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Abstract

Since Generation IV nuclear energy systems will operate at higher temperatures than current light water reactors, Ni-
base alloys are receiving attention as candidate core materials. One aspect of the radiation response of Ni-base alloys to
radiation that is not well understood is grain boundary segregation. In this work, three alloys, specifically Ni–18Cr, Ni–
18Cr–9Fe, and Ni–18Cr–0.08P were given a series of thermal treatments and quenching to understand the development of
thermal non-equilibrium segregation (TNES). Additionally, they were irradiated using 3.2 MeV protons at temperatures
from 200 to 500 �C to doses up to 1 dpa. Grain boundary segregation was measured with Auger Electron Spectroscopy and
Scanning Transmission Electron Microscopy with Energy Dispersive Spectroscopy. Chromium enrichment due to TNES
could be caused by interactions between Ni and Cr or by interactions with impurity elements such as B, C, or N. Under
irradiation, the addition of iron to Ni–18Cr reduced the grain boundary chromium depletion, while the addition of phos-
phorous increased the grain boundary chromium depletion.
� 2006 Elsevier B.V. All rights reserved.

PACS: 61.80�x; 61.80.Jh; 64.75+g
1. Introduction

Generation IV nuclear energy systems will oper-
ate at higher temperatures than current light water
reactors, leading to an increased examination of
Ni-base alloys for core material application. One
aspect of the radiation response of Ni-base alloys
to radiation that is not well understood is radia-
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tion-induced segregation at grain boundaries. Radi-
ation-induced segregation is a non-equilibrium
process that occurs at grain boundaries and other
defect sinks such as dislocation loops and voids
during irradiation of an alloy at high-temperature
(30–50% of the melting temperature in K) [1]. In
irradiated iron-base austenitic alloys, nickel enriches
and chromium depletes at defect sinks. Iron either
enriches or depletes depending on the bulk alloy
composition. Studies have shown that the segrega-
tion to defect sinks such as dislocation loops and
voids may play an important role in microstructural
development [2–5].
.
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Thermal non-equilibrium segregation (TNES) at
grain boundaries has also been observed to occur
as a result of heat treatments [6]. Specifically,
enrichment of grain boundary Cr has been observed
to occur under certain heat treatment conditions
(annealing temperature and cooling rates) in austen-
itic stainless steels [7–11]. As an example, studies by
Cole et al. [8] on a series of Fe–Cr–Ni–Mo–P alloys
indicated that TNES caused Cr, Mo, and P enrich-
ment and Fe and Ni depletion. The studies varied
both the starting temperature (from 1100 to
1300 �C) as well as the cooling method (furnace
cool, air cool, water quench, and brine water
quench) to show that grain boundary chromium
enrichment caused by TNES was maximized when
starting from lower annealing temperatures and
using the slower cooling rates. For Fe-base austen-
itic alloys that exhibit Cr enrichment due to TNES,
subsequent irradiation leads to chromium depletion
due to RIS, but an intermediate ‘W-shaped’ profile
is formed with Cr depletion to either side of the
grain boundary and Cr enrichment on the bound-
ary. At high dose, the ‘W’ profile is eliminated and
chromium depletes at the boundary.

To gain an understanding of RIS and TNES in
nickel-base alloys, Ni–18Cr, Ni–18Cr–9Fe, and
Ni–18Cr–0.08P were studied. RIS and TNES were
measured following irradiation and following heat
treatment.

2. Experiments

Three alloys were studied, specifically Ni–18Cr,
Ni–18Cr–9Fe, and Ni–18Cr–0.08P and were chosen
to form alloy pairs to determine the effect of specific
alloying additions. The alloy pairs are: a binary
concentrated alloy (Ni–18Cr) and a ternary con-
centrated alloy (Ni–18Cr–9Fe) to investigate the
effect of adding a concentrated third element; and
a binary concentrated alloy (Ni–18Cr) and a binary
concentrated alloy with a dilute impurity (Ni–18Cr–
Table 1
Summary of bulk alloy compositions in at.% (second line gives norma

Alloy Cr Ni Fe Mn

Ni–18Cr 18.24 81.74 – –
18.24 81.75 –

Ni–18Cr–9Fe 18.26 72.36 9.32 0.010
18.26 72.39 9.33

Ni–18Cr–0.08P 18.33 81.56 0.004 –
18.33 81.58 0.004
0.08P) to investigate the effect of adding a dilute
third element. All three alloys have similar bulk
chromium concentration. The General Electric
Company supplied the alloys. Table 1 lists the
compositions. Major alloying element compositions
were determined by electron microprobe analysis.
All three alloys form equilibrium fcc solid solutions
at all temperatures of interest in this study.

Sample preparation prior to irradiation produced
samples with a grain size in the range of 10–15 lm
to ensure entire grains will be irradiated to a uni-
form dose when using a 3.2 MeV proton beam.
Alloys were received in the form of 15–17 mm thick
ingots. The ingots were cold-rolled to 12 mm thick
then solution annealed at 1200 �C for 1 h. Portions
of the solution annealed ingot were cold rolled to
3.5–5 mm thick and cut into Auger Electron Spec-
troscopy (AES) and scanning transmission electron
microscopy with energy dispersive spectroscopy
(STEM/EDS) sample bars. AES sample bars were
approximately 2 mm wide, 2 mm thick and at least
25 mm long. STEM/EDS sample bars were approx-
imately 4 mm wide, 2 mm thick and at least 25 mm
long. After mechanical polishing, the samples were
given a recrystallization anneal to obtain a grain size
of 10–15 lm. To achieve this grain size, the samples
were heated to 750 �C for 30 min.

Sample irradiations were performed using the
General Ionex Tandetron accelerator at the Michi-
gan Ion Beam Laboratory. Irradiations were con-
ducted using 3.2 MeV protons at a dose rate of
approximately 7 · 10�6 dpa/s (the experimental
doses and dose rates reported throughout this paper
are calculated using TRIM90 [12], resulting in a
nearly uniform damage rate through the first
35 lm of the proton range (45 lm)). With a grain
size of 10–15 lm, multiple grain depths are irradi-
ated. Samples were irradiated at temperatures from
200 to 500 �C to 0.5 dpa and at 400 �C to 1 dpa.

To determine the effect of TNES on grain bound-
ary composition, four separate heat treatment and
lized compositions for Fe + Cr + Ni + P = 100%)

Mo Si C P S

0.002 – 0.005 0.006 0.004
0.006

0.002 0.027 0.014 0.007 0.004
0.007

0.06 0.012 0.004 0.08 –
0.08
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cooling regimes were carried out. These treatments
all used the material cold rolled to 3.5–5 mm thick-
ness as the starting point and then performed one of
the following:

• Anneal at 1100 �C for 15 min followed by water
quench (designated 1100_W).

• Anneal at 1100 �C for 15 min followed by fur-
nace cool (designated 1100_F).

• Anneal at 750 �C for 15 min followed by water
quench (designated 750_W_15).

• Anneal at 750 �C for 30 min followed by water
quench (designated 750_W_30).

To promote intergranular fracture of AES bars, a
small notch was cut on one surface and then the
sample was hydrogen charged using 0.1 N sulfuric
acid with the addition of sodium arsenite as a
poison for recombination of hydrogen. Sample bars
were fractured in situ at a pressure of 1 · 10�9 Torr
by bending with a special fracture stage attached to
the vacuum chamber. Once the fracture was
achieved, secondary electron images (SEIs) were
used to capture major fracture features, specifically
intergranular (IG) and ductile (D) areas.

A PHI 660 scanning Auger electron spectrometer
was used to analyze microchemistry at interfaces of
RIS samples. A PHI 670 scanning Auger electron
spectroscope was used to analyze microchemistry
at interfaces of TNES samples. Results of chemical
composition are reported as atomic concentration
calculated following Davis et al. [13]. Sensitivity
factors of iron, chromium, and nickel have been
Table 2
Summary of AES TNES measurements (uncertainty given by the stand

Alloy Annealing
temperature (�C)

Quench method Fe

AES

Ni–18Cr 1100 Furnace –
Ni–18Cr 1100 Water –
Ni–18Cr 750 (15 min) Water –
Ni–18Cr 750 (30 min) Water –

Ni–18Cr–9Fe 1100 Furnace 8
Ni–18Cr–9Fe 1100 Water 8
Ni–18Cr–9Fe 750 (15 min) Water 11
Ni–18Cr–9Fe 750 (30 min) Water 9

P (at.%)

Ni–18Cr–P 1100 Furnace 5
Ni–18Cr–P 1100 Water 6
Ni–18Cr–P 750 (15 min) Water 7
Ni–18Cr–P 750 (30 min) Water 9

All TNES measurements came from a single sample for each treatmen
obtained by comparing calculated concentration
for the ductile areas of as-received sample to the
composition of the material measured using electron
microprobe analysis. Because of the low P concen-
trations in the bulk material, this technique could
not be used for determining the sensitivity factor
of phosphorous so the system default sensitivity fac-
tor was used.

The STEM/EDS was performed at Oak Ridge
National Laboratory using a Phillips EM400T/
FEG equipped with an EDAX 9100/70 EDS
system. An accelerating voltage of 100 kV was used.
A double-tilt, liquid-nitrogen-cooled specimen
holder was used to minimize contamination of the
sample under the focused beam [14]. STEM/EDS
measurements were performed at the grain bound-
ary and at increments of 2.5 nm away from the
boundary to give compositional profiles. The inci-
dent probe diameter was 2 nm (full width, tenth
maximum). The sample was tilted towards the X-
ray detector and each grain boundary analyzed
was aligned such that the boundary was ‘edge-on’
(parallel to the electron beam). This placement min-
imizes the apparent, geometric broadening of the
RIS profile, ensuring that the measured X-ray inten-
sity at the grain boundary was the best estimate of
the grain boundary composition.

3. Results

The TNES measurements (only AES measure-
ments were taken) are summarized in Table 2. The
RIS measurements are summarized in Table 3
ard deviation of the mean r=
ffiffiffiffi

N
p

) [15]

(at.%) Cr (at.%) Ni (at.%) Measurements

19.1 ± 0.0 80.9 ± 0.0 12
16.7 ± 0.3 83.3 ± 0.3 16
17.3 ± 0.1 82.7 ± 0.1 15
17.1 ± 0.2 82.9 ± 0.2 12

.3 ± 0.2 20.0 ± 0.7 71.7 ± 0.6 13

.8 ± 0.2 19.5 ± 0.4 71.7 ± 0.4 19

.3 ± 0.6 17.9 ± 0.6 70.8 ± 1.0 16

.4 ± 0.3 18.0 ± 0.4 72.6 ± 0.5 12

.6 ± 0.4 16.4 ± 0.5 77.9 ± 0.6 10

.1 ± 0.4 16.7 ± 0.6 77.1 ± 0.6 16

.6 ± 0.3 14.9 ± 0.3 77.4 ± 0.3 13

.1 ± 0.4 14.0 ± 0.2 76.9 ± 0.3 10

t.



Table 3
Summary of AES RIS measurements (uncertainty given by the standard deviation of the mean r=

ffiffiffiffi

N
p

) [15]

Alloy Temperature (�C) Dose (dpa) Fe (at.%) Cr (at.%) Ni (at.%) Measurements Samples

AES

Ni–18Cr 200 0.5 – 14.6 ± 0.2 85.4 ± 0.2 28 2
Ni–18Cr 300 0.5 – 11.5 ± 0.2 88.5 ± 0.2 33 2
Ni–18Cr 400 0.5 – 10.1 ± 0.2 89.9 ± 0.2 62 5
Ni–18Cr 500 0.5 – 12.9 ± 0.5 87.1 ± 0.5 23 2

Ni–18Cr–9Fe 200 0.5 6.7 ± 0.5 15.7 ± 0.2 77.6 ± 0.5 16 1
Ni–18Cr–9Fe 300 0.5 5.4 ± 0.5 13.8 ± 0.3 80.8 ± 0.6 14 1
Ni–18Cr–9Fe 400 0.5 5.8 ± 0.3 13.5 ± 0.2 80.7 ± 0.5 27 2
Ni–18Cr–9Fe 500 0.5 6.5 ± 0.3 15.7 ± 0.2 77.8 ± 0.5 30 2

Ni–18Cr – 0.0 – 17.1 ± 0.2 82.9 ± 0.2 12 1
Ni–18Cr 400 0.1 – 13.4 ± 0.3 86.6 ± 0.3 33 2
Ni–18Cr 400 0.3 – 11.8 ± 0.2 88.2 ± 0.2 32 2
Ni–18Cr 400 1.0 – 10.6 ± 0.3 89.4 ± 0.3 36 2

Ni–18Cr–9Fe – 0.0 9.4 ± 0.3 18.0 ± 0.4 72.6 ± 0.5 12 2
Ni–18Cr–9Fe 400 0.1 5.2 ± 0.2 13.9 ± 0.2 80.9 ± 0.3 23 2
Ni–18Cr–9Fe 400 0.3 4.9 ± 0.3 13.9 ± 0.4 81.1 ± 0.4 23 2
Ni–18Cr–9Fe 400 1.0 5.5 ± 0.3 13.8 ± 0.3 80.7 ± 0.6 27 2

P (at.%)

Ni–18Cr–P – 0.0 9.0 ± 0.4 14.0 ± 0.2 76.9 ± 0.3 10 1
Ni–18Cr–P 400 0.5 12.2 ± 0.3 8.7 ± 0.1 79.2 ± 0.4 24 2
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(AES measurements) and Table 4 (STEM/EDS
measurements). The trends in RIS are similar with
each measurement technique. The depth resolution
of the AES is better and gives a closer estimate of
the actual grain boundary composition. The focus
of the analysis will be on the AES measurements.

Fig. 1 shows the change in grain boundary chro-
mium and nickel concentration for Ni–18Cr for the
four different heat treatments used to induce TNES.
All of the water quenched specimens exhibited chro-
mium depletion and nickel enrichment. The sample
cooled using furnace cooling exhibited chromium
enrichment and nickel depletion.
Table 4
Summary of STEM/EDS RIS measurements (uncertainty given by the

Alloy Temperature (�C) Dose (dpa) Iron (at.%) C

STEM/EDS

Ni–18Cr 400 0.0 – 1
Ni–18Cr 400 0.1 – 1
Ni–18Cr 400 0.3 – 1
Ni–18Cr 400 0.5 – 1
Ni–18Cr 400 1.0 – 1

Ni–18Cr–9Fe 400 0.0 9.2 ± 0.1 1
Ni–18Cr–9Fe 400 0.1 6.6 ± 0.1 1
Ni–18Cr–9Fe 400 0.3 5.8 ± 0.1 1
Ni–18Cr–9Fe 400 0.5 5.4 ± 0.1 1
Ni–18Cr–9Fe 400 1.0 5.8 ± 0.2 1
Fig. 2 shows the change in grain boundary chro-
mium and nickel concentration for Ni–18Cr–0.08P
for the four different heat treatments used to induce
TNES. Phosphorous enrichment, chromium deple-
tion, and nickel depletion is seen for every treat-
ment. The enrichment of phosphorous is greater
when starting at a lower annealing temperature.
The magnitude of phosphorous enrichment and
chromium enrichment changes with treatment, but
the nickel depletion is roughly constant.

Fig. 3 shows the change in grain boundary chro-
mium and nickel concentration for Ni–18Cr–9Fe
for the four different heat treatments used to induce
standard deviation of the mean r=
ffiffiffiffi

N
p

) [15]

hromium (at.%) Nickel (at.%) Measurements Samples

8.8 ± 0.2 81.2 ± 0.2 15 1
5.7 ± 0.2 84.3 ± 0.2 22 2
4.3 ± 0.3 85.7 ± 0.3 34 2
3.0 ± 0.3 87.0 ± 0.3 33 2
3.6 ± 0.3 86.4 ± 0.3 15 1

7.9 ± 0.2 72.8 ± 0.2 17 1
6.0 ± 0.2 77.4 ± 0.3 22 2
5.4 ± 0.2 78.7 ± 0.2 18 1
4.4 ± 0.2 80.2 ± 0.3 45 2
5.3 ± 0.2 78.7 ± 0.3 20 1
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Fig. 1. Change in grain boundary chromium and nickel concen-
tration for Ni–18Cr using four different combinations of anneal-
ing temperature and cooling method.
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Fig. 2. Change in grain boundary chromium and nickel concen-
tration for Ni–18Cr–0.08P using four different combinations of
annealing temperature and cooling method.
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Fig. 3. Change in grain boundary chromium and nickel concen-
tration for Ni–18Cr–9Fe using four different combinations of
annealing temperature and cooling method.
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Fig. 4. Grain boundary chromium concentration for Ni–18Cr,
Ni–18Cr–9Fe, and Ni–18Cr–0.08P irradiated at 400 �C.
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TNES. Chromium enrichment occurs for both
treatments that use an 1100 �C anneal, while chro-
mium depletion occurs for all treatments that use
a 750 �C anneal. For the 1100 �C anneals, slightly
more Cr enrichment occurs under furnace cooling.

Figs. 4 and 5 show the grain boundary chromium
and nickel concentration, measured using AES, as a
function of dose for samples irradiated at 400 �C.
As noted in the experiment section, these samples
were cold-rolled and annealed at 750 �C prior to
irradiation. Although not plotted, the STEM/EDS
measurements follow a similar trend. Due to greater
averaging across the profile when using the STEM/
EDS technique, the measured STEM/EDS value
always indicates less enrichment or depletion than
the AES measurement. The addition of iron to
Ni–18Cr reduces the grain boundary chromium
depletion and reduces the grain boundary nickel
enrichment. The addition of phosphorous increases
the chromium depletion and reduces the nickel
enrichment. Fig. 6 shows the grain boundary chro-
mium concentration, as measured using AES, for
Ni–18Cr and Ni–18Cr–9Fe as a function of temper-
ature for samples irradiated to 0.5 dpa. For both
alloys, the segregation reaches a maximum at a
temperature near 400 �C, with the Ni–18Cr sample
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possibly having maximum chromium depletion at
slightly higher temperature. Although not shown,
the grain boundary segregation profiles on the Ni–
18Cr and Ni–18Cr–9Fe alloys, measured using
STEM/EDS, do not show any evidence of a ‘W-
shaped’ segregation profile at any dose.
4. Discussion

4.1. Thermal non-equilibrium segregation

In Ni–18Cr, when annealed and then water
quenched, Cr depletes and Ni enriches at grain
boundaries. The segregation is greater at higher
temperature. On the other hand, when furnace cool-
ing is used, establishing conditions where TNES is
expected, Cr enriches, consistent with Fe-base
austenitic alloys. If the Cr depletion during anneal-
ing were caused by Gibbsian segregation, the segre-
gation energy calculated from the measured
enrichment would be on the order of 0.005–
0.01 eV, a very small energy. For conditions where
TNES occurs, Cr can enrich in a simple binary
alloy. Therefore, Cr enrichment via TNES may be
energetically favorable based on coupling to the
vacancy flux or it is driven by an interaction with
some element at the grain boundary.

Simonen et al. [15], modeled TNES and RIS of
chromium in an Fe–Cr–Ni system. Two driving
mechanisms for Cr diffusion were assumed,
exchange of the Cr atoms with the vacancies, driv-
ing Cr away from the boundary with a characteristic
Cr–vacancy migration energy and Cr–vacancy com-
plexes dragging Cr to the boundary with a charac-
teristic binding energy. The simple model used did
not attempt to describe interactions between Cr
and other atoms in the system. He found that no
reasonable combination of choices for the Cr–
vacancy migration energy and Cr–vacancy binding
energy were able to explain the observed TNES of
Cr or the ‘W’ shaped profiles formed under irradia-
tion. His conclusion was that interactions with other
elements (beyond Cr–vaccany complexes) must be
involved. Kenik et al., studied TNES in commercial
purity 304 and 316 stainless steels and found enrich-
ment of the interstitial impurities B, C, and N at
boundaries, with a pronounced affinity between
Mo and N [16]. Thus, interactions with a minor
element may contribute to TNES. One other possi-
bility, similar to the effect that will be described
below for RIS, is that Cr is attracted to Ni. Under
annealing, Ni is enriched at the boundary in Ni–
18Cr, and may provide an attractive force to Cr
atoms under the large flux of vacancies to the grain
boundary under TNES conditions.

As shown in Fig. 2, for the Ni–18Cr–0.08P alloy,
Cr does not enrich under any thermal treatment.
The depletion of nickel is relatively constant, with
P enrichment and Cr depletion changing with heat
treatment. Chromium depletion in Ni–18Cr–0.08P
is consistent with the water-cooled samples in Ni–
18Cr, but chromium depletion following furnace
cooling in Ni–18Cr–0.08P is the opposite to that
seen in Ni–18Cr. Cr does not appear to be preferen-
tially attracted to phosphorous, indicating Cr–P
interactions are not a driver for the TNES enrich-
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ment of Cr (or as possible a contributor to the for-
mation of ‘W’ shaped Cr segregation profiles under
radiation).

For the Ni–18Cr–9Fe alloy, the results are
ambiguous. The Cr enrichment with water quench
and furnace cooling at 1100 �C, with greater enrich-
ment for furnace cooling, is consistent with work by
Cole on Fe–16Cr–13Ni alloys. The Cr depletion for
samples annealed at 750 �C and then water
quenched is consistent with the Ni–18Cr alloy.

Studies of TNES and subsequent RIS in Fe-base
austenitic alloys exist in the literature [7–11]. These
studies cover the 304, 316, and 321 alloy systems.
According to the study by Cole et al., [8] the pres-
ence of Mo and P are not needed for TNES to
occur. They also found that although the P grain
boundary concentration is not significantly altered
during irradiation, P does appear to reduce the
extent of grain boundary Cr depletion. Was et al.,
[9] showed that, at grain boundaries in 304 and
316 stainless steel, the TNES-driven enrichment of
Cr and Mo as well as Cr and Mo depletion under
irradiation followed similar trends with both ele-
ments. With increasing radiation dose, the Cr went
from enriched at the boundary, through the forma-
tion of a ‘W’ shaped profile, to depleted at the grain
boundary. The trends were similar for both proton
and neutron irradiated samples.

Table 5 summarizes the reported trends in segre-
gation for various elements. The segregation trends
fall into categories.

• Elements that deplete via TNES and remain
depleted following RIS (Fe).

• Elements that enrich via TNES and remain
enriched following RIS (P, Ti).

• Elements that enrich via TNES but deplete fol-
lowing RIS (Cr, Mo).
Table 5
Trends in segregation due to TNES and RIS in Fe-base austenitic allo

Element TNES RIS

P E E
Ti E E
Mo E D

Cr E D
Si D E
Ni D (small depletion or

no segregation)
E

Fe D D

E = enriched, D = depleted.
• Elements that deplete via TNES but enrich fol-
lowing RIS (Si, Ni).

Elements that are always depleted, like Fe, are
not likely to cause ‘W-shaped’ RIS profiles as they
are already depleted at the boundary. Elements that
enrich via TNES and remain enriched following
RIS like Ti and P are potential factors in causing
the ‘W’ RIS profile of Cr. For example, an attractive
force between Cr and P would conceivably retain Cr
at the boundary even as Cr depletes off-boundary
due to RIS. Despite this theoretical possibility, Ti
is not in many alloys that show the ‘W’ profile
and this study and the Cole study indicate Cr–P
interactions are not the likely cause. Elements (other
than Cr) that enrich via TNES but deplete following
RIS, like Mo, are not likely causes since they are not
remaining at the boundary to pin Cr. Finally, ele-
ments that deplete via TNES but enrich following
RIS, like Si and Ni, might cause the ‘W’ profile by
temporarily limiting vacancy flux of Cr away from
boundary if they enrich fast enough. For these ele-
ments, the interaction force is not strong enough
to prevent RIS, but changes the segregation path
taken during RIS. Since the Cole study showed
‘W’ profiles without the presence of Si, Si is not a
determining cause.

The data from this study, as well as the available
literature, leave only two possibilities as potential
causes for the ‘W’ shaped Cr depletions. The first
is attractive ordering forces between Ni and Cr.
The second is interactions with very small concen-
trations of interstitial impurity elements such as C,
B and N. For Ni–Cr interactions, the tendency to
short range order alters but does not change the
final segregation, which is primarily driven by
exchange of individual atoms with the point defect
flux.
ys

Link to TNES and ‘W-shaped’ RIS profile of Cr

Not supported by this study or by Cole study
Not in 304/316 so not necessary
Depletes at similar rate as Cr. Not supported
by Cole study
–
Not in Cole Fe–16Cr–13Ni + alloys so not necessary
Interaction with Cr?

Not enriched at grain boundaries
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4.2. Radiation-induced segregation

The trends in RIS behavior as a function of alloy
composition for Ni–18Cr and Ni–18Cr–9Fe are
consistent with a vacancy-driven inverse Kirkendall
mechanism, similar to that seen in austenitic Fe-
base alloys [17]. The fast diffusing chromium (fast
diffusing via interactions with the vacancy flux)
depletes at the boundary while the slow moving
nickel is enriched. Comparing Ni–18Cr to Ni–
18Cr–9Fe, replacing 9 at.% of the slow diffusing
Ni with faster diffusing Fe moves the Cr and Ni
diffusivity closer to the alloy average, reducing the
driving force for radiation-induced segregation.
Thus, less chromium depletion and nickel enrich-
ment is seen in Ni–18Cr–9Fe. The overall vacancy
diffusivity is faster in Ni–18Cr–9Fe than in Ni–
18Cr [18,19], driving the segregation to steady-state
faster in Ni–18Cr–9Fe (see Fig. 4).

If segregation is measured in two alloys with dif-
ferent migration energies, the alloy with the smaller
migration energy will have its maximum segregation
at a lower temperature than the other alloy. Table 6
lists the self-diffusion energy for Cr in both Ni–18Cr
and Ni–18Cr–9Fe. The self-diffusion energy for Cr
is larger in Ni–18Cr. Assuming the corresponding
Cr–vacancy migration energy is also larger
(Esd = Eformation + Emigration), then the maximum
chromium depletion in Ni–18Cr, with a higher Cr–
vacancy migration energy, should occur at a higher
temperature than in Ni–18Cr–9Fe. This trend
appears to be supported by the data in Fig. 6.

Strong P enrichment, even before irradiation,
dominates grain boundary compositional changes
in Ni–18Cr–0.08P. Nickel enrichment is retarded
in Ni–18Cr–0.08P as compared to Ni–18Cr. Addi-
tionally, more chromium is displaced from the
boundary with the phosphorous present. The
change in chromium concentration is about 4 at.%
in both Ni–18Cr and Ni–18Cr–0.08P so the kinetics
of chromium depletion are similar in the two alloys.
The main difference is that some nickel enrichment
is replaced with phosphorous enrichment.
Table 6
Measured self-diffusion energies for Fe–20Cr–24Ni, Ni–18Cr,
Ni–18Cr–9Fe

Alloy Self-diffusion
energy ECr

sd ðeVÞ
Approximate temperature of
minimum measured Cr (�C)
concentration

Ni–18Cr 3.05 [16] 400
Ni–18Cr–9Fe 2.97 [17] 350
Even though the general trends (Cr depletion and
Ni enrichment) of the RIS in the Ni–18Cr and Ni–
Cr–Fe alloys are consistent with a vacancy-driven
inverse Kirkendall mechanism, the magnitude of the
segregation is not well predicted when using high-
temperature vacancy diffusion data in an inverse Kir-
kendall model. Evidence suggests that attractive
ordering forces between Ni and Cr alter the segrega-
tion predicted from high-temperature vacancy diffu-
sion information. The details are given in ref [20]
with an example given in Fig. 7. Fig. 7 plots the calcu-
lated and measured rate of exchange (dCr/dNi) of Cr
and Ni at the grain boundary for Ni–18Cr–9Fe. dCr/
dNi is calculated by plotting the Cr versus Ni concen-
tration from both model predictions and AES data,
fitting the Cr versus Ni plot with a second order poly-
nomial, and then taking the derivative of the polyno-
mial. Model calculations were performed using the
Perks model [21] and assume that only the vacancy
flux contributes to the grain boundary segregation
(no differences in interstitial jump rates). From the
model predictions in Fig. 7, as dose increases, Cr is
replaced by Ni at the grain boundary at a slower rate.
The dashed line at dCr/dNi = 0.5 indicates the point
where half the Ni atoms arriving at the boundary are
filling positions previously occupied by Cr atoms (the
other positions being previously occupied by Fe
atoms). Above the line, the majority of atoms leaving
the boundary are Cr. At low dose, the model predicts
that Cr leaves the boundary at a high rate. At higher
doses, when the Cr at the boundary is sufficiently
depleted, the model predicts that Cr is no longer dom-
inant in exchanging with Ni, primarily because the
predicted Cr concentration is significantly depleted
at the boundary at high dose. dCr/dNi, calculated
from model predictions, never reaches 0.5.
Fig. 7. Predicted and measured exchange rates (dCr/dNi) for Ni–
18Cr–9Fe irradiated at 400 �C.
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In the Ni–18Cr–9Fe alloy, dCr/dNi calculated
from AES and STEM data varies in the opposite
direction of that calculated from model predictions.
The RIS data indicates that early in the irradiation,
Cr is replaced by Ni at a much smaller rate than
expected from calculation (indicating that Fe is
replaced by Ni at a much higher rate than expected).
At later stages in the irradiation, Cr and Fe are
replaced with Ni at nearly equal rates. The measure-
ments indicate that Fe diffuses at about the same rate
as Cr in the Ni–18Cr–9Fe alloy, contrary to high-
temperature diffusion measurements [19] that show
Cr to be the faster diffuser. A possible explanation
for the anomalous segregation behavior in the Ni–
18Cr–9Fe alloy is strong attractive short range order-
ing forces between Cr and Ni. Many experiments
have shown ordering to occur in Fe–Cr–Ni alloys,
with ordering being more pronounced in Ni-base
alloys [22–25]. The ordering forces used in RIS mod-
eling of austenitic Fe-base alloys by Nastar [26] were
�0.04 eV for Ni–Cr pairs, �0.03 eV for Ni–Fe pairs,
and 0 eV for Fe–Cr pairs. The dominant ordering is
characterized by the formation of Ni–Cr pairs. The
tendency to form Ni–Cr pairs would slow down the
Cr segregation relative to Fe at low dose.

5. Conclusions

Thermal non-equilibrium and radiation-induced
segregation were studied in three alloys, Ni–18Cr,
Ni–18Cr–0.08P, and Ni–18Cr–9Fe. Thermal treat-
ments to cause TNES involved annealing at 750
and 1100 �C followed by either furnace cooling or
water quenching. Radiations were conducted using
high-energy protons at temperatures ranging from
200 to 500 �C and doses to 1.0 dpa.

Like TNES seen in Fe-base austenitic alloys, Cr
enriches at grain boundaries when allowed to fur-
nace cool following anneal. Examination of the
TNES driven segregation in these Ni-base alloys,
along with the TNES driven chromium enrichment
reported in the literature for Fe-base austenitic
alloys indicates that the ‘W’ profile seen in irradi-
ated samples is not likely due to P at the grain
boundary, but is more likely due to minor light
elements (B, C, N) or attractive ordering forces
between Ni and Cr.

General trends in radiation-induced segregation
in these alloys were similar to that seen in austenitic
stainless steels, with Ni enrichment and Cr deple-
tion. The magnitude of the segregation, as com-
pared to that predicted from high-temperature
diffusion data, indicates that attractive forces
between Ni and Cr may retard segregation.
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