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Donald F. Cowgill
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ABSTRACT

Plasma spraying is being investigated as a potential coating technique
tor applying thin (0.1-5mm) lavers of beryllium on plasma facing
surfaces of blanket modules in IWER and also as an in situ rvrepaiv
technique for repairing eroded beryllium surfaces in hLigh heat flnx
divertor regions. Higlt density spray deposits (:98% ol theoretical
density) of beryllium will be required in order to maximize the
thermal conductivity of the beryllium roatings. A praoliminavy
intvestigarion was done to determine the eflect ol various processing
parameters (particle size, particle morphology, Hecondary Jlt
additions and reduced chamber pressutre) on the ag-deposited density ol
beryllium, The deposits were made using spherical bervyllium teedstock
powder which was produced by centrifugal atomization at Lo Alamos
National Laboratory  (LANL). Improvements iv  the  as deposiited
densitieg and deposit. cefficicacies of the beryllium spray deposit:
will be discussed along with the corresponding thoermal econdierivity
and outgasuintg behtavior of these deposits.

1.0 1Introduction
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Omr advaniage of berylliom over carbon im the ahility Lo osn plosma
sproying tor in situ ropair of demaged cospomnts e high beat flux
regioms of ITER |.e., diwrtors. Additiosally, plarma-spraying of
boryllium (e also beimg corsldortd as a polentially laigo sufaro arna
deposition tecEnigee for coatiog tirst wall blanhet mdules made {rom
eithar vanadium or sldinless steel, Coating thewr mxdulenm with a thin
(0,1 -1mm) la-wr of bo.yllimm will protact the umderlylm) walle (rom
‘b attachk of oxygen or water amd provide at th e time m
aocvplably plassi: facing mamicerial.,
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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 1umber 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 influcave on the
dwell time of the injected beryllium powders will gignificantly aftecr
the degree of melting ol the beryllium powder tcedsitock.
Investigat ions have sliown that powder snize, powder morphology, powder
injection, particle velocity, and the heat content (enthalpy) of tLhe
plasma, can substantially change the melting behavior of the injected
powders [10].

In this investigation, 1results will be presented on deposits of
beryllium produced by low pressure plasma spraying. The oftects of
powder mize, powder morpliology and the use of helium as &« necondary
plasma gas on  the as-deposited density will b discussed.
Characterization of the boryllium spray deposits will include optical
microscopy, c¢hemical analysis, thermal conductivity and omgassing
studics,

2,0 Experimental Details

¢ 1. Burylliuwm powdel production
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degrees C/sec. With the current equipment configuration, the
beryllium powder 1is collected in a canister below the c¢yclone
separator, valved off, and transterred tce an inert-gas dry box tor
powder classification, Parametels 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
At mosphere

The powders  produced by the centrifugal  atomization process woete
screencd nging gtainless gteel sieves to the {ollowing size fract.ions.,

A, 400 muesh (< 38 jm)

B. S AT70 4400 mesn (38 pm - H3 pw)
C. A00 4270 mesh (43 pm 14 pwm)
D, 10 o mesh (7% pn 106 pm)

travticle wgive Tractioms AR D, were solectod tor thic invent igat ion
boeansies T hey contatiead the Lavdgert tract jonal yields ol the aiomiced
powdet s ated aleo veproment ed g wide range o paet de e epens,
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operation. Plasma- sprayiitg of beryllium using this facility can bc
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 S§-65 beryllium powder {rom
Brush Wellman Inc., Table 2.

Table 2.
Standaid Operating Condition

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

Primary arc gas (Ar) 310 slm
Powdel carrier gas 2.% slm
(Ar)
Powder feced rate T .5 I1bs/hr
Spray distancae 76.2 mm
Substrate trannlation 19 ipm
Atmosphera arqgon
Anode /Cathodn 1445790

The tollowing processing paramoet cri were invest igatod;

patrticle gize and particle movphology
secondary qas addition,  (heliom)
chamber prossie

Spray  depoiits s ot beryllhiom were made o (8 7% thi ek copreet
sabnitrates which were translated ootk and taathe tedea the poloaana
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Deposit efiiciuncies (the {raction of material deposited on the
substrate) were determined by measuring the weight of the substratc
before and after depositing beryllium. The difference in weight was
compared t.o the total amount of beryllium powder dispensed during the
plasma spray run. Since the beryllium powder feed-rate is controlled
by a weight/los: 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 opcration could be de¢termined.

2.3 Depouil Chdracterization

2.3.1 Microstructural and Chemical Analysiu

Characterization ol thae beryllium spray deposits in the as-deposited
condition was  accomplished using polarized light microscopy and
chemical analyuis, sSpray deposits were cross sectioned, mountoed and
polished for viewing in polarvized light. Samples were etchoed with o
solution comtaining 3% - HiY, 3o ‘HNO3 and 3% -Ha804 for 31 to 4 seconds to
determim:  the microstiructure ol the as-sprayed deposits. Chemical
amtlysin wan perforned by Bruch Wellman 1lne., Hlmore Ohio, on the
centbritugal  atomized  beryllinm  powders,  the boryllium  plasma spray
deposits and the beryllium over sprayed powder using a  combustion
ana lysis technique,

00000 Thermal Conduct ivity Moewnsitvoment g

The room temperature thermal diltonnivity was measnroed on Tree st anedineg
Deryllimm samples camm oin diaeter by o long, Measnrement s wore made
At Oak Ridge National taboratory using o themmal pulse techinigue  in
which one Tace ol the apeclmen was ilhmminated with a xenon | lash Lamge
Aid the other was monitored with an IR detector, The temperatare g
tunctiom of time iv pledted and the thermat ditbimsivity is calentatod
Proan the vemnltoan expeyjment gl by determined tletmal toasiom o The
tlermal dithiseivory o wass calendated aeing the ol lowieg oxprosicion
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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 Dberyllium at Sandia National Laboratory, Livei more,
California, to determine their vacuum outgassing characteristics. The
outgassing system consisted of a turbo-pumped, ultra-high vacuum
quartz tube furnace with a UTI 1009°C residual gas analyzexr (RGA) . The
measulements were made on small block-shaped samples (100mg, 5x5x2 mm)
by first loading them into an unheated portion of the furnace and pre-
outgassing thie tube to B800°C to remove the contaminaunts resulting from
air exposure. The samples were then remotely transferred into the
heated zone for thermal desorption. Several samples were 1un at the
pame time to gain sufficient signal for accurate measurements. The
sample temperature was ramped linearly from room temperaturc to 600°C
4t 10 ©C/min using a temperature programmer. For one experimental run
(#2), Lhe temperature ramp was paused at 131509C for 90 minutes to
exanine the effect of vacuum baking at 3500C, RGA sigual ampiitudes
welr converted to gas partial pressures by calibrating against carbemn
mce 'xide and liydiogen standard leaks.

3.0 Resultg and Discussion

3.1 _Beryllium deposit denpitics and microstructurec

The eftect of processing parameters (particle size, helium  gas
addition and  low pressure plasm:  spraying) on the au deposited
densit tes are given in table 3.

Table 3.
The ol fect of processitly parameters ot as deposited density
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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 350 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 significantly 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 powdeis.

A graph of tlie 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 i,
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 vesulted in the
highest deposit efficiency (approximately 60%) with a porasity level
on the order of 4 percent. These observed increases were attributed to
the higher heat content (enthalpy) of the plasma jet wicli the addition
of the helium secondary gas, and the higlier particlues velocities that
result when spraying under a reduced pressure. Increased particle
velocities improve the impacting and splatting of the melted and
partially melted beryllium {feedstock powderas tesulting in  better
bonding and consolidation of tlie deposit .

Microstructural anpalywis ol low density  berylliam  piasma gprayed
deposits with densgity levels ot the order et 90%, show a  large
population ot unimelted berylliam particlee with corvespotcling porosity
adjacent 1o thaese el e, Wig, Sa, I e cazie of tlee higler doengity
beryllinm  deposits, the presence ol mmmelted bhoeryllium pavticles
decreaced with a cotregponding  decroase i poteesity Jovel, Fig, b,
thime [ tedd bevyllimm patticles were i bl prosiear in the depnsit s
althemght a qreater degqree ot cotgsol vdat fon of  the et poeemed 1o
ocent dinting low prensitte plama vprayineg,
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hemical Analysi

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 perioruwed to
determine the oxygen level and other impurity elements. The oxygeu
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 thal
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 1low pressure b»lasma
spraying have shown oxygen 1levels 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 decrcased below
the starting powders [7]. In this investigation, helium was used as
the secondary plasma zas and should not have affected the oxygen level
in the spray deposits.

The lower oxygen level in the beryllium spray deposits is not well
understood but may be attributed to the plasma/particle interactions
that occur when spraying beryllium powders which contain a sur®
layer o1r BeO. During welling, “ne powdelrs may tend to segregate it
beryllium and beryllium oxide particles due to their differcnces in
melting points and densitices (Be0-3.03 q/c.'m3, M.P,-2823K and Br-1,.8%
g/cm™' M,.12,-1560K). This saegregation may cause difterent particle
trajectorivs ol the Be and BeO particless as they exit the plasma
torch, Thee BeO particles may solidity in flight before iwmpact iteg the
subtitrate and subsequently  det et ot the anbstrat e, Addit il Ly,
the Beo particles may be digniticantly smaller then the Bee particloens
and bocomes oentpained  in the procesging gases which are detlected
arvound  the unbstrat e, Thess two possibilities may accoumt  tor tlhe
il cxy-jen lovels prosemt in the over spraycd  powdaers, Furdhen
itvest igat fons are bhedng doaee too nnderet and these roesalt s,

Flovatod  loeveety o0 Foo Ni, 1t owoere also deteetoed  in e atomised
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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 bheryllium 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. Tie major gas species are water vapor
(18 amu) and hydrogen (2 amu). Measurable quantities of methane (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,O0 and NHj;, respectively. Neither
the interruption of the temperature ramp performed in expoeriment (#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 twir experimental runs; however, more was released in the
forms of NH3 and CH4 in run #1. Typical quantities outgass~d from 85%
and 95% deuse, S5-65 beryllium samples from Brush Wellman, Iiic., are
also given for comparison.

Much of the outgassing behavior of thce plasma-sprayed samples is
dominated by the presence of the large H;0 signal. It is 1ot kinown
whethe1 this signal is typical of plasma sprayed material (resulting
from post-processing exposure to air) or is an artifact of tLhe

specific sample pretreatment. Prior to outgassing, porosity and
density measulements were done on these samples by immersing each in
water, Tlte Hp0 probably resides in the oxide present. on the surface
of the spray deposits. BeO is know; to be very lhygroscopic and

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

The thermal desorption spectra for hthe plasma spraycd (PS) material ias
shown in FKFig. 8. The water is weakly bound and can be desorbed at. low
tempelratures. Hydrogen production at highar temperdatures probably
resulls firum the reaction ot residual 110 with beryllium at 1hese
Ltemperatures Desorption spectra for the other specics ave compared
with S-6b% sgpectra in Fig. 9. The P8 material  exhibits a  low
temperature N»/CO peak (28 amu) not found, or weakly presom, in 8 o4,
Most. ol the Ny detected for the P8 material ocours ar thiv lower
Lemperatmre.  The CHg increase for e lower porasity materials also

occurs at a lower temperature.

'e baking the 14 matevial art 3nn O¢ for 9an wminutvs romoves the wat ot
peak, but has little of et on the high temperatuate hydrogen poak, 1
Aluo temover the Tow remperature N /00 peak without attect ing the high
temperatire No/CO peak, an shown in IFig. 10, From caretnl o avalyois ol
compattion mans peakn,  opavticealaviy 12, 14, and noamm, it can he
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concluded that this low temperature peak is N5, 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 N5 and Hj
rapidly return to near their pre-outgassed levels. Thus air exposure
must be prevented following such a pre-outgassng.

Water outgassing from the PS material continued throughout each

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/in-K)
A 0,2269 1750 1.7%00 69.4"
13 0.2145 1750 1.7141 64 .14 ]
C 0.1486 1750 1.06702 46,36 W
)] 0.1442 1750 1.6653 42 .02
I 0.1567 1750 1.6668 44.'71
¥ 0.1246 1'760 1.699Y 1.0
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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 in 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 berylliumm 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 acroas 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.

- 38um spherical beryllium powder, made by centrifugal atomization,
produced the highest deposit densities under Lhe investigated
conditions.

- Increases in the deposit density and deposit etltficicncy of plaswma
sprayed beryllium resulted when spraying under a low pressurne
condition (350 torr) with helium as a secondary platma qaum.

Oxygen levels In tl'e beryllium spray deposits produced by low
pressure plasm: spraylilg were lower (by a facter of twn) than 1l
starting atomined beryllium powders,

Oumtgassing of plasma sprayed beryllinm was deminated by the preoncnee
ol “',c.() and “"!.

Thee thermal condunet ivity of planma apraysd bery o was
gigqulticantly lower then pinne boryllinm,  ticront raetinal teatur o
such aa uplat intertacer may be a eomtrolling faeton,
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l Beryllium Powder Morphology I

LANL: Type XSR
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| Plasma Spraying of_BeryIIium 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 pulse
fusion conditions

= others......
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Optlmlzlng Spray Doposits of Berylllum
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Operating Parameters for Plasma Spraying
Beryilium

Primary gas (Ar) - sipm 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 militorr/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 Berylllum 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 ylelds 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
beryllium coatings under pulse fusion conditions.

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




