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Donald F. Cowgill
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ABSTRACT

Plasma spraying is being investigated as a potential c¢oating technique
tor applying thin (0.1-5mm) lavers of beryllium on plasma facinqg
surfaces of blanket modules in IWER and also as an in situ repain
technique for repairing eroded beryllium surfaces in high heat flux

divertor regions. High density spray deposits (-98% of theoretical
density) of beryllium will be required in order to maximize the
thermal conductivity of the beryllium coatings. A preliminary
investigarion was done to determine the effect of various processing
parameters (particle size, particle morphology, secondary  gas
additions and reduced chamber pressure) on the as-deposited density ol
beryllium,  The deposits were made using sphervical beryllium feedstock
powder which was produced by centrifugal atomization at Los Alamos
National Laboratory (LANL) . Improvements in  the as deposited

densities and deposit efficicacies of the beryllium spray depousits
will be discussed along with the corrcsponding thermal conductivity
and outgasuing behavior of these deposits.

1.0 1Introduction

Fabrication and maintenance of  surfaces that are ditect ly oxposed to
the plasma in magnetic fuwion energy  (MFE) devices will o poesont
chal lenging problems in t he dewve lopment and deaiagn O the
Internat ional  Thermonue lear  Experimental  Reacton CITERY , the nest
genetat fon magtiet ie fugion energy devicoe, Plasmma spraying technology
i current ly being evaluinted an o potential method tor tabr beat fon oand
maintenance ot plasma tacing  components o (PRCBY 0 which will o be
subjocted to govere onvitonmental o conditions a0 penalt o of et hen
notmal oo ottt normal  operat ing condit ions, At proesont . the pavoroad
A mon mat crialn fon plasma interactive ot taces are hery b iam,
canrbhon, o tunasten (1,20 .

Byl Hivum e deen stelected s the primes catdidat o Sar pEca o P1ER
due to pome o i to cudvant e over ot e o b, g tangant e |y, d )



Omr advaniage of berylliom over carbon im the ahllity Lo osy plosma
sproying tor in situ ropair of demaged cospomnots in high beat flux
regioms of 1ITER |.w., diwrtors. Additiosally, plarma-sprayimg of
boryllium e also beimg comsldornd as a potentially laigo sufero arna
deposition tecEnigor for coatiog tirst wal]l blanhet mxdules wade {rom
eithar vanadium or sldinless steel. Coating thew: mxdulenm with a thin
(0.1 1mm) la=wr of bo.ylliem will prodact the umderlyim walle from
‘' attachk of oxygen or water amd provide at th e Lime m
aocvplably plassiy facing mamicerial.

Fartvmive iovest igatloos of plasss sproyliog of boeryllium e dome
dJuriog th~ latue 1ve0's aod carly 1970's by Unilon Carblde e ~dedry
Lot ory (Uel) and (e Aomic Soomswe Resoarch Establidisnt (ASSF)
for a0 e of delease related projicie. Provvemtiog condit Loy ond
th' thereo pirypmical propeitios of plassn-sprayvd haylllum prodens-d
durims this puriod can be fomnd in the mook Reryllive MAcfosce od
Tochoology, Volum: 2, which ws puiblimbed im0 1979 (5], Thews:
lovw s igat l'my focwed o the procvss oplimisation of teagylliioe
plorm: spraylng wipng sate of the art cyulpment avallable  at Chea
1 ime, Deuwm i 0 e it feemw Of beryllium  were pequnted 1o e
pprowimat ely =0l of burylliume's theoretleal deonity o1 .85 goxt) with
jrumity lewels om tho order of 10 12% e tho e agocapd cved it o,
Theam: lewels are muwtad {ally lower Vbhan depsit {foe megulived ton ITHE
(9M1 (wnuw matoerial with 1- 7V porumlly) ., lowor pmia{ly loewelda are
mambkd In ordor o mwimise the termal coodaed fvlty of the sy
kit IR orde:r 1o traoafer mal sekry trom compeaeit s le high et
{lum re=jlonm ol 1TER.

A limitl .amwml of mewarcth oo the ploss: mpayisg of beaylliom Ton
muyrwd {¢ tuwdlon gy dorvleen b e pequented in P e
Tite rature l,7]. The: mwt re=nl {rrwan igat fom cveraetoed by
Hutelle, ¢tolushus e 1990, meseed o oo I e oot Hprayssd
ceemut it bom oy et which were wchloeved Iy Jad b AL el (T,
It femt weepee paqmeartesd to dwer con thee odder of %0 b A1 [A], The qu:
lerwve 1l wepe fon mdwat of snily clalme by Bt telle ot 981 e ploumm
iprays=l eyl with 991 demmit otflciemy (1wt b of st fal
ELEETARREI IS BT TTR LTI 1 I In all ot the pervlodm vt el odut,
plomss maayimeg of Dyl bim wan chaer ek a0 vt ral bt et
vty [ odmenl o it emendee e preumnine,

Ab.ursar 0 plum gty tie=thmoliery s the ot kel hase de e
Vhat  de rquerat Hiep ek a0 pemmas] pregqumppe st en A0 tonp?
mdsitant el derrenermem R e gt e tasl o ceqmrr b degr e b b=l
AT Thin prressegr be=clgerbe=py wew oot gt perpesel g7y Meehlle gy pa
N A e N E TR B T 1L I I TTR DL B TR AR ) AT e Pregumie Pl
i ay e, A mmmer o toeton o whiber vt bkt e thee e
Pt by bl iyl ckgemift g e

hoogheer peat b bl v bowsgt o, whibeh Al an et e
tomeect e ool et e o thee Temrded et ey,



- transferred arc heating/cleaning'of the substrate which
improves deposit density and adhesion,

- broad spray patterns for coating large surface areas,

and the ability to spray reactive materials under a
protective atmosphere,

A large number of processing variables can ultimately affect the
quality of the beryllium spray deposits when spraying under a reduced
pressure. Operating parameters which have a direct influcuce on the
dwell time of the injected beryllium powders will significant.ly altfecr
the degree of melting of the beryllium powder feedstock.
Investigat ions have shown that powder size, powder morphology, powder
injection, particle velocity, and the heat content (enthalpy) ot Lhe
plasma, can substantially change the melting behavior of the injected
powders [10].

In this investigation, results will be presented on deposits of
beryllium produced by low pressure plasma spraying. The offacls of
powder mize, powder morphology and the use of helium as a secondary
plasma gas on the as-deposited density will bhe  discussed.
Characterization of the beryllium spray deposit.s will include optical
microscopy, chemical analysis, thermal conductivity and outgassing
studics.

2.0 Experimental Details

¢, 1. Buiyllium powdel production

Lo Alamos National Laboratory hag recemt ly been investiqat ing  the
contritwpl atomization proceas tor producing aphervical byl biam and

berylljum alloy powdern at foeodnt ock mat orial ten dadvaneod
congolidat ion procenaen i.e,, hot asoatatice preaasing (HEP) and placima
Hprayineg. The  centritugal  atemizat ion  poroceps jnvolves wacaam

induct jon meltipna ot o beryllium metal chavge inoa Mgo e iblo while
divecting the molten berylliam metal through oo Zros transbenr tabe ont o
thee purlace of o rapidly apinnhing wheel which ie driven by an ain
tarbine, Fig. 10 The Ligquid beryglliam metal o wechanioal byt omi sed
into tinely divided droplets gt the peripheay of the gpanning wheeel,
The dropleta ane solbiditded I tHight inovdes the atomiiteg choamber by
Atrannver e flaw o of helivum et that b conr o the bery b ium powden
prosduet into a0 oye o ek at o, This proeenss pronhaessr aphier iceal
Pery b Linm powder with solihificat ton vates on thie onder of 1o" "



degrees C/sec. With the current equipment confiquration, the
beryllium powder is collected in a canister below the cyclone
separator, valved off, and transterred to an inert-gas dry box ftor
powder classification. Parameters which can influence the resulting
beryllium powder size distribution are given in Table 1.

Table 1.
Parameters which can influence the size distribution
of centrifugally atomized beryllium powders.

Melt temperature
Pour temperature
Superheat
Nisk speed
Nozzle diametcr
Atmosphere

The powders produced by the centrifugal atomization process  wore
screencd uging gtainless gteel sieves to the {ollowing size fractions.

A, 400 mash (< 38 Mm)

B. - A0 4400 mesn (3B pm - 3 pm)

. 200 4270 most (53 pm 15 pm)

n. 140 4200 mesh (7% jun 106 pm)

Particle wize fractions AHB,D, were selected for thic investigation
bocause they —ontained the Jardgest fractional yields ol the atomized
powder s and alaso repregented a wide range ol part icle sicen,

cee o Boryllium plosma spraying

Spray deporits o of beayliam were made ugineg the Tow presure plasma

spray chamber gt LANL, Fig. 20 Thio chamber containg o commereial s
oo plasmaudyne toreh which i mounted over a0 tranalat ing copper cooled
sabet ot Accurate  contarol ot the processing dqases wedd in the

Flamma spray procens wae accomplished wring o omdtr gan tlow contral
Syittem, Beryllium powder wan teod inta s thee plasma spaay torch by
Wiy a0 wedght Shose contaral pvatem o which  integraten a0 comper cial
powdieg foeder o witho a0 Podeao we bt sealo to meagitire ated cont ol tle
Poved pater of theo oyl linm powden Pedit ok iy thee pay
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coperation. Plasma-spraying of beryllium using this facility can be
done u.ider either a reduced pressure environment or in an argon
atmosphere.

To understand the effect of processing parameters on the as-deposited
densities and deposit efficiency of plasma-sprayed beryllium,
parameters were changed from an initial standard operating condition
which was established using commercial §-65 beryllium powder f{rom
Brush Wellman Inc., Table 2.

Table 2.
Standaid Operating Condition

Spray torch Plasmadyne SG-100
Current 700 amps
Voltage 30 voltw

Primary arc gas (Avr) 310 slm
Powder carrier gas 2.5 slm
(A1)
Powder feed rate T .5 1bs/hr
Spray distance 76.2 mm
Substrate transilal.jion 19 ipm
Atmospherc arqgon
Anodae /Cathodn 1447290

The tollowing processing paramet ers woere invoest igat od:

particle gize and particle morphology
voecondary gas addition, (helium)
chambor pressuroe

Spray  deposits of o beryllium were made on (4 17%mm) thick  copped
subntratoes which were tranglated  back and forth ander the plasma

Hpray  toreh, A bl shaped  deposit war produesd  on the coppen
substpateq after gpraying o W ominat e, Doposiat thickneppen poapged
from e ta Jomm ot the thickest reqion ol the deposit with depeosi!
tengtha o the order of homm, Femoval ot thee by i Lium depeogiio g trom
the coppear substrates for o pulytegquent charactor peat ion o waer dones by
bepding  the  substarate antil the depopita bt achedd . A depuogiibeed
Adenitien of the berylbiam spaay dopesits woere measiabeed agineg a0 waten
et o techivigque (Archimeden prinesple) o Moo emenit o wed s muedes -
the thickent vegqion ot the gpray depeoitn adter cattingdgrinding e
et Ul oty it ol the ol b shapeed apray depositn



Deposit efijicivncies (the {raction of material deposited on the
substrate) were determined by mecasuring the weight of the substrate

before and after depositing beryllium. The difference in weight was
compared Lo the total amount of beryllium powder dispensed during the
plasma spray run. Since the beryllium powder feed-rate is controlled

by a weight/losz system which places the powder feed hopper on a
weight scale, an accurate amount of powder present. in the hopper
betore and after the spray operation could be determined.

2.3 Depouil Chdracterization

2.3.1 Microstructural and Chemical Analysis

Characterization ol Lhe beryllium spray deposits in the as-deposited
condition was  accomplished using polarized 1light microscopy and
chemical analysis. Spray deposits were cros:d soctioned, mounted and
pulighed {or viewing in polarized light. Samples were etched with a
solution containing 3% -HIY, Ve 'HNO3 and 3%- HaS804 for 3 to 5 seconds to
determine the microstructure of the as-sprayed deposits., Chemical
analysin was performed by HBruch Wellman Ine., Klmore Ohio, on the
centritugal  atomized  beryllium  powders, the beryllium  plasma spray
deposits and the beryllium over sprayed powder using a combustion
analysis tochnigque,

2,00 Thermal conduct ivity Measurement s

The room temperature thermal diftusivity was meaiured on free standing
beayllium samples omm in diameter by Smm long. Measurement s worce made
At Oak Ridge National Laboratory using o thermal pulse technigque in
which one tace of the apecimen was illuminated with a xenon flash Tamp
and the other was monitored with an IR detector. The temperature as a
Tunetion ol vime in plotted and the thermal diffasivity is calealatod
trom the aceultant experimentally determined thermal toangsiont o The
thermal dittaivaty o wast calealated uaing the tollowing expression

wWheteo i Che ppecimen thickoess and U i the Cime vequined Tor the
Pack Tace ol Chee gpeacimen tooveach bbb it maxoma Comperature,  The
Phervmal  compluet ivity (N o Thee by bbinm  spray depentit e wan

calealated wring the tollowineg exprospion

ho '|‘Il



where p is the density and Cp is the heat capacity.

2.3.3 Vacuum Outgassing

Thermal desorption spectra were obtained on scveral samples of plasma-
sprayed beryllium at Sandia National Laboratory, Liveimore,
California, to determine their vacuum outgassing characlLeristics. The
outgassing system consisted of a turbo-pumped, wultra-high vacuum
quartz tube furnace with a UTI 100°C residual gas analyzer (RGA). The
measurements were made on small block-shaped samples (100mg, 5x5x2 mm)
by first loading them into an unheated portion of the furnace and pre-
outgassing the tube to B00°C to remove the contaminants resulting from

air exposure. The samples were then remotely transferred into the
heated zone for thermal desorption. Several samples were run at the
pame time to gain sufficient signal for accurate measurements. The

sample tempetrature was ramped linearly from 1oom temperature Lo 600°C
at 10 9C/min using a temperature programmer. For one experimental run
(#2), Lhe temperature ramp was paused at 3I50°C f{or 90 minutes to
examine the effect of vacuum baking at 3500C. RGA signal ampiitudes
wer: converted to gas partial pressures by calibrating against carben
mo' Xide and hydrogen standard leaks.

3.0 Results and Discussion

3.1 _Beryllium deposit denpitices and microstructulec

The eftect of processing parameters (particle size, helium  gas
addition and Jow pressure plasma  spraying) on the as deposited
densit jes are given in Table 3.

Table 3.
The ot fect of processing parameters on as deposited density

Particle St andard Socondatry Resclvend SNoecondary
nine gpray Jar (Her) ptossure s reduced
{meresh) condit ion addit ion (40 tory) Proessue

T oo TIEEL) ORI 91| 94.BO%
(38 jim)
VI T 91. 0% ary, a1 THIY
(e e )
Tao oo T T en T oR T T R T T TR0 0w TLa s T
(106 7% jJun) | .




The highest deposit densities were achieved using the beryllium
atomized powders which were below 38um. The spherical morphology of
the atomized powders, Fig. 3a. allowed for better feeding of powders
into the spray torch than commercially impact ground beryllium powders
which are more angular and difficult to feed below 45um Fig. 3b.
Beryllium atomized powders in the size range of 53-38um also showed
relatively good deposit densities (91-92% T.D.) when spraying with the
helium gas addition at a reduced pressure of 3150 torr. The larger
beryllium feedstock powders (106-45um) were difficult to melt using
the standard operating conditions and required an increase in the
operating current from 700 amps to 800 amps in order to melt the
beryllium and adhere to the copper substrates. The deposit densities
(<60%) were considerably lower and did not gignificantly change with
the introduction of the helium secondary gas and the low pressure
spray environment. No further analysis was done on these spray
deposits which were made from large diameter powders.

A graph of the as-depor.ted density, deposit efficiency and the level
of porosity of plasma-sprayed -38um beryllium powder under the various
processing conditions is given in Fig. 4. The highest deposit density
(94.9%) was achieved using the standard operating parameters given in,
Table 2, with the addition of 15-standard liters per minute (SLM) of
helium as a secondary plasma gas while operating under a reduced
pressure (350 torr). This operating condition also rvesulted in the
highest deposit efficiency (approximately 60%) with a porosity level
on the order of 4 percent. These observed increases were attributed to
the higher heat content (enthalpy) of the plasma jet wich the addition
of the helium secondary gas, and the higher particles velocities that
result when spraying under a rueduced pressure, Increased particle
velocities improve the impacting and splatiting of the melted and
partially melted beryllium {eedstock powders resulting in bettor
bonding and consolidation of the deposit,

Microstructural analysig of low density boryllium  plasma sprayed
doposils with density levels on the order ot 90%, show a  large
population ot unmelted beryllium particles with corvesponding porosity
adjacent to these unmeltvs, Fig, bHa, In the cage ol the higher density
beryllium  deposits,  the presence ot unmelted  boryllium particles
decreased with a cotresponding decpease in porosity fovel, Fig. 4h,
Unmelted  beryllium  particles  were  atill o prosemt in the dopopits
althogh a gqreater degqree of congolidat ion of the unme e seemed to
occur duting low pressure plaoma spraying.,

M



> Chemical Anaiysi

Analysi¢ of the -400 mesh (38um) beryllium atomized powders, beryllium
spray deposits and the over-sprayed beryllium powder (which was
collected on the bottom of the spray chamber) was periormed to
determine the oxygen level and other impurity elements. The oxygeln
levels of these samples were compared to commercial SP-65 beryllium
powder produced by Brush Wellman, Inc., and beryllium plasma-sprayed
deposits produced by Battelle, Columbus, Fig. 6.

The oxygen level of the plasma sprayed beryllium deposits (.35%) was
approximately half that of the starting atomized beryllium powder
(.65%) and much lower then the over-sprayed beryllium powder (1.15%).
In addition, the oxygen content of the spray deposits was lower that
what was previously reported in earlier investigations done by the
UCSL and AWRE [11]. Oxygen levels in the beryllium spray deposits in
these investigations were reported to have increased from
approximately 20 to 140 percent over the starting beryllium feedstock
powder.

Metallic powders which were deposited using low pressure plasma
spraying have shown oxygen levels in the spray deposits at least as
high as the levels present in the starting feedstock powders. When
plasma-spraying copper using hydrogen as a secondary plasma gas,
oxygen levels in the spray deposits were shown to have decreased below
the starting powders [7]. In this investigation, helium was used as
the secondary plasma ;as and should not have affected the oxygen level
in the spray deposits.

The lower oxygen level in the beryllium spray deposits is not wull
understood but may be attributed to the plasma/particle interactions
that occur when spraying beryllium powders which contain a sur®
layer o1 BeO. During melting, tne powders may tend to segregate irn
beryllium and beryllium oxide particles due to their differonces in
melting points and densitics (Be0-3.03 q/c_-m3, M.P.-2823K and Br-1.,8%
g/em™'  M.PP.-1560K). This segregation may cause different particle
trajectories of the Be and BeO particles as they exit the plasma
torch. The BeO particles may solidity in flight before impacting the
subsitrate  and subsoquently  def ect off Lhe subst rate, Addit ionally,
the Beor particles may bhe gignificantly smaller then the Be particles
and  become entirained  in the processing gases which e deflocted
around  the substrate, Thuse two possibilities may account for the
higher  oxy-jen levels present in the over sprayed powdaors, Furthen
investiga fons are bedng done to underet and these resalt s,

Elevated levels of Fo, Ni, 1 wore also detected in the o omized

beryllium powderss, and the subeedgquent sprayed depocits when compated

to eommereal impact  ground St berylHbam possder meomud et ured by
J)



Brush Wellman, Inc. These elevated levels are a result of the erosion
that occurs in the inner walls of the stainless steel cyclone
separator during the beryllium powder production. Efforts are
underway to coat the inside surfaces of the cyclone separator with
plasma sprayed beryllium in order to mininize the contamination of the
beryllium powders through impact with the stainless steel walls.

3.3 Vacuum outgassing of plasma-sprayed beryllium

The observed quantitieci of outgassed species per gram of sample
material are given in Fig. 7. Thie major gas species are water vapor
(18 amu) and hydrogen (2 amu). Measurable quantities of metLhane (16
amu), carbon monc de or nitrogen (28 amu), and ammonia (17 amu, are
also observed. Here, the NH3 and CHy; values are the residual
amplitudes for 17 and 16 amu obtained after subtracting off the
fragmentation contributions from H,0 and NHj, respectively. Neither
the interruption of the temperature ramp performed in experiment (#2)
nor the size difference of the two sample sets affected the total
quantities released per gram The hydrogen released is roughly the
same for the twn experimental :uns; however, more was released in the
forms of NHy and CH4 in run #1. Typical quantities outgass~d from 85%
and 95% dense, S-65 beryllium samples from Brush Wellman, Inc., are
also given for comparison.

Much of the outgassing behavior of the plasma-sprayed samples is
dominated by the presence of the large H,0 signal. It is not Kknown
whether this signal is typical of plasma sprayed material (resulting
from post-processing exposure to air) or is an artifact of Lhe

specific sample pretreatment. Prior to outgassing, porosity and
density measurements were done on these samples by immersing each in
water. The H;0 probably resides in the oxide present. on the surtace
of the spray deposits. BeO is know; to be very hygroscopic and

accommodates several waters of hydration, forming BeO-xH,0.

The thermal desorption aspectra for the plasma sprayed (PS) material ias
shown in Fig. 8. The water is weakly bound and can be desorbed at low

temperatures. Hydrogen production at higher temperatures probably
results from the reaction ot residual Hy0 with beryllium at  these
temperatures Desorption spectra for the other specicos are compaled

with S-6% sgpectra in Fig. 9. The PS material exhibits a  low
temperature N.»/CO peak (28 amu) not found, or weakly present, in 8 ob.
Most. ol the Ny detected tor the PS material occeurs at thin lower
Lemperature.  The CHy increase tor the lowoerl porosity materials also
occurs at a lower temperatute.,

Pre baking the P8 material at 350 O for 90 minutes removes the wait or
peak, but has little of tect on the high temperature hydrogen poeak, 1
o rtemoves the low temperature Na/¢0 peak without attecting the high
temperature No/CO peak, as shown in Fig, 10, From caretul o analysis ol
companion  mass peaks,  particulacly 12, 14, and e oama, it can be

10



concluded that this low temperature peak is N, whereas the high
temperature 28 amu peak is CO. Apparently, it is the presence of
weakly bound N; which gives rise to the formation of NHj. This
nitrogen may result from post-process absoption from air or may be due
to nitrogen present in the initial powder feedstock. It also may be
present in the processing gases as was described in reference [11].
If present in the powder, nitrogen may be removed by outgassing the
beryllium powder feedstock prior to spraying. Other weakly-bound
contaminants, including water, should also be removable by a pre-
outgassing step. As mentioned above, removing the water may also
reduce much of the detected hydrogen. However, experiments
investigating air exposure of outgassed S-65 have shown both N, and Hj
rapidly return to near their pre-outgassed levels. Thus alr exposure
must be prevented following such a pre-outgassng.

Water outgassing from the PS material continued throughout cach

experiment, but varied somewhat with sample temperature, T. Even
after baking at 600 ©C for 90 minutes, substantial H;0 outgassing
remained. Figure 11, gives the H;0 outgassing as a function of time

for the PS and 85% dense S-65 materials. Each data set can be fit with
an exp(-tl/z) function indicating diffusion-controlled release. Thus,
although the water is weakly bound, probably in the oxide on the
surface of each deposit, it appears to follow a very tortuous path to
release. Outgassing from the PS material is substantially slower and
will require a much longer pumpdown time.

3.4 ‘Tpermal Conductivity

Results of the room temperature thermal conductivity measurements are
given in Table 4.

Table 4.
Room temperature thermal conductivity of plasma-sprayed beryllium

Sample Mean Thermal Specific Densit Thermal
Diffusivity Heat (g/cm3¥ Conductivity
(cm?/s) (J/kg-K) (W/m-K)
A 0.2269 1750 1.7%00 69.49
B 0.2145 1750 1.7141 64.34 |
C 0.1586 1750 1.6702 46,30 W
D 0.1442 1750 1.6653 42.02
B 0.1567 1150 1.6668 14,71
F 0.1246 1750 1.6997 3'.00
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The thermal conductivity of the beryllium spray deposits were
significantly lower than that of pure beryllium which has a thermal
conductivity of 218 W/m-K (12]. These results were in general
agreement with previous thermal conductivity data taken for plasma
sprayed beryllium produce by inert gas plasma-spraying at Battelle,
Columbus [8]. An increase 1in the thermal conductivity also
corresponded to an increase in the deposit density, except for sample
F. The low thermal conductivity values in all cases can be attributed
to the porosity and layered microstructure throughout the bulk of the

deposit, Fig.5. The presence of interfaces created by impacting
beryllium liquid particles will be a controlling factor in maximizing
the thermal conductivity of the spray deposits. Improvements in the

thermal conductivity of plasma sprayed beryllium can result by
minimizing the splat interfaces through better melting and deposition,
and also through post heat-trearments. Spray deponsits of beryllium
which were produced by Battelle, Columbus were heat-treated at 900°C
for 1 hour to promote diffusion bonding across splat interfaces. An
increase in the thermal conductivity from 25-200% over the as-sprayed
beryllium resulted [8]. Since heat-treatments or consolidation by hot
isostatic pressing will not be applicable for ITER, post-deposition
surface conditioning techniques such as laser surface treatments
should be investigated.

4.0 Conclusions

- The spherical nature of the beryllium centrifugal atomized powders,
in comparison to the angular impact ground powders, allowed for
better feeding of powders below 38um into the plasma-spray torch.

- 3Bum spherical beryllium powder, made by centrifugal atomization,
produced the highest deposit densities under the investigated
conditions.

- Increases in the deposit deneity and deposit etticicncey of plasma
sprayed beryllium resulted when spraying under a low pressure
condition (350 torr) with helium as a secondary plasma qaus,

Oxygen levels {n tle beryllium spray deposits produced by low
pressure plasma spraying were lower (by a factes of twn) than t he
starting atomized beryl]ium powders.

Outgagsing of plasma sprayed beryllium was deminated by the pregence
ot H,0 and H;.

The thermal conductivity of plasma aprayed boeryl]lium was
gigniticantly lower then pure bheryllium,  SDicrost ructaral toat npes
nuch oo nplat interfacen may hee a controlling factor,
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l Beryllium Powder Morphology I

LANL: Type XSR
centritfugal atomized
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| Plasma Spraying of_BeryIlium for ITER I

® Applications:

= In-situ repair of sputter eroded and disruption
damaged beryllium armour tiles in high heat
flux regions.

=~ Fabrication of large area (1000 m® beryllium
coatings (1-2mm) over stainless steel or
vanadium first wall surfaces.

® Requirements:

= high density
= high deposit efficiency
= good thermal conductivity

= good bond strength between coatings and
substrate materials (Be, S.S etc.)

= enhanced mechanical behavior urider puise
fusion conditions

= others......
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Optimizing Spray Deposits of Beryllium

® Increase particle melting:
- particie morphology

- particle size distribution

- substrate temperature
- particle awell time:
low velociy laminar flow




Layered Assembly of Impacting Discs
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Operating Parameters for Plasma Spraying
Beryllium

Primary gas (Ar) - slpm 30.0
Powder gas (Ar) - slpm 2.5
Powder feed rate grams/min 3.8
Spray distance cm 7.6
Translation speed cm/min 99.0
Chamber pressure torr 500.0
Oxygen level ppm 100.0
Current amps 700.0
Leak-up rate milltorr/min 5.0
Substrate (Cu) mm 3.2
No. of passes 140.0
Spray time min 5.0
Total powder sprayed | grams 9.0
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Deposit Density and Deposit Efficiency of Plasma
Sprayed Beryllilum Under Various Conditions

- 400 mesh centrifugal atomized powders
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1 A Comparison of Oxygen Levels in Beryllium
Spray Deposits and Beryllium Powders
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Outgassing Behavior of Plasma Sprayed and S-65
Beryllium
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Water Release Rate at 600 °C for Plasma |
Sprayed and S-65 Beryllium i
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‘ Plasma Spraying of Beryllium for ITER I

* Critical Research Areas:

- Optimize plasma spray parameters to produce
high density/high thermal conductivity deposits
of beryllium.

- Optimize centrifugal atomization process to
produce high yields of low oxide, -400 mesh
spherical beryllium powder.

- Investigate surface preparation techniques on
the bond strength of plasma-sprayed beryllium

- Evaluate the performance of plasma-sprayed
berylllum coatings under pulse fusion conditions.

- Fabricate a robotically controlled plasma-
spray test cell to evaluate remote manipulation
and in-situ repair.




