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a b s t r a c t

Recent studies have indicated that, at temperatures relevant to fast reactors and light water reactors, void
swelling in austenitic alloys progresses more rapidly when the radiation dose rate is lower. A similar
dependency between radiation-induced segregation (RIS) and dose rate is theoretically predicted for pure
materials and might also be true in complex engineering alloys. Radiation-induced segregation was mea-
sured on 304 and 316 stainless steel, irradiated in the EBR-II reactor at temperatures near 375 �C, to
determine if the segregation is a strong function of damage rate. The data taken from samples irradiated
in EBR-II is also compared to RIS data generated using proton radiation. Although the operational histo-
ries of the reactor irradiated samples are complex, making definitive conclusions difficult, the preponder-
ance of the evidence indicates that radiation-induced segregation in 304 and 316 stainless steels is
greater at lower displacement rate.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Radiation-induced segregation is a non-equilibrium process
that occurs at grain boundaries and other defect sinks such as dis-
location loops and voids during irradiation of an alloy at high tem-
perature (30–50% of the melting temperature) [1]. In irradiated
iron–chromium–nickel alloys, nickel enriches and chromium de-
pletes at defect sinks. Iron either enriches or depletes depending
on the bulk alloy composition.

Wolfer et al. theoretically predicted that segregation will
change the bias of defect sinks for point defects [2–4]. Because of
the possible link between RIS and microstructural development,
and the growing body of evidence on a dose rate dependence on
swelling, the relationship between dose rate and RIS is important.
A series of 304 and 316 stainless steel components were retrieved
from the EBR-II reactor following irradiation. Samples were taken
from reactor components removed from the reflector region of
EBR-II following the final shutdown. Since they are real reactor
components and not test specimens, they were irradiated at a vari-
ety of temperatures and dose rates. Fig. 1 shows the dose rate at
core centerline as a function of radial position. In the reflector re-
gion (rows 7 and higher), the dose rate changes considerably as a
ll rights reserved.

: +1 608 263 7451.
function of position. RIS was measured at grain boundaries on
these samples to investigate the effect of dose rate on RIS. These
measurements from EBR-II materials were also compared to RIS
measurements from similar alloys irradiated with high-energy
protons.

2. Experiment

Samples of 316 stainless steel were taken from a reflector sub-
assembly irradiated in row 8 of EBR-II. These subassemblies were
20% cold-worked 316. Specimens were taken at various axial loca-
tions in the reflector subassembly so that irradiation conditions of
1, 20, and 30 dpa were analyzed. As all of the samples were taken
from different axial positions of the same subassembly, each had a
different dose rate and temperature. The temperature differences
were small (<6 �C). The dose rate variation corresponded with
the dose variation (a ratio of 1:20:30 dpa/s). Bulk composition of
the 316 was determined from available archive material.

Samples of 304 stainless steel were taken from row 10, 14, and
16 reflector subassemblies and from surveillance (SURV) samples
irradiated in row 12. The 304 samples were not all from the same
lot of steel. Bulk compositions for all of the samples are listed in
Table 1. Since archive material was not available for the samples
from row 14, composition was determined from samples taken
from an irradiated 304 hex duct using inductively coupled
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Table 1
Bulk compositions for microchemistry samples

Element Row 8, 316
(at.%)

Row 10, 16 304
(at.%)

Row 12, 304
(at.%)

Row 14, 304
(at.%)

Cr 18.4 19.6 19.4 19.6
Ni 12.5 8.5 9.4 9.1
Fe 65.6 69.8 68.4 69.0
Mo 1.9 <0.02 0.12 0.07
Mn 0.8 0.82 0.90 1.01
C 0.4 0.4 0.4 0.5
Si 0.4 0.92 1.3 0.76

Fig. 1. Dose rate as a function of radial core position in EBR-II at core centerline.
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plasma-atomic emission spectroscopy (ICP-AES) for major ele-
ments and a LECO IR-412 Carbon Determinator for carbon.

The sample irradiation histories for all of the samples are listed
in Table 2. All doses and temperatures are calculated and represent
averages over the lifetime of the sample. Two samples were taken
from reflectors that were moved once during their lifetime. The
‘Row 14 sample’ spent approximately 1.5% of its time in core in
row 8. During the time in row 8 (position 8F4), the temperature
of the samples from the row 14 subassembly was 390 �C. The
‘Row 16 sample’ spent approximately 36% of its time in core in
row 8 (position 8A3).

Grain boundary compositions were measured using scanning
transmission electron microscopy with energy dispersive X-ray
spectrometry (STEM/EDS). The STEM/EDS was performed at an
accelerating voltage of 200 kV on a Philips CM200 equipped with
a field emission gun source at Oak Ridge National Laboratory.
STEM/EDS measurements were performed at the grain boundary
and at increments of 1.0 nm away from the boundary to give
Table 2
TEM Sample History

Sample Material Reactor grid
position

Time in grid
position (MWDa)

Dose rate (dpa/
in grid position

Row 8 316 8D6 122000 7.6 � 10�8

Row 8 316 8D6 122000 1.2 � 10�7

Row 8 316 8D6 122000 1.8 � 10�7

Row 10 304 10C2 187505 4.7 � 10�8

Row 12 304 12E8 215110 6.6 � 10�8

Row 14 304 8F4 5951 2.9 � 10�7

14E10 348584 1.5 � 10�8

Row 16 304 8A3 60165 1.2 � 10�7

16B9 107495 2.0 � 10�9

a MWD: Megawatt-Days.
compositional profiles. The incident probe diameter was approx-
imately 1.4 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’ (par-
allel to the electron beam). This alignment minimizes the effect of
geometric broadening of the measured profiles by an inclined
boundary. Although in all of the irradiated samples, portions of
the grain boundaries contained precipitates, limited areas free
of precipitation were found and grain boundaries were profiled
in these precipitate free areas. The number of boundaries for
any specific irradiation condition ranged from as small as two
to as high as fifteen for EBR-II materials. Proton-irradiated sam-
ples provided as many as 50 boundaries for analysis. In all figures
and tables, the average segregation and associated uncertainty are
provided.

3. Results and discussion

The segregation data taken from samples of 304 stainless steel
will be presented first and then a comparison of segregation in
304 and 316 will follow. The materials examined in this study were
taken from irradiated core components and were not placed in the
reactor as an experiment designed to elucidate dose rate effects on
RIS. In each case, factors such as varying alloy composition within a
material class or operational history complicate the analysis. None-
theless, the breadth of the measurements, along with references to
recently published data, indicate strongly that decreasing the dose
rate leads to greater radiation-induced segregation.

3.1. Segregation in 304 stainless steel

Since archive material was available from the steel used to fab-
ricate subassemblies in rows 10 and 16, grain boundary composi-
tion measurements were taken in an unirradiated sample of the
row 10/16 steel. A slight chromium enrichment and iron depletion
(�2.5 at.% for each) exists. No indication of grain boundary precip-
itates exists prior to radiation. No archive material was available
for the row 12 and row 14 samples so no unirradiated measure-
ments are possible.

Chromium depletion and nickel enrichment, measured in com-
ponents made of 304 stainless steel irradiated in rows 10, 12, and
14 of EBR-II, are presented in Fig. 2. The larger the row number, the
lower the dose rate. All three measurements were taken on
samples irradiated with average temperatures between 375 and
380 �C. The total dose on the row 12 sample is about twice that
on the samples from row 10 and 14. The row 14 sample, which
was irradiated at the lowest average displacement rate, has greater
chromium depletion and nickel enrichment than either the row 10
or row 12 samples, even at half the dose of the row 12 sample. The
comparison is complicated by the fact that the row 14 sample re-
ceived 25% of its total dose in row 8, a higher dose rate position,
s) Average dose
rate (dpa/s)

Dose (dpa) in
grid position

Total dose
(dpa)

Average
temperature (�C)

7.6 � 10�8 1.0 1.0 373
1.2 � 10�7 20.0 20.0 375
1.8 � 10�7 30.0 30.0 379
4.7 � 10�8 12.2 12.2 378
6.6 � 10�8 19.6 19.6 389
2.0 � 10�8 2.4 10 379

7.6
4.6 � 10�8 10.3 10.6 375

0.3
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Fig. 2. Grain boundary chromium depletion and nickel enrichment in 304 stainless
steel irradiated in EBR-II. Row 10 and row 14 data come from the average of two
measurements. Row 12 is the average of 3 measurements.
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Fig. 3. Grain boundary silicon segregation. Two segregation measurements are
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Fig. 4. Nickel segregation profile across voids in three samples irradiated at similar
temperature (�375–380 �C) and dose (�10–12 dpa), but with varying dose rate.

Row 10

Row 16Si concentration across voids

-1

0

1

2

3

4

5

-10 0 10 20 30 40 50 60

Si
  C

on
ce

nt
ra

ti
on

 (
at

.%
)

Position (nm)

Row 14

Fig. 5. Silicon segregation profile across voids in three samples irradiated at similar
temperature (�375–380 �C) and dose (�10–12 dpa), but with varying dose rate.
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before being moved to row 14. Calculations indicate that the
segregation in the row 14 position should have reached a new
steady-state at the lower dose rate during the last 7.6 dpa of
irradiation (occurring over approximately 15 years) [5]. The data
in Fig. 2 suggest that greater segregation of chromium and nickel
is possible at lower dose rate, although the conclusion is compli-
cated by the operational history of the samples.

The row 14 subassembly has significantly greater bulk molyb-
denum than the row 10 subassembly. Segregation measurements
in samples from Magnox reactor control rods (a 4 wt% boron steel)
irradiated at temperatures from 290 to 330 �C to doses from 0.04 to
0.35 dpa, indicated that increasing bulk Mo content reduced the Cr
depletion [6]. In the EBR-II samples, greater grain boundary chro-
mium depletion occurs in the sample with greater bulk molybde-
num concentration, contrary to the Magnox measurements. Since
the differences in chromium depletion in the EBR-II materials do
not correlate with differences in bulk Mo composition, the differ-
ences may be caused by differences in irradiation history.

The row 10 subassembly does also have a slightly larger bulk
silicon concentration than the row 14 subassembly. Carter et al.
have shown that for ultra high purity 304 L alloys, increasing the
bulk silicon concentration by a factor of 10 increases the chromium
depletion and nickel enrichment at grain boundaries [7]. Therefore,
the difference in bulk silicon is an unlikely explanation for the dif-
ference in chromium and nickel segregation seen between EBR-II
samples.

Grain boundary silicon concentration was also measured in the
row 10 and row 14 samples and is presented in Fig. 3. The silicon
segregation differs from the bulk chromium and nickel segregation
in that greater Si enrichment occurs at higher dose rate. Since the
silicon enrichment is greater in the high dose rate sample (which
had less major element segregation), the silicon enrichment is
not coupled to the major element segregation. For example, if Ni
and Si were bound together, the enrichment of Ni should lead to
an enrichment of Si. This coupling (or binding) is not seen and
may indicate the driving mechanism for segregation differs.

Composition profiles were taken across voids in the samples
from rows 10, 14, and 16. Figs. 4 and 5 plot the typical nickel
and silicon concentration across voids from all three samples. In
the row 16 sample, a large fraction of the voids were paired with
silicon-rich precipitates, but the profiles in Figs. 4 and 5 were for
a void that appeared precipitate free. The row 10 and 14 samples
have similar segregation profiles for nickel and silicon, while in
the row 16 sample, the nickel and silicon enrichment are much
more pronounced on one side of the void. In all three samples,
the nickel segregation is greater on one side of the void. Note that



Table 3
Comparison of grain boundary compositions between proton and neutron irradiated
304 stainless steel (change between bulk and boundary in at.%)

Element Proton irradiation
360 �C, 5.5 dpa

EBR-II (row 10 sample)
378 �C, 12.2 dpa

Cr �6.1 �8.3
Ni +8.2 +10.5
Fe �1.5 �3.6
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the void size is different for each profile and a comparison of com-
position at the same position on the graph has no significance. The
void edges can be located by the maxima in the nickel composition.

The segregation from the EBR-II samples can be compared to
segregation in other 304 stainless steel samples irradiated at
similar temperature. Dumbill measured segregation in an
Fe–18Cr–15Ni alloy irradiated with neutrons at 400 �C to
12.7 dpa in EBR-II [8]. A dose rate was not reported, but a typical
experimental location in EBR-II had dose rates on the order of
10�6 dpa/s. In these samples, the grain boundary nickel concentra-
tion was 8 at.% greater than the bulk and the grain boundary chro-
mium concentration was 7 at.% less than the bulk (see Fig. 6).
Williams et al. [9] measured the segregation in 304 stainless steel
taken from a PWR control rod thimble plug irradiated to fluences of
5 � 1021 n/cm2 (E > 0.1 MeV) (an approximate dose of 7 dpa). The
dose rate and temperature were not reported. Unirradiated bound-
aries showed a chromium enrichment and iron depletion (about
7 at.%). In the irradiated samples, the grain boundary chromium
concentration was 2 at.% less than bulk and the grain boundary
nickel was approximately 8 at.% greater than the bulk.

The EBR-II hex duct materials had greater major element segre-
gation than seen in both of the referenced studies. In the work by
Dumbill, the Fe–18Cr–15Ni alloy has a greater bulk nickel concen-
tration and was irradiated at a higher temperature and therefore
would be expected to exhibit greater nickel enrichment [10] for
similar irradiation conditions. The greater segregation in the EBR-
II materials is likely attributable to a dose rate difference. The
greater chromium enrichment in the unirradiated material of the
Williams study may explain the smaller chromium depletion in
the irradiated materials, but without temperature and dose rate
information, no further comparison to the EBR-II materials can
be made.

The segregation of 304 stainless steel irradiated with protons at
360 �C, 7 � 10�6 dpa/s, to a final dose of 5.5 dpa [11] is compared
to the segregation measured in the row 10 304 subassembly in
Table 3. If efficiency for producing freely migrating defects (FMD)
is about 0.2 for proton irradiations and 0.05 for neutron irradia-
tions [12], then the EBR-II and proton-irradiated samples were
irradiated to roughly the same equivalent dose (0.6 dpa for the
EBR-II steel and 1.1 dpa for the proton-irradiated steel) and at sim-
ilar temperatures. The segregation is larger in the samples from
EBR-II (even at slightly lower equivalent dose) that were irradiated
at a much lower dose rate.
-10

-5

0

5

10

15

12.7 12.2

C
ha

ng
e 

in
 G

ra
in

 B
ou

nd
ar

y 
C

on
ce

nt
ra

ti
on

 (
at

%
)

Dose (dpa)

EBR-II [Dumbill]
Fe-18Cr-15Ni

400˚C
~1x10-6 dpa/s

Cr

Ni

Cr

NiEBR-II Row 10
304 stainless steel

379˚C
4.7x10-8 dpa/s
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Little other data exists on the dose rate effect on RIS, but the
data that exists supports the dose rate effect seen in the EBR-II
studies. Chatani et al. studied the effect of dose rate on segregation
by comparing 304 stainless irradiated at high flux in a fast reactor
with 304 from the same lot of material irradiated at low flux in a
pressurized water reactor (PWR) [13]. For nearly constant fluence,
the nickel enrichment was greater in the sample irradiated in the
low flux PWR.

3.2. Comparing segregation in 304 and 316 stainless steel

Measurements have indicated that for identical low dose irradi-
ation conditions, the segregation is larger in alloys with larger bulk
nickel concentration [11,14]. This is demonstrated in Fig. 7 using
segregation measurements from 304, 316, Fe–18Cr–8Ni (corre-
sponding to 304), and Fe–16Cr–13Ni (corresponding to 316) that
were irradiated with 3.2 MeV protons at 360 and 400 �C to
1.0 dpa. For two different temperatures, on both steels and model
alloys, the segregation is greater in alloys with larger bulk nickel.
For alloys with lower bulk nickel concentration, the segregation
profiles develop more slowly and at higher doses, the segregation
is greater [10]. This is shown in Table 4 that compares proton-irra-
diated data at 360 �C to 1.0 and 5.5 dpa. At higher dose, the segre-
gation in 304 becomes slightly (roughly 50%) greater than in 316.

The chromium depletion and nickel enrichment of 304 and 316
is shown in Fig. 8 for samples irradiated in EBR-II to �20 dpa at
much different dose rates. The 316 was irradiated at about twice
the dose rate of the 304. The 304 stainless steel was mill annealed
and the 316 stainless steel was 20% cold-worked prior to irradia-
tion so both materials had significant dislocation densities prior
to irradiation (although the mill annealed 304 will have less
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Table 4
Comparison of grain boundary compositions between proton-irradiated 304 and 316
stainless steels (each reported value has an uncertainty of ±0.2)

Element Proton irradiation 360 �C, 1.0 dpa Proton irradiation 360 �C, 5.5 dpa

304 SS 316 SS 304 SS 316 SS
Cr �1.8 �2.6 �6.1 �4.3
Ni +1.2 +2.6 +8.2 +6.4
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Fig. 8. Comparison of RIS in 304 and 316 stainless steel irradiated to �20 dpa.
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dislocations than the 20% cold-worked state, a significant disloca-
tion density remains after the mill annealing). The segregation is
much larger in 304 than in 316 (a factor of 2 for Ni and a factor
of 3 for Cr). The significantly greater segregation in 304 is likely
the result of difference in dose rate since under identical condi-
tions, 316 would have segregation closer to 304 as evidenced by
the 5.5 dpa proton irradiation data from Table 4.

4. Conclusions

To understand the effect of displacement rate on radiation-in-
duced segregation, measurements were taken on samples of 304
and 316 stainless steel irradiated at temperatures near 375 �C in
the EBR-II reactor and compared with much higher dose rate data
from proton irradiation. The materials examined in this study were
taken from irradiated core components and were not placed in the
reactor as an experiment designed to elucidate dose rate effects on
RIS. In each case, factors such as varying alloy composition within a
material class or operational history complicate the analysis. None-
theless, the breadth of the measurements, along with references to
recently published data, indicate strongly that decreasing the dose
rate leads to greater radiation-induced segregation. Although the
operational history of the reactor components from which samples
were taken was complex and complicates analysis, the evidence
supports greater chromium depletion and nickel enrichment for
samples irradiated at lower displacement rate. The limited data
on silicon enrichment indicates the opposite trend with silicon
enrichment being greater at higher dose rate.
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