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R-F PLASMA MICROSPHEROIDIZATION OF CERAMICS

Randolph Tilden'Trempef

Inorganlc Muterlals Research D1v151on, Lawrence Radlatlon Laboratory,"-

and Department of Mineral Technology, College of Engineering,
' Unlver51ty of California, Berkeley, California

ABSTRACT

December 1967

 The usé of the r-f induction coupled plasma generator for the -

spheroidization of ceramic powders was studied and an attempt was made to

- oﬁﬁimize'sever&l of the deeign and operating parameters of the equipment.

The most 1mportant problem to be overcome was the de51ﬂn of a powder
1nject10n nozzle which would glve a laminar flow pattern so that accurate
placenent*of -the- powder -in"the" plasma” Tlame‘bould‘be accompllshed

Attempts were made, with varying degrees of success, to spheroidize S8i02,

NiO, and a~A1203.
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"I, INTRODUCTION

The models used for_thevderiration of mathematical expressions of .

fthe‘Sintering process, especially in the initial stages; involve packing

" of spherlca‘ partlcles. A<very limited number of studies have used

pherlcal part:cles due to the d:ffncu]ty in produc1ng them in the micron

size range. Cobl_el produced mlcrospheres by passing powders through an

electric arc. Desz was able to produce ceramic microspheres using a dc
plasma ﬁet. A ‘major problem whlch Das encountered was the 1nject10n of ’
the powders 1nto the_plasma flame. Thls must be done tangentlally w1th

':'the de unit, In'this work, spher01d1zat10n vas attempted w1th a r-f

1nduct10n coupled plasma generator, with empha51s being placed on the

i_de31gn of an injection nozzle which could be used to accurately place

the powder feed in the plasma flame. o

v

A. 'Uses of blcrospheres‘

In many fundemental studies of ceramic systems, the use of spherical.

. particles is desirable., 1In all of the original~work done On‘sintering,

which includes the work of Clark and White,3 Kuczynski,h Klngery and

5

Berg, and'Pines,6 a theoretical model was used” 1n whlch all of the

perticles vere unlformly sized spheres. _Thls type of model is.used as

a basis for all of the accepted theories on-sintering of solid particles.

Thus, it is very desirable to have uniformly sized ceramic microspheres

"available_with which sintering experiments<can§be,Carried'out.

Modern reactor technology, in particular that portion'of fuel element |
technology based on dispersion type elements,; requires the use of spherical
particles. Spherical particies.minimize thetsurface area of a givenbh

volume of fuel, thus reducing reactivity with the environment during
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fabrication'endhdse, dSéhericel particles.possess>greeterrstructurei in-

tegrity than,irregularly shepedxpartrcles;‘ éphericel particles are less ooF
.likely to'produce stress concentratioos in the'matrix‘meterial”during‘
u'.ifabrication; As an addltlonal advantaae,‘spherlcal partlcles are nmore

- readlly coated with a unlform dep051t10n of a rerractory metal when this

7

'step.ls employed in fabrlcatlon.
Another important use for ceramic microspheres is in the study of
thedmechanical properties of two-phase'brittle metrix‘ceremic composites.'

: A theory for micromechanlcal stress concentratlons around spberlcal

particles dlspersed in another phase has been formulated by Goodler,s’and

' Edwards.9 Experlmental work has been done by Hasselman and Fulrath, lO,ll '

Jacobson,12 Bertolotol 13 and Nasonlh show1nb how dlspersed spheres in a

brlttle ceranic matrix affects the mechanlcal propertles of the composite.

In these areas of‘ceramlc research ‘the model on whlch the theory
is based is often dependént upon the use of unlform mlcrospheres. Thus
‘it is very ;mportant to be able to produce ceramic microspheres with

which these models can be tested. In this study, an attempt was made to

‘produce these spheres with an r-f induction coupied plasma jet.

B. Definition -qf 8 Plesma
One of the features of today's repidly advaoeingdteohﬁology is the
interest in hdgh temperetures., The redsons for.tﬁis;arelwell known and
; are far too nuﬁerous to evenkbegin e,idstg"Ordioerytehemieai sources of | v
heat are limited as to the temperatures theyicen_groduee. The oxyacety-
lene flane hasva maximum temperature of 3380°K,:‘Qhe'of the highest
chemically produced.temperatures, GCOOQK; iSVObtaiﬁed from the.combustion

of carbon subnitride. Solar furnaces can reach a maximum temperature of
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- £Q00°K. In:ofder'ﬁo achieve temperatﬁres higher:than‘fhisi we must look
to-dthérvméthods £han ﬁhe traditiohal eleétrical and chemical'ones. It
has.beéﬁ'found that fhé élasmé'spate.is the source”ofvthé higﬂest con-
.'tinubusl& confré}}aﬁle temperatures avlailable'*t.;oday.IS |
'The‘classical definition of é plgsié states‘that it'is an.appreciably :.
'a;vioﬁized.gas or vaﬁof which conducts electficify and ié at the same time :
o électfically‘neufral; fluid, hbt, and Qi;cous;‘ The moderh defihition is
less feétrictive and inciudes iohized.gases prgduced 5y shock waves.and
other devices in which there is no'flow of elect?iéal current. Tonized -
: -gases_preseht in gas discharges and ;thér electric phenoména ﬁhich are
not hot are also plasmas by fhe modern @efiﬂition. |

The two diffefént types of plasmas, low préssure and high préssufe,

behave differently in an electric field.l6 In low-pressure plasmas—-10° '

atm or.less——collision; 5etween electrons and thé gas atoms and ions are
relatively rare, When the eleciron finaily does strike an atom, it has
gained enough energy to knock-off an electfon or at least eXcite the atom,
and thereby'cause iﬁ to emit light, Low pressure plasmas are in common
use in flﬁorescent lighting.

In high pressure piésmas~—l atm or more;efhe nean free path of the
electron becomés much smaller, which means thére'afe many méré collisions
per.étom per second. Although the amoﬁnt of energy tranéfer between
electroné and atoms is still small per colliéion; there are enough col-
lisions to assure that there is therma;'eguiliﬁrium.amongbthe pdrticles.
This high degree of excitation (high collision rété) froﬁ the influence
of electric field is the major factor in producing high temperatures in

a plasma,



b
'gz Figure 116 shoﬁs.a plot of heat content»of gases as a fﬁhction of .
. temperature. For monatomlc gases, such as argon, the heat content goes
up quite slowly w1th temperature until the molecules begwn to ionize at
about 11, ,000°K, At thws p01nt the heat ‘content rlses rapidly. " For

. dlatomlc gases), such as oxygen a reglon of dlssoc1atlon occurs before .

B “3.1onlzat10n can occur at 9000°K It can be seen that much less energy is

' Vrequlred to form a plasma with argon (70 kecal/mole) than wwth oxygen

(220 kcal/mole)

.C.:‘Generation of Plasmas -’ N F— Cos

The most common and easiest method'of generating a plasma is the '
. electric arc where a large current is passed through a gas space between

two electrodes, thus 1n1t1at1ng and malntalnlng the plasma. This is a

- common phenomens and is used in electric furnaces, arc welding, and carbon-

arc searchlights.' A serious drawback ofvthis method_of_generation isvthe'

factvtﬁat'the plasma is epcapsulated.between the electrodes andbcannot

te used independently of them,. | |
.'Another methoa of generating a plasma is the dc plasma torch. A

'number of designs have been developed, and these fall_into two general

.categories: gas stabilized and liquid stabllized;_ Perhaps the most.

[N

- common design is the gas sheath stabilized plasma jet, which is shown

in Fié. 2;17

The are‘path is between the solia‘tungsten cathode to a

' hollow water cooled anode. Since the gas must.pass through the aro, it
will be heated to arc temperatures before leaving the torch.. This torch
has the advautage of having the plasma oulside of the elegtrodes. vThese

' torches have been used for welding, cutting, spraying, chemical reactions,

" and numerous other applications.

v
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:IAnoihef gas stabiliéed de biaéma foréh is tﬁe #ortex stabilized‘
.modéi,whefein gés is sﬁiried‘intq tﬁe cﬁamber between thelelectrodes'to
1proddce an intense ontek within the hollow electfode. In this vay, the
'Arc is forced to.travel éut‘of the nozzle and strike\backlto the front
face of ﬁhe'hoilow electrode, Two other designs of gas stabilized plasma
i_ torches are the wail étabilized pléSma jet and the magnetically stébilized
‘plasma jet. These are described bf Thorpe.17

In Qater—stabilized plasma torches; both electrodes ére consumable,-
and the solid elecﬁrode'is fed into the torqh toﬁkeép'the'arc'length
constant . This consumption of electrédes causes the éiasma produced to
be ﬁighly éontaminated; For this'reason, tﬁis unit is‘recéiving littlé
attention at the.preseﬁt time, | |

All of the éreyiously.mentioned dc‘plasmé_tbrches have serious disf
édvantages fqr plasma éenerat;on, most of whicﬁ are associated withvthe'
electrodes inherent in theirvdesigﬁ. 'Sincevthé éleétrodes are used at
a very hiéh femperature, certain gases-which would cause their destruc-
tion by chemical feactién cannot be used. Only géses which.provide re-
ducing and neutral atmospheres can be used., Also, since the electrodes
Mu§£ be Vater cooled, they are thereforg éﬁ a much.lower temperaturé than
the plasma and will tend to cool the plasma flame, |

Probably the most serioué'problem encountered with the de plasﬁa
Jet; for ‘any studies with‘solids, at least, is_thé-injection of the solid .
particles into the plasma} Th¢ solid particles caghot be in fhé plasma
gas stream as.it goes.through ﬁhe eléctrodes, as the.particles would
naturally build up on the forward electrode and would soon plug the hole -

through which the plasma flame must pass. Thcréforé, the powder must be



.: fJCap&Clthely and 1nduct1vely coupled dlscharges. Reed

-8-
[lfed iﬁtorthe<fiame radially:doﬁnstreamIfromrthe electrodes. This has
g two?drawbacks:‘ the‘powdervis not in:the'plasma at its hottest point;

" and the residehce time in the plasma is short.

The hlotory of electrodeless dlschalges at near atmospherlc pressures;~ '

‘i;goes back to the work of Babatl8 who studled the characterlstlcs of
l9Adevelopec1 a
practlcal radlo-frequency,‘1nduct10n coupled plasmd jet in 1960. Since
that time, there have been a numbez of publlcatlons on the subject

‘notably those of Reed,20_2l Reboux522‘M1roner andfhushfar,23 Marynowski

" and Monroe,Ehvand'Kanafan'and Margrevé.es.

. .in_concept, the induction plasma torch is extremely simple'(Fig; 3).
Its‘esseotial components include a refractory oon—conducting confiniﬁé
‘tube supplied w1th the working gas at one end and exhaustlng to the
. atmosphere at the other, a radlofrequency pouer supply for coupllnp
. energy to the‘plasma by means of a c01l of a few turns surroundlng the
_ﬁlasma confining tube, and a means for initiating ionization‘in the
} working gas during‘st&r'(:up.g)4 ‘The plesma flame itself, ehown in Fig. b,
takes the shape of an ellipsoid in the center of the coil. | |

A more detailed descrlptlon of the plasma jet used in this work is

- given in the section entltled "EQUmeent "

D. Spheroidizétion
'The method used for spheroidizing particles with'an R-F plasma jet

19 that the temperature that

is as foliows.' It has been shown by Reed
exists in the center of the plasma flame is much hlgher than the melting

point of any known material. Thus if the particles can be forced to

travel through the core of the plasma, and if the energy transfer from
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: the_piasma is sufficient, then the parficlés will melt. If the residence
- time in the plésma is fdo long, vaporization will occur.' The liquid
- droplets take the'shape of spﬁeres due to surface tension forces. As

f' these droplets pass from the plasma and are quenched, they retaih their

spheroidal shabe, and hence, spherical particles are obtained.

)

Hedger and Ha112§ have reported yields of 50-T0% spheroidization of

several metal and ceramic powders using this method. Their studies were -

. confined to 100-150p particles.

It would be advantageous to be able to.spheroidize'both_larger"and

smaller particles. In order:-to obtain very small sphefical particles,

".they must.not'be alloved to becomé hot enough that substantial vaporiza-

tion occurs. This can be accomplished in two ways: the particles can
be forced through the cofe of the plasma at a higher velocity in order

to decrease the residence time; or, controlled placing can be used to

- - pass the particles through a cooler region of the plasma,.

In order to make use of either of thesé‘methods, an injection nozzle

must be made that will give a thin, well-defined flow pattern of particles.
In other words, it must be designed to give laminar flow, even at high

" velocities, This laminar flow requirement will eliminate the spraying

effect that occurs at an orifice when there %s turbulence in‘fhe flow-
stream, |

The 'spheroidization of large pérticlés will require the use‘qf
either higher péwer levels, or the introduction of a light,.diatomic gas,
such as Hz, which will give increased momentum energy tr%nsfér. Das2
has shown that for a smali-particle of an optically tfansParent material

in the temperature range of interest, radiative heat transfer plays a
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-.ﬁefySmiﬁof:réie.anthence can_be ﬁégiected.
| | | 11;  EQUIPMENTVI'_ S " ~.' B 7.. T v
AL fDeScrigtiohv | . o |

' The plasma éenerato¥ used 1n thls woxk was avForrest Eleétrgnlcs ;
”~:710—kW Inductlon Coupled Plasma Jet A photograph of the overall equipf:
ment set—up is presented in Flg. 5, and Y close—up of the torch head
!assembly is shown in Fig. 6. An 1ndu¢tlon coil sgrrounds two concentrié
':qﬁértz tubes as shown in Fig. 3.' fhe plasmavgas is fedvinfé the top of |
the smaller one.and is vented to the étmospﬁere étlﬁhé ﬁ&ttom éf fﬁe
tube.
. The.oriéinal design célled f;r theruse of‘é gas (argoh) as a cooling
'medium between the quartz tubes. It soon becamé e&ident that when the
élasma Jet'véé operated at poyef levels required fpr spheroidization,
the gas‘codlipngas fa; from satisfactory. When operating ﬁt powersvpf :
5-7 kW, the inner quartz-tube would generally melt within é minuté or
two after sﬁart—up. . | |

A water cooling system vas then de51gned which could be held.ln
" place on the two quartz tubes by means of O—rlng flttlngs.' It can be
'Vseen in Fig. 6. With water flowing between the two;tubes, hovtube
failures due to‘melting were encountered even at the highest power levels
attainable with this unit.

The'high freqﬁéncy éower is furniéhéd.thrqugh a éylind?ical'éoil, o v
which can also be seen in Fig.'6.4'The coil is made of 3/16 inch copper
tubing and is water cooled. The plasma is located approeimately in the
centef of the coil,‘and behaves like a one-turn shorted secondary of a

transformer with n times the current flow of the n turn primary. Three
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XBB 6711-6419 A

Fige 5 R-F Plasma Generator

(a) Control panel, (b) Frequency counter, (c) Argon plasma
gas supply, (d) Argon carrier gas supply; (e) Oxygen supply,
(f) Powder feed system
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Fig, 6 Torch head assembly



coils were used in this work, one each of 3-turns, L-turns, and S-turns, -

each having one reverse turn on the lower end. ThefreVerse.turh had the
effect of repe¢llng some of the tallflame bacn 1nto the plasma resulting

;n a more_concentrated flame. Most of the work was done with the L-turn

‘coil.

ThlS plaema generator has the capablllty of varying the oseillator
frequency by means, of a varlable vacuum capac1tor in the plate tank cir-
cuit, Plasmae were generated at al1 frequenc1es from 2- 8 MHz~ hovever,
most of the Qork was done at a frequency of 4 MHZ;' In plasme”éenerating:.':
units with limited fower capability, the in-operation frequency variability
is necessary.to permit smooth transitions from one plasma éas comédsition
to another, | |

The powder feeder whlch is used to de]lver the powder to the nozzle

»

‘was a commerc1ally avallable feeder whlch consists of a cylindrical. chamber

(approx1mately 15 centlmeters in dlameter) unde” a constant positive
pressure of argon gas. At the bottom of the chamber is an auger vhich
feeds the powder thfough a length ofVTygon.tubing into a cyclone chamber,
The purrose of the cyclone chamber is to break ﬁp anyvagglomerates which
may be present in the powder. The‘powder then goes through another leﬁgth

of tubing into the top of the nozzle. This apparatus can be secen in

~Fig. 5.

There ére é variables which can Be changed tq effect the rate at
which the powder is fed to the plasma. First, the velocit& of the auger
in the bhottom of the powder chamber can be changed at will, thus varying
the actuel mass of powder being fed. Secondly, the powder feeder is

connected to a vibrator with variable amplitude. The vibration of the
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feeding appqratus prevenfs thé powdgr frqm clogging al any_pdiht in it$ 
path dnd keeps it flowing freely; Thg'third variaﬁle is‘the.powder:

feed gas flow rate: Gas flow rates of 5;10 cfh were used inthis work. o
.The gas fiow rate,‘of coﬁrse, effects the»%eloqity at which.thelpaftibles:
come out of the nozzle. Under average conditions with a'0.090 inch insidenj
. 'diémeter nozzle and.a gas floy rate of 10 cfh, a gas velocity of 62,k |

. ft/sec is obtained. Mass feed rates of épproximéfely l.gm)mih were used

' for this work.

In order to be able to use the large powder chémbef'with émail'amouﬁtg

of éowder, three pieces of solid lucite yefe maéhined to provide inclined B
1 piaﬁes on thrée sides of thegchamber, These planés fed the powder ﬁo.é
small openiné above the gﬁger at the poinﬁ:where it leaves thé chamber.
vThis reduced the size of the' sample ne?essary to give a steady flow of
| powder. .
Several methods have been used to initiate a plasma in an R;F plasﬁa

19

generator. These have been described by Reed™” and Marynowski.zh In

their éarly exberiments, a small pilot plasma was‘foréed using a con-
ventional 30 anp, 60—cycle ac arc, The rf coil readily coupleq'to the .

’ pilot pl&gma thus formed, immediately enlarging it into the mgiﬁ pl&sma.
Another method which has-been_used is the heating of>a graphite rod in

the rf field. This in turn heats the gases in tﬁe vicinity Qf_the hot | ‘ v
rod and lowers the breakaown,potential of them sﬁfficiently_for the plasma
to be established in the high rf field. For this work, a Tegla coil, ’
,connected to the‘feed nozzle, provides a lécalizedvhigh woltage spark;ft

which in turn forms a pilot plasma and is then coupled immediately by

the rf field.
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'All ofithé stérting‘methods described‘require the ionization 6f the.

' plésma gés. Since it takes.léss'energyito reach ioniziné temperatu?es

in ‘argon than any other common gas (Fig. 1), it is found that the plasma

:fA'starﬁs much more easily‘in.argoh'than any'other'gas.' Once the plasma is _
v " started, the composition of the plasma gag can be changed, if enough

‘power is. available for ionization.

Once the plasma has been ‘started, it ié held in place by the osciliafF‘

ing magnetic field produced by the rfwcoil.; Howevet, hydrodynemic, in-

stability (displacement and extinguishment of the piasma) is a serious

B problem, . Sheath injection.of the’plasma'gasvis used in this equipment.

This provides fairly effective stabilization through-formation of reverse:

eddies that recirculate a portion of the hot plasma, The reverse turn

in the bottom of the cgil also provides added stabilization, especially

during the feeding of powder into the plasma. It‘helps to overcome the

- tendency of the powder-argon mixture to "push" the plasme dbwnward.

B. Operation

The physical operation of starting the plasma generator used for this

. work can be described as follows. First, the water is turned on to both

the plasma generator itself and alsd to the quarﬁz tﬁbes. The maip
powef and high voltage éwitches are turned on neit{‘ The high voltage.
should be;on for several'minutes before plasmé initi;tion is atﬁempted.
This allows the vacuum power tubes»to warm ﬁp.ﬁ,v‘ |

Next, ihe plasma gas (argon) is turncd on with an initial flow rate
of 20 cfh, The nozzle is theh lowered to a ié?éivevgn.with the top of
the coil. The plate voltages is raiséd to b kV éﬁd the griad curreﬁt-is

adjusted to 200 mA. At this point, thevplasma start button is pressed,
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v.which gétivatés phe Tesla qoil. The_ré;ulﬂing highivoltage'spark sﬁould
"“”igﬁité the'plaéma;immeqiétely;4~Themnextwthree»procedukes«should,be done
. 'quickly in this order:_wthe-hozzle.shoql@‘ﬁg_;aised away.from the fiame;
| thé'argon.flow rate should be lowered to 10 cfh; and the grid current:
'.if plate'cﬁrrent ratio should be adjusfed to(l:lO. |
Néw,’otﬂer gases may be slowly mixed with the argon, butvthe current '_:.

,rétio will have to be'readjusfed afterﬁéach composition change. Also,

.: the-frequency may have to be changed_in‘order to‘maintaih a stable plasma.

. For the injection of powders, . the nozzle isii&wered to a ﬁpint-abouﬁ
1-1/2" away frémfthe flanme. The'flow of powder feed gas (always 100% |
argén)'is-thén sfarted very slowly, while maintaining & constant current

.ratio. IfAthg plésmé becomes unstable, the flow of the plasma gas has
to be reduced to about 5 cfh: When the poﬁder~feed gas is flowing at the
o aésired féte (S—ib cfh),.the ;bzzle should be“lowefed to the point where
the powder gas flow.begins to di#place the plasma flame down the quartz
tube.(approximately 1/2" away). The poﬁder chamber auger and vibrator
:are:then turned on which begins the powder fiowing through thé flame, At
times, fhe plasma would become very unstable whén'powdgr vas flowing
through it if it ektinguished, itvwould oftenﬁimes'reiénite'itself upon
the hélting of the powder flow.-

‘I-II. ' NOZZLE DESIGN

As Qas mentioned earliér, a preréquisite for getting efficient
spheroidizstion  is being adle t§ aécuratély élace povders into the plasma
flame, - The injection nézzle:which was suppiied Qith thelplasmavgenerator
is.shqqn.in Fig., 7. It is'evident.that a fairly high pqwder velocifj.is

needed to drive the powder through the center of the flame, This was
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'»acéompiiShed by the very small inside diameter at the end of the nozzle.

: Howevér, the design of this nozzle is faulty in at least three ways.

The sudden change of proséeseétional area at the‘tép of thewnozzle intro-

duces a large amount éf-turbulenCe in fhe éas-pow&er nixture. This fre-
quentl& céused ﬁhe pow@gfs to clog aﬁ this point. The éombined effect

" of the sudden crosé—sectiénal change at the béttom of the nozzle and the
ﬁery small diameter of the opificé not.oniy produces turbulence which can.

cause clogzing, but also causes the powders to spray at the orifice when N

‘the openingvis not ciogged. This efféct'iS'shown iﬁ Fig. 8, the léftf
photbgraph having beén.taken vith"the gas-poﬁder'mixture f;owing aﬁ 30>
fﬁ/éec;_whilé the right one‘shows the samé-effeét at 7Q ft/sec;

| "The first injection nozzle designed for'thislwork is shown in
Fig..9.v Hefe, the suddén créssfsectionai éhange at the bottom of the
. no?zlevwas eliminated and the inside diameter was increased to‘reducev
the friétion théréﬁy lesseéning the possibiiity of furbulent flow. This
nozzle gave no spré&ing of the powder, and laminar flow was observed even
at very higﬁ fiow raﬁes.l However, there were‘seQeral probléms inherént |
in‘ﬁhis dééign. The abrupt cross-sectionai cﬁaﬁge at the top of the
nozzle still‘inAucéd some clbgging_of the powders, vAlso,-tﬁe inside
diameter ;f the nozzle was too large, in thaf whén a high gas flowirate-
wés,used'to givelé sufficienﬁly highvvelbcity té fhe particies, the ﬁass
of gas te;ded to gxfinguish the plasma. Lastly,‘the.stainleés steel wires
vhich were nsed to force the cooling water to thé bottém of the nozzlé
did not fitlsnuggly enoﬁgh to give adequate cooling at the tip. 'Con—

sequently, this nozzle became very hol when it was lovered close to the

flame.
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Fige 8 Flow patterns of factory supplied nozzle
a« 30 ft/sec b. TO ft/sec

Patterns made with Cog-water vapor mixture



3 *

PP~

2SS. wires 1o just
fit _be_tw_een tubes

\ J——0025"00D

- 1.0378"0.

o orsotto | B

Q’}

o 'XBL681-15924
Fig. 9. SECOND NOZZLE DESIGN.
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: 'Thé-neit;dé$ign is shown in Fié. iO. nge, all‘abrupt‘cross—sectioh':41'
.-1'cﬁanée$‘éré eliminated and the inside diameter‘bf the nozzié is reduced
to a value intermediatg of thé‘first'tﬁo nozzles, "Also;fon this énd the
fihal~de$ign,.the bottom'ihree-inches of the nozzle Qéfe pleted with
ﬁf,rhodium. Rhodium was‘chosen beéausé it.has boﬁh.a'high melting point‘and
“ta'high reflectivity; This nozzle gave good résﬁlts; however, the stain- »_ ,
léss §£ee1 sheet which replaced the wires of the previqus design still

.“: did not cool the‘tip of the‘noézle'e?ficiently:

- The final nozzle design is shown in Fig: ll;"Here; three'poncentric _
tubes.wefe used, where the water was forced down between the inﬁer‘and
middie tubes'and up between the middle and outer tubes;._This device
cooled the tip of the ﬁozzle very effiéiently; even when the nozzle was
quite closé to the plasﬁa flame. No clogging was noticed with this
noizle, and laﬁinar fléw was observed at all veloéities used, The flow
ratterns observed are shown in Fig. 12, The'péttern on the left represénts )
a flow velocity of 30 ft/sec, and the right, éO‘ft/sec. This shows the
necessary laminar fiow. |

IV. EXPERIMENTAL RESGLTS_

SiOz was used during‘alI the preliminary work witﬁ the r-f plasma
~ generator to fést its spheroidizing capability under varioué operating
_paraheters and nozzle designs. There ;ere‘séverai.reasons for its use,
. First, if was, of course, feadily available. Also, the fluidity of Si0,
in its liquid state is less than that of Al,0j4, tHé subétaﬁce of primary
interest in this study.' Thus,bif 510, could be'spheroidized with this
apparaﬁgs, if would be likely that Al,03 could be, also. Finally, the

X~ray @iffraction pattern of the product would‘give an imnediately
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Flow patterns of final nozzle

a. 30 ft/sec b. 80 ft/sec
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-v"apparéﬁt indicatidn of the degree of melting dﬁe'to the easily,réqognizable.

diffréctidh’pattérn of‘the’crystalline quértzwféed. It was assumed that

a1l melted éuartz.WOuid be quenched to a fused silica glass.

The iritial aﬁtempts to spheroidiie sili@a usihg the nozzle supplied__~f

with the plasma generator gave approximately 40% conversion to spherical..

o particles., This was estimated by micrbscqpic examination. This figure
_ does not take into aécount the powder that was deposited on the walls of

- the quartz tube due to the spfaying efféct of the nozzle. On passing this

powder through the Jjet a second‘timé,‘the totalfpercént of spheroidized
particles was increased to approximately T75%.
All the Sibz péwder upon which spheroidization was attempted was -

ground and separated to -250 +325 mesh, The resulting spheres were all

hearly 100% dense, with-only a few small bubbles appearing. The fact

that the spheres were éompletely amorphous was shown by collecting a
samplevof all spheréévand taking en X-ray diffraction pattern of.it. .Thé
resulting patfern showed no crystalline SiO;'éeaks at all, The collection
of a sample of spheres alone was éccomplished by piacing a small amount
of partially spheroidized ﬁaterial on the tép of a glass inclined plane
which is vibfa#ing-perpendicularly to particle flow in the plane of the.
glass plate, The spﬁeres.roll to the bottom;while'the irregularly shaped
particles remaiﬁed on the plate.

~An attempt was made to corfelate thg operaﬁing‘freqﬁency of the

plasma genérator with the efficiency of spheroidization. It was found

that the frequency range of 4-6 MHz was best for spheroidization, due

i

‘almost entirely to the fact that the plasma was the most stable in this

range.
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'The-final'hozzlo,.whieh gave laminar flow of—the powder, provided;

"r;wa mueh5higher degree of spheroidization; on L s1ngle pass through the

'gf"'plasma the SlOz was approx1mately TSp spher01d1zed The 1ncreased con—‘

‘_.ver51on was due to the ablllty to- be able to accurately place the powd‘r35 o

- in the eenter of plasma. A photograph of the 8102 after one pass through
..‘the plasma:is given in Flg. 13. After two passes through,the plasma, the ;”.
'conversionvﬁas lhcreased'to about 90%. | o | -

“The émount'of powderlwhich'wés thrown ageinst the'quartz tube ﬁas
'con31derably reduced when u51ng the flnal nozzle. elthough thls problem
~ has not been entirely overcome. A smal] amount of the powder was even
thrown onto the quertz tube.above.the plasma; These are particles that
did not heve a high enough velocity to overoome the turbulence of‘the
‘plasma regioh. | .

Spher01dlzatlon of —325 +h00 mesh NiO was attempted next, This
‘compound’ gave very good results. Approx1mately 80 90% could be converted”
to spheres with one pass through the plasma. A photograph of one—pass
NiO spheres is given ln-Fig. 14, X-ray analysis showed the spheres to
be all NiO. |

The source of the Al;03 used in this work was erushed and’sized.>
single“crystal_sapphire.v The conversion of ;325‘+h00 mesh Al203 on one.
pass through the plasoa was about 65%, two pesses producedISO% spheres,

- and three pesses produced.90% spheres. A picture ofvthe spheres thus
produced.is.given as Flg. 15.° Figurevl6 shows spheres produced from _
~-400 mesh Alzoa., , | ,:' e |

An X-ray snd Visual'snalysis of the Algbg spheres was made as out-

. ‘ - K . .
lined by Das.2 This showed that the alumina had becn largely transformed
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Fige 15 -250 +325 mesh SiO2 after one pass through plasma
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Fige 1L -325 +400 mesh NiO after one pass through plasma
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Fige 15 -325 +L400 mesh A1203 spheres after three

passes through plasma
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Figs 16  -L0OO mesh Al spheres after three passes *

2%
through plasma
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to the metastable deTia and gamma phaseé, although some (20;3ﬁ%) stable
alpha phase was still present. _

About 50% of the Al,03 ;pgeres produced ;ere neariy {heoretically'
_dehse.. The rest were‘either‘hollow shél?s or contained a largé nunbex
of small bubbles similar to that obsérvéd by.Das.. This’is'easily observed
in the photographs of the Alzog. Althouzh tie spheies were mounted in
" glass, some pull—out; resulted from the polishing opergtién;' The Si02v .
and NiO spheres were moﬁnfed in’piastic. |
| A study was made to determine the effect of éiaémé'gas cbmpés?tioq-ﬂ-
on the spheroidization of'A1203. This was accdmblisheé by making 8

series O6f one-pass runs with different argon-oxygen ratios of the plasma

gas. The results of this study are given in the following table,

Table I. Effect of Oxygen in Plasms Gas
. on Spheroidization

% Oxygen "% AlL,0, Spheroidized‘
0 o . . 651
10 o 70%
r 20 s

Wiﬁh-oxygeﬁ~contents ;bove 20%, it was very hard to keep a_établé plasma
with this unit. The increased spherbidiéation with incréased oxygen con-
tent is a result of the higherlpowef levels reQﬁired tb iohize the oiygen
and hence the increased heat content of Lae plasma. |

Plagma gases that containcd oxygen had no noticéaﬁle effect on the“"

density or the phase of the Al20; spheres produced.

.
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v. COYNCLUS.IONS

The r-f induction-éoupled blasma generatof hgs been fouhd to be a
'pracfical tool for the spheroidization of 30-T0 micron eeramic powders
whenbcertain design.and operating paramcters.have been oppimized. A
method has been devised whereby the quartz plasma containment tube can
.vbe %ater cooled which allo&s the plasma.to be oferated at higher power .
"ievelé.'

A powder injection no;zlé has been désiéned and built wﬁich éivés :
& highly directed flow pattern 6f.t£e powder, with no spraying effect éf':fiﬂ?x
.the tip of the nozzle. This allows‘the particles to . be accuf;tely placédi;j{?{
:.in the center oflthe-plésma where tge temperaturé is the highest. | »
A study was made of the effect of plasma gas composition on sphéfoi3{5 ff3
~zation. It was fpund that argon-oxygen plasma gas mixtures gave plasmas : .
| with higher heat content than argon alone, and could be used most easily'» f:>¥Q
- in a plasma generator with a high power caéability and widé'frequency ) |
variability. This mixture would be eséecially useful in cases where én
oxidizing_atmosphere is required..

Finally; S$i02, NiQ, and Al,0; were spheroidized with varying degrees
~of succe#s} .The Al,03 spheres produced had begn largely transformed to
the metastabie delta and gamma phases, although some alpha'was still
present. - About 50% of the alumina spﬁeres,were quite porous, even to

the poinf of beihg hollow shells.
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