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Irradiation-induced segregation (RIS) at phase boundaries in austenitic stainless steel weld metal was studied
using atom probe tomography. Irradiation induced depletion of Cr and Mn and enrichment of Ni and Si at the
δ-ferrite/austenite, δ-ferrite/carbide and austenite/carbide phase boundaries. The vacancy mechanism and the
solute-defect binding model were applied to interpret the RIS at the phase boundaries. The concentration gradi-
ents of Cr and Ni at the phase boundary regions reduced Cr depletion but promoted Ni segregation, which caused
a difference with the RIS at the grain boundary.

© 2018 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
Keywords:
Austenitic steels
Irradiation
Atom probe tomography
Interface diffusion
Segregation

Austenitic stainless steel weld metals consisting of an amount of δ-
ferrite phase exhibit enhanced corrosion resistance and have been
used as inner surface cladding of reactor pressure vessel (RPV) in light
water reactors (LWRs) [1]. The weld metal, however, is subjected to ir-
radiation in the service environment, which induces damage of the mi-
crostructure and deteriorates mechanical property [2–4]. Dislocation
loops, voids and precipitates were all observed and contributed to the
hardening and embrittlement of austenitic stainless steels [5,6]. Irradia-
tion also induces segregation at grain boundaries in austenitic stainless
steels, including depletion of Cr and Mn and enrichment of Ni, Si and P
[7–11]. Irradiation-induced segregation (RIS) at the grain boundary is
attributed to the association of solute atoms with the irradiation-in-
duced point defects [12,13]. While it has been well acknowledged that
the grain boundary has a lower resistance to corrosion and cracking
[14–16], the segregation could degrade further the property of the
grain boundary. For example, segregation of Si and P could lower the
boundary bonding strength, leading to embrittlement of the steel
[10,17]. Depletion of Cr and enrichment of Si at the grain boundary con-
tributed to intergranular corrosion and cracking in LWR environments
[18–20].

Studies on the dual phaseweldmetal have been only focused on the
effect of irradiation on precipitates in the δ-ferrite phase of the steel [6].

Irradiation-induced segregation at the phase boundary has yet to be
studied. Particularly, it is not clear whether the different chemical com-
positions and crystallographic structures on the two sides of the phase
boundary may vary the diffusion of solute atoms and cause a different
segregation behavior from that at the grain boundary. In this work, RIS
at thephase boundarieswas investigatedusing atomprobe tomography
(APT) in proton-irradiated nuclear grade 308 L austenitic stainless steel
weld metal.

The 308 L austenitic stainless steel was extracted from a mockup of
the RPV weld cladding. It has a chemical composition of 0.016% C,
0.32% Si, 1.33% Mn, 0.015% P, 19.88% Cr, 10.30% Ni and balance Fe in
weight percent. Vermicular δ-ferrite with a size of less than 5 μm was
embedded at the dendritic grain boundaries of austenite matrix,
shown in Fig. 1(a). Discontinuous precipitatewith a size of tens of nano-
meters existed at the δ-ferrite/austenite phase boundary before irradia-
tion, shown in Fig. 1(b). The precipitate was identified as Cr carbides
(M23C6) by the electron diffraction pattern as shown in the inset in
Fig. 1(b). Therefore, three kinds of phase boundaries, namely δ-ferrite/
austenite (δ/γ), δ-ferrite/carbide (δ/C) and austenite/carbide (γ/C)
phase boundaries, were of interest in this study.

Samples for the irradiation experiment had dimensions of 20 × 3
× 2 mm3. They were ground using emery papers up to 2000 grit and
mechanically polished using 2.5 μm and 1 μmdiamond pastes to obtain
a mirror surface. The irradiation surface (20 × 3 mm2) was finally
polished using a 40 nm colloidal silica slurry to eliminate the surface
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residual strain. Then the surfacewas irradiated by 2MeVprotonsup to 3
displacement per atom (dpa) at 360 °C with a dose rate of 5.96 × 10−
6 dpa/s at Michigan Ion Beam Laboratory of the University of Michigan.
Details on the irradiation process are available elsewhere [21,22].

Following the proton irradiation, APT tips that contain different
phase boundaries were fabricated using a dual-beam focused ion
beam instrument (Helios 600i, FEI) using life-out method [23,24]. Tips
were examined in an APT system (CAMECA LEAP 4000X HR) using
laser pulse mode at 50 K. To prevent the APT tips from fracture during
measurements, an optimized laser energy of 60 pJ with a pulse repeti-
tion frequency of 200 kHz was used. APT data was analyzed using the
IVAS software version 3.6.8. Multiple APT measurements of each type
of phase boundary were performed to confirm the repeatability of the
measurement (see the Supplementary Material).

Fig. 2(a) through (d) show the results of the APT analysis of the un-
irradiated and irradiated samples containing a δ/γ phase boundary. De-
pletion of Cr andMn and enrichment of Ni, Si and Pwere observed at the
boundary after 3-dpa irradiation, shown in Fig. 2(b). It is notable that a
certain degree of the enrichment of Si and P at the phase boundary oc-
curred before irradiation, shown in Fig. 2(a). Composition profiles
across the phase boundary before and after irradiation are compared

in Fig. 2(c) and (d) for Cr, Ni and Mn, Si, P, respectively. Following irra-
diation, Cr was depleted to a content of lower than 10 at.% in a region of
more than 10 nm wide, while Mn content is as low as 0.2 at.% at the
phase boundary. On the other hand, the enrichment of Ni at the phase
boundary with a maximum content of about 19 at.% was observed.
The irradiation also increased the Si content from 1.1 at.% to 3.7 at.% at
the phase boundary. However, the P content at δ/γ phase boundary
did not show a certain change after the irradiation, which varied from
0.13 at.% to 0.26 at.% before the irradiation, and from 0.11 at.% to
0.15 at.% after the irradiation (Fig. 2(d) and Fig. S18 in the Supplemen-
tary Material). As such, no irradiation effects on the P segregation at δ/
γ phase boundary could be confirmed.

Atom maps and concentration profiles across δ/C and γ/C phase
boundary regions in the unirradiated and irradiated samples are
shown in Fig. 3. Depletion of Cr and Mn and enrichment of Ni, Si and P
at both phase boundaries were observed after the 3-dpa irradiation.
The Cr-depletion at both phase boundaries showed aminimum content
of about 10 at.%, shown in Fig. 3(c). However, the width of the Cr-de-
pleted region at the δ/C phase boundary was approximately two times
of that at the γ/C phase boundary. The minimum Mn content in the
Mn-depleted regions at δ/C and γ/C phase boundaries was 0.28 at.%

Fig. 1. (a) Metallographic morphology of 308 L stainless steel weld metal showing vermicular δ-ferrite (δ) in austenite (γ) matrix. (b) Transmission electron microscopy image and
electron diffraction patterns showing the δ and γ phases as well as the discontinuous Cr carbides (M23C6) at δ/γ phase boundary.

Fig. 2.Atommaps of (a) unirradiated and (b) 3-dpa irradiated samples containing a δ/γphase boundary (The volume analyzed is 78× 78×360 and71×71×440nm3, respectively). Effect
of irradiation on composition profiles of (c) Cr, Ni and (d) Mn, Si and P across δ/γ phase boundary. The direction of composition profiles across the phase boundary is indicated by the
arrows shown in (a) and (b). The grey zone in (c) and (d) indicates the phase boundary region.
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