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in the ORR and the HFIR spectral tailoring experiment
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Abstract

Microstructural evolution in solution-annealed Japanese-PCA (JPCA-SA) and four other austenitic stainless steels,
irradiated at 400°C to 17.3 dpa in the ORR and the high flux isotope reactor (HFIR) spectrally tailored experiment,
were investigated by transmission electron microscopy (TEM). The mean He/dpa ratio throughout the irradiation fell
between 12 and 16 appm He/dpa , which is close to the He/dpa values expected for fusion. In all the specimens, a bi-
modal size distribution of cavities was observed and the number densities were about 1.0 x 102 m~>. There was no
significant difference between the number densities in the different alloys, although the root mean cubes of the cavity
radius are quite different for each alloy. Precipitates of the MC type were also observed in the matrix and on grain
boundaries in all alloys except a high-purity (HP) ternary alloy. The JPCA-SA (including 0.06% carbon and 0.027%
phosphorus) and standard type 316 steel (including 0.06% carbon and 0.028% phosphorus) showed quite low-swelling
values of about 0.016 and 0.015%, respectively, while a HP ternary austenitic alloy showed the highest swelling value of
2.9%. This suggests that the existence of impurities affects the cavity growth in austenitic stainless steels even at
400°C. © 2000 Elsevier Science B.V. All rights reserved.

PACS: 61.72

1. Introduction number of gas atoms for void formation and a longer
LSTR.

Most of the available swelling data of austenitic
stainless steels, however, have been derived from

neutron-irradiation experiments in which helium genera-

The cavity density of neutron-irradiated austenitic
stainless steels is known to be dependent on the He/dpa
ratio [1]. Swelling is enhanced at the intermediate He/

dpa ratio due to the influence of helium on the total
cavity density. For small increases in the He/dpa ratio,
the low-swelling transient regime (LSTR) is reduced
since more helium is available to drive bubble growth
to the critical size for void formation [2]. For higher
He/dpa ratios, a regime can be reached in which the
cavity density is so high that it begins to suppress the
vacancy supersaturation. This leads to a larger critical
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tion rates are much lower or higher than the fusion-
relevant conditions. A mixed-spectrum fission reactor
in which the helium generation rate and damage rate
are maintained at constant level can be utilized for such
a fusion-relevant experiment. Irradiation of austenitic
stainless steels in a mixed-spectrum fission reactor re-
sults in the following transmutation with the thermal
neutrons: *Ni(n,y)*Ni(n,0)*Fe. The initial helium
production rate is relatively low, but the amount of
helium increases with irradiation dose because of the
two-step transmutation reaction. Spectral tailoring by
adjusting a ratio of thermal to fast neutron fluxes is a
method for controlling this non-linearity in He/dpa
ratio from the naturally occurring ratio of nickel
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Table 1
Chemical compositions of the specimens (wt%) (Balance Fe)
Cr Ni Ti Nb Si Mo Mn B C N P S
JPCA 14.2 15.6 0.24 - 0.50 2.3 1.77 0.0031 0.06 0.0039 0.027 0.005
316R 16.8 13.5 0.005 - 0.61 2.5 1.80 - 0.06 - 0.028 0.003
C 154 15.6 0.25 0.08 0.51 2.4 1.56 - 0.02 0.0018 0.017 0.007
K 18.0 17.6 0.29 - 0.48 2.6 1.46 - 0.02 0.0018 0.015 0.005
HP 17.1 11.8 - - 0.005 - - - 0.005 0.020 - -
Table 2

Damage levels, helium concentrations and He/dpa ratio of the type 316 and the JPCA irradiated at 400°C in

experiment of the ORR and the HFIR

spectrally tailored

316 JPCA

dpa appm He He/dpa dpa appm He He/dpa
ORR 7.4 100 14 7.4 155 21
HFIR 9.9 100 10 9.9 125 13
ORR + HFIR 17.3 200 12 17.3 280 16

Fig. 1. Cavity microstructures of the alloys irradiated at 400°C to 17.3 dpa in spectrally tailored experiment of the ORR and the
HFIR: (a) aged-JPCA, (b) JPCA-SA, (c) 316R-SA, (d) C-SA, (e) K-SA and (f) HP.
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Fig. 2. Size distribution of cavities in the alloys irradiated at 400°C to 17.3 dpa in spectrally tailored experiment of the ORR and the

HFIR.

Table 3

Summary of cavities observed in the alloys irradiated at 400°C
to 17.3 dpa in spectrally tailored experiment of the ORR and
the HFIR

Number Root mean Swelling

density cube of (%)

(m™3) cavity

radius (nm)

Aged-JPCA 1.7 x 102 1.4 0.020
JPCA-SA 1.1 x 102 1.5 0.016
316R-SA 6.2 x 10% 1.8 0.015
C-SA 1.1 x 10% 2.5 0.079
K-SA 1.0 x 102 4.0 0.27
HP 1.9 x 102 7.2 2.9

isotopes and for keeping the approximately linear He/
dpa ratio close to a fusion-relevant level during the
course of irradiation.

The US-Japan collaborative program for the devel-
opment of fusion materials includes several spectral
tailoring experiments [3—6]. The present work is a con-
tinuation of the irradiation in the ORR-MFE-7J spectrally
tailored capsule. The HFIR-MFE-RB* experiments were
designed for irradiation in the removable beryllium
(RB*) positions of the HFIR; the capsules are
surrounded by a hafnium shield in order to reduce the
thermal neutron flux and achieve a He/dpa level near
that expected fusion reactor [7-9]. This experiment is
being conducted under the DOE/JAERI Collaborative
Agreement.
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2. Experimental

The austenitic stainless steels irradiated in this ex-
periment were designated Japanese-PCA (JPCA-SA),
316R-SA, K-SA, C-SA, HP (a high-purity ternary
model alloy), and aged-JPCA. The chemical composi-
tions of the specimens used in this study are given in
Table 1. The JPCA-SA contains Ti, B, and P, and has
been shown resistant to swelling. The 316R-SA is a
standard heat of type 316 stainless steel. The C-SA and
the K-SA stainless steels have low carbon concentration,
and they are exploratory alloys modified with Ti and/or
Nb. The HP is a high-purity ternary alloy with Fe, Cr,
and Ni contents similar to those of type 316. The JPCA-
SA and the C-SA were solution-annealed at 1100°C, the
316R-SA and the K-SA were solution-annealed at
1050°C, and HP was annealed at 1200°C. The aged-
JPCA was aged for 1 h at 800°C after cold-rolling
~20%.

The irradiation in the ORR produced approximately
102-125 appm He in the steels [10], giving a fusion rel-
evant He/dpa ratio of about 11.7 appm/dpa. In JPCA,
however, 1°B also contributes at the very early stage of
irradiation, and increases the helium levels by 30 appm
[3]. The final helium level in JPCA is, therefore, 155
appm. These specimens were subsequently irradiated in
the HFIR-RB* positions with a hafnium shield to reduce
the thermal neutron flux and so continue the irradiation
at a He/dpa level near that expected in a fusion reactor.
The operating temperature of the HFIR-MFE-RB*-
400J-1 capsule was 400°C, with the temperature con-
trolled by changing the gas mixture around the specimen
holder. The thermal and fast (E > 0.1 MeV) neutron
fluences in the ORR were 8.1 x 10*' and 9.5 x 10% n/m?,
and those of the HFIR were 4.0 x 10% and 1.6 x 10?° n/
m?, respectively [5]. The capsule achieved a fluence in the
ORR of 7.4 dpa and in the HFIR of 9.9 dpa [5]. The
helium content measured by isotope-dilution gas mass
spectrometry [10] is given in Table 2.

Specimens for transmission electron microscopy
(TEM) were thinned using an automatic Tenupol elec-
tropolishing unit in a shielded glove box. TEM disks
were examined using a JEM-2000FX transmission elec-
tron microscope operated at 200 kV. The foil thicknesses
were measured by thickness fringe or the improved
contamination parallax method [11] in order to quantify
defect density values.

3. Results
3.1. Cavities
Fig. 1 shows cavity microstructures of the alloys ir-

radiated at 400°C to 17.3 dpa in the ORR/HFIR spec-
trally tailored experiment. The size distribution of

cavities in all of the alloys showed bi-modal behavior,
and differences between critical radii for each alloy were
not significant, as shown in Fig. 2. Table 3 summarizes
the cavity data for the alloys and Fig. 3 shows a com-
parison of number densities, root mean cube of radius
and swelling of the alloys. There is no significant dif-
ference of cavity number densities for each alloy, while
the root mean cube of cavity radius are quite different.
Although the cavity density was similar in all the alloys,
the swelling values of aged-JPCA, JPCA-SA, 316R-SA,
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Fig. 3. Comparison of number densities, root mean cube of
radius and swelling of the alloys irradiated at 400°C to 17.3 dpa
in spectrally tailored experiment of the ORR and the HFIR.
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C-SA and K-SA were less than 0.3%, while that of HP
was about 3%.

3.2. Dislocation loop evolution

Fig. 4 shows dislocation loops in the alloys irradiated
at 400°C to 17.3 dpa in the spectral tailoring experiment.
The micrographs were taken with beam direction close
to [011] using streaks in the diffraction pattern arising
from the faulted loops. The loops observed in the alloys
were Frank type faulted loops on {111} planes, which
were identified by reflection from stacking faults in weak
beam dark-field image. There is a tendency for higher
number densities to be correlated with smaller average
loop sizes, but basically there is no significant difference
in number densities and total dislocation densities be-
tween the alloys. The dislocation loop data in the alloys
are summarized in Table 4.

3.3. Precipitate evolution

Fig. 5 shows the precipitates formed in the alloys
irradiated at 400°C to 17.3 dpa. In all the alloys except

"
"

Table 4

Summary of dislocations observed in the alloys irradiated at
400°C to 17.3 dpa in spectrally tailored experiment of the ORR
and the HFIR

Number Mean Total

density size dislocation

(m~3) (nm) density (m™2)
Aged-JPCA 7.3 x 10% 15.2 3.5 x 10"
JPCA-SA 1.0 x 102 15.7 4.1 x 10"
316R-SA 9.5 x 10% 20.2 6.0 x 10
C-SA 3.3 x 10% 26.3 2.7 x 10"
K-SA 4.5 x 10*! 22.1 3.1 x 10
HP 4.0 x 10! 27.0 3.4 x 10

the HP, precipitates with Moiré fringes were observed in
the matrix with a high number density of about
2 x 10%-8 x 10! m~3, as summarized in Table 5. The
number density of MC in the 316R-SA was lower than
that of the other titanium-containing alloys because the
316R-SA contained only 0.005% titanium. The alloys
containing titanium as a swelling inhibitor were expected

100nm

Fig. 4. Dislocation loops in the alloys irradiated at 400°C to 17.3 dpa in spectrally tailored experiment of the ORR and the HFIR. The
micrographs were taken with beam direction B close to [0 1 1] using streaks in the diffraction pattern arising from the faulted loops:
(a) aged-JPCA, (b) JPCA-SA, (c) 316R-SA, (d) C-SA, (e) K-SA and (f) HP.
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Fig. 5. MC-type precipitates formed in the alloys irradiated at 400°C to 17.3 dpa in the ORR and the HFIR: (a) aged-JPCA,

(b) JPCA-SA, (c) 316R-SA, (d) C-SA and (e) K-SA.

Table 5
Summary of precipitates observed in matrix of the alloys irra-

diated at 400°C to 17.3 dpa in spectrally tailored experiment of

the ORR and the HFIR

Precipitates Number Mean
density size
(m~) (nm)
Aged-JPCA MC 1.3 x 10% 11.5
MC 5.1 x 10% 10.2
JPCA-SA MC 7.7 x 10%! 34
M;,C 1.2 x 10% 7.4
316R-SA MC 2.0 x 102 7.2
M,C 9.1 x 10 7.1
C-SA MC 5.8 x 10! 5.3
M,C 4.6 x 10% 8.5
K-SA MC 7.1 x 10 18.7
M,C 2.4 x 10% 19.5
HP - - -

to form MC precipitates along dislocation loops and to
provide effective traps for helium and mediate the cavity
distribution. In this experiment, however, MC precipi-
tates formed not along dislocation loops but in the
matrix.

4. Discussion

The alloys irradiated in this spectral tailoring exper-
iment showed different values of swelling. The cavity size
distributions in the alloys showed bi-modal behavior,
indicating mixed populations of smaller subcritical he-
lium bubbles and larger bias-driven voids. There was no
significant difference in the cavity number density for
each alloy, while the root mean cube of the radii were
quite different. This suggests that the alloy-to-alloy dif-
ference in swelling behavior is due to the differences in
size distribution of cavities, especially the population of
bias-driven voids. A higher growth rate of voids leads to
larger swelling in the alloys.

In this experiment, the alloys except HP contained
titanium as a swelling inhibitor. Titanium is expected to
form MC-type precipitate along dislocations, inhibiting
the preferential absorption of interstitial atoms by dis-
locations and modifying the distribution of helium.
However, a high number density of MC precipitates ex-
hibiting Moiré fringes were observed not along disloca-
tions but in the matrix. Furthermore, there was no
correlation between carbon content and the number
density of MC precipitates or with the swelling resistance.
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The void nucleation in austenitic stainless steel irra-
diated at high temperature has been explained on the
basis of differences in the dislocation structure that
evolves. A higher density of loops leads to a higher total
dislocation density which reduces the vacancy super-
saturation; hence, the void nucleation rate is reduced.
The austenitic stainless steels irradiated in this experi-
ment included some impurities, which would affect the
density of Frank loops and cavity growth due to a
change in the vacancy mobility. The effect of carbon and
nitrogen concentration on microstructures were shown
in Figs. 6 and 7. In the alloys including carbon, phos-
phorus, and silicon, there is a similar tendency for
number density of Frank loops to increase and root
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mean cube of cavity radii to decrease with their con-
centration, which results in suppression of swelling (see
Fig. 6). Conversely, the presence of high nitrogen
(0.020%) results in large swelling with large size of cavity
radii, as shown in Fig. 7.

The JPCA-SA and 316R-SA containing a large
amount of carbon, phosphorus, and silicon showed
relatively good swelling resistance, while C-SA and
K-SA with lower amounts of these impurities showed poor
swelling resistance. The HP alloy, which had less carbon,
phosphorus, and silicon showed the largest swelling
value. Besides, the HP alloy includes larger amount of
nitrogen compared with the other alloys. Therefore,
there is a possibility that the existence of nitrogen
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Fig. 6. The effect of carbon concentration on microstructures: (a) number density of cavities, (b) root mean cube of cavity radii,
(c) swelling, (d) number density of Frank loops and (e) mean size of Frank loops.



N. Hashimoto et al. | Journal of Nuclear Materials 280 (2000) 186195 193

affected the cavity growth during irradiation. The role of
impurities in the void swelling of 316 stainless steel
electron-irradiated at 500°C and 550°C has been inves-
tigated [12-15]; Naito et al. [12] reported that the
swelling of 316 tends to decrease with the amount of
carbon and increase with the amount of nitrogen. Ac-
cording to Lee et al. [13,14], the addition of phosphorus
alone could not provide significant reduction in swelling,
while in the case where phosphide precipitates are in-
troduced, swelling would be suppressed. In this experi-
ment, however, no phosphide formation was observed.
There is a possibility of an interaction between phos-
phorus atoms and vacancies [15], which could result in
swelling suppression. Zinkle et al. [16] pointed out that

(a)

102 L. §......®

Number density of cavities (m" ?)

0.005 0.01 0.015 0.02 0.025

Concentration of nitrogen (%)

102!
0

(b)

10

Root mean cube of cavity radii (nm)

1 i
0 0.005 0.01 0.015 0.02
Concentration of nitrogen (%)

0.025

(c)

10 T

Swelling (%)

0.015 0.02
Concentration of nitrogen (%)

0.005 0.01 0.025

oxygen and other surface-active impurities (e.g., sulfur)
could stabilize void formation through a chemisorption-
induced decrease in the void surface tension. It is worth
noting that the alloys except HP contained oxygen get-
tering elements Si and Ti, although the effect of oxygen
on swelling could not be quantified in this experiment.
Fig. 8 shows the dependence of impurity concentration
and number density of precipitates on swelling. Swelling
increased with increasing nitrogen and decreasing car-
bon, phosphorus, and silicon, while there was no rela-
tionship between swelling and number density of
precipitates in this experiment as mentioned above.
Fig. 9 shows the dose dependence of swelling in the
alloys irradiated at 400°C in the ORR/HFIR spectrally
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Fig. 7. The effect of nitrogen concentration on microstructures: (a) number density of cavities, (b) root mean cube of cavity radii,
(c) swelling, (d) number density of Frank loops and (e) mean size of Frank loops.
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Fig. 8. The dependence of impurity concentration and number density of MC on swelling: (a) carbon, (b) phosphorus, (c) silicon,

(d) nitrogen, (e) sulfur and (f) MC.

tailored experiment with some previous data at 7.4 dpa
[3]. This indicates that all of the alloys except HP are still
in the LSTR, while HP appears to be in the near-linear
swelling rate regime (0.2% dpa~'). HP would be still in
transition between LSTR and steady-state swelling re-
gime. According to a report of spectral tailoring exper-
iment in ORR (MFE-4A/4B) [5], swelling of USPCA-SA
irradiated to 13 dpa at 400°C was about 0.35%, which
was in the initial LSTR. If one assumed similar irradi-
ation response in both USPCA-SA and JPCA-SA, the
swelling of JPCA-SA was expected to be about 0.3% in
this experiment. JPCA-SA irradiated to 17 dpa at 400°C,
however, showed below 0.02% swelling. This could be
explained by the difference of impurity level in the two

alloys. There is not much difference in the amount of
carbon, silicon, and sulfur between the USPCA-SA and
the JPCA-SA, while the JPCA-SA contains much less
nitrogen and much more phosphorus compared with
USPCA-SA. Therefore, the swelling resistance in JPCA-
SA could be due to the effects of more phosphorus and
less nitrogen, in addition to the presence of carbon and
silicon.

5. Conclusions

Microstructural evolution in several kinds of au-
stenitic stainless steel, irradiated at 400°C to 17.3 dpa in
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Fig. 9. Dose dependence of swelling in the alloys irradiated at
400°C in the spectrally tailored experiment. The previous data
[3] are plotted at 7.4 dpa.

the ORR/HFIR spectrally tailored experiment, was in-
vestigated by TEM. The cavity distributions in the alloys
showed bi-modal behavior and there was no significant
difference in the cavity number densities between the
alloys, while the root mean cube of the cavity radii were
quite different. This suggests that the alloy-to-alloy dif-
ference in swelling behavior is due to the differences in
size distribution of cavities, especially the bias-driven
void population. The alloys containing variations in
carbon, phosphorus, and silicon showed good swelling
resistance. Conversely, the presence of nitrogen might
result in large swelling. The dose has not yet exceeded
the initial LSTR in this spectrally tailored experiment.
This could be related to the effect of the presence of
impurities, which could interact with and reduce the
mobility of vacancies.
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