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Radiation-induced precipitation and segregation in a cold-worked 316 austenitic stainless steel irradiated
with 10 MeV Fe5+ ions were characterized by atom probe tomography. Ni and Si enrichment and Cr
depletion were observed in roughly spherical and torus-shaped clusters, believed to be due to solute
enrichment and depletion at dislocation loops. Solute segregation was also observed at network disloca-
tions. These observations are consistent with the phenomenon of radiation-induced segregation. Radia-
tion-induced segregation at grain boundaries was also studied at the near atomic scale. Comparison of
these observations with results from the literature shows a difference in the magnitude of the peak con-
centration of segregated solutes.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

Austenitic stainless steels, commonly used in internal struc-
tures of light water reactors, are susceptible to irradiation assisted
stress corrosion cracking (IASCC). This complex phenomenon is
still not well understood and is mediated by many types of vari-
ables, such as those that describe: (a) the corrosive chemical envi-
ronment; (b) the applied stresses; and (c) the material and
associated evolution of the alloy microstructure and microchemis-
try under irradiation [1,2]. IASCC in austenitic stainless steels is
most often associated with radiation-induced segregation (RIS) at
grain boundaries (GB) [1]. Thus, RIS has been extensively studied
for the two last decades [3–10] for both neutron and ion irradiated
alloys. Ion irradiations cannot directly simulate neutron condi-
tions, particularly due to large differences in the damage rates
and, in some cases, bulk versus near surface behaviour. However
ion irradiations have provided critical mechanistic insight on IASSC
and RIS and have the distinct advantage of being well controlled,
while avoiding the costs and complications of dealing with highly
radioactive specimens.

RIS at GB is generally characterized by Energy Dispersive X-ray
spectroscopy (EDX) in a Scanning Transmission Electron Microscope
(STEM), or Auger Electron Spectroscopy (AES). AES is typically used
to measure grain boundary composition but not segregation profiles
[11]. However, solute enrichment or depletion on planes near the GB
is very important, and provides information of RIS mechanisms. It
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should also be mentioned that the contribution of adjacent planes
to grain boundaries often induces an underestimation of the segre-
gation intensity [4,12]. Concentration profiles are obtained using
STEM/EDX. The spatial resolution for EDX, determined by the finite
probe width and the beam broadening, is rarely better than 2 nm
[12,13]. Such STEM/EDX averaging cannot resolve finer scale details
of the GB concentration profiles and, hence, may underestimate the
actual peak magnitude of the segregation [4]. Further, the electron
beam has to be parallel to a well-aligned ‘‘edge-on” GB to avoid over-
lap with matrix in the probed volume [11,14]. In the better case,
Atom Probe Tomography can reach near atomic spatial resolution
(<0.5 nm and�0.2 nm respectively perpendicular to and along anal-
ysis direction). Thus a primary objective of this work was to use
atom probe tomography to characterize radiation-induced segrega-
tion at GBs at the near atomic scale.

It has been shown recently that neutron irradiation induces the
formation of Ni–Si enriched clusters in a 316 SS [15]. The authors
suggest that the solute clusters are formed by radiation-induced
segregation to dislocation loops. Although this conclusion was also
supported by TEM and atom probe tomography studies of ion irra-
diated stainless steels [16], a second objective of this work is fur-
ther characterize the Ni–Si enriched clusters and evaluate the
mechanisms responsible for their formation.

A description of the material and experimental technique is gi-
ven in Section 2 followed by the results in Section 3 that are then
discussed in Section 4.

2. Experimental

The alloy composition of the 15% cold-worked 316 austenitic
stainless steel (CW 316 SS) is given in Table 1. A previous atom
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Table 1
Bulk composition of the CW 316 SS. Values are given both in atomic and weight
percents. Balance is iron. Values are given by the steelmaker.

C P Si Cr Ni Mo Mn Cu Co

wt.% 0.054 0.027 0.68 16.60 10.60 2.25 1.12 0.24 0.12
at.% 0.25 0.048 1.34 17.70 10.02 1.30 1.13 0.21 0.113

ClusterLinear feature

Si

Ni
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probe tomography study on this alloy in the unirradiated condition
showed a homogeneous solute distribution [15].

A plate of 10 � 10 � 0.25 mm thick coupon was sectioned and
wet polished with silicon carbide paper. The coupon was electro-
etched at 5 V and �20 mA for about 5 min in an aqueous solution
of 60% HNO3 to reveal the grain boundaries. The coupon was then
irradiated with 10 MeV Fe5+ ions in the JANNuS facility of the CEA
in Saclay [17,18] at 350 �C. The irradiation conditions are summa-
rized in Table 2. Based on the SRIM 2006 code (http://www.sri-
m.org/) [19] and the Kinchin Pease approximation, the
experimental dose and dose rate are estimated to be 10 dpa and
5.6 � 10�4 dpa s�1, respectively. As shown in Fig. 1, the SRIM calcu-
lations show that a 10 MeV Fe5+ irradiation results in a nearly uni-
form dpa and dpa rate to a depth of �1 lm.

Atom probe needles were micromachined using a FEI Helios 600
dual beam scanning electron microscope/focused ion beam (SEM/
FIB) instrument following the procedure described in [20]:

(i) A protective platinum cap of 0.1 lm in thickness is depos-
ited, in this case, over the region containing a grain
boundary.

(ii) A Ga ion beam milled section of the region is fabricated by a
lift-out procedure. First, a slot about 2.5 lm wide and
�20 lm length is milled at a coupon tilted ��30� with
respect to the ion beam direction, to a shallow depth of
�1 lm. A second slot is then milled after rotating the coupon
180� to form a wedge shaped slice blank. One side of the
wedge slice is then cut free and the lift-out wedge is
attached with a platinum deposit using a micromanipulator
probe. The second side of the lift-out is then cut free, result-
ing in an equilateral wedge shaped specimen blank.
Table 2
Irradiation conditions. Dose in dpa is estimated using SRIM 2006 calculations.

Temperature
(�C)

Dose rate
(m�2 s�1)

Dose
(m�2)

Dose rate
(dpa s�1)

Dose
(dpa)

350 2.6 � 1016 4.7 � 1020 5.6 � 10�4 10
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Fig. 1. Irradiation damage rate of 10 MeV Fe5+ ions as a function of the depth,
calculated with SRIM software.
(iii) Several atom probe needles blanks are then milled out along
the length of the wedge. The rough needle blanks are then
attached to Si posts, on a holder containing an array of posts,
using platinum deposit.

(iv) The rough needle blanks are then annular Ga–ion milled into
sharp APT needle tips. Care is taken to be sure that the
milled sharp needle is taken from the uniformly damaged
depth of 1 lm. The final milling was performed Ga beam
energy of 2 keV at a current of about 28 pA.

APT measurements were performed using an Imago Local-Elec-
trode Atom Probe (LEAP) 3000X HR. The LEAP measurements were
performed at 77 K, using green (k = 532 nm) ultra-fast laser pulses
with a 200 kHz repetition rate at a voltage bias between 2 and
6 kV. The equivalent pulse fraction was estimated to 20%. The x–
y positions of field-emitted atoms are recorded on a 2D channel
plate detector. The isotopic mass to charge ratio for each detected
ion was determined by a time of flight measurement. The z-posi-
tion is estimated based on the sequence of atom emissions assum-
ing uniform layer-by-layer evaporation. The corresponding
elemental atom positions in the 3D volume were reconstructed
Volume: 62 × 58 × 230 nm3

Fig. 2. 3D reconstruction of the APT data obtained in the Fe5+ ion irradiated 316 SS
showing linear features and 3D clusters enriched with Ni and Si.

Volume: 70 × 67 × 330 nm3

Si Ni Cr

Grain boundary

Fig. 3. APT data showing Ni/Si segregation and Cr depletion at a grain boundary in
the Fe5+ ion irradiated 316 SS.
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using the LEAP Imago Interactive Visualization and Analysis Soft-
ware (IVAS) and complemented by the analysis software devel-
oped at the University of Rouen.

3. Results

After ion irradiation, the solute distribution is clearly heteroge-
neous in the reconstructed volumes (Figs. 2 and 3). First, as shown
in Fig. 2, both cylindrical 1D feature and rounded or torus-shaped
3D clusters, enriched in Si and Ni, are present. Si and Ni segregation
(enrichment) and Cr depletion at grain boundary region slabs that
cut across the needle are also clearly evident, as illustrated in Fig. 3.
Note, it is easy to distinguish the cylindrical from the slab features
by eye when the 3D distributions are rotated.

The compositions and enrichment factors (the ratio of the con-
centration in the enriched region relative to the matrix concentra-
tion) of the different features are summarized in Table 3. All the
features are enriched in Si, Ni and P, while they are depleted in
Cr. The matrix composition of the ion irradiated 316 SS is also gi-
ven in Table 3. The matrix composition is determined from the glo-
bal mass spectrum, by removing atoms located into 3.1 at.% Si
isosurfaces. As expected from mass balance considerations, the
matrix is measurably depleted in Ni and Si and slightly enriched
in Cr.
Table 3
Composition of the matrix and the different features observed in Fe5+ ion irradiated 316
feature over the matrix concentration. Errors are given by the standard deviation 2r. Bala

C P Si

Matrix composition at.% 0.29 0.04 1.

Segregation on dislocations at.% 0.12 0.22 9.
2r 0.06 0.08 0.
F 0.4 5.5 8.
DF 0.2 2 0.

Lenticular rounded Ni–Si clusters at.% 0.04 0.4 12.
2r 0.03 0.1 0.
F 0.1 10 11.
DF 0.1 3 0.

Torus-shaped Ni–Si clusters at.% 0.11 0.23 7.
2r 0.06 0.09 0.
F 0.4 5.8 6.
DF 0.2 2.1 0.

Grain boundaries at.% 0.07 0.27 6.
2r 0.01 0.02 0.
F 0.25 6.6 5.
DF 0.05 0.5 0.

n.s., No significant.

26 nm

Si

P

(a)

Fig. 4. (a) Ni–Si lenticular rounded cluster, only Si and P atoms are represented. P atoms
shaped cluster), only Si atoms are represented. Si atoms, in regions where the Si concen
3.1. Cylindrical features

The cylindrical features are highly enriched in Si, Ni and P. Peak
concentrations of Si and Ni reach 9.8 at.% (from 1.1 at.%) and
26.1 at.% (from 8.5 at.%), respectively, while the Cr concentration
decreases to 10.4 at.% (from 18.2 at.%). Considering their shape,
the cylindrical features are certainly associated with Ni, Si and P
segregation and Cr depletion at network dislocations. The cylindri-
cal diameters of the segregated regions range from �4 to 8 nm. The
linear density of the cylinders is about 5 � 1014 m�2, which is very
consistent with the dislocation density in CW 316 stainless steel.

3.2. Solute clusters

Two kinds of 3D solute clusters are present in reconstructed
volumes. As shown in Fig. 4a some clusters have rounded shapes,
while Fig. 4b shows that others are torus-shaped. The Ni–Si
rounded clusters were previously observed in the neutron irradi-
ated 316 SS [15]. They have a lenticular shape. However, since
most of them are intercepted on the edge of the needle, it is diffi-
cult to determine an accurate cluster size. The rounded cluster in
Fig. 4a is between 10 and 15 nm in length and 6 and 8 nm in thick-
ness. The number density of Ni–Si rounded clusters is �1.0 ± 0.6 �
1022 m�3. As seen in Fig. 4a, P segregation is, in some cases, visible
SS samples. The enrichment factor F is given by the ratio of the concentration in the
nce is iron.

Cr Ni Mn Co Mo Cu

1 18.2 8.5 0.8 n.s. 1.5 0.2

8 10.4 26.1 0.5 0.7 0.8 n.s.
5 0.5 0.8 0.2 0.2 0.2 –
9 0.6 3.1 0.6 n.s. 0.1 n.s.
5 0.1 0.1 0.3 - 0.1 –

3 10.2 28.2 0.5 0.6 0.5 0.2
5 0.5 0.7 0.2 0.2 0.2 0.1
2 0.6 3.3 0.6 n.s. 0.3 n.s.
5 0.1 0.1 0.3 – 0.2 –

6 10.7 25.6 0.3 0.1 0.23 0.10
5 0.6 0.8 0.1 0.1 0.09 0.06
9 0.6 3.0 0.4 n.s. 0.2 0.5
5 0.1 0.1 0.2 – 0.1 0.3

32 9.4 26.6 0.53 n.s. 0.18 0.14
09 0.2 0.2 0.03 – 0.02 0.02
7 0.5 3.1 0.7 n.s. 0.1 n.s.
1 0.1 0.1 0.1 – 0.1 –

34 nm

(b)

are located at the center of the cluster. (b) Ni–Si cluster in the form of loop (torus-
tration is higher than 3% at., are emphasized.
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at the center of the disc of the Ni–Si clusters. The P concentration
reaches 1.5% (from 0.04 at.%). Notably Mo is also enriched to about
4 at.% (from 1.5 at.%). The size of the Mo–P enrichment zone is
�2 nm. The radii of the Ni–Si torus-shaped clusters are not uni-
form. The outer torus radius (the distance from the center of the
torus to the outer surface of the tube) ranges from 7 to 13 nm,
while the inner torus radius (the distance from the center of the
torus to the inner surface of the tube) ranges from 5.5 to 10 nm.
The average tube radius is 3–4 nm. The number density of Ni–Si
torus-shaped clusters is 6 ± 4 � 1021 m�3.

Examples of concentration profiles through a Ni–Si rounded
cluster and a Ni–Si torus-shaped cluster are shown in Figs. 5 and
6. The width of the segregation zone is about 9 nm in the case of
the rounded cluster and is between 6 and 8 nm for the torus-
shaped one. The Ni enrichment and Cr depletion in both types of
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Fig. 5. Concentration profile through a Ni–Si rounded cluster. Fe, Ni, Si and Cr concentrat
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Fig. 6. Concentration profile through a Ni–Si torus-shaped cluster. Fe, Ni, Si, Cr and Mo
concentration profile is plotted through a 5 � 4.5 nm section bin with 0.2 nm step (abou
clusters appears to be similar, but rounded clusters appear to be
somewhat more enriched in Si compared to those with a torus-
shape.

3.3. Grain boundaries

Two grain boundary slabs were intercepted in analyzed vol-
umes, due to specimen preparation, it is probably the same grain
boundary in the two different volumes. An example of a concentra-
tion profile plotted through one of them is shown in Fig. 7. The
peak Ni and Si concentrations reach 32 at.% (from 8.5 at.%) and
8 at.% (from 1.1 at.%), respectively. The Cr concentration decreases
to 8 at.% (from 18.2 at.%) at the center of the segregation zone. The
total thickness of the segregated grain boundary slab is between 7
and 10 nm.
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Fig. 8. Schematic representation showing segregation on big dislocation loops.
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4. Discussion

All features observed in ion irradiated volumes are enriched in
Ni and Si and depleted in Cr. Since the 316SS is sub-saturated with
respect to forming intermetallic Ni–Si phases, the only plausible
explanation of the presence of these features is radiation-induced
segregation (RIS) at defect sinks, which is a well established mech-
anism that is responsible for the modification of grain boundary
composition in irradiated austenitic stainless steels [2]. The differ-
ent shapes of the features observed here are simply due to the nat-
ure of the sinks where segregation occurs: grain boundaries (slabs),
dislocation lines (cylindrical features) or Frank loops (rounded and
torus-shaped clusters). Although TEM characterization of disloca-
tion loops (Frank loops) was not performed as part of this work,
previous results for ion irradiated 316 SS [21,22] showed loop
number densities that range from several 1020 m�3 up to several
1022 m�3, the same order of magnitude as the number density of
solute clusters found here. Similar observations have been re-
ported for neutron irradiated 316 SS [15]. Further, the torus-
shaped clusters observed here are consistent with segregation at
large dislocation loops predicted or observed by A. Barbu, as illus-
trated in Fig. 8 [23]. Segregation at smaller dislocation loops results
in the formation of rounded clusters.

The enrichment factors of Ni enrichment and Cr depletion are
similar for all the sinks. A comparison of all enrichment factors is
reported on Fig. 9. However, Si enrichment at dislocations and
loops is systematically more pronounced than observed at the
grain boundaries. It is well known that, due to long-range elastic
interactions, dislocations are a stronger (biased) sink for self inter-
stitial atoms than for vacancies. The higher enrichment factors at
dislocations compared to grain boundaries suggest that Si atoms
preferentially diffuse via interstitial mechanism, as previously sug-
gested in [16], whereas Ni and Cr segregate by the inverse Kirken-
dall vacancy mechanism [2,24].

Solute clusters observed in this work can be compared to those
reported in [15] after neutron irradiation of the same material to
12 dpa at 360 �C. The main difference between the two experi-
ments is that irradiation dose rate is �2 � 10�8 dpa s�1 in the neu-
tron irradiation case, which is 2 � 104 times less than in ion
irradiation case. The irradiation temperature is quasi-similar in
both cases. It is well known that the magnitude of RIS depends
on the dose rate [2] for a given irradiation temperature. For med-
ium temperatures (between 250 and 400 �C), higher dose rates
generally leads to a lower magnitude of RIS [25,26]. In the previous
neutron irradiation studies, the Si, Ni and Cr enrichment factors
were 56, 5.4 and 0.06 respectively, compared to �10, 3.2 and 0.6
for the current ion irradiation case.

Although few results of RIS at grain boundaries under irradia-
tion are reported for doses higher than 5 dpa, a comparison of
the RIS at GB in the current work with neutron and proton irradi-
ation results in the literature is shown in Figs. 10 and 11 [4,11,27–
32]. It seems that the higher dpa rate ion irradiations in this study
produce a slightly higher magnitude of RIS than neutron and pro-
ton irradiations at lower dose rates. The lack of results reported in
the literature for irradiations at 10 dpa might in part explain this
difference. However this result can also be explained in two ways:

First, this result might be due to differences in the experimental
characterization techniques. In this work, RIS levels have been ob-
tained using a near atomic scale technique, the atom probe tomog-
raphy. The theoretical resolution of atom probe tomography
approaches the atomic scale and is on the order of 0.5 nm or better.
The actual resolution varies from case to case, but is generally
better than STEM-EDX techniques. Further, atom probe tomogra-
phy specifically avoids overlap between the GB and matrix. The
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resulting smoothing and matrix-GB overlap in the case of STEM-
EDX would lead to underestimation of peak magnitude of RIS.

Secondly, several studies have shown that radiation-induced
levels can depend on grain boundary misorientation angles [33–
36] and can also vary along the same grain boundary [37]. Duh
et al. [33] reported Cr segregation differences up to 4 at.% and Ed-
wards et al. [36] found Ni segregation difference of 5 at.% from one
grain boundary to another, in an austenitic steel proton irradiated
at 1 dpa and neutron irradiated at 6 dpa, respectively. An absolute
variation of 3 at.% of the Cr concentration was reported by Simonen
et al. [37] along the same grain boundary in an austenitic steel irra-
diated at 10 dpa with ions. As shown in Figs. 10 and 11, some vari-
ations of the composition along the grain boundary can be
observed in this study. Thus variations of local segregation levels
may explain some differences between results found in this study
and results from the literature.
5. Conclusions

In this work, a 316 austenitic stainless steel, irradiated with Fe5+

ions to 10 dpa, has been investigated by atom probe tomography.
Different intragranular features were observed, including cylin-

drical features, rounded clusters and torus-shaped clusters that are
certainly formed by RIS to sinks consisting of network dislocations,
small and bigger dislocation loops respectively.

For the first time, grain boundary segregation has been ob-
served at the near atomic scale in an irradiated austenitic stainless
steel. These measurements were enabled by the use of a focused
ion beam instrument for specimen preparation for APT. The magni-
tude of RIS measured here is higher than results found in the liter-
ature. This suggests that other techniques may underestimate the
peak values of RIS. However, variations in RIS in a particular
boundary and between different boundaries may also play a role.
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