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Abstract

This paper discusses the results of two series of experiments conducted on pure hcp rhenium in the EBR-II and
FFTF fast reactors. In FFTF, density change data were derived from open tubes and solid rods irradiated at tem-
peratures and fluences in the range of 1020-1250°C and 4.4-8.3 x 10> n cm~2, respectively (£> 0.1 MeV). Both density
change and diametral change data were obtained from pressurized tubes irradiated in EBR-II to ~0.65 and ~ 5.1 x 10%
n cm~? at temperatures between 1030°C and 1330°C. Analysis of the data shows that four concurrent processes con-
tribute to the radiation-induced strains observed in these experiments. These are void swelling, transmutation-induced
densification via production of osmium, irradiation creep and irradiation growth. © 2000 Elsevier Science B.V. All

rights reserved.

1. Introduction

Various bcc and hep refractory metals and alloys
have been proposed for high temperature applications in
fusion reactors. However, with the exception of zirco-
nium and to a lesser extent titanium, there is very little
information on radiation damage of hcp metals. Rhe-
nium in particular has been considered for fusion ap-
plication both as a metal and as an alloy constituent, but
very little published irradiation data are available, es-
pecially at sufficiently high dpa levels, to qualify rhenium
as a structural component. Some limited data at low
dose were published much earlier, and these data es-
tablished that dislocation loops and dislocation line
segments, as well as voids, form in irradiated rhenium
[1,2].

This paper presents the results of two separate ex-
periments at high irradiation temperature and high dpa
levels, one experiment conducted in the Fast Flux Test
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Facility (FFTF) and another in the Experimental
Breeder Reactor-II (EBR-II).

2. Experimental details

In the first experiment, thin-walled pressurized tubes
of 22.4 mm length, inner and outer diameter of 4.57 and
4.06 mm, respectively, were prepared from pure
(99.98%) rhenium wrought sheet. The sheet was rolled
into an approximate cylindrical shape, electron beam
welded, vacuum annealed at 1430°C for 1 h, cold swaged
to round and annealed in hydrogen at 1650°C for 20
min. The welded tubing was then reduced 6% by cold
drawing and annealed in hydrogen at 1650°C for 20 min.
A second 6% cold drawing was followed by a vacuum
anneal at 1450°C for 1 h. The tubes were then cold
drawn 4.3% to final size. Rhenium end-caps were elec-
tron beam welded to the tube ends, heat treated in
vacuum at 1150°C for 1 h, and pressurized with pure
helium prior to sealing of the fill hole by laser beam
welding.

Ten of these tubes were irradiated in EBR-II in two
separate lithium-filled B-7A capsules. The tubes were
distributed axially below the core mid-plane, receiving
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doses ranging from 0.60 to 0.70 x 10*> n cm~2? (E>0.1
MeV) in one capsule and 4.7 to 5.5 x 10> n cm~? in the
other capsule. The exact location of each tube cannot be
reconstructed from the available records, introducing
some small uncertainty in the relative neutron exposure
for each tube.

The subcapsule temperatures were 1030°C and
1330°C with an uncertainty of £50°C. The capsules were
filled with isotropically enriched 99.98% ’Li which
served to reduce pressurization by helium generation via
the °Li (n, o) reaction. Another 10 tubes were irradiated
at 1330°C, but only at the higher dose range.

The temperature of each subcapsule, which was not
actively controlled, arose from the competition between
gamma heating and gas gap resistance. The hoop stress
levels during irradiation ranged from 25.1 to 71.5 MPa
at 1030°C, and 16.1 to 44.9 MPa at 1130°C. At 1330°C
the stresses ranged from 5.1 to 13.1 MPa.

Diameter changes were measured before and after
irradiation by a non-contacting laser system described
by Gilbert [3]. Selected tubes were cut to remove the
end-caps, and immersion density measurements accurate
to £0.005% were used to determine the density before
and after irradiation.

In the second experiment, five open tubes, 6.35 mm
long and 6.27 mm diameter, of chemical vapor deposi-
tion (CVD) rhenium were irradiated in the Materials
Open Test Assembly (MOTA) in FFTF with active
temperature control to *30°C at temperatures of
1017°C, 1077°C (two tubes), 1127°C and 1252°C. Also
included at each of 1017°C and 1077°C were two small
rods, 3.16 mm in diameter and 3.67 mm in length. At
each temperature, one rod was in the as-received cold-
worked condition, while the other was recrystallized
prior to irradiation. The purity of both tubes and rods
was 99.97% rhenium. Once again, 99.98% 7Li was used
to cover the specimens. Immersion measurements were
performed on these two sets of specimens after irradia-
tion to determine the ner swelling. The fluence levels
ranged from 4.4 to 8.3 x 102 n cm™2 (E>0.1 MeV),
which were attained by placing the specimens at different
axial positions in MOTA levels 4 and 5.

3. Results

As shown in Fig. 1, the total diametral strains of the
pressurized tubes irradiated in EBR-II were linear with
stress at both low and high dose levels and at both ir-
radiation temperatures, with the strains at 1030°C a little
larger than those at 1130°C. The strains at 1330°C at the
high dose are significantly larger than at lower temper-
atures. Note that all three high dose sets of data ex-
trapolate to non-zero strains at zero stress, indicating
volume strains of ~2.4%, 2.0%, and 1.5% at 1030°C,
1130°C and 1330°C, respectively, assuming the distri-
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Fig. 1. Total diametral strains observed in pressurized tubes
constructed from pure rhenium and irradiated in EBR-II.

bution of strain was isotropic. Based on the observation
of voids in other studies of rhenium [1,2], it is assumed
that these strains are largely due to void swelling, but as
we will see later there was another contribution to the
volume change.

Note that the dpa levels in Fig. 1 are for stainless steel
rather than rhenium. This choice of units reflects two
considerations. First, the dosimetry results for EBR-II
and FFTF are routinely supplied in terms of fluence
above 0.1 MeV for stainless steel, which can be used to
assess the relative impact of the differing spectra in the
two reactors. Second, there is no published displacement
threshold for rhenium. This point will be addressed in
more detail in Section 4.

Fig. 2 and Table 1 present the swelling of these
tubes measured by density change. There is no apparent
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Fig. 2. Swelling of pressurized rhenium creep tubes, as mea-
sured by immersion density. It is assumed that void growth
accounts for this increase in volume. Note that a small cor-

rection must be made to account for the transmutation-induced
formation of osmium.

correlation of swelling with stress level. Note that a
relatively small correction has been made in Fig. 2 to
account for volume decreases arising from transmuta-
tion of Re to Os. This correction must be calculated and
will be described in Section 4 of this paper.

Fig. 3 and Table 2 show the density change and
corrected swelling observed in FFTF, with the highest
values, 4.6% and 5.51%, respectively, observed at
1250°C. Note that in the range 1017-1127°C there ap-
pears to be no significant effect of either the recrystalli-

Table 1
Swelling of pressurized tubes after irradiation in EBR-II
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Fig. 3. Stress-free ‘net swelling’ of pure rhenium in FFTF, as
measured by immersion density. These values are strong un-
derestimates of the void swelling due to very large densification
contributions occurring from osmium formation, as shown in
Table 2.

zation or the CVD treatment on the swelling. Based only
on the one datum at 1250°C there appears to be some
influence of temperature on swelling rate, increasing as
the temperature increases. Note in Table 2, however,
that in contrast to the EBR-II data, rather large changes
must be made in the FFTF data to account for osmium
formation.

4. Discussion

It is important to recognize that rhenium is easily
transmuted to osmium even in fast reactors, and that the
amount of transmutation is very sensitive to the differ-

Irradiation Neutron fluence, Dose in stainless Hoop stress Swelling (%) Ap/po, without and (with)
temperature (°C) (n cm™2) (E>0.1 MeV) steel (dpa) (MPa) correction for osmium formation
1030 0.60-0.70 3.0-3.5 54.0 2.27%

1030 0.60-0.70 3.0-3.5 71.5 0.464 (0.494)

1130 0.60-0.70 3.0-3.5 30.4 0.455 (0.485)

1130 0.60-0.70 3.0-3.5 432 0.385 (0.415)

1030 4.7-5.5 23.5-27.5 43.7 1.673 (1.903)

1130 4.7-5.5 23.5-27.5 10.3 1.739 (1.969)

1130 4.7-5.5 23.5-27.5 15.7 1.225 (1.455)

1130 4.7-5.5 23.5-27.5 18.9 1.360 (1.590)

1130 4.7-5.5 23.5-27.5 27.7 1.204 (1.434)

1330 4.7-5.5 23.5-27.5 5.1 2.484 (2.714)

1330 4.7-5.5 23.5-27.5 13.1 2.465 (2.695)

#This value is thought to represent an experimental error.
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Table 2

Swelling of specimens after irradiation in FFTF-MOTA as determined by density change measurements

Specimen type MOTA Irradiation Neutron fluence Dose in Swelling (%) Ap/py, without
level temperature (102 ncm™?) stainless steel and (with) correction for
(°O) (E>0.1¢eV) (dpa) osmium formation®

Open tube, CVD 5 1017 6.15 25.1 1.36 (2.28)

Open tube, CVD 4 1077 8.31 35.1 1.53 (2.76)

Open tube, CVD 5 1077 4.42 17.2 0.66 (1.38)

Open tube, CVD 4 1127 8.09 342 1.92 (3.10)

Open tube, CVD 5 1252 5.69 23.0 4.60 (5.51)

Rod, recrystallized 4 1016 8.10 34.2 1.16 (2.34)

Rod, cold worked 4 1016 8.06 34.1 0.94 (2.12)

Rod, recrystallized 5 1077 6.18 25.3 1.23 (2.21)

Rod, cold worked 5 1077 6.18 253 1.11 (2.09)
@ Aplpy is the change in density.
ences in neutron spectra between that in EBR-II and the .6
somewhat softer spectra in FFTF. This sensitivity arises = 5|  ®EBRdITubes 1250°C FFTF
from some strong neutron resonance reactions, and os
therefore the osmium formation rate is also very sensi- o 4 = FFTF 0.08% fdpa
tive to the relatively minor spectral differences between ‘§ 3 + EBR-Il Stress-Free .
levels 4 and 5 in FFTF-MOTA [4,5]. In EBR-II at the 5 Intercepts o
highest exposure of 5.5 x 10> n cm~2, the calculated Q2 B "
amount of Os formed was ~3.2%, and in the low ex- £ 1] ol ¢
posure experiment it was only 0.22%. In FFTF, how- % [REES
ever, 11.0% Os was formed at mid-plane in level 5 and 0+ ‘ ‘ ‘
17.4% at mid-plane in level 4. Our estimates of the un- 0 10 ) Z?SS) 30 40

pa

certainties in these calculations are dominated by self-
absorption corrections, but the calculated values of
osmium are felt to be accurate to £20%.

Although Re and Os are fully soluble in each other at
all concentrations, Os formation leads to a reduction in
lattice parameter. Using a correlation by King [6], this
produces a maximum densification of only 0.2% in the
EBR-II experiment, but 0.78% and 1.23% densification
is calculated for FFTF-MOTA at the mid-plane of
levels 5 and 4, respectively. Thus, the measured density
changes represent underestimates of the void swelling by
these amounts. In the absence of any contrary infor-
mation it is reasonable and necessary to assume that the
densification is isotropically distributed and there is no
significant enhancement of swelling by stress. The net
swelling values shown in Table 2 are in rough agreement
with the swelling values derived from the zero-stress
intercepts of the creep data at 1030°C (2.0% vs 2.4%)
and 1130°C (1.6% vs 2.0%), but somewhat larger at
1330°C (2.5% vs 1.5%). It therefore appears that these
are relatively safe assumptions.

When corrections are made for both displacive and
transmutation aspects of the neutron spectra, the data
from both reactors can be plotted together as shown in
Fig. 4. Considering the differences in transmutation rate,
displacement rate, stress level and starting condition, all
data in the range 1016-1330°C, except one at 1250°C,
exhibit remarkably similar behavior, with a mean
swelling rate of 0.08 (£0.02)% dpa~', based on stainless

Fig. 4. Compilation of transmutation-corrected swelling data
from both experiments vs. dpa for stainless steel, showing that
all data except one at 1250°C exhibit very similar behavior.

steel dpa. This implies that osmium formation probably
does not strongly influence the swelling rate. It is also
interesting that there does not appear to be a large in-
cubation regime of swelling, although the data in Fig. 2
might imply a higher initial swelling that saturates to a
lower level at higher exposure. Based on one data point,
however, this is too speculative to entertain.

Unfortunately, there is no published and accepted
value of the atomic displacement threshold Ey4 for rhe-
nium, leading to some uncertainty in the calculation of
the dpa levels for these experiments. If we assume that
the accepted threshold of 90 eV for neighboring tungsten
can be used [7], then the dpa calculated for these spectra
is ~44% of that calculated assuming stainless steel with
Ey=40¢V.

Note that the highest swelling value obtained in this
experiment was ~5.5% at ~5.7x 107> n cm~2 and
1250°C. Assuming the Ey value currently used for W
leads to a swelling rate of ~0.55% dpa~', indicating that
hcp rhenium may have a maximum swelling rate com-
parable to fcc metals such as Cu at ~0.5% dpa~! [8] and
austenitic steels at ~1.0% dpa~' [9]. However, this is
only a single data point. If we base our estimates of the
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swelling rate on all other data except that at 1250°C, we
come to the conclusion that swelling in rhenium pro-
ceeds at a relatively temperature-independent rate of
~0.2% dpa~!, similar to that of pure iron and Fe-Cr
binary alloys [10].

Turning to the non-hydrostatic strains, it is known
that irradiation creep is an inherently anisotropic
process, and that hcp metals and alloys often exhibit
irradiation growth, a separate process that is also
anisotropic and highly dependent on the starting dislo-
cation and grain texture. If we calculate the stress-
normalized creep strains for the EBR-II experiment after
deducting the net swelling and transmutation-induced
strains, we can see in Fig. 5 that the creep strains are
similar at 1030°C and 1130°C. The creep behavior mir-
rors that of the swelling in that it is also non-linear with
dose. These two conclusions are in agreement with ex-
pectations based on other studies [11].

If we calculate the creep strain rates in EBR-II, Fig. 6
shows that the creep modulus B is the same at both
1030°C and 1130°C as expected from previous experi-
ence in iron-based fcc alloys [11]. The measured value of
the creep-swelling coupling coefficient, D, for rhenium is
~ 1.3 x 1072 MPa~!, comparable to that observed in
various fcc and bee alloys, but the value of the creep
compliance in the absence of swelling, By, is negative at
about —3 x 10® MPa~! dpa~', based on dpa for
stainless steel. This negative value implies that the irra-
diation growth is strongly contributing to shrinkage of
the tube diameter by making a strain contribution that is
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Fig. 5. Stress-normalized diametral creep strains in the EBR-II
experiment.
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Fig. 6. Derived creep coefficients from the EBR-II experiment.

larger than that of irradiation creep, but smaller than the
combined effects of void swelling and transmutation.

The creep coefficients are also comparable to those
observed in bee and fec iron-based alloys [10,11], but the
growth strains are comparable in magnitude and per-
haps somewhat larger than the creep strains.

5. Conclusions

The radiation-induced changes in dimensional sta-
bility of hep rhenium are much more complicated than
those of typical fcc and bce metals, especially those
metals which do not undergo significant transmutation.
Whereas both void swelling and irradiation creep con-
tribute to increases in tube diameter, there are poten-
tially very strong negative strain contributions to the
tube diameter from irradiation growth and transmuta-
tion. The latter process is dependent on sometimes
rather small differences in neutron spectra.

When all of these factors are taken into consider-
ation, it appears that the creep and swelling rates of hcp
rhenium in the range 1030-1330°C are comparable to
those of fcc and bee alloys. The influence of stress,
starting condition and dpa rate do not appear to exert a
strong influence on the swelling behavior in the limited
temperature range studied.
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