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Abstract

A long-term test has been conducted in the JFT-2M tokamak fusion device to determine the effects of environmental
exposure on the mechanical and chemical behavior of a V-4Cr-4Ti alloy. Test specimens of the alloy were exposed in
the outward lower divertor chamber of JFT-2M in a region away from direct contact with the plasma and were pre-
heated to 300°C just prior to and during selected plasma discharges. During their nine-month residence time in JFT-
2M, the specimens experienced approximately 200 lower-single-null divertor shots at 300°C, during which high energy
particle fluxes to the preheated test specimens were significant, and approximately 2010 upper-single-null divertor shots
and non-divertor shots at room temperature, for which high energy particle fluxes to and expected particle retention in
the test specimens were very low. Data from post-exposure tests have indicated that the performance of the V-4Cr-4Ti
alloy would not be significantly affected by environmental exposure to gaseous species at partial pressures typical for
tokamak operation. Deuterium retention in the exposed alloy was also low (<2 ppm). Absorption of interstitials by the
alloy was limited to the very near surface, and neither the strength nor the Charpy impact properties of the alloy
appeared to be significantly changed from the exposure to the JFT-2M tokamak environment. © 2000 Elsevier Science

B.V. All rights reserved.

1. Introduction

One of the most promising features of fusion as a
future energy source is its potential for low environ-
mental impact [1,2]. In order to realize this potential,
however, materials which have low neutron activation
and rapid activation decay must be used in the con-
struction of fusion systems. Vanadium-chromium-—
titanium alloys are attractive for fusion systems because
they not only exhibit inherently low neutron-induced
activation, but they also exhibit high resistance to
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swelling and good thermal and mechanical properties
required for high temperature system performance [3,4].
A V-4Cr-4Ti alloy has been selected in the US as the
current leading candidate for structures behind the first
wall region.

In 1995, General Atomics (GA), in conjunction with
the Department of Energy’s (DOE) DIII-D Program,
developed a plan for the utilization of this vanadium
alloy in the DIII-D tokamak [2,5,6]. This plan was to
culminate in the installation and operation in DIII-D of
full-size components fabricated from a large heat of V-
4Cr—4Ti alloy to be procured for the program [7-10].

To this end, a large heat (1200 kg) of V-4Cr-4Ti
alloy was procured (Teledyne Wah Chang (now Oremet
Wah Chang) of Albany, OR, USA) [11], and studies
were conducted to develop appropriate techniques ap-
plicable to the fabrication of the large-scale components
[12]. In addition, because the components were expected
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to be exposed to a wide range of environmental condi-
tions that could affect the properties of the material,
coupon-size specimens were exposed in DIII-D to a
range of temperatures and impurity conditions typical of
today’s tokamak plasma physics experiments in order to
obtain early performance data. Data from the test series
indicated that the performance of the alloy was not
significantly affected by the environmental exposure [13—
15].

As a continuation of this investigative effort to assess
the effects of a tokamak environment on the behavior of
the alloy, additional specimens of the V-4Cr-4Ti alloy
were long-term exposed in the JFT-2M tokamak [16] in
Japan under the auspices of the Japan Atomic Energy
Research Institute (JAERI). The results of tests on the
post-exposed specimens are the subject of this paper.

2. Objective

In service, large-scale V-alloy components in fusion
systems of the future will be exposed to a range of
temperatures and impurity conditions typical of today’s
tokamak plasma physics experiments. These conditions
include: alternating vacuum/low-pressure hydrogen and/
or deuterium plasma operation; indirect particle flux;
thermal cycles and periodic bake-out; various periodic
internal surface cleaning and conditioning processes
(e.g., He glow discharge cleaning, boron or titanium
coating, etc.); and occasional re-exposure to air during
vents for maintenance. The objective of the test speci-
men exposures in DIII-D and in JFT-2M is to determine
the effects of these environmental exposures on the
performance of the V-4Cr-4Ti alloy. Of particular im-
portance is to determine whether interstitial impurities
(O, H, C, and N) are absorbed in quantities sufficient to
cause significant changes in mechanical properties and
material embrittlement. In the previous DIII-D expo-
sures, the test specimens were not heated during plasma
exposure, and experienced elevated temperatures
(~300°C) only during periodic vessel bake-outs during
non-plasma operations [13-15]. For the exposure in
JFT-2M, however, the specimens were intentionally
heated during plasma operation as particle interactions
and retention in the alloy were expected to be greater.

3. Experiment and specimen description
3.1. Test specimens

The chemistry of the heat of V-4Cr—4Ti alloy used in
this study (Heat No. 832864) and annealed sheet mi-
crostructure have been previously reported [11]. Test
specimens fabricated by GA and provided to JAERI for
exposure in JFT-2M included standard bend (10 mm x

4.5 mm x 55 mm long); full-size Charpy V-Notch (CVN)
impact (10 mm x 4.5 mm x 55 mm long with a 45°
2 mm deep, 0.25 mm root radius notch); miniature (one-
third size) CVN impact (3.3 mm x 3.3 mm x 25.4 mm
long with a 30°, 0.6 mm deep, 0.08 mm root radius
notch); tensile (12 mm x 1 mm thick x 55 mm long with
a 23mm x 4 mm gauge section); and hardness and
chemical analysis test specimens (10 mm x 10 mm X
2 mm thick).

All specimens were machined from as-warm-rolled
(400°C) 4.8 mm thick V-4Cr-4Ti alloy sheet [8—11], with
the short transverse dimension of each specimen taken
through the thickness of the sheet. The longitudinal di-
rection of each specimen was taken parallel with the
rolling direction. The direction of the crack plane for
the standard CVN specimens was perpendicular to the
rolling direction and parallel to the width of the sheet,
and for the miniature CVN specimens was perpendicular
to the rolling direction and through the sheet thickness.
The faces of all specimens were machined to a 1.6 um
finish. In addition, the chemistry and hardness samples
were hand ground on 5 pum silicon carbide paper in order
to provide a very fine surface finish for subsequent
surface and hardness analyses after exposure. After
machining/grinding, the specimens were chemically de-
greased in trichloroethylene, ultrasonically cleaned in
acetone, rinsed in ethyl alcohol, and air dried. After
cleaning, the specimens were wrapped in pure Ta foil
and annealed by: (1) heating from room temperature to
525°C in a cryopumped vacuum of less than 1 x 1073 Pa
at a rate of 500°C/h, and holding for 1 h to outgas any
hydrogen that had been picked up by the specimens
during processing; (2) heating simultaneously from
525°C to 1000°C, holding for 1 h at 1000°C, and then
cooling to approximately 400°C at a rate of 1000°C/h.

3.2. Exposure and test conditions

A long-term (nine-month) exposure of the annealed
V-4Cr-4Ti alloy test specimens was then performed in
the JFT-2M tokamak. The test specimens were posi-
tioned in the outward lower divertor chamber of JFT-
2M [16] in a region away from direct interaction with the
plasma. The specimen holding-fixture contained a heater
to preheat the specimens to 300°C just prior to and
during plasma discharges (‘Sample bed’ in Fig. 1).
During their nine-month residence time in JFT-2M, the
specimens experienced exposure to many environments:
air; low-pressure hydrogen and deuterium (~1073 Pa);
redeposition of titanium (used for vessel interior condi-
tioning via sputtering of titanium by Ar ions with
magnetron-type rf discharges); and neutral high energy
particles, including metallic species, during the approx-
imately 200 lower-single-null divertor shots for which
high energy particle fluxes to the preheated test speci-
mens were substantial. For these shots, the period of
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Fig. 1. Location of the sample bed with hood. Specimens (white squares) were exposed in the flux of atomic and molecular deuterium
without direct plasma bombardment during the lower-single-null divertor discharges.

discharge flat-top was 0.5 s and the duration of hydro-
gen neutral beam injection (0.3-0.8 MW; for 114 out of
200 shots) was 0.2 s. The following typical operation
parameters were with plasma fuel gas of duetrium:
plasma current, I, ~ 200 kA; toroidal magnetic field,
B, ~ 1.3 T; line-averaged main plasma electron density,
. =2-6 x 10 m™3; electron density near divertor
plate, n%" = 1-4 x 10" m~3; electron temperature near
divertor plate, 78" = 6-20 eV. Above the medium elec-
tron density, ~3 x 10! m™3, the divertor gas pressure
increased to 10-50 mPa. After the discharge termina-
tion, the interior pressure reached ~10~! Pa and decayed
with a time constant of the order of 1 s.

The specimens were also exposed to approximately
2010 upper-single-null divertor shots and non-divertor
shots (including disruptions developed prior to estab-
lishing the divertor configuration), for which high en-
ergy particle fluxes to the test specimens were relatively
low. During most of these shots, the test specimens were
near room temperature where particle retention was
expected to be low.

After exposure, the bend specimens, standard CVN
specimens, tensile specimens, and chemistry and hard-
ness specimens were removed and evaluated in Japan;
the miniature CVN specimens were evaluated by Argo-
nne National Laboratory. At Hokkaido University,
both unexposed (control) and exposed chemistry (test)
specimens were measured for near-surface deuterium
retention and chemical composition by thermal de-
sorption spectroscopy (TDS) and Auger electron spec-
troscopy (AES). The surface topography of exposed
specimens was also examined by scanning electron mi-
croscopy (SEM).

At JAERI, room-temperature uniaxial tensile tests
and three-point bending (load vs deflection) tests were
conducted on unexposed and exposed tensile specimens

and standard bend specimens using an INSTRON
screw-drive-type test machine. Charpy impact tests were
performed on unexposed and exposed standard CVN
specimens at room temperature. Microhardness mea-
surements (Vickers) were performed on unexposed and
exposed hardness specimens. At ANL, Charpy impact
tests on miniature CVN specimens were conducted in air
over a range of temperatures from liquid nitrogen tem-
perature to 200°C with a Dynatup drop-weight tester
following established procedures [13]. Specimen tem-
perature during each test was measured with a thermo-
couple spot-welded to the end of the specimen. For the
above-ambient-temperature tests, a hot-air blower was
used to provide the heating. For the below-room-
temperature tests, liquid nitrogen was used to chill the
specimens. After testing, the fracture surfaces of the
specimens were examined by SEM.

4. Test results
4.1. Deuterium retention and surface analysis

The TDS measurements indicated that the major gas
species desorbed from an unexposed V-alloy specimen
(control) was H,, with a desorption peak observed at
about 500°C. Desorption of H,O, CO and CO, was also
observed.

The major gas species observed to desorb from a
JFT-2M-exposed V-alloy specimen was also H,, but the
amount observed was approximately one-half of that
desorbed from an unexposed specimen. Since the sample
temperature during exposure to the plasma was about
300°C, approximately half of the hydrogen present in
the unexposed material was apparently desorbed at the
exposure temperature. Deuterium was also observed to
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desorb from the exposed material. The retained amount
of deuterium in the exposed material (sample) was
4.5 x 10" D/sample, and was desorbed in the form of
HD and D,. This corresponds to a deuterium fluence of
4.5 x 10'7 D/cm?, based on the geometrical surface area
of the sample (2.4 cm?), and a retained deuterium con-
centration of 1.3 ppm, based on the weight of the test
sample (1.2 g). The peak temperatures for desorption of
HD and D, were approximately the same as that for H,,
about 500°C.

Chemical analysis (AES) measurements of the sur-
face of an exposed sample revealed a deposited layer
approximately 200 nm thick containing substantial Ti,
Fe, O, C, and traces of Cr. Measured concentrations of
Ti, Fe, O, and C at a depth of ~100 nm were 28, 18, 18
and 33 at.%, respectively, though C levels were only
slightly higher than values measured for an unexposed
sample out to depths of ~500 nm. Below this deposited
layer, measured C values remained nearly constant while
Fe levels decreased to near zero at ~280 nm, and Ti and
O levels decreased and reached values generally consis-
tent with bulk chemistry values at ~350 nm. The de-
position of titanium is not unexpected because of the
titanium sputtering which is periodically utilized to
condition the JFT-2M vessel interior. It is believed that
the Fe, Cr, and C resulted from the redeposition of
species eroded by the plasma from the vessel wall, di-
vertor, and/or baffle plate materials (all stainless steel
components) and guard limiters (graphite), and O, and
possibly some additional C, was the result of interaction
of the V-alloy with various O- and C-containing species
present in the vessel environment (e.g., water vapor, CO,
COy).

From the analysis performed, the deuterium reten-
tion was observed to be small, 1.3 ppm. The deposited
layer may be in the form of an oxide and/or carbide, and
may have played a role as a diffusion barrier for the
deuterium flux from the divertor plasma. The color of
the surface of exposed samples was yellow, which is
consistent with the possible formation of titanium oxide
in the deposition layer. In previous experiments at
Hokkaido University on hydrogen absorption in a Ti-
alloy, it was found that the hydrogen absorption was
largely suppressed by a thin oxide layer at the surface
[17]. This result may suggest that in order to minimize
hydrogen uptake of V-alloy components in a fusion
device and to increase component lifetime, surface
modifications such as the pre-operation formation of a
thin oxide layer may be beneficial.

A SEM analysis of surfaces of the exposed chemistry
specimens revealed a surface topography with features
on the order of a few microns, and the topography was
not substantially different than that observed for an
unexposed specimen. The reason for the similar nature
of the surfaces on unexposed vs exposed specimens is
that the deposited layer on the exposed specimen was

very thin (200 nm) and no erosion of the underlying
metal appeared to have taken place.

4.2. Mechanical property tests

The results of the room-temperature tensile tests
(ultimate tensile strength and elongation) on unexposed
and exposed V-alloy specimens are presented in Fig. 2.
The data indicate that there is no substantial change in
bulk tensile properties of the alloy as a result of the
exposure in JFT-2M.

To evaluate delicate changes in mechanical properties
after the tokamak exposure, bend tests were performed
on unexposed and exposed bend test specimens. From
the load vs deflection curves, the calculated elastic limit
stress, og, and deflection, ¢, values corresponding to the
deviation of the curve from linearity were developed.
Fig. 3 shows or and &g values for V-4Cr-4Ti alloy
before and after the tokamak exposure. Higher o, with
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Fig. 2. Ultimate tensile strength (UTS) of V-4Cr-4Ti alloy
before and after the long-term tokamak exposure test.
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Fig. 3. The relationship between or and ¢z of V-4Cr-4Ti
before and after the tokamak exposure.
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higher ¢g, values were observed after the tokamak ex-
posure. These increases are consistent with a very slight
strengthening of the exposed surfaces (stressed outer fi-
bers) of the specimens due to impurity pickup, a
strengthening that would not have been detected from
the tensile test data.

Figs. 4 and 5 show Charpy absorption energy vs
lateral expansion and hardness level, respectively, as
measured on the standard CVN and hardness test
specimens before (control) and after the tokamak ex-
posure. No remarkable or significant changes were ob-
served after the tokamak exposure.

The results of the Charpy tests on JFT-2M-exposed
miniature CVN specimens are summarized in Fig. 6
along with the results of tests performed on unexposed
baseline (control) specimens. It appears that the impact
properties of the JFT-2M-exposed specimens are essen-
tially unchanged from the unexposed baseline proper-
ties. The exposed material still possesses excellent impact
properties at temperatures as low as —150°C. A SEM
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Fig. 4. The relationship between Charpy absorption energy and
lateral expansion of V-4Cr-4Ti alloy before and after the
tokamak exposure.
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Fig. 5. Hardness of the V-4Cr—4Ti specimen surface before and
after the tokamak exposure.
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Fig. 6. Charpy impact properties of V-4Cr-4Ti alloy after
JFT-2M exposure.

fractographic examination of the tested specimens con-
firmed these positive findings. Even at a low temperature
of —150°C, examination of the fracture surfaces of the
specimen indicated that the fracture was by ductile tear.
Only at —195°C did the specimen fracture surface show
evidence of brittle cleavage.

5. Summary

A collaborative R&D effort was conducted to inves-
tigate the influence of the non-plasma facing environ-
ment behind the divertor in the JET-2M tokamak on the
bulk properties and composition of alloy V-4Cr—4Ti.
The mechanical property data developed for V-4Cr—4Ti
alloy specimens after their exposure in the JFT-2M
tokamak indicate that the JFT-2M environment did not
significantly influence the bulk properties of the alloy.
The changes observed in the material, e.g., by interstitial
impurity uptake (or loss) and deposition, were limited to
a shallow surface layer of the alloy, perhaps resulting in
slight increases in strength in the layer as measured by
bend tests. A decrease (desorption) in hydrogen content
was observed in the V-4Cr-4Ti specimens after the
tokamak exposure, and only a small amount of deute-
rium retention in the alloy was observed (<2 ppm). The
deposition layer observed may have played a role as a
diffusion barrier for the deuterium flux from the divertor
plasma. The findings are interpreted as being acceptable
and supportive for the use of this vanadium alloy as a
structural material in future fusion systems.
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