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‘In pressurized water reactors (PWRS), stainless steel components are irradiated at temperatures that----
may reach 400°C due to gamma heating. If large amounts of swelling (>10%) occur in these
reactor internals, significant swelling related embrittlement may occur. Although fast reactor
studies indicate that swelling should be insignificant at PWR temperatures, the low dose rate
conditions experienced by PWR components may possibly lead to significant swelling. To
address these issues, JNC and ANL have collaborated to analyze swelling in 316 stainless steel,
irradiated in the EBR-11 reactor at temperatures from 376-444”C, at dose rates between 4.9x10-8
and 5.8x 10-7 dpa/s, and to doses of 56 dpa. For these irradiation conditions, the swelling
decreases markedly at temperatures less than approximately 386”C, with the extrapolated swelling
at 100 dpa being around 370. For temperatures greater than 386 “C, the swelling extrapolated to
100 dpa is around 99’0. For a factor of two difference in dose rate, no statistically significant effect
of dose rate on swelling was seen. For the range of dose rates analyzed, the swelling
measurements do not support significant (>107o) swellingof316 stainless steel in PWRS.

Introduction

Garner et al. [1] has predicted that swelling related embrittlement maybe a concern in pressurized
water reactor (PWR) components made of 304 and 316 stainless steel, where thicker components
may reach temperatures up to 400°C [2]. Components reaching swelling levels greater than 10%
would become brittle and vulnerable to failure under seismic or thermal shocks or under slow
strain rate conditions. Although fast reactor studies do not predict large amounts of swelling at
PWR temperatures, the lower displacement rates experienced in PWRS may cause a larger swelling
per dpa than would be predicted from high-flux fast reactor data.

The dose rates for typical PWR components range from about 1.4x10-7 dpals for components in
the inner core region to 1.4x10-10dpa/s for the core barrel (these displacement rates are based fast
neutron fluences from [3] converted to dpa using 0.7x102’ n/cm2s=1 dpa [4]). To provide data
relevant to light water reactor component aging, a large quantity of hexagonal duct material, made
of 304 and 316 stainless steel with a thickness of approximately 1mm, was retrieved from the
EBR-H reactor for testing. Swelling was measured in 316 stainless steel irradiated at dose rates
from 4.9x 108 to 5.8x10-7 dpa/s, comparable to those of PWR components. The steel was
irradiated at temperatures from 376-444°C to doses from about 9 dpa to 56 dpa. Swelling as a
function of dose, dose rate, and temperature are analyzed to estimate if swelling of PWR
components made of316 stainless steel will reach levels of concern.

Experiment
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Density was measured on forty samples of 12% cold worked (CW) 316 stainless steel irradiated in
the EBR-11 reactor, The samples were taken from hex cans, the structural components used to
hold stainless steel reflectors. Twenty 1.91 cm diameter density coupons were punched from each
of two subassemblies (designated U9861 and U9922), providing for a total of forty density
measurements. The density samples were taken from locations irradiated at temperatures from
376-444”C, at dose rates between 4.9x108 and 5.8x10-7 dpa/s, to doses of 56 dpa. The dose rate
for U9861 is twice that for similar positions on U9922. The density of each coupon was measured
five times and the average density is reported.

Results

The density measurements for each sample, along with the corresponding flat (a flat is a side of the
hex can), position, temperature, dose, and dose rate are reported in Tables I and II. The
uncertainty in these density measurements is 0.02 g/cm3.

; Unirradiated material was not available from the same lotof316 SS used in U9861 and U9922, so
the unirradiated density was measured on samples of 12% CW 316 hex can from a different lot of
the same nominal composition. The swelling was calculated from this unirradiated density (7.938
g/cm3). Figure 1 plots the best cubic polynomial fit of the U9922 swelling measurements, along
with the 95% confidence limits on the cubic fh. Also on figure 1 are the density measurements
from U9861. All of the U9861 swelling measurements fall within the limits of the U9922 swelling
curve. For both hex cans, the density increases at low dose (to approximately 20 dpa) before
decreasing. Densification of 316 stainless steel at low dose has been noted in previous
measurements of irradiated316 stainless steel [5].

Discussion

For austenitic stainless steels, the swelling rate typically increases with dose until reaching a final
steady-state swelling rate of approximately 1%/dpa [6]. The swelling of reactor components at low
swelling (prior to the swelling rate reaching the steady-state of 1%/dpa) has typically been modeled
using a power law formulation [7-8]:

AV
—= AD’.
v

where D is the irradiation dose. The swelling exponent n describes the rate at which the swelling
approaches the 1%/dpa rate. The variable A describes the temperature dependence of the swelling.
Both A and n are functions of material and irradiation conditions (temperature and dose rate).
Using a power law description, a log-log plot of swelling versus dose provides a simple means of
differentiating swelling rate by comparing the exponents n, For 304 stainless steel, an exponent of
n=2 has been measured for the temperature range of 393-542°C [8]. For 316 stainless steel
irradiated at 383°C in EBR-11, the measured exponent ranges from 1.67 to 2.01 and for 316
irradiated in HFIR, the exponent is approximately 1.5 [7]. The exponent is higher for void (EBR-
11)swelling and less for helium bubble or mixed helium bubble (HFIR) swelling [7].

The effect of experimental variables (temperature, dose, and dose rate) on the swelling of irradiated
12% CW316 stainless steel can be analyzed using a power law description. To use a power law
description, the data must be adjusted for densification, specifically:
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-the average density was calculated for any densities greater than the density of unirradiated
316 stainless steel (7.938 g/cm3). For U9861, eight samples had densities greater than
7.938 g/cm3. The average density was 7.953 g/cm3. For U9922, five samples had
densities greater than 7.938 g/cm3. The average density was also 7.953 g/cm3. Since the
average density for samples that underwent densification was the same for both hex cans,
swelling was calculated from the point of maximum density, which was assumed to be
7.953 g/cm3:

AV = loo* 7.953 –p

7 P“

-to analyze only samples that were swelling, samples with doses less than 20 dpa were not
included in the power law analysis.

.s wellirw as a function of temmrature and dose

Swelling versus dose is plotted on log-log plots in figure 2, using the data from U9861 and U9922
corrected for densification. The slope of these graphs is equal to the exponent n in the power law
relationship. Since swelling is known to be a function of irradiation temperature [6], the swelling
measurements were divided into three temperature groups, (376-386”C, 386-400”C, 400-444”C).

For temperatures greater than 386”C, the swelling exponent is 3.2-3.3. The swelling exponent for
temperatures less than 386°C is 1.6. At higher temperatures, the swelling approaches 1%/dpa at a
much faster rate than at lower temperatures. For temperatures greater than 386”C, the fitted power
law predicts that swelling reaches 1%/dpa at about 180 dpa and at 100 dpa, the predicted swelling
is around 9%. For temperatures between 376-386”C, the fitted swelling is only 2.870 at 100 dpa.
Recall that the extrapolated swelling was calculated using the difference between the measured
swelling and the fully densified density (7.953 g/cm3). Therefore, the swelling calculated at 100
dpa as compared to the unirradiated hex can is slightly less (8.8% for temperatures greater than
386°C and 2.6% for temperatures between 376-386”C).

The difference in swelIing behavior as a function of temperature can also be seen in figure 4. The
swelling measurements (not corrected for densification) as a function of dose are plotted, with the
data separated into three groups: (376-386”C, 386-400”C, 400-444”C). The curves are the best fit
second order polynomials to the swelling measurements. The higher temperature samples undergo
greater densification with a faster swelling rate at doses above 30 dpa. The lower temperature
samples undergo little densification with a slower swelling rate at doses above 30 dpa.

Swelling as a function of dose rate

The dose rate varies by a factor of two between hex cans. To determine if a dose rate effect exists,
the swelling measurements for temperatures between 386 and 444°C are plotted in figure 4. In
figure 4, the best fit power law equation for U9922 is plotted along with the 95% confidence limits
on the fit. The swelling measurements forU9861 are also plotted in figure 4 and all fall within the
limits of the U9922 measurements. Therefore, no significant dose rate effect is evident for 316
irradiated at temperatures between 386 and 444°C with dose rates between 1.4x 10-7and 5.8x107
dpak.

For the 376-386°C measurements, the best fit power law equation for U9922 is plotted along with
the 95% confidence limits on the fit in figure 5. The swelling measurements for U9861 are also
plotted. The swelling measurements for U9861 fit within the bounds of the U9922 measurements.



For this lower temperature data, there are fewer measurements, with greater scatter, leading to “
wider confidence limits.

Porter [9] has shown that for 304 stainless steel irradiated at 390°C at dose rates between 2X107
and 5x10-7dpa/s that the displacement rate has a significant effect on the amount of swelling. In
this work at similar temperatures and similar dose rates, no statistically significant dkplacement
rate effect on swelling was evident in 316 stainless steel.

The lack of dependence of swelling on dose rate at these temperatures is consistent with the
measurements of Seran and Dupouy [10]. In their work, annealed 316 stainless steel was
irradiated in the RAPSODIE reactor at temperatures 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 longer
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.

Even though no statistically sigrzifkant effect of dose rate is evident in this study, the samples
-h-radiated at a lower dose rate (U9922) do show greater swelling (see figures 4 and 5). Figure 6
plots the swelling for six different pairs of samples chosen to have similar irradiation temperature
and dose, but differing in dose rate by a factor of two. In each case, the sample irradiated with the
lower rate shows greater swelling. In all but one case, the difference in swelling is less than the
experimental uncertainty. This figure indicates that swelling may vary significantly with dose rate,
but a wider range of dose rates is needed to show a statistically significant effect.

To investigate a wider range of dose rate, the swelling measurements from an EBR-11 control rod
thimble can be compared to the swelling from U9922 and U9861. This thimble (designated
CRTH-31) was irradiated in row five of EBR-11 at a peak dose rate of 8.5x10-7 dpa/s, about three
times the dose rate of U9922 and 1.5 times that of U9861. The thimble, which was irradiated to a
peak dose of 80 dpa, was also 12% cold-worked 316 stainless steel, although not from the same
lot as U9922 and U9861. The swelling of CRTH-31 is plotted aIong with the swelling from
U9922 and U9861 in figure 7. Even for a difference in dose rate of a factor of three, no
discernible difference in swelling exists.

Relation to Swellinz in PWRS

Garner [1] has proposed that large amounts of swelling (>10%) could possibly occur in PWR
reactor internals and that this swelling could lead to significant swelling related embrittlement.
Foster et al. [7] have extrapolated swelling measurements from 316 stainless steel removed from a
PWR and estimated that end-of-life swelling values are probably less than 3%. For dose rates in
the range of 4.9x10-8and 5.8x10-7dpals, the measurements from this study predict that swelling of
12% CW 316 SS wiIl not reach levels of swelling greater than 10%. Using the power law
relationships derived in figure 2, at temperatures between 386°C and 444°C at dose rates from
1.4x10-7and 5.8x 107 dpa/s, 316 SS irradiated in EBR-11 reaches swelling levels of approximately
9% at 100 dpa. At temperatures less than 386”C, the swelling rate decreases significantly.
Extrapolated swelling for the temperature range of 376-386°C reaches only 3% by 100 dpa.

Foster et al. [7] calculated the swelling exponentin316 stainless steel irradiated in EBR-11at 383°C
and found values between 1.67 and 2.01. In this work, the swelling exponent at 376-386°C was
calculated to be 1.61, similar to that determined by Foster et al. At higher temperatures, the
swelling exponent increases significantly. The analysis of the swelling measurements from both
studies indicate that the swelling rate for 316 SS is small in the upper temperature range for PWRS.

Foster et al. [7] reported PWR He production to be 5.9 appm/dpa. The hex cans in this study were
irradiated in rows 8 and 9 of EBR-11 and have an estimated helium production rate of around 0.2



apprn/dpa. A lower helium production rate is expected to lead to bias-driven void growth [11] and -
larger swelling. Therefore, the EBR-11 swelling measurements should provide a conservative
estimate of the swelling relative to PWR components.

Conclusions

The swelling of 316 stainless steel irradiated at temperatures from 376-444°C, at dose rates from
4.9x 10-*and 5.8x 10-7dpa/s, and to doses up to 56 dpa has been measured. The components
analyzed were irradiated at temperatures comparable to the highest temperatures expected in PWR
components at PWR relevant dose rates. For these irradiation conditions, the swelling decreases
markedly at temperatures less than about 386”C, with the extrapolated sweI1ing at 100 dpa being
only 3%. At temperatures greater than 386”C, the swelling is larger, with the extrapolated swelling
reaching 99?0by 100 dpa. The swelling measurements of this study do not support significant
swelling (defined as > 10Yo)of316 stainless steel in PWRS. For a factor of two difference in dose
rate, no statistically significant effect of dose rate on swelling is evident.. ..
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Table I. Density for Samples from Hex Can U9922

Sample Flat Distance from Core Temperature Dose (dpa) Dose Rate Densi
ID Centerline (mm) (0 (dpah) ~~

N1 5 -493 ;72 8.8 4.90E-08 7.;74
N2 5 -357 376 19.3 1.07E-07 7.928
N3 5 -321 377 23.7 1.31E-07 7.921
N4 5 -159 386 47.2 2.61E-07 7.87
N5 5 -118 390 51.8 2.86E-07 7.858
N6 -48 396 55.8

2
3.08E-07 7.823

N7 -17 399 55.9 3.08E-07 7.811
N8 5 407 51.1 2.82E-07 7.815

5 i% 429 24.7 1.36E-07 7.937
:?0 5 365 438 14.3 7.90E-08 7.965
Nll 5 451 444 8.8 4.90E-08 7.955

‘-N12 4 -213 382 32.9 1.82E-07 7.909
.N13 4 -186 384 36 1.99E-07 7.925
N14 4 -133 388 41.2 2.27E-07 7.908
N15 4 124 414 35.7 1.97E-07 7.911
N16 4 154 418 32.6 1.80E-07 7.937
N17 4 292 432 18.2 1.OIE-07 7.951

N18 1 -398 375 13.9 7.70E-08 7.952
N19 1 21 403 46.5 2.57E-07 7.859
N20 1 91 411 41.1 2.27E-07 7.901



Table II. Density for Samples from Hex Can U9861
Sample Flat Distance from Core Temperature Dose (dpa) Dose Rate Densi

ID Centerline (mm) (0 (dpals) ~q

El 1 -267 ;76 19.9 2.32E-07 7.;?4
E2 1
E3 1
E41
E5 1
E6 1
E7 1
E8 1
E9 1

-243
-90
-40
-17

:!0
324
368

376
388
394
397
408
430
439
442

23.2
46.2
49.5
49.7
45.6
24.5
14.9
11.7

2.70E-07
5.39E-07
5.77E-07
5.80E-07
5.32E-07
2.86E-07
1.73E-07
1.36E-07

7.936
7.897
7.873
7.876
7.874
7.967
.7.956
7.959

E1O 2 -292 375 14.5 1.69E-07 7.926
Ell 2 -141 383 3.62E-07 7.925

-. E12 2 -98 387 3?4 4. 13E-07 7.919
E13 2 -42 394 38.5 4.50E-07 7.921
E14 2 .408 35.7 4. 16E-07 7.928
E15 2 ;:1 432 19.5 2.27E-07 7.945
E16 2 392 443 9.1 1.07E-07 7.948

E17 5 -360 374 1.llE-07 7.949
E18 5 -329 374 ?i!7 1.36E-07 7.949
E19 5 2 399 39.3 4.59E-07 7.919
E20 5 129 417 30.7 3.58E-07 7.948

Figure 1
Figure 2
Figure 3
Figure 4
Figure 5
Figure 6
Figure 7
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