as shown in the C map in
Fig. 1a, a blue rectangular parallelepiped of 5 x 5 nm cross section.
The C concentration was ~13% throughout the carbide. On the
other hand, the Mn, Cr and Mo concentrations were enhanced
around the inner carbide-matrix interface. The Mn concentration
was ~5% around the center of the carbide (z' = 60-90 nm) while
~8% around the interface (Z ~30nm and z' ~ 20 nm). The full
width at half maximum (FWHM) of the enhancement peaks of
Mn at the interface (zZ ~ 30 nm) was estimated to be ~7 nm. In
the similar way, FWHM of the enhancement peaks of Cr and Mo
at the interface were roughly estimated as ~15 nm and ~20 nm,
respectively.
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Elemental maps of the solute atoms around the carbide in the
irradiated surveillance test specimen are shown in Fig. 2a. The car-
bide was enriched with Mn, Cr and Mo. The depletion of Si and the
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segregation of P at the carbide-matrix interface were also seen
after irradiation. A small silicide was observed as indicated by
the arrow. These characteristics associated with the carbide were
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Fig. 2. (a) Elemental maps of solute atoms around the carbide in the neutron irradiated surveillance specimen, and (b) concentration profiles of each element as a function of
position across the carbide-matrix interface in the selected region of a rectangular parallelepiped of 5 x 5 nm cross section in Fig. 2a. The concentration profiles around the

carbide-matrix interface in the archive specimen (dashed lines) and the nominal concentrations of each element (orange lines) are also plotted for comparison.
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almost the same as those of the archive specimen as mentioned
above. Average atomic concentrations of the each element in the
carbide other than the silicide were as follows; C: ~13%, Si:
~0.1%, Mn: ~14%, Ni: ~0.5%, Cr: ~1%, Mo: ~1% and balanced Fe
(70%). The Mn concentration inside the carbide was increased after
irradiation, whereas the Si, Ni and Mo concentrations inside the
carbide was decreased. Subtotal concentration of the metal ele-
ments (Mn + Cr + Mo + Fe) was about 86%, which is close to that
of MgC type carbide and almost the same as that for the archive
specimen.

Fig. 2b shows atomic concentrations of each element in the se-
lected region in the C map in Fig. 2a, in the similar way as Fig. 1b.
The concentration profiles of the archive specimen shown in Fig. 1b
are also plotted by dashed lines for comparison. The Mn, Cr and Mo
concentrations were further enhanced around the inner carbide-
matrix interface by irradiation. In the similar way with the archive
specimen, FWHM of the enhancement peaks of Mn, Cr and Mo at
the interface (z ~ 10 nm) were estimated to be ~4 nm, ~5 nm
and ~4 nm, respectively. These FWHM are narrower than those
of the archive specimen, showing that these enhancements are sig-
nificantly intensified and sharpened by irradiation. Segregation of
P at the carbide-matrix interface is also intensified by irradiation
in the observed interface.

The nominal concentrations of each element, listed in Tab. 1, are
also presented by horizontal orange lines in Fig. 2b. It should be
empathized that the Mn and Mo concentrations in the matrix out-
side the carbide are lower than those nominal concentrations. It has
been suggested that, in the low impurity RPV steels of the present
study, Mn plays an important role for the irradiation-induced hard-
ening by forming co-cluster with Si and Ni [26,27]. The observed
depletion of Mn in the matrix might produce a cluster-free zone
in the matrix adjacent to the carbide. It should be also noted that
the Ni concentration both in matrix and the carbide decreased after
irradiation. One of the reasons of this is the formation of Si-Mn-Ni
clusters in matrix in the irradiated specimen; we have made other
3D-AP observation of the irradiated specimen and found Si-Mn-Ni
clusters of a number density about 5 x 10'® cm~3 in matrix. The Si,
Mn and Ni concentrations in matrix were decreased by irradiation;
Si: 0.6 (archive) — 0.5 (irradiated), Mn: 1.4 — 1.2, Ni: 0.7 — 0.6 (in
at.%). These results will be submitted elsewhere.

It is widely accepted that P segregation is responsible for brit-
tleness of interfaces such as grain boundaries and carbide-matrix
interfaces in RPV steels. Directly, a recent fracture toughness pre-
diction model has reported that the strength of carbide-matrix
interface is reduced by P segregation at the interface [6,11,12].
Thus the observed intensifying of P segregation by irradiation
would decrease the interfacial strength. Furthermore, the strength
of the interface is dependent on the atomic distributions around
the interface in addition to P segregation: chemical composition
and size of the impurity-concentrated zones near carbides [28].
In view of this, the observed intensifying of Mn, Cr and Mo
enhancement and sharpening of these distributions by irradiation
would also decrease the interfacial strength and hence degrade
fracture toughness of RPV steels. Such contributions of the ob-
served nanostructural changes in mechanical properties will be
the subject of further discussion in a later paper.

The tailing of the step-like concentration profile of Mn, Cr, Mo
from the carbide interface to the matrix in Fig. 2b (z’ ~ 10 nm) is
almost the same between the archive and the irradiated speci-
mens. In contrast, the profile of C seems to be slightly smeared
after irradiation as shown by the arrow. This smearing is possibly
due to the dissolving of C from the carbide to matrix resulting from
the migration of interstitial carbon atoms induced by irradiation.

4. Conclusion

Irradiation-induced changes of the atomic distributions around
nano-scale carbides in the RPV steel of Doel-4 reactor in Belgium
were investigated by laser-assisted local electrode-type 3D-AP. In
the unirradiated specimen, nano-scale Fe-Mn-Cr-Mo carbides
(~MgC type) were observed. Mn, Cr and Mo were enriched around
the inner carbide-matrix interface. The depletion of Si in the car-
bide and the segregation of P at the interface were also observed.
By neutron irradiation for 12 years, the Mn concentration within
the carbide was increased and the enhancement of Mn, Cr and
Mo concentration around the carbide-matrix interface as well as
P segregation at the interface were markedly intensified. These
changes could be one of the possibilities for degradation of the
interface, which would contribute to the embrittlement of RPV
steels.
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