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Abstract

Post-irradiation examination has started and initial results are available for the varying temperature irradiation
experiment conducted in the high flux isotope reactor (HFIR), carried out in the framework of the Japan—-USA Fusion
Cooperation Program (JUPITER project). This experiment is an unprecedented controlled irradiation experiment
designed for symmetrical comparison of isothermal and temperature-variant neutron irradiation effects. This paper
summarizes the irradiation experiments and initial results obtained from the post-irradiation examination of an au-
stenitic alloy, vanadium, a vanadium alloy and copper. These preliminary results extend the trends observed in earlier,
lower fluence experiments, with some effects of the low temperature phase of variable temperature irradiation on
evolving microstructures. © 2001 Elsevier Science B.V. All rights reserved.

1. Introduction

Numerous experiments have demonstrated that
temperature transient during irradiation can have a
strong impact on the response of materials [1-24]. The
comparison of conventional (with some variation) and
controlled temperatures during operation of Japan ma-
terials testing reactor (JMTR) [2-5] and the observation
and analysis of defect clusters formed during the shut-
down procedure of fast flux test facility (FFTF) [6-9]
strongly suggested the need for carefully controlled
temperature-variant irradiation experiments. The major
motivation for such experiments is to reexamine the
previously obtained neutron irradiation data taking the
temperature transient effects into account and to predict
performance of fusion structural materials subject to
temperature variation during operation [9].

Fundamental studies of the effects of temperature
transients during irradiation have been performed by
intentional temperature changes during irradiation or
by re-irradiation at different temperatures. These
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studies have used neutrons [10-15], heavy ions [16-22]
and electrons [23,24]. In particular, systematic low dose
fission neutron irradiation experiments with and with-
out intentional temperature variation have been carried
out in JMTR [11-15]. These studies showed the influ-
ence of the temperature excursion varied from negli-
gible to strong, depending on the temperature range,
variation period and frequency, as well as on the
materials.

The JMTR research was focused mainly on micro-
structure evolution at low dose levels (~0.1 dpa) because
of the limitation on flux and irradiation volume.

Rate theory and kinetic Monte Carlo analyses of
defect accumulation, microstructural evolution and
mechanical property change have been carried out for
varying temperature irradiation conditions [25-28].
These studies have been aimed at understanding the
existing data and at predicting the possible temperature
change effects on the performance of materials in fusion
conditions.

In the Japan-USA Fusion Cooperation Program
(JUPITER project), a “‘Varying Temperature Irradiation
Experiment’ was selected as one of the major collabo-
ration tasks [29]. The experiment is complementary to
the irradiation studies with JMTR in extending the dose
level (~0.1 dpa in JMTR and ~5 dpa in HFIR). The
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experiment also includes mechanical property measure-
ments using various small size specimens.

2. Outline and progress of the experiment

The history of the varying temperature irradiation
experiment is summarized in Fig. 1. The design of the
experiment progressed through phases of technical as-
sessment, conceptual design and engineering design.
During the engineering design, mock-up tests were car-
ried out to verify the temperature control technique. The
experimental design and fabrication, the specimens
matrix and the operation of the experiment in the HFIR
have been reported earlier in [30-35].

The capsule temperature control zones and the de-
signed temperature control scenario are schematically
shown in Fig. 2. The experiment has four irradiation
zones; low temperature steady (Zone A — 350 °C), high
temperature steady (Zone B — 500 °C), high tempera-
ture variable (Zone C — 300/500 °C) and low temper-
ature variable (Zone D — 200/350 °C). In the variable
zones, the temperatures were reduced for the initial
10% period of each irradiation cycle (low T phase),
and elevated for the remaining 90% period (high 7
phase). Paired specimens were loaded symmetrically
with respect to the reactor mid-plane in order to be
subjected to a similar fluence and spectrum of neu-
trons.

Temperature control was carried out using a combi-
nation of the control of the gas composition (Ne or Ar,
and He) in a thermal insulating gap between specimen
holders and the capsule wall, and control to 8 electric
heaters per specimen holder. Temperature monitoring
was carried out using 28 thermocouples in total, which
measured the temperature of each holder at distinct
axial locations distributed angularly at three locations,
and of 5 dummy specimens.

Four types of specimens were included in the exper-
iment. They are transmission electron microscopy
(TEM) discs, small size tensile specimens with gauge
length of 5 mm, small size Charpy V-notch (CVN)
specimens with dimensions 1.5 mm x 1.5 mm x 20 mm
and bend-bar specimens with dimensions 1.0 mm X
0.7 mm x 10 mm. The specimens were contained in
sleeves fitted in axial holes in the holders. The purpose of
the sleeves is to position the specimens and to enhance
the heat transfer from the specimens to the holder.
Alumina dispersion strengthened aluminum (DISPAL)
was chosen as the material for the holders and the
sleeves because of its low nuclear heating rate, fair
strength and fabricability and compatibility with various
specimen materials. Fig. 3 shows tensile test specimens
contained in a sleeve being loaded into a hole in the
holder. Six of the specimen sleeves are shown in Fig. 3,
occupying the large diameter holes. A number of smaller
holes in the holders are for gas-lines, electric heaters and
thermocouples.
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Fig. 1. History of the varying temperature irradiation experiment in HFIR under the Japan-US Fusion Cooperation Program

(JUPITER project).
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Fig. 2. The capsule temperature control zones and planned temperature control scenario for the varying temperature irradiation

experiment.
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Fig. 3. A photograph taken when tensile specimens contained
in a sleeve were being loaded into the holder.

Specimen materials irradiated in this experiment in-
cluded low activation ferritic steels and their model al-
loys, model and candidate vanadium alloys, austenitic
steels and their model alloys, copper and copper alloys,
and others (Mo, W, Ni, Nb, Ta, Al and their alloys and
some ceramics). About 1000 TEM discs, 350 tensile
specimens, 50 CVN and 80 bend bars were loaded in
each of the four zones. The irradiation was planned for

10 cycles in a europium shielded capsule in one of the
Removable Beryllium (RB) positions of HFIR.

Irradiation of the varying temperature irradiation
experiment started in HFIR on July 22, 1998 (Cycle 362)
and ended on May 16, 1999 (Cycle 369). This was two
cycles short of the planned ten-cycle operation, with
capsule removed due to leakage in a gas supply line into
the capsule. It operated 195.1 effective full power days
(EFPDs), which roughly corresponds to 4 dpa for steels.
Of the 32 heaters operating at the initiation of the ir-
radiation, two heaters were removed from service be-
cause low electrical resistance from the element to
ground was detected. All 28 thermocouples were oper-
ational during the experiment.

The indicated temperature, which is the average of 5
to 7 thermocouples installed into each zone, are shown in
Fig. 4. The third cycle had a mid-cycle shutdown and
restart. Three minor temperature excursion occurred
during the operation. The average indicated tempera-
tures and the estimated variation of the four zones are
listed in Table 1. During operation, the average indi-
cated temperatures were intended to be controlled 10 K
below the nominal temperatures, to account for tem-
perature difference between the holders and the speci-
mens. In Zone B, however, the temperature could not be
controlled at the design point because the nuclear heat-
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Fig. 4. Average indicated temperatures of the four zones for the full period of irradiation.

Table 1
The average indicated temperatures and their variation for the four zones
Zone A Zone B Zone C Zone D
Low T High T Low T High T
phase phase phase phase
Nominal temperature (°C) 350 500 300 500 200 350
Average indicated temperature (°C) 340 510 350 510 225 340
Temperature variation (°C) max/min 339/341 490/520 334/362 500/520 222/230 339/340
Estimated average specimen temperature (°C) 340 520 360 520 225 340

The data are extracted from histograms of readings from thermocouples taken at one-hour intervals during the irradiation. Tem-
perature transients during the reactor start-up, reactor shut-down, the shift from the low 7 phase to high 7 phase, and the three minor
temperature excursion events were not included in the statistics. Estimated specimen temperatures are also listed, which is derived by
the measured specimen-to-holders temperature difference. The details are shown in [35].

ing rate was higher than predicted or the capsule gap
thermal resistance was higher than expected. As a result,
the holder temperature remained higher than the design
point and changed with time as seen in Fig. 4. The
temperature of Zone C during the high T phase was
manually adjusted to keep it close to that of Zone B.
Similar temperature deviation occurred during the low T’
phase of Zone C and Zone D. The average indicated
temperatures were precisely controlled in Zone A for
most of the time and Zone D during the high 7 phase as
seen in Table 1. The goal temperature for the control was
set 10° below the designed temperature, based on the
calculation that the actual specimen temperature would
be ~10 K above the holder temperature. Monitoring of
thermocouples attached to dummy specimens showed
that the temperature difference between the specimen

and the holder varied from 8 to+ 15° depending on the
specimen shape, alloy and location, and irradiation cy-
cle. Estimated average specimen temperature is also lis-
ted in Table 1. The details are reported in [35].

After irradiation the capsule was stored in the reactor
water pool for about one year. This allowed decay of
short lived radioactivity. It was then disassembled and
the specimens were retrieved and shipped to hot labo-
ratories. Some of the post-irradiation TEM examination
started late 2000 at ORNL and PNNL.

Major technological developments accomplished in
this experiment are summarized as follows:

1. Robust electrical heaters were developed which can
withstand neutron irradiation to at least 4 dpa.

2. The procedure to maintain constant specimen tem-
peratures, irrespective of the change in the reactor
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power, was established using a combination of the
control of the gas (mixture of Ne or Ar and He) com-
position in a thermal insulating gap between speci-
men holders and the capsule wall, and control to
electric heaters.

3. The procedure to change specimen temperatures in a
stepwise manner during irradiation was established,
using a combination of the compositional control of
the gap gas and power control to the electric heaters.

4. Accurate temperature evaluation was achieved by
monitoring the temperature distribution in the hold-
ers and the temperatures of representative dummy
specimens using 28 thermocouples in total.

3. Results of the initial post-irradiation examination

Microstructural examination using TEM has been
carried out on specimen pairs which compare the sym-
metrical isothermal and temperature-variant irradiation
conditions. This paper reports the results from Zones A
and D, namely 340 °C constant and 225/340 °C variable
(estimated average specimen temperature) irradiation.
The materials were Fe-16Cr—17Ni austenitic ternary
alloy, unalloyed V, V-4Cr-4Ti and unalloyed Cu. Fe-
16Cr-17Ni alloy was melted from Johnson-Matthey
high purity starting materials in a flowing pure hydrogen
atmosphere and solution-treated at 1100 °C for 0.5 h.
Unalloyed vanadium contained 13 ppm O, 60 ppm N,
120 ppm Fe, 40 ppm Si and 100 ppm Al, and annealed at
1100 °C for 2 h. V-4Cr-4Ti alloy contained 590 ppm O
and 4 ppm N and annealed at 1100 °C for 2 h. Unal-
loyed copper, produced by arc melting, contained about
25 ppm O and annealed at 600 °C for 2 h. The materials
used are from the same batch as those reported for Fe—
16Cr—17Ni [11], unalloyed V [19], V-4Cr-4Ti [20] and
unalloyed Cu [36].

Microstructural parameters obtained by the TEM
are listed in Table 2. Other microstructural observations
including specimens irradiated in the 360 °C constant
and the 360/520 °C variable conditions are in progress.
The results will be reported separately [37].

3.1. Fe-16Cr—17Ni austenitic alloy

Fig. 5 compares the microstructures under bright-
field kinematical conditions for Fe—16Cr—17Ni induced
by 340 °C steady and 225/340 °C variable irradiations.
A low density of small cavities was observed in the
variable case. The cavity density was much lower in
the steady case. Fig. 6 shows the microstructure of the
same specimens but in a dark-field weak-beam con-
dition. Dislocation loops and small defect clusters,
most of which were identified to be stacking fault
tetrahedra (SFT) by their triangular shape when ob-
served from (110) directions, were observed in both
specimens. The density of the clusters in the variable
case was significantly lower than that in the steady
case.

A suppression of defect evolution was reported for
the same alloy irradiated in JMTR to 0.13 dpa with the
periodic temperature change at 200/400 °C [11]. The
suppression of defect evolution by the change of tem-
perature was also confirmed by heavy ion irradiation of
the same alloy to 1.4 dpa [18]. In those cases, evolution
of all defects including loops, SFT and voids was re-
tarded. In the present case, however, the density of SFT
was selectively decreased by the temperature variation.
Rate theory analyses showed that the accumulation of
vacancy clusters during the lower temperature irradia-
tion suppressed the dislocation evolution during the
subsequent irradiation at a higher temperature [11,18].
However the model cannot explain the suppression of
SFT by the temperature change as observed in the pre-
sent study.

The cavity density of ~10?!'/m? has been reported
for model austenitic ternaries at ~400 °C [38,39], and
higher density is expected at 340 °C based on the data
compilation [40]. The much lower cavity density
shown in Table 2 implies that the cavity nucleation
was still in the transient regime in the present condi-
tion. The temperature variation effect on cavity density
shown in Table 2 might be, therefore, a temporary
effect. Systematic studies on the temperature history
effects on the duration of transient regime and the

Table 2
Microstructural parameters obtained by the TEM observation
Materials Microstructural Parameter 340 °C 225/340 °C
Fe-16Cr-17Ni Loop density 2.6 x 10?! /m? 2.4 x 10°' /m?
Cluster density 1.1 x 10%2/m? 1.6 x 10°!/m?
Cavity size 10 nm 10 nm
Cavity density 3.0 x 10" /m? 1.4 x 102 /m?

A\ Cavity size
Cavity density

Cu Void size
Void density

2.8 nm 1.8 nm
1.1 x 10*/m? 1.4 x 10*/m?

60 nm 64 nm
4.0 x 10 /m? 4.7 x 10 /m?




T. Muroga et al. | Journal of Nuclear Materials 299 (2001) 148—156 153

Fe-16Cr-17Ni

Fig. 5. Comparison of microstructure in a bright field kinematical condition for Fe-16Cr—17Ni induced by 340 °C steady and
225/340 °C variable irradiation. More details of temperature data are available in Fig. 4, Table 1 and [35].

-

Fig. 6. Same as Fig. 5 except the imaging condition is dark-field weak-beam. Dislocations and small defect clusters are visible as white
images.
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saturation density are necessary for overall under-
standing.

3.2. Unalloyed vanadium and V-4Cr-4Ti

In unalloyed vanadium a low density of disloca-
tions and a high density of small cavities were ob-
served for both 340 °C constant and 225/340 °C
variable irradiation conditions. The size of the cavities
in the variable case is slightly smaller than that in the
constant case.

Fig. 7 compares bright-field and weak-beam dark-
field images. Thin and long plate-shaped precipitates
were observed in the variable cases in both the bright
and dark field images. They are oriented in (100)
directions. An ion irradiation study of the same ma-
terial [19] showed similar precipitation by irradiation
between 500 and 600 °C. The precipitates, however,
disappeared with subsequent ion irradiation at 200 °C.
Thus their stability under irradiation is believed to be
low. Therefore, it may be premature to conclude that
the precipitates observed in the present study were
formed because of the negative temperature excursion
effects.

In V-4Cr—4Ti, high densities of defect clusters were
observed in weak beam dark-field imaging conditions in
both 340 °C constant and 225/340 °C variable irradia-
tion conditions. They are considered to be a mixture of
defect clusters and precipitates as reported in V-Cr-Ti
alloys irradiated at 200-400 °C [41-44].

N

4\ 225/340°C

Fig. 7. Comparison of microstructure in bright field kinemati-
cal (upper) and dark-field weak-beam imaging (lower) condi-
tions for unalloyed vanadium induced by 340 °C steady and
225/340 °C variable irradiation. More details of temperature
data are available in Fig. 4, Table 1 and [35].

3.3. Unalloyed copper

Fig. 8 shows the comparison of microstructures in
unalloyed copper in 340 °C constant and 225/340 °C

Fig. 8. Comparison of microstructure in bright field kinematical conditions for unalloyed copper induced by 340 °C steady and 225/
340 °C variable irradiation. More details of temperature data are available in Fig. 4, Table 1 and [35].
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variable irradiation conditions. Voids were formed ho-
mogeneously in the matrix, and a low density of tangled
dislocations was also formed. Microstructural images in
weak-beam conditions showed that the densities of small
defect clusters, such as SFT, were low and <10' m~3.

In the present study, no significant difference in mi-
crostructure was found between isothermal and tem-
perature-variant irradiation. In the comparison of
conventional (includes negative temperature deviation)
and improved irradiation in JMTR, enhanced void
formation was observed for negative temperature tran-
sient at the irradiation temperature of 400 °C but not at
300 °C [3]. Thus the defect processes in the present
combination of 200/350 °C in HFIR is considered to be
qualitatively similar as those in the conventional control
at 300 °C in JMTR.

4. Summary

The varying temperature irradiation experiment
conducted in HFIR as part of the Japan—-USA Fusion
Cooperation Program (JUPITER project) is providing
valuable information on the influence of temperature
variation at relatively high fluence levels. Post-irradia-
tion examination being actively carried out both by
Japanese and US participants will further enhance our
understanding of the temperature transient effects on
defect processes, microstructural evolution and materi-
als performance.
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