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ABSTRACT

The internal compossnts of magneuc fusion devices must
withstand erusion from and high heat flux of energetic
oiasma particles. The selection of matesials for the construc.
tion of these componenis is importaal 0 minimize comtami-
aation of the plasma In order t0 study various matcrials’
comparative resistance to erosioa by eacrgetic particles and
their ability o withstand high heat flux, water-cooled copper
swirl tubes coated or armored with various materials were
subjecied 10 bombardment by hydrogen and helium particle
beams. Maierials tcsted were graphite, titanium carbide
(TiC), chromium. aickel, copper, silver, gold, and aluminsm.
Detaiis of the experimental arrangement and methods of
applicativa ur attachmear of the materials 10 the copper
swirl tubes are preseated. Resulrs including survivability aad
mass losses are discussed.

INTRODUCTION

A coscern for preseat asd future magaetic confinement
devices is the lifetime limitation dee to thermal fatigue and
erosion of the internal components used for plasma heating
and impurity control. These components, which include jim-
iters, divertor collector plates, rf launchers, asd Faraday
shieids, must handle high fluxes of cnesgetic particies from
the plasma peripbery. Depending o the proximity of these
components to the plasma, the average costinwous beat flux
could be 1000 W/cmé, and the average particle flux could
ts (0" panticlies/em?.s. Duriag plasma disruptions, traa-
sient (~10-ms) heat fluxes of 10 to 100 kW /em? caa occur.
The design study of FED/INTOR' determined that the
development of materials aad technology for the imternal
comporents is one of Lhe eritical ssues of ongoing fusion
research.

The seection of matcrials for the constructios of these
composents is importaat in order to minimize contaminativoa
of the plasma and degradation of confinement for long time
periods. The materials must therefore be very resistanl to
erosion, thermgal shock, and thermal fatigue. Marerials with
siements having low mass nsmbers are also desirable,

“Reseach sporscred by tie Office of Fusion Enerpy. U.S.
Department  of  Energy, cader Comtract No.  DE.
ACOSSI0R2 1400 with Martia Maricita Encrpy Sysiems, loc.
"Gerzra! Electric Company, Schensctady, NY 12345.

NOTICE

TH13 REPORT IS ILLEGIBLE TO A DEGREE
THAT PRECLUDES SATISFACTORY REPRODUCTION

Materials preseatly being used or suggesied inclsde graph-
ite, TiC, Cr, Ni, AL aad Be.

In preseat short-pulse (<5-3) confinemeatr caperimeats,
the energy logt to the imternal components is hasdied iser-
tially (the mass of the component absorbs ths esergy {rom
one puise, which then dissipates slowly to the surrcundings
by radiation and coaduction bstween puises). Futurc experi-

" meats with pulse leagths exteaded to tens of seconds will

require active cooling (a coolaat flowing through the com-
possnt). Durizg the developmest of neuiral beam sysisms®3?
in the last ten yesars, it was demonsirated that water<cooled
copper swirl tubes cowld haadle bigh {~7-kW/cm®) beat
flux. Limiters fabricated of swiil tubes have been proposed.
Oak Ridge National Laboratory (ORNL) has prime respon-
sibility for the deveiooment of rf plasma heaung teckrology
for the next-gemeration fusion devices in the United States.
The =f compatibility of materials and geometrical configura-
tions have besn ard are being studied aed have been
reporied at this meeting.® In addition, information about the
erosion properties of marerials is necessary so ihar fuactionsl
tf lannchers and Faraday shields can be developed.

Therefore, a siudy was mitisted at ORNL to :est
various materiels’ comparative resistaace 'o erosion by caer-
getic pasticles. The materisls were actively cooled by being
applie¢ or anached o copper swirl tubes. It is recognized
that mot oaly the materials themsaives, but also the quality
of their adhesioa to the swirl wbes, were being tested. The
maicrials texed wers graphite, TiC, Cr, Ni, Cu, Ag, Au,
and Al Although copper (uscoated), silver, and gold may
not be serions casdidaces, they wers included for compasi-
son.

Aa Oxk Ridgs Tokamak (ORMAK) injector® was the
source of caergaic particles «ith which to bombard the
matecial samples. Beams of hydrogem and belium particles
(ions asd seutrals) were produced.

SAMPLE PREPARATION

The test samples wers prepared using a copper swirl
tube substrate. The swirl tubes had an owtside diamster of
0.90 am, a wall thickeess of 0.16 cm, and a loagzd of
23.5 cm with a rwisted Inconed ridboa inside, as showa in
Fig. 1.

Al rested materials except copper (uscoated tube) wers
apolied or attached to the copper swiri tubes by electroplat-

CONF-850310~-93
DE85 011406

| 3
DIXTRIBUTION OF THIS DOCUMENT 1S UNLIMITED 959'/
4



S M
L1

L 1 ] ]

Fig. 1. Swirl tube.

ing. plasma spraying.” and brazing. Nickel, chromium,
silver, and gold were clectroplated onto the tubes to a thick-
ness of 0.13 mm for a length of ~15 cm. Titanium carbide,
aluminum, nickel, and chromium were plasme sprayed to
the same dimensions. See Fig 2 for examples.

Graphite was attached to the tubes by brazing. Semi-
cylndrical shells were machined from POCO EDM-3*
graphite to outside radii of 0.64 cm, inside radii ~0.04 mm
greater than a tube outside diameter (resultamr wall
thicknesses of 0.19 cm), and leagths of 2.5, 10.2, and
12.7 e¢m. Fur one version of sample, the 10.2-cm-long shell
was machined with 0.5-mm-wide siits 1.3 ¢cm apart. Other
versions used one 12.7-cm-long and five 2.5-cm-long seg-
ments. respectively. The graphite shells were brazed to the
copper swirl tubes with Ticusil brazing alloy fod in a
vacuum furnace at 850°C. See Fig. 3.

TEST ARRANGEMEN'T

The test acrangement is shown in Fig. 4. The particle
beam was produced by an CRMAK neutral beam injector
with a 10-cm duoPIGatron ion source. Beams of hydrogen
and heiinm particles {ionc and neutralc) were produced. The
power density reaches a mazimum in the focal plane about
108 ¢m downstream from the ion soarce. The test sample
was positioned at this point normal 1o the axis of the beam.
The power density across the beam was measured
calorimetrically  with a2 Q.54-cm-dia probe that  wae
scanned in front of the test sample. A resuitant profile is
shown in Fig 5. Waier flow through the swirl tubes was
0.18 L/ fur i weals.

Typical hydrogen beam parameters mcluded: energy =
26 keV. total extracted curremt = 6 A, pulse length ==
t s, and frequency = 0.1 s™'. The fuil width of the beam
was ~13 cm with a peak power density of ~4.3 kW/cm?,
as shown in Fig. 5. Integration under the curve yiclded an
average power density of ~1.7 kW/cm?®. The species ratio,

°Plasma spraying is a2 method of coating ohjects by feeding a
powder of the material to be deposited into a plasma arc. where
the powder is meited and prapelled to the abject.

*A fine-grsin. high-strength graphite produced by Union 76 Qil
Comipany.

“Ticusil. a silver/copper brazing alioy conainiag —4.5% titanium,
is & product of WESGO Divisicn. GTE Preducts Coerpuration.
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Fig. 2. Plasma-sprayed TiC (abore) and electrupiated

Cr (below)
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Fig. 3. Graphite test sumples.

f”l.:fﬂl.:f”.' of the extracted ions was assumed to be
approximatefy 0.6:0.2:0.2 (Ref. 6). {1 was also assumed thae
the A and Hi ions were fully dissociated, so thar the
average particle flux rate was

average power density T, T, T,

beam energy electronic charge
- 1.7 kW/cm? 0.6 + 2(0.2) - 3{0.2)
26 keV L&) C

= 6.5 X 10" particles/cm>s .

Hclium beam parameters were: energy = 25 keV, total
exuacted current = 5.0 A, puise leagth = [ s, and fre-
quency = 0.' s”' The fali width of the beam was alsc
~13 cm, with a peak power density of —4 kW /cm® for an
average power deasity of ~1.4 kW /cm?®. The resulting aver-
age particle flux demsity was ~3.5 X 10" particles/cm?-s.

EXPERIMENTAL RESULTS

The material test samples were exposed to the described
particle beams to fi5it test their swrvivability to a few l-s-
long puises. If the samples survived (no meiting, spaliing, or
peeling) exposure was coaztinued for 4000 s (hydrogen
beam) or 2000 s thelium beam). The resulting mass loss was
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Fig. 5. Heam power deasity profile.

determined by weighing each sampie before amd after each
o

A. Survivability

Suevival results were fairly encouraging. The samples of
plasma-sprayed TiC and Cr; the electroplated Cr, Ni, Ag,
and Au; the graphite with slis 1.3 cm apam; the graphite
having 2.5-cm segmeats: and the uncoated copper tube all
survived peak power densities of ~4 kW/cm?. Figure 6
shows examples of tubes after 4000- or 2000-s total expo-
sure to paricle beams.

The plasma-sprayed nickel and alyminum samples did
ot survive 4 kW/cm® These coatings did not scem to
adliere well to the copper aad melred in the arez of peak
power whea thermal comtact was lost. See Fig. 7. The
power level ar which the piasma-sprayed nicke! coating
would survive was not determined. The piasma-sprayed
aluminum coating was found to survive a peak power den-
sity of ~2 kW/cm?. An aluminum sample was thes exposed
for 4000 s with the hydrogen beam at a peak power level of
~1kW/cm?. The mass loss could not be determined.
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Fig. 6. Examples of text samples after exrended expe-
suce to beam.
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Fig. 7. Tost sample faifurcs.

The sample with a single 12.7-cm-lorg zraphite shell
withscood ~3 kW/cm® peak power demsity, but at —~1.5

kW/cm?, graphite spalled away from a fairly largy area. Ses

Fig. 8. Thermal strass becane too high to be relisved by ke
single piece.

The previously discussed TiC sampies were tested in an
“as sprayed™ conditios. Two additiopai TiC sampics were
sprayed more thickly asd :hen cemtetless ground o the
0.13mm thickaess 1o produce a surface smoother thaa “3s
sprayed.” When tested, the samples displayad “hut spots™
where the cuating blistered and became overiieated. The



Fig. 8. Spalled graphite sample.

coating on one of these sampies peeled away (rom Lhe tube
in a long strip. The grinding operation may have weakened
the adhesion of the TiC to the copper.

B. LErosion

There are several processes that could be involved in
causing the erosion and resultan: mass loss by energstic par-
ticles in this experiment. These processes include physical
sputtering  (including chemically cnbanced), chemical
sputtering, evaporation, and sublimation. These processes
have varying dependences om particle energy, anmgle of
incidence, surface temperature, and surface smoothaess. We
believe the primary process javoived in this experiment was
physical sputtering. .

We therefore altempted to make a comparison beiween
our data and reference spuitering yiedds.” An effective
sputtering yicld Ngp/Np [atoms/particle (ion)] was deter-
mined for our data, whers

N = Sl 5093 % 102 (panicles/mole)
I mole (g)

and

Np = average particle {lux [ B
cm™s

X area (em?) X time {s) ,

where

area = beam full width (cm) X sample diameter (cm) .

Far hydrogen (H;) beam cases, a resultamt refetence
sputtering yield Sg (atoms/ion) was determined for the
composite (Hi", Hi, H}) beam using reference sputter-
ing yield (S) values and species ratio (/2 fu, )"

s Su.S(E) + 2y, S(E) + 3y (EN3)
R Su, +Unu, = Yy,

where S(E), S(E/2), and S(E/3) are reference spuitering

yields at full energy. one-haif energy and one-third enerzy,
respectively.

Results for ail samples tested are rabulated in Tabie 1.
From the standpoint of both mase loss and spunerizg yield,
TiC is the most crosion-resistant material tested. Graphiw
tested well tco, with low mass loss. Of the metais, chromium
and nickel have fairly low sputtering yields. It can be sees
that the spuuering yiclds determined from this smdy are
greater than the refersace values by about 2 factor of 2 or
greater. Several factors could explain these differences
namely, the processer other thaa spurtering that may bave
taken piace and the differences in conmditions during this
study from those duriag which the referea:e data wers
taken. Fcr exampie. the cylindricaily shaped sz mples used in
this study presented a surface that caused che .ncidest angle
of bombardment to vary betwoen 0° aad 30°. .iso, 1€ t=m-
peratures of the sample surfaces varied with t ¢ power den-
sity profiles of the brams.

Two test samples (TiC and eleciroplated Cr) were
examined with a scanning electron microscope (SEM).
Three areas (unexposed back swrface, exposed front surface,
and exposed side surface) of each are shown in Figs. 9 and
10. The titanium carbide, being plasma-sprayed, s quite
rough. The expused [tont surface has the appesrance of a
uniformly etched surface, while the side area has srimarily
the high spots removed by the obliquely incident particles
The chromium surface has nodules and striations or micro-
cracks. Particle erosion appears to be greater aloaz the stria-
tions.

CONCLUSIONS

The results to date are encouraging and, along wicth
further study, should provide information important in the
develupment of funcuonal rf lavachers, Faraday sheids,
limiters. and divertor collector olates.
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Fig. 10. Cr micrographs, 1000 >,
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