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Abstract

Depending on reactor design and component location, austenitic stainless steels may experience significantly different
irradiation dose rates in the same reactor. Understanding the effect of dose rate on radiation performance is important to
predicting component lifetime. This study examined the effect of dose rate on swelling, grain boundary segregation, and
tensile properties in austenitic stainless steels through the examination of components retrieved from the Experimental
Breeder Reactor-11 (EBR-II) following its shutdown. Annealed 304 stainless steel, stress-relieved 304 stainless steel, 12%
cold-worked 316 stainless steel, and 20% cold-worked 316 stainless steel were irradiated over a dose range of 1-56 dpa
at temperatures from 371 to 440 °C and dose rates from 0.5 to 5.8 x 107 dpa/s. Density and tensile properties were mea-
sured for 304 and 316 stainless steel. Changes in grain boundary composition were examined for 304 stainless steel. Swell-
ing appears to increase at lower dose rates in both 304 and 316 stainless steel, although the effect was not always
statistically significant. Grain boundary segregation also appears to increase at lower dose rate in 304 stainless steel.
For the range of dose rates examined, no measurable dose rate effect on tensile properties was noted for any of the steels.
© 2005 Elsevier B.V. All rights reserved.

1. Introduction

For existing light-water reactors (LWRs) and
some Generation IV concepts, many core compo-
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nents have been or will be constructed from austen-
itic stainless steels [1,2]. Depending on the specific
core design and the location of the component in
the core, the damage rate experienced can vary by
orders of magnitude. For example, a cladding mate-
rial in a supercritical water-cooled reactor will
experience a damage rate approximately two orders
of magnitude greater than that of a mid-core
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baffle-former junction in a pressurized water reactor
(PWR) of currently operating design.

From previous fast reactor development pro-
grams, a significant database exists for the proper-
ties of austenitic stainless steels at high dose rates
(~1x10%dpa/s) and temperatures from 370 to
550 °C. An earlier review by Garner [3] showed that
even in the fast reactor range of displacement rates
there was an indication that the duration of the
transient regime of swelling in austenitic steels was
dependent on the dpa rate, leading to increases in
swelling as the dpa rate decreased. This review also
showed that there was a limited amount of data
showing that mechanical properties of austenitic
steels might be dose rate-sensitive. Later papers by
Garner predicted that the lower swelling rate
encountered in PWRs might actually increase the
swelling at a given dose [4,5]. A group of datasets
have been published recently that examine the swell-
ing behavior of various Western and Russian
austenitic steels at lower LWR-relevant tempera-
tures and especially lower dose rates characteristic
of Western PWRs and Russian VVERs [6-17].
These papers all have the common theme that
the evolution of void microstructure appears to be
strongly dose rate-sensitive, with swelling increasing
at lower dpa rates.

Fig. 1 shows the typical mid-core dose rate distri-
bution as a function of radial position for EBR-II.
Note that the dose rates experienced by reflector
components in rows 8-14 are approximately an
order of magnitude lower than those of typical
EBR-II test positions in the inner core region rows
1-4. Comparing data taken from irradiated reflector
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Fig. 1. Dose rate as a function of radial core position in EBR-II
at core centerline.

components with data taken from components irra-
diated in inner test locations therefore allows exam-
ination of dose rate effects. Examining components
taken within the reflector row region, where the
large damage rate gradient exists, allows additional
determination of dose rate effects.

As part of the Experimental Breeder Reactor
(EBR-II) reactor materials surveillance (SURYV)
program [18-22], test samples of AISI 304 stainless
steel were placed into EBR-II in 1965, with the
intention of determining changes in microstructure,
corrosion, and mechanical properties due to irradi-
ation and thermal aging. The peak displacement
rate for the materials in the SURV subassemblies,
located in row 12, was approximately 6.5x 1078
dpa/s. This displacement rate is about one-and-a-
half orders of magnitude lower than used in a typi-
cal accelerated reactor materials test but within the
range of displacement rates experienced by commer-
cial light-water reactor (LWR) core components
[4,5,23].

Following shutdown of the EBR-II reactor, sur-
veillance test samples constructed of 304 stainless
steel were retrieved to determine the effect of low
dose rate irradiation on mechanical properties and
microstructure. In addition to the SURV specimens,
a large quantity of hexagonal duct (also referred to
in this paper as hex can) material, made of 304 and
316 stainless steel with a thickness of approximately
1 mm, was retrieved from rows 8 to 14 of the reflec-
tor region. These components were irradiated over a
dose range of 1-56 dpa at temperatures from 371 to
440 °C and dose rates from 0.5 to 5.8 x 10~ dpa/s.
Additionally, data from an inner row core thimble
irradiated up to 80 dpa at temperatures from 371
to 440 °C has been included in the examination of
swelling properties of 12% CW 316.

The effect of dose rate on swelling, grain bound-
ary segregation, and tensile properties in 304 and
316 austenitic stainless steels, determined through
the examination of material retrieved from the
Experimental Breeder Reactor-II (EBR-II), is
reported in this work.

2. Experiment

Table 1 lists the origin of the samples used in this
study. Annealed 304 stainless steel samples were
available from hex ducts (Fig. 2) irradiated in rows
10 and 14 of EBR-II. The two hex ducts were from
different lots and therefore had slightly different
compositions. The row 10 hex duct was in a single
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Table 1
Summary of sample material origin
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304

12% CW 316 20% CW 316

Hex can row 10 (annealed)
Hex can row 14 (annealed)
SURY rows 4, 12 (annealed)
SURYV row 12 (stress relieved)

Density

Hex can row 10 (annealed)
Hex can row 14 (annealed)
SURY rows 4, 12 (annealed)

Microstructure/microchemistry

Tensile SURY rows 4, 12 (annealed)

Hex can rows 8 and 9 Hex can row 8

Control-rod thimble (CRTH 31)-row 5
Hex can row 8

Hex can rows 8 and 9

Hex can rows 8 and 9 Hex can row 8

Rows 10 and 14 hex duct 304 from different lots of steel.

Rows 4 and 12 SURYV annealed material from a single lot of steel.

Row 12 stress-relieved SURV material from a different lot than the row 4/12 annealed material.

Rows 8 and 9 12% CW 316 from same lot of steel.

Row 5 CRTH 316 from different lot of steel than row 8 and 9 hex ducts.
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Fig. 2. Dimensions of surveillance (SURV) hardness specimen, SURV (round) tensile specimen, EBR-II hexagonal duct, and hex can

(flat) tensile specimen.

location for the entire irradiation history. The row
14 hex duct started in row 8 for 2.4 dpa and then
was moved to row 14 for an additional 7.6 dpa.
Additional annealed 304 stainless steel was available
from SURYV specimens (Fig. 2) irradiated in rows 4
and 12 of EBR-II. A second set of 304 SURYV spec-
imens irradiated in row 12 were stress relieved, but
not fully annealed. All SURV specimens remained
in a single location of the reactor for their entire
irradiation history.

Within the EBR-II surveillance program, two
different lots of 304, two different processing histo-

ries (stress relieved and annealed), and two different
core locations (rows 4 and 12) were investigated
[24]. Stress-relieved surveillance samples were 20%
cold-worked with a stress-relief 2 h heat treatment
of 468-496 °C following machining. The annealed
304 SURYV specimens were the same used in con-
structing the EBR-II cover plate. Similar to the
hex cans, displacement rates varied along the length
of each SURYV subassembly leading to samples with
varying temperature, dose, and dose rate, depending
on their radial and axial position within the test
assembly.
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Table 2
Irradiation conditions

Peak dose (dpa) Dose rate (dpa/s)

Material Temperature (°C)
Annealed 304 hex can 371-400
Stress-relieved 304 SURYV row 12 371-400
Annealed 304 row 4 371-400
Annealed 304 row 12 371-400
12% CW 316 hex can 371-460
12% CW 316 CRTH 371-460
20% CW 316 hex can 371-390

25 0.02-1.0x 1077
20 0.3-6.5x 1078
11 0.1-1.0x 107°¢
18 0.3-6.5x 1078
56 0.1-5.8 x 1077
80 3.7-8.5x 1077
47 0.8-3.5% 1077

Cold-worked 316 stainless steel, both 12% and
20% cold-worked, was also available from hex cans
irradiated in rows 8 and 9. The hex ducts from rows
8 and 9 were from the same lot and thus had iden-
tical compositions. Additionally, 12% cold-worked
316, available from a row 5 control rod thimble
(CRTH) was also analyzed. The row 5 CRTH was
of a different lot of steel than the row 8 and 9 hex
ducts. Table 2 lists the irradiation conditions for
each of the available sample materials.

Density measurements were performed on either
slices from an existing SURYV specimen or on 19 mm
diameter coupons punched from hex ducts. Density
was measured using a water immersion technique.
For selected samples, void size distributions were
measured using a JEOL 2010 transmission electron
microscope.

Tensile samples were either irradiated as round
tensile bars in the SURV program or were prepared
from 1 mm thick hexagonal ducts using an electrical
discharge machining (EDM) process. Fig. 2 shows
the two tensile types employed. Tensile samples of
annealed 304 stainless steel were taken from hex
duct material irradiated at temperatures between
371 and 390 °C and were tested at 370 °C. Tensile
samples of 12% cold-worked 316 were taken from
similar hex duct material irradiated at temperatures
between 371 and 441 °C and were tested at ~380 °C
or ~430 °C. Tensile samples of 20% cold-worked
316 were also taken from hex duct material irradi-
ated at temperatures between 371 and 385 °C and
were tested at ~370°C. For the 12% and 20%
cold-worked 316 stainless steel, the tensile samples
were made from the same ducts that were used to
produce density samples.

Tensile tests were performed in air and took a
few hours for a typical test. The strain rate for the
12% cold-worked samples was 1x 107 s~!. The
strain rate for 20% cold-worked tensile tests was
4x107°s~ " and was taken to match the strain rate
of a tensile test on 20% CW 316 irradiated at high

displacement rate performed in the 1970s. At these
temperatures, the difference in strain rates between
the 12% and 20% cold-worked tests is not expected
to significantly change the measured mechanical
properties [25].

Samples for microstructural and microchemical
analysis were prepared from a selected subset of
the density samples. Following immersion density
measurement, a subset of the density disks were
thinned in a hot cell to a thickness of about
250 pm by mounting and grinding, using standard
metallographic sample preparation techniques.
Three-millimeter TEM sample blanks were then
punched from these thinned disks using a special
mechanical punch developed for hot cell use. TEM
sample blanks were electropolished at —30 °C using
a 5% perchloric acid/95% methanol solution until
they became electron-transparent. Grain boundary
compositions were measured using a Phillips
CM200 FEG-STEM with an EMiSPEC X-ray anal-
ysis system. Other microstructural characterization
was performed using a JEOL 2010 transmission
electron microscope. To perform defect density
measurements, it was necessary to determine sample
thickness in the analysis regions. This was accom-
plished using convergent beam electron diffraction
(CBED) with an electron probe size on the order
of 10-15nm. Pixel intensity profiles across the
scanned CBED disk image were used to measure
fringe spacing. The spacings were then converted
to a thickness value as described in Ref. [64]. Both
magnification and camera length were calibrated
on the TEM prior to making quantitative mea-
surements.

3. Results and discussion
3.1. Swelling in 304 stainless steel

Fig. 3 presents two sets of density data on 304
stainless steel. The first set is swelling data for
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Fig. 3. Swelling from 304 stainless steel irradiated at various dose
rates.

19 mm diameter disks taken from hexagonal cans
irradiated in rows 10 and 14 of EBR-II. The larger
the row number, the lower the average dose rate.
The data on these two assemblies are a subset of a
larger data set from five subassemblies now being
published by Garner [26]. Because of the large dose
rate gradient in the outer rows of EBR-II (Fig. 1),
samples taken from the inboard hex can face (closer
to the center of the core) have a significantly higher
average displacement rate than samples taken from
the outboard face of the hex duct. The samples from
row 12 are stress-relieved 304 samples from the
EBR-II surveillance program (Fig. 2).

Samples in a set of data from a given row were
taken from different axial locations along the hex
duct. Therefore, in Fig. 3 for samples taken from
a single can or from the SURV assembly, the dose
rate is different at each dose and there are differences
in temperature also. At a given elevation on the hex
duct the temperatures on each face of the can are
always within 3 °C of each other. Dose rate effects
are therefore examined by comparing the trends of
data taken from different hex can faces.

Following a transient period, a 1%/dpa terminal
swelling rate is eventually expected in all austenitic
stainless steels at relatively high dose rates, as dem-
onstrated by Garner and coworkers [3,26-28]. This
behavior has been observed at high exposure in
annealed 304 as well [29]. None of the data in
Fig. 3 show such high swelling rates. Therefore these
data all reside in the transient regime and have not
yet reached steady-state swelling. Fig. 3 shows that,
for a fixed dose, the swelling is always larger for

samples irradiated at lower dose rate. Additionally,
for a fixed dose, the rate of swelling is larger for
samples irradiated at lower dose rate. For a fixed
dose, the samples irradiated at lower dose rate are
closer to the terminal 1%/dpa swelling rate expected
in austenitic stainless steels. In other words, the
swelling transient, the dose required to achieve a
1%/dpa swelling rate, is shorter for samples irradi-
ated at lower dose rate. The high dose rate side of
the row 10 hex duct (peak dose rate 1 x 1077 dpa/s,
open squares) appears to have the longest transient
while the low dose rate side of the row 14 hex duct
(peak dose rate 1.3 x 10~%dpa/s, solid diamonds)
appears to have the shortest transient. As might be
expected, the density data from the row 12 SURV
specimens appear to fall between the data from rows
10 and 14.

Each set of data points presented with the same
symbol comes from samples taken along the same
face of a hexagonal duct. Therefore, the tempera-
ture and dose rate are different for each data point
since the temperature increases from the bottom to
the top of the duct and the dose rate is largest at
the core centerline. The dose rate and temperature
change from one radial position (for example row
10) to another radial position (for example row
14) can be described by a fixed ratio, regardless of
axial position. Therefore, comparing the trends of
each curve provides information on displacement
rate differences.

Unfortunately the density samples whose mea-
surements are shown in Fig. 3 were taken from
different lots of 304 stainless steel (Table 1). Compo-
sitions from the row 12 SURV samples were mea-
sured prior to irradiation. Unirradiated archive
material exists for the row 10 hex duct, but not
for the row 14 hex duct. Therefore, composition
was determined from samples taken from both irra-
diated hex ducts (rows 10 and 14) using inductively
coupled plasma-atomic emission spectroscopy
(ICP-AES) for major elements and a LECO IR-
412 Carbon Determinator for carbon. Table 3
provides the measured composition measurements
(measured on irradiated samples) for each hex duct
and the vendor specification chemistry (measured
prior to irradiation) for the SURV samples. The
concentrations of certain elements, such as phos-
phorous, known to have an important effect on
swelling are not known. Even though a dose rate
effect on swelling appears evident in Fig. 3, because
the subassemblies and surveillance samples were
fabricated from different lots of steel, differences in
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Table 3
Bulk compositions determined from microchemistry samples
(rows 10 and 14) and as supplied by the vendor (row 12 SURV)

Element Row 10 hex Row 12 Row 14 hex
duct (at.%) SURVYV (at.%) duct (at.%)

Cr 19.6 19.4 19.6

Ni 8.5 9.4 9.1

Fe 69.8 68.4 69.0

Mo <0.02 0.12 0.07

Mn 0.82 0.90 1.01

C 0.4 0.4 0.5

Si 0.92 1.3 0.76

composition or grain size could exert some con-
founding influence on the interpretation of a dose
rate-dependent duration of the transient regime.
However, the data taken on two different faces
(and thus different dose rates but identical composi-
tion) of the row 14 hex duct, shows a dose rate
difference. Although compositional differences in
the data presented here limit the ability to make a
definitive conclusion on dose rate effects, to a much
broader extent, Garner and coworkers have shown
in a larger hex can data set that the dose rate effect
can easily be seen in single heat comparisons [26].

The void size distributions for samples taken
from specimens from rows 10, 12, and 14 are dis-
played in Fig. 4 for samples irradiated to compara-
ble doses. Accompanying micrographs are seen in
Fig. 5. The void size is the largest for those samples
irradiated in row 14 at the lowest dose rate. The
difference between the row 10 and 12 distributions
is mainly due to differences in void density. Early
in the transient, the differences appear to be due
to void density differences while later in the tran-
sient, void size appears to become more critical.
Very similar microscopy and density results have
been previously presented by Bond and coworkers
for annealed 304 from hex ducts in rows 8-10 and
14 of EBR-II [7].

As stated earlier the data in Fig. 4 come from dif-
ferent heats of material. The displacement rate effect
on swelling in 304 stainless steel can also seen by
comparing the microstructure of samples from the
SURYV heat irradiated in different rows. Fig. 6 dis-
plays the void size distributions for annealed 304
stainless steel irradiated in rows 12 and 4 for the
SURYV program. For a nearly constant dose, the
low dose rate sample irradiated in row 12 shows lar-
ger swelling, a larger density of larger voids, than
was observed in row 4.

The data on swelling in 304 stainless steel pre-
sented above indicate that for a fixed temperature
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Fig. 4. Void size distributions for samples solution annealed 304
from rows 10, 12, and 14. AV/V is the swelling measured using
immersion density. Rows 10 and 14 are hex can samples. Row 12
are SURYV stress-relieved samples.

a decrease in dose rate leads to larger swelling at a
given dose. This result is consistent with the earlier
work of Porter and Hudman [30] that showed
increases in displacement rate on 304 stainless steel
irradiated at 390 °C at dose rates between 2 x 10’
and 5x 1077 dpa/s led to a measurable reduction
in swelling. Porter and Garner also showed that
there was a strong synergistic effect of dpa rate



154 T.R. Allen et al. | Journal of Nuclear Materials 348 (2006) 148—164

Fig. 5. Micrographs of voids in samples from rows 14, 12, and 10, corresponding to Fig. 4.
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Fig. 6. Void size distribution for annealed 304 stainless steel,
from the SURYV cover plate, irradiated at different displacement
rates in rows 4 and 12.

and applied stress to determine the duration of the
transient regime of swelling [31,32].

3.2. Swelling of cold-worked 316 stainless steel

The dose rate dependence of swelling was also
investigated in 12% cold-worked 316 stainless steel.
Density measurements from hex cans irradiated in
rows 8 and 9 of EBR-II are compared in Fig. 7 with
measurements from an EBR-II control rod thimble
(designated CRTH-31) irradiated in row 5. The
peak dose rate of 8.5 x 10~ dpa/s in row 5 is about
three times larger than the dose rate of row 9 hex
duct and 1.5 times that of the row 8 hex can. Unfor-
tunately, the thimble, which was irradiated to a
peak dose of 80 dpa, was not from the same heat
as the row 8 and 9 hex cans and its composition is
not available. If we ignore this complication no dis-
cernible difference in density as a function of dose
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ar o o B
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Fig. 7. Swelling as a function of dose for 12% cold-worked 316
stainless steel irradiated in rows 8 and 9 of EBR-II. CRTH-31 is a
different heat than the row 8 and 9 hex cans.

rate exists for CW 316 for a difference in dose rate
of a factor of three.

At low dose, the samples from rows 8 and 9
undergo slight densification at low dose (~20 dpa)
before swelling becomes noticeable. Densification
at low dose is somewhat less noticeable in the
CRTH-31 samples. Once swelling becomes preva-
lent, however, no differences in swelling can be seen
between the row 8, 9, and CRTH-31 samples.

Fig. 8 presents the swelling for six different pairs
of 316 samples chosen to have similar irradiation
temperature and dose, but differing in dose rate by
a factor of two. The data are taken from the row
8 and 9 hex cans that are from the same material
heat. In each case, the sample irradiated with the
lower rate shows greater swelling. In all but one
case, however, the difference in swelling is less than
the experimental uncertainty. This figure indicates
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Fig. 8. Comparison of swelling in 12% CW 316 stainless steel for
samples irradiated under similar conditions. E designates a row 8
(higher dose rate) sample while N designates a row 9 (lower dose
rate) sample.

that swelling may vary with dose rate in 316, but a
wider range of dose rates is needed to show a statis-
tically significant effect.

The lack of a statistically significant dependence
of swelling of AISI 316 on dose rate at 376-460 °C
in this study may not preclude the role of dpa rate
at other temperatures. Such behavior is consistent
with the early measurements of Seran and Dupouy
[33]. In their work, annealed 316 stainless steel
was irradiated in the Rapsodie reactor at tempera-
tures of 450, 500, and 550 °C. At 500 and 550 °C,
a displacement rate effect on swelling was seen, with
higher displacement rates leading to a longer period
of transient swelling and less swelling for a fixed
dose. The difference was smaller at 500 °C than at
550 °C. At 450 °C, no effect of displacement rate
was discernible. Seran and Dupouy also showed
that the dose rate effect on swelling could be
observed at 562 °C in annealed 316 irradiated in
Rapsodie and in CW 316 irradiated in Phenix at
590-610 °C [34]. Porter and Hudman showed that
5% cold-worked 316 stainless steel irradiated at
400°C to 40dpa in EBR-II between 4 and
6x 1077 dpa/s appear to swell more at lower dose
rate [30]. The studies of Porter, Garner and Brager
[35-39] indicated that the increased swelling was
manifested as a shortened transient region and
was associated with the removal of solutes from
solution that tended to inhibit swelling. The dose
rate effect on swelling is apparently dependent on
both major element composition and temperature,
with possible lot-to-lot variability associated with

minor element composition and thermo-mechanical
treatment.

3.3. Swelling: general conclusions

The swelling data presented in this report indi-
cate that:

1. Swelling in annealed 304 stainless steel appears to
always increase at a given temperature when the
dpa rate decreases. Swelling in 316 seems also
to be likewise sensitive to dpa rate but the differ-
ences at lower irradiation temperatures are not
always statistically significant, reflecting primar-
ily the lower amount of swelling compared to
that produced in annealed 304 under comparable
conditions.

2. The differences appear to be due to a dose rate-
sensitive change in the transient period when void
distributions are developing. Although not
shown in this study, dose rate effects on swelling
do not appear to affect the steady-state swelling
rate of ~1%/dpa [63]. Recent studies by Okita
and coworkers have shown that in simple model
austenitic alloys, the primary influence of dpa
rate is manifested in the duration of the transient
regime of swelling, with the major effect of dpa
rate operating on the loop and dislocation evolu-
tion, but the terminal steady-state rate is unaf-
fected [43-46].

3.4. Grain boundary segregation in 304 stainless
steel

As noted above, Porter, Garner, and Brager
postulated that the precipitation-induced removal
of certain solutes (Ni, Si, P) from 304 or 316 stain-
less steel decreased the transient regime of swelling
[35-38]. Voids, once formed, also lead to significant
segregation of nickel and rejection of chromium at
their surfaces [39,40], while a smaller level of segre-
gation can occur on sessile Frank loops [41,42].
Therefore, microchemical changes associated with
voids, precipitates, and dislocation loops may be
critical to overall microstructural development of
irradiated alloys. The segregation mechanisms that
produce this linkage between microstructure and
microchemistry also operate at grain boundaries
[42]. In particular there is concern that radiation-
induced depletion of chromium at grain boundaries
may make austenitic steels more susceptible to grain
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boundary attack in water-cooled or lead alloy-
cooled reactor systems.

Therefore the effect of dose rate on radiation-
induced segregation at grain boundaries was investi-
gated in 304 stainless steel, measuring chromium
depletion, as well as nickel and silicon enrichment
for samples irradiated in rows 10 (hex can), 12
(stress-relaxed SURYV), and 14 (hex can) are shown
in Fig. 9. These samples were prepared from density
samples discussed in the previous section on swell-
ing. As the displacement rate decreases, the amount
of nickel enrichment and chromium depletion
clearly increases. Even at half the dose, the row 14
sample has greater radiation-induced segregation
(RIS) of Ni and Cr than that of the row 12 sample.

Theory predicts that radiation-induced grain
boundary segregation depends on both temperature
and dose rate. Fig. 10 presents model predictions for
chromium depletion in Fe-20Cr-9Ni ternary alloy,
that is similar to 304 stainless steel without minor
solutes such as C, Mn, Si and P [47]. At tempera-
tures in the range 379-389 °C, chromium depletion
is predicted to increase with decreasing dose rate,
in agreement with the data in Fig. 9.

However, our data concerning dose rate effects
on grain boundary segregation cannot be consid-
ered to be a perfect single-variable experiment, espe-
cially with respect to composition. While Mo in 316
steels is usually rather large (~2%) the levels in 304
are traditionally small, as is the case in all three
heats tested in this study (0.02-0.07-0.12%). Note
that the row 12 and 14 samples have measurably lar-
ger molybdenum concentrations than the row 10
sample (see Table 3), which might have influenced
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Fig. 9. Radiation-induced grain boundary segregation measured
in 304 samples from rows 10, 12, and 14.
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Fig. 10. Predicted relative chromium depletion as a function of
temperature and dose rate in Fe-20Cr-9Ni [38].

the segregation of other elements. Molybdenum is
known to influence the swelling, precipitation and
diffusion behavior of austenitic steels [48] and there-
fore may influence the segregation at grain bound-
aries. For example, segregation measurements in
samples from Magnox reactor control rods (4 wt%
boron steel) irradiated at temperatures from 290
to 330°C and to doses from 0.04 to 0.35dpa,
indicated that increasing Mo content reduced chro-
mium depletion [49]. In the current EBR-II samples,
however, greater grain boundary chromium deple-
tion occurs in the sample with greater bulk molyb-
denum concentration, contrary to the Magnox
measurements.

Examining Table 3, however, the differences in
segregation do not correlate with any changes
in bulk composition (there is no consistent change
in bulk Fe, Cr, Ni, Mo, or Si moving from row 10
out to row 14 as there is with segregation. Bulk
Mn does increase from row 10 to 14, but no exper-
imental evidence is known showing that Mn compo-
sition strongly changes RIS). Since the differences in
chromium depletion in the EBR-II materials do not
correlate with differences in bulk composition, it is
likely that they are caused primarily by the differ-
ences in dose rate.

Dumbill measured segregation in an Fe-18Cr—
I5Ni alloy irradiated with neutrons at 400 °C to
12.7dpa in EBR-II [50]. The dose rate was not
reported, but a typical experimental location in
EBR-II had dose rates on the order of 10~° dpal/s.
The segregation measured by Dumbill is compared
to the segregation measured in this study in Fig. 11.
The segregation is larger in our lower dose rate sam-
ples. In the work by Dumbill, the Fe-18Cr—15Ni
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Fig. 11. Comparison of grain boundary segregation between
inner row and outer row samples of 304 stainless steel irradiated
in EBR-II. EBR-II inner row data from [50].

alloy has a greater bulk nickel concentration and
therefore would be predicted to experience greater
nickel enrichment and chromium depletion for simi-
lar irradiation conditions [51]. Additionally, at these
relatively low temperatures, RIS increases as the tem-
perature increases. Since the high dose rate samples
show less segregation, even though they have greater
bulk nickel concentration and were irradiated at
higher temperature, the greater segregation in the
EBR-II materials is most likely attributable to the
difference in dose rate.

It should be noted, however, that the sample
from row 14 was moved once during its lifetime,
obtaining the last 7.6 of its total 10 dpa in row 14
after starting in row 10. Fig. 12 shows the calculated
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Fig. 12. Calculations indicate that even though the row 14
sample was moved once from rows 10 to 14 during its exposure,
the RIS should have reached steady-state after 7.6 dpa in the final
row 14 position.

time to steady-state RIS for different dose rates and
temperatures [47]. For the row 14 dose rate of
2x 1078 dpa/s at 375 °C, RIS should reach steady-
state by around 1-2 dpa. Since the row 14 sample
received 7.6 dpa in position 14, it should be at
steady-state and comparisons with row 12 and 10
samples are not likely to be affected by the sample
movement.

Comparable to swelling, radiation-induced grain
boundary chromium depletion and nickel enrich-
ment in 304 stainless steel appear to increase at
lower dose rate. Because data as a function of dose
are not available at each displacement rate, the data
presented here cannot discern if the greater segrega-
tion is due to a steady-state segregation difference or
to a difference in the time to establish steady-state
segregation profiles.

3.5. Tensile properties

Few studies have attempted to determine the
effect of dose rate on mechanical properties.
Modeling studies [52] as well as dislocation loop
development studies in model alloys irradiated with
neutrons and electrons [53] indicate that at constant
temperature the dislocation loop density should
increase with increasing damage rate. Since the yield
strength varies with dislocation loop density and
size, alloys may see damage rate-dependent changes
in yield strength.

Brager et al. examined the effect of displacement
rate on tensile properties of annealed Type 316
stainless steel [54]. For samples irradiated from
371 to 424°C with a dose rate range of 0.8
84x1077 dpa/s and tensile tested at 385°C, no
effect of dose rate on yield strength was noted.
For samples examined in the TEM, microstructural
features were significantly different between samples
irradiated at 1.0x 1077 and 8.4x 107" dpa/s to
3.3 dpa. The higher dose rate samples had a larger
precipitate density while the lower rate samples
had a higher void density. In the same study, an
effect of dose rate on yield strength was noted for
Type 304 stainless steel. Brager concluded that the
lack of effect of dose rate on yield strength of Type
316 was a ‘fortuitous situation in which a loss in
strength contribution from precipitates as the dis-
placement rate is decreased is offset by a concurrent
gain in the strength contribution from the voids’.

A French study on solution annealed Type 316
stainless steel fuel cladding irradiated in the Rapso-
die and Phenix reactors indicated that the saturation



158 T.R. Allen et al. | Journal of Nuclear Materials 348 (2006) 148—164

yield stress was greater in material irradiated in Phe-
nix. The material irradiated in Phenix was irradiated
at twice the dose rate of material irradiated in
Rapsodie [55].

Recently, Pokor et al. studied the tensile proper-
ties of annealed 304, 15% cold-worked 316, and
Ti-modified 20% cold-worked 316 irradiated in the
EBR-II, OSIRIS, and BOR-60 reactors [56,57].
The samples were irradiated at 330 °C in BOR-60
and at 375 °C in OSIRIS and EBR-II with tensile
tests occurring at the same temperature as the irra-
diation. No obvious effect of dose rate or spectrum
was noted as the yield strength increased as a func-
tion of irradiation dose.

The effect of displacement rate on yield strength
and elongation can be examined by comparing 304
stainless steel samples irradiated in rows 4 and 12.
Figs. 13 and 14 compare the yield strength and
uniform elongation at 371 °C (also the irradiation
temperature) for the row 12 (SURV) material and
the row 4 (SURV) material. The yield strength of
the row 12 cover plate material increases by about
a factor of three over a dose of about 5 dpa. Even
though the dose rate in row 4 is about an order of
magnitude larger than that in row 12, the yield
strength of the material irradiated in row 4 is gener-
ally similar to that irradiated in row 12. Superim-
posed on the row 4 and 12 data is a cubic curve
fit, along with 95% confidence limits, to the row
12 data (a cubic relationship is not theoretically pre-
dicted, this curve is used only to help discern the
data trends and the statistical variability in the
data). No significant effect of displacement rate on
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dose rate on the yield strength is evident. Fig. 14
also indicates that no measurable effect is evident
of displacement rate on uniform elongation.

The irradiation hardening can be examined by
comparing the ratio of the yield strength (gy) to
the ultimate tensile strength (¢,) as a function of
dose. As 1—2 approaches zero, the material
becomes harder Flg 15 plots 1 — ”—> for the row 12
cover plate material (CP12) tested at 371 °C, and
the row 4 cover plate material (CP4) tested at
371 °C. The annealed cover plate material indeed
hardens (the yield strength approaches the ultimate
tensile strength) over the first 4 dpa and does not
appear to depend on dose rate.

Tensile specimens from 12% cold-worked 316 hex
ducts were also tested to investigate the effect of
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Fig. 15. Comparison of hardening for 304 samples irradiated at
different displacement rates.
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dose rate. The comparisons are shown in Fig. 16 for
three groups of samples, each group irradiated at a
similar temperature and dose. No strong trends of
yield strength as a function of dose rate are seen.
However, at lower doses (~14 and 19 dpa), the sam-
ples irradiated at lower dose rate have a higher
strength. At higher dose (~30 dpa), no specific dose
rate effect can be discerned. Although not shown,
similar results (no dose rate effect) were seen in com-
paring the ultimate tensile strength and uniform
elongation for 12% CW 316.

Examining the microstructural data from irradi-
ated 12% CW 316 helps explain why no difference
in tensile strength is noted for samples irradiated
to the same dose at varying dose rates. The void
and Frank loop size distributions were measured
in 12% cold-worked 316 samples following irradia-
tion. The average size along with the measured den-
sity is listed in Table 4 for two samples with
irradiation temperature and dose comparable to
the highest dose samples whose yield strength is
reported in Fig. 16. These irradiation-induced
defects are known to cause hardening. The harden-

ing from each defect can be estimated from dis-
persed hardening theory [58]. The change in yield
strength due to discrete obstacles is given by

Aoy = Moubv Nd,

where M relates the shear stresses on a slip plane in
a single crystal to the applied tensile stress necessary
to activate slip in a polycrystal, o is the barrier
strength, p is the shear modulus of the matrix, b is
the Burgers vector of a moving dislocation, N
is the number density, and d the average diameter.
The inverse of the quantity v/Nd represents average
obstacle spacing.

The increment in yield strength due to loops and
voids is typically calculated using a root-mean-
square summation:

2
voids+loops __ voids \2 loops
Aay = \/(Aay )"+ (Aay .

The values of o and u used to calculate the yield
strength increment can be taken from Ref. [58]
and are listed in Table 5. The values of M and b
used to calculate the yield strength increment
can be taken from Ref. [59] and are also listed in
Table 5.

Calculating the ratio of the yield strength decre-
ment from the data in Table 4 indicates the yield
strength increase due to voids and loops would be
roughly 20% higher at lower dose. Although the net-
work dislocation density was not measured, the low
dose samples were held at temperature twice as long
as the high dose rate samples. The annealing of the
cold work is expected to be greater in the low dose
sample, mitigating the yield strength increase from
the voids and loops. The difference in the measured
yield strength between the high dose samples in
Fig. 16 is roughly 15%. Therefore, the sample-to-
sample variation in yield strength is as large as the
microstructural component of the yield strength
increase. The conclusion is that for the doses exam-
ined, the differences in microstructural development
due to dose rate may be noticeable but do not con-
tribute to a measurable difference in yield strength.

Table 4
Cavity and dislocation loop data for 12% CW 316
Dose rate (dpa/s) Temperature Dose Voids Frank loops
°C) (dpa) Density (m ™) Average Density (m ™) Average
diameter (nm) diameter (nm)
42x1077 408 35.7 4.8 x 107! 6.1 6.8 x 10! 24.7
1.8x10°7 414 357 2.6 x 107! 8.8 8.2x 107! 329
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Table 5

Constants for yield strength increment calculations
Parameter Voids Loops

M 3 3

o 1 0.33

n 6.7x10' Pa 6.7x10'° Pa
B 25%107"m 25%107"m

If a dose rate effect exists on tensile properties, it
may only indicate at much larger doses or between
much larger dose rate differences.

A final examination of the potential effect of dose
rate on tensile properties was performed by compar-
ing the yield strength, uniform elongation, and
hardening of 20% cold-worked 316. Tensile tests
were performed on samples taken from a row 8 hex-
agonal duct. The data were then compared with
tensile data obtained by Fish from samples irradi-
ated in row 2 in 1979 [60]. The comparisons are pre-
sented in Figs. 17-19. Note, however, that the
materials irradiated in rows 2 and 8 did not come
from the same heat of steel. The dose rate in row
2 is approximately one order of magnitude larger
than that of row 8. To compare the two studies,
the fluences reported by Fish were converted to
doses using 2 x 10*' n/em? (E > 0.1 MeV) = 1 dpa.

The comparison of yield strength indicates that,
even though both sets of data come from nominally
20% cold-worked Type 316 stainless steel, the row 8
material has a lower yield strength at 1 dpa than the
unirradiated row 2 material. The yield strength for
both sets of data increases as a function of dose sim-
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Fig. 17. Yield strength versus dose for 20% CW 316 samples
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Fig. 19. Hardening as a function of dose for 20% CW 316. The
higher dose rate row 2 samples lose work hardening capability
faster.

ilarly beyond 1 dpa. Because these ducts underwent
standard quality assurance procedures prior to
going into the reactor, the cold-work is not likely
to differ significantly from the goal of 20%. On the
other hand, the ducts from this study and that of
Fish came from different lots of steel and the com-
positional differences may have caused a difference
in unirradiated yield and ultimate tensile strength.
Table 6 compares the yield strength at low dose
from three different experiments, the 20% cold-
worked material irradiated in row 8 of EBR-II in
this study, the 20% cold-worked material irradiated
in row 2 of EBR-II in the Fish study, and 12% cold-
worked material irradiated in row 9 of EBR-II in
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Table 6
Effect of cold work on yield strength

Cold-work/irradiation position Yield strength (370 °C)

at low dpa (MPa)

12% Row 9 (this study) ~580 (1 dpa)
20% Row 8 (this study) ~500 (1 dpa)
20% Row 2 [60] ~575 (0 dpa)

this study. The difference between the largest and
smallest yield strength in Table 6 is about 80 MPa.

Carson et al. measured the hardness at room
temperature of Type 316 stainless steel as a function
of cold-work [61] for various lots of material. For
the material measured in Carson’s study, the con-
centration of Cr varied from 16 to 18, Ni from 12
to 14, Fe from 64 to 69, and Mo from 2 to 3 wt%.
For 12% cold-work, the room temperature hardness
ranged from about 235 to 285 HV. Using the hard-
ness-yield strength correlation developed by Higgy
and Hammad [62], Acy =3.27AH, to convert the
hardness data of Carson et al. to yield strength,
the range of yield strength as a function of compo-
sition is about 164 MPa. At 20% cold-work, the
range of hardness converts to a range in yield
strength of about 195 MPa. The difference in yield
strengths noted in Table 4 is bounded by the hard-
ness measured by Carson. Because of the large
variability of strength with composition, a direct
comparison of yield strength as a function of dose
of the row 2 and 8 results cannot indicate if the irra-
diation dose rate has a significant effect on tensile
properties.

The uniform elongation as a function of dose for
the row 8 and 2 samples is plotted in Fig. 18. No sig-
nificant difference in the uniform elongation is noted
between the two data sets.

Fig. 19 displays the hardening 1 —2 as a func-
tion of dose. The higher dose rate row 2 samples
lose work hardening capability faster than the lower
dose rate row 8 samples, even though there was no
significant difference in the uniform elongation.
Although no microstructural or fractography data
are available from the Fish study, the loss of work
hardening capacity may correspond with establish-
ment of dislocation channeling as the primary
deformation mechanism. If dislocations are free to
travel through the material in slip bands, then less
work hardening will occur. Fig. 20 compares the
ratio of uniform to total elongation, using the same
tensile tests from which the Fig. 19 data were taken.
The ratio decreases more slowly for the row 2 higher
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Fig. 20. Elongation ratios as a function of dose. The higher dose
rate row 2 samples show greater post-yield necking.

dose rate samples. Since the uniform elongation was
about the same for samples irradiated in rows 2 and
8 (Fig. 18), the difference lies in the total elongation.
For the row 8 samples, greater necking occurs
before the sample fails. Once again, it should be
noted that the row 2 and row 8 samples were not
from the same heat of steel so differences could be
due to dose rate, but may also be due to composi-
tional changes.

With the exception of the difference in the hard-
ening in the 20% cold-worked 316 stainless steel,
no systematic difference in tensile properties as a
function of dose rate has been noted. The differences
in swelling as a function of dose rate noted earlier
are apparently not large enough to cause a notable
effect on tensile properties, primarily because at
these irradiation temperatures the void hardening
is a small fraction of the total microstructural
hardening.

4. Conclusions

Samples of 304 and 316 stainless steel were
retrieved from EBR-II following shutdown. Den-
sity, tensile properties, and grain boundary segrega-
tion were measured with the goal of determining
whether displacement rate has an appreciable effect
on their radiation performance. Both swelling and
RIS appear to be affected by dose rate, with greater
swelling and greater grain boundary segregation
occurring at lower dose rates. The trend was always
seen, but was not always statistically significant,
especially in CW 316 at low swelling levels and tem-
peratures around 400 °C. The dose rate dependence
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of swelling observed in these austenitic steels is con-
sistent with a growing body of evidence showing
similar behavior in a broad range of austenitic
steels. For the range of dose rates examined, no dis-
cernable effect of dose rate on tensile properties was
noticed. The lone exception was a difference in the
rate the yield strength approached the ultimate ten-
sile strength in 20% cold-worked 316 stainless steel.
The hardening (rate at which the yield strength
approached the ultimate tensile strength) occurred
faster at higher dose rate. This hardening difference
could also have been caused by compositional dif-
ferences between two lots of 316 stainless steel.
The measured difference in void development as a
function of dose rate is apparently not large enough
to cause a difference in tensile properties. The lack
of strong dependence of tensile properties on dose
rate insinuates that for the doses examined, surveil-
lance data taken at different dose rates should be
adequate for determining the properties of struc-
tural materials irradiated across different damage
rates.
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