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R-F PLASMA MICROSPHEROIDIZATION OF CERAMICS 

" 

Randolph Tilden Tremper 

JnorganicMaterialsResearch Division, Lawrence Radiation Laboratory, 
and Department of Mineral Technology, College of Engineering, 

University of California, Berkeley, California 

ABSTRACT 

Decemb~r ,1967 

• 
The use of,ther-f ,induction coupled p18,sma ge~era:tor for the 

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

optimize 'several of the design and operating parameters of the equipment. 

The most important problem to be overcome ",'as the design of a p01{der 

injection nozzle which would give a laminar flow pattern so that accurate 

.-' ""-:--' . placement-or -the''Powder"-in'' the"pl~fsliia.-Tlatil.e·could-oe' accompl i shed. 

Attempts were made, "lith 'varying degrees of success, to spheroidize Si02, 

• 
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I. . INTRODUCTION ' 

The models used for the derivation of mathematical 'expressions of 

'the sintering process, espec~a11y in the initial stages, involve packing 

of sphericel particles. A very limited number of studies have used 

spherical partlcles due to the dHflculty in producing them in the micron 

size 1 produced microspheres by passing powders through ra.nge. Coble an 

electric 
'2 able to produce ceramic microspheres using a dc arc • Das' was 

plasma jet. A major problem which-Das encountered was the injection of' 

the powders into the p}asma flame. This must be don~ tangentlally with' 

the dc unit. In this work, spheroidization ",as attempted with a r-f 

induction 'coupied plasma generator, with emphasis being placed on the 

: design of an injection nozzle which could be used to accurately place 

the powder feed in the plasma flame. 

A: Uses of r.Ucrospheres 

In many fundamental studies of ceramic systems, the use of spherical 

particles is desirable. In all of the original work done on sintering, 

which includes the work of Clark and rlliite,3 KuczynSki,4 Kingery and 

5 ' ' 6 
Berg, and Pines, a theoretical mbdel was used in which all of the 

particles were uniformly sized spheres. This 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 sinteririg 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 particles minimize the surface area of a given 

volume of' fuel, thus reducing reactivity with the environment during 
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fabrication and use. Spherical particles possess greater structural in-

tegrity than. irregularly shaped particles. Spherical particles are les.s i' 

. likely to·produce stress concentrations in the D'l..atrix material during 

.. fa:brication. As an additional advantage, spheriC!al particl.es are more 

readily coated with a uniform deposition of a rei"ractor,y metal when this 

step is e."llployed in faorication. 1 

Another important use for ceramic microspher~s is in the study of 

the mechanical properties of two-phase brittle matri.x cera.'1lic composites. 

A theory for micromechanical stress concentration~·arourid spherical. 

particles 4ispersed in another phase has been formulated by G~0~ier,8 an~ 
9 . . 10 11 

Edwards. EXperimental work has been done by Hass~lman and Fulrath, '. 

12 .. . 13 14 
Jacobson, Bertolott~, and Nason showing hoW' dispersed spheres in a 

.brittle ceramic nHltri~ affects ·the mechanic8.l prope:rtiesof the composite • 
.. v 

In these areas of ceramic rese.arch, the m~d,:~f.Qn which the theory 

is based is often dependE!nt upon the use of uniform micro spheres • Thus 

it is very important to be able to produce ceramicmicrospheres with 

which these models can be tested. In. this studY,lan attempt was made to 

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

B. Definition of a Plasma 

One of the fea~ures of today's rapidly advancing technology is the 

interest in high temperatures. The reasons for. th:i s are well known and 
. 

are far too nwnerous to even begin a l~st.. Ordiri3fy chemical sources of 
.. .' 

heat are limited as to the temperatures they can produce. The oxyacety-

lene flrune has a maximwn temperatur~ of 3380oK •. One of the highest 

chemically produced temperatures, 6obooK, is obtained from the combustion 

of carbon subnitride. Solar furnaces can reach a maximum temperature of 

v 

v 
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40000 K. In order to achieve temperatures higher than this, we must look 

to other methods than the traditional electrical and chemical ones. It 

has been found that the plasma state is the source of the highest con

tinuously controllable temperatures av:ailable"today.15 

The classical definition of a plasma states that it is an appreciably 

ionized gas or vapor which conducts electricity and is at the same time 

electrically neutral, fluid, hot, and viscous. The modern definition is 

less restrictive and includes ionized gases produced by shock waves and 

other devices in which there is no flow of electrical current. Ionized 

gases present in gas discharges and other electric phenomena which are 

not hot are also plasmas by the modern definition. 

The two different types of plasmas, low pressure and high pressure, 

behave differently in. an electric field. 16 In low-pressure plasmas--10- 3 

atm or.less--collisions between electrons and the gas atoms and ions are 

relatively rare. When tne electron finally does strike an atom, it has 

gained enough ener~J to knock off an electron or at least excite the atom, 

and thereby cause it to emit light. Low pressure plasmas are in common 

use in fluorescent lighting. 

In high pressure plasmas--l atm or more~-the mean free path of the 

electron becomes much smaller, which means there are many more collisions 

per atom per second. Although the amount of energy transfer between 
. 

electrons and atoms is still small per collision, there are enough col-

lisions to assure that there is thermal equilibrium among the part.icles. 

This high degree of excitation (high collision rate) from the influence 

of electric field is the majo:r factor in producing high temperatures in 

a plasma. 
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" 16 
Figure 1 shows a plot of heat content of gases as a function of , 

temperature. For monatomic gases" such, as argon, the heat content goes 

up quite slowly with temperature until the molecules begin to ionize at 

about 11,00ooK. At this point, the heat content rises rapidly. 'For 

diatomic gases, such as oxygen, a region of dissociation occurs before 

" ion,ization can occur at 9000oK. It can b~ seen that much less energy is 

, required to f'orm a plasma with argon (70 kcal/mo~e) than with oxygen 

,'(220 kcel/mo1e). 

. C.Generation of Plasmas 
. , ' 

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 initiating and maintaining the plasma. This is a 

common phenomena and is used in electric furnaces, arc welding, and carbon~ 

arc searchlights. A serious drawback of this method of generation is the 

fact that the plasma is encapsulated between the electrodes and cannot 

be used independently of them., 

Another method of' generating a plasma is the de plasma torch. A 

number of designs have been developed, and these f'all into two general 

, categories: gas stabiliz'ed and liquid stabilized. Perhaps the l'Jost 

common design is the gas sheath stabilized plasma jet, which is shQwn 

. F: 2'17 In 19. • The arc path is between the solid tungsten cathode to a 

hollow ,water cooled anode. Since the gas must pass through the arc, it 

will be heated to arc temperatures before leaving the torch. This torch 

has the adyalltage of having the plasma outside of the electrodes. These 
• 

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

and numerous other applications. 

'v 
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Another gas stabilized dc plasma torch is the vortex stabilized 

. model, wherein gas is swirled into the charnber between the electrodes to 

produce an intense vortex within {he hollow electrode. In'this way, the 

arc is forc\.!d to travel out of the nozzle and strike back to the front 

fa,ce of the· hollow electrode. Tv10 other designs of gas stabilized plasma 

torches are the wall stabilized plasma jet and the magnetically stabilized 

plasma jet. 
. 17 

These are described by Thorpe. 

In water-stabilized plasma ~orches, both electrodes are consumable, 

and the solid electrode 'is fed into the to~ch to~k~ep'the' arc 'length 

constant. This consumption of electrodes causes the plasma produced to 

be highly contaminated. For this reason, this unit is receiving little 

attention at the present time. 

All of the previously mentioned dc plasma torches have serious dis-

• advantages for plasma generation, most of which are associated with the 

electrodes inherent in their design, Since the electrodes are used at 

a very high temperature, certain gases which would cause their destruc-

tion by chemicai reaction cannot be used. Only gases which provide re-

ducing and neutral atmospheres can be used. Also, since the electrodes 
, . 

must be water cooled, they are therefore at a much lower temperature than 

the plasma and will tend to cool the plasma .tlame. 

Probably the most serious 'problem encountered with the de plasma 

jet, for 'any studies with solids, at least, is the injection of the solid 

particles into the plasma. The solid particles cannot be in the plasma 

gas stream as it goes through the electrodes, as the particles would 

naturally build up on the forward electrode andv10lLld soon plue the hole 

through wh'ich the plasma flame must pas~;. Therefore, the pm{c1er must be 
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. '.' 
'fed inte the, flame radially ,downstream from the electrodes. This'has 

twe drawbacks: the. powder is not in the plasma at its hottest point; 

and the residence tim'e in the plasma is short. 

The history' of electrodeless discha:t'ges at near atmospheric pressures, 
, 18 

gees back,to the werk of Babat who studied the characteristics of 

capacitively and inductively coupled discharges. Reed19 developed a 

practical radio-frequency, induction coupled plasma jet in 1960. Sin~e 

that time, there have been a rlUmber .of publicatiens on the subject, 

. 20 21 . 22. ' 23 
netably these .of Reed, , Rebeux, Mlren~r and ~Hushfar I Marynows.ki 

'24 . 25 
and Menroe, and Kana.'an and Margrave. . 

In cencept, the induction plasma torch is extremely simple' (Fig. 3). 

Its essential cemponents include a refractory non-conducting confining 

tube supplied with the working gas at one end and exhausting to the 

atmesphere at the other, a radiofrequency po\·rer supplyfor·ceupling 

energy te the plasma by means of a coil of a few turns surrounding the 

plasma cenfining tube, and a means for initiating ionization in the 

werking gas during'startup.24 The plasma flame itself, shown in Fig. 4, 

takes the shape .of an ellipsoid in the center of the coil. 

A mere detailed description of the plasma jet used in this work is 

given in the sectien entitled "Equipment." 

D. Spheroidization 

The -methed used for spheroidizj,ng particles with an R-F plasma jet 

is as fellews. It has been shown by Reed19 that the temperature that 

exists in the center of the plasma flame is much higher '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 

, ':0-' 

1.1 

- . 
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Fig. 4 Close-up of plasma flame 
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the plasma is sufficient, then the particles will melt. If the residence 

time in the ~lasma is too lone, vaporization will occur. ' The liq~id 

droplets take the shape of spheres due to surface ,tension forces. As 

these dropl~ts pass from the plasma and a~e quenched, they retain their 

spheroidal shape, and hence, spherical particles are obtained. 

. 26 ' 
Hedger and Hall . have reported yiel€l.s of 50-70% spheroidization of 

several metal and cera~ic powders using this method. Their studies were 

confined to 100-150~ particles •. 

It would be advantageous to be able to .sphe-roidiz.eb~th large:.:" and 

smaller particles. In order.to obtain very small spherical particles, 

they must not be allowed tb become hot,enough that SUbstantial vaporiza-

tion occurs. This can be accomplished in two ways: the particles can 

be forced through the core Of the plasma at a higher velocity in order 

to decrease the residence time; or, controlledplac,ing can be used to 

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

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

must be made that will give a thin, 'Tell-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 sI,>raying 

effect that occurs at an orifice when there is turbulence in the flow-

stream. 

The 'spheroidization of larse particles will require the use of 

either higher power levels, or the introduction of a light, diatomic gas, 

such as H2, whj.ch will give increased momentulll energy transfer. 
• 

2 
Das 

has shown that for a small particle of an optically transparent material 

in the temperature range of interest, radiative heat transfer plays a 

' .. 
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very minor 'role and hence can be neglected. 

II. EQUIPIvIENT 
" 

A.Description 

The plasma generator used in this work was a Forrest Electronics 

lO-kW Induction 'Coupled Plasma Jet. A photograph of the overall equip

ment set-up is presented in Fig. 5, and a- close-up of the torch head 

assembly is shown in Fig. 6. An induction coil surroun~s two concentric 

quartz tubes as shown in Fig. 3. The plasma gas is fed, into the top of 

• 
the smaller one ,and is vented to the atmosphere at th~ bottom of th~ 

tube. 

The original design called for the use of a gas (argon) as a cooling 

medium between the quartz tubes. It soon became evident that when the 

plasma jet was operated at po~er levels required for spheroidization, 

• 
the gascoolins was far from satisfactory. When operating at powers of 

5-7 kW, the inner quartz-tube would generally melt within a minute or 

two after start-up. 

A ,Tater cooling system \o,as then designed which could be held in 

place on the two quartz tubes by means of O-ring fittings. It can be 

seen in Fig. 6. With water flowing between the two tubes,no tube 

failures due to melting, were encountered even at the highest power' levels 

attainable with this unit. 
, 

The high frequency pm-Tel' is furnished through a cylind~ical coi1, 

which can also be seen in Fig. 6. 'The coil is made of 3/16 inch copper 

tubing and is water cooled. The plasma is located appro~{mately in the 

center of the coil, and behaves like a one-turn shorted secondary of a 

transformer wi.th n times the current flo., of the n turn primary. Three 

" 
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XBB 6711-6419 A 

Fig. 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 



-14-

XBB 6711-6418 

Fig. 6 Torch head assembly 
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coils were used in this work, one each of 3-turns, 4-turns, and 5-turns, 

each having one reverse turn on the lower end. The· reverse. tur'n had the 

effect of repelling some of the tailflame back into the plasma, resulting 

in' a more concentrated flame. Most of the work.las done with the 4-turn 

coil. 

This plasma generator has the capability of varying the oscillator 

frequency by means. of a variable vacuum capacitor in the plate, tank cir-

cui t. Plasnas were generated at all. frequencies from 2-8 !v1Hz; however, 

most of the work was done at a frequ~ncy of Ii l,ffiz.. In plasma generati"ng 

units with li~ited power capability, the in-operation frequency variability 

is necessary to permit smooth transitions from one plasma gas composition 

to another. 

The powder feeder which is used to deliver the powder to the nozzle 

was a commercially available feeder which consists of a cylindrical cha.T!lber 

(approximately 15 centimeters in dia~eter) under a co~stant positive 

pressure of argon gas. At the bottom of the charrber is an auger which 

feeds the powder through a length of Tygon tubing into a cyclone chamber. 

The purpose of the cyclone chamber is to break up any agglomerates which 

may be present in the po",der. The powder then goes through another length 

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

Fig. 5. 

There are 3 variables which can be changed to effect the rate at 

which the po",der is fed to the plasma. First, the velocity of the auger 

in the bottom of the pmlder chamber can be chanced at "rill) thus varyinG 

the actual maS[i of .powder beine; fe(~. S'econdly, the powelC"!' feeder is 

connected to a vibrator with vl.i.d.able amplitude. 'l'he vibration of the 



-16-

feeding apparatus pr0vents the pOVlucr from clogl.!:ine at any pOint in its 

path and keeps it flowing freely. '1'he third variable is the powder, 

feed gas flow rate. Gas flow rates of 5-10 cfh were used in'-this work. 

The gas flcl-o' rate, of course, effects the: velo~ity at which the particles" 

come out of the nozzle. Under average conditions with a 0.090 inch inside 

diameter nozzle and a gas flow rate of 10 cfh,a gas velocity of 62.4 

ft/sec is obtained. Mass feed rates of approximately l.gm/min were used 

for this work. 

. .. ' . 
In order t9 be able to use the large povrder charn'ber with small, a"llourits 

of powder, three pieces of solid lucite ~ere machined to provide inclined 

planes on three sides of the- chamber. These planes fed the powder to a 

small opening above the auger at the point" where it leaves the chamber. 

This reduced the size of the' sample necessary to give a steady flow of 

v ' 
powder. 

Several methods have been used to initiate a plasma in an R-F plasma 

generator. These have been described by Reed19 and MarynOwski. 24 In 
, 

their early experiments, a small pilot plasma was formed using a con-

ventional 30 ~p, 60-cycle ac arc. The rf coil readily coupled to the 
r 

pilot plasma thus formed, immediately enlarging it into the main plasma. 

Another method which has been used is the heating of a graphite rod in 

the rf field. This in turn heats the gases in the vicinity of the hot 

rod and lowers the breakdO\mpotential of them sufficiently for the plasma 

to be established in the high 'rf field. For this work, a Tesla coil, 

connected to the feed nozzle, provides a localized high lIo1tage spark, ' 

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

the rf field. 

,'.'; , 

r 
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All of the starting methods described require the ionization of the 

plasma gas. Since it takes less' energy 'to reacn ionizing temperatu~es ' 

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

starts much more easily in argon thE!-n any other gas. Once the plasma is 

started, the composition of the plasma ga~ can be changed, if enough 

power is, available for ionization. 

Once the plasma has been 'started, it is held in place by the oscillat-

ing magnetiq field produced by the rf coil •. How~ver, hydrodyn~~ic, in-. . . 
stability (displacement and extinguishment of the plasma) is a serious 

pr.oblem. , Sheath injection,of the-plasma gas is 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 bott.om of the co).l 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 plasma dowmvard. 

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 also to the quartz tubes. The main 

power and high voltage switches are turned on next. 'l'he high voltage 

should be on for several minutes before plasma initiation is attempted. . . 

This allows the vacuum power tubes to warm up. 

Next, the plaslna gas (argon) is turn ... J. on ",lth an initial flow rate 
• 

of 20 cfh. The nOZZle is then lowered to a level even with the top of 

the coil. 'llhe plate vC?ltages is raised to 11 kV s.nd the grid current is 

adjusted to 200 ·rnA. At this point, the plasma start Dutton is pressed, 
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. , 
which activates the Tesla coil. The resulting high voltage spark should 

: -.~. ··'-·-ign~te the 'plasma -imnl-edie.tely·. ·:····The ... next .. -t~ree.··procedur.es --should ,be done I,,' 

quickly in this order: _._the nozzle, shott~d~e. raised away from the flaI!1e; 

the' argon flow rate should be lowered to 10 cfh; and the grid current: 

plate current ratio should be adjusted to 1:10. 

Now, other gases may be slowly mixed with the argon, but the current 

ratio will have to be readjusted after each composition change. Also, 

the frequency may have to be changed. in order to maintain a stable plasma. 

For the injectiGn of powders, tl;e nozzle is lowered to a point·aoout 

1-1/2" away from the flame. The flow of'powder feed gas (always 100% 

argon) 'is then started very slm-rly, while maintaining a constant current 

.. ratio. If the plasma becomes unstable, the flow' of the plasma gas has 

to be reduced to about 5 cfh. \-Then the powder-feed gas is flowing at the 

desired rate (5-10 cfh), the nozzle should be lm.,ered to the pOint where 

the powder gas,flow.begins to displace the plasma flame doml the quartz 

tube (approximately 1/2" a,.,a.y). The powder chamber auger and vibrator 

are then turned on which begins the pO't-Tder flowing through the flame. At 

times, the pl~sma would become very unstable when powder was flowing 

through it; if it extinguished, it would oftentimes reignite itself upon 

the halting of the powder flow.· 

III. NOZZLE DESIGN 

As was mentioned earlier, a prerequisite for getting efficient 

spheroidizatj.on'is being able to accura.tely place pO't-lders into the plasma 

flame. . 'l'he inJ cction nozzle which was supplied with the plasma generator 

is sho~m in Fig. 7.. It is ,evident that a fairly high pm-lder velocity .is 

needed -to drive the pot-ider through the center of the flame. This was 



-19-

0.25" O. D . 

. '" .... : ..... 
. ";. 

( " 

, .... , ... 

, ... ,J 0.375t10.D.~ 16" .. . 

I 

0.090" ,. D. 
' .. ".' -

. . ~ 
.. 

, .. 

..~ .. 
0.040" I. D. . ... ,.. ..,... 

··0···.·75·· ... : -'i' , 

.' .: .. : .... 

' .. .', .... 
. ''. .. ' XBL681-1591 

Fig. 7. FACTORY SUPPL lED NO Z Z L E . 
. ; 



-2,0-

accomplished by the very small inside diameter at the end of the nozzle. 

However, the design of this nozzle is fauity in at least three ways. 

" 

The sudden change of cross-sectional area at the top of the nozzle intro-

duces a large amount of turbulence in the gas-pm.:der mixture. This 'fre-

quently caused the powders to clog at this point. The combined effect 

of the sudden cross-sectional change at the bottom of the nozzle and the 

ver! sma~l diameter of the orifice not only produces turbulence which can, 

cause clogging, but also causes the powders to spray e.t the orifice when .. 
'the opening is not clogged. This effect is 'shown in Fig. 8, the left 

pho~ograph having been taken with the gas-powder'mixture flowing at 30 

ft/sec, while the right one shows the same effect at 70 ft/sec. 

The first injection nozzle designed for this work is shown in 

Fig. 9. Here, the sudden cross-sectional change at the bottom 'of the 

nozzle was eliminated and the inside diameter was increased to reduce 

the friction thereby lessening the possibility of turbulent flow. This 

nozzle gave no spraying of the powder, and laminar floy, was observed even 

at very high flm. rates. Hmvever, there were several problems inherent 

in this design. The abrupt cross-sectional change at the ,top of the 

nozzle still induced some clogging of the powders. Also, the inside 

diameter of the nozzle was too large, in that when a high gas flow rate 

was ,used to give it sufficiently high velocity to the particles, the mass 

of gas tended to extinguish the pla~ma. Lastly, the stainless steel wires • 

which were ltsed to force the coollng water to the bottom of the nozzle 

did not fit snuggly enough to give adequate cooling at the tip. Con-

sequently, this nozzle became very hot when it was loyrered close to the 

flarne. 
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Fig.. 8 Flow patterns of factory supplied nozzle 

a. 30 ft/sec b. 70 ft/sec 

Patterns made with CO2 -water vapor mixture 
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The next design is shown in Fig. 10. Here, all abrupt cross-section 

',' " changes are eliminated and the inside diameter of th,c nozzle is reduced 

to a value intermediate of the first'two nozzles. 'Also, on this and the 

final design, the bottom three inches of the nozzle were plated with 

"rhodium. Rhodium was chosen because it has both a high melting point and 

a high reflectivity. This nozzle g~ve good results; however, the stain

less steel sheet which replaced the wires of the previous design still 

did not cool the tip of the nozzle efficiently. 

The final nozzle design is shO\m in Fig: ll~ Here, three concentric 

tubes were used, where the water was forced down betw~en the inner and 

middle tubes and up bet"Teen the middle and outer tubes. '1'his device 

cooled the tip of the nozzle very efficiently, even when the nozzle was 

quite close to the plasma flame. No clogging was noticed with this 

nozzle, and le.minar flow was observed at all velocities used. The flow 

patterns observed are shown in Fig. 12. The pattern on the left represents 

a flow velocity of 30 ft/sec, and the right, 80 ft/sec. This shoy's the 

necessary le .. "ilinr.::.r flow. 

IV. EXPERIMENTAL RESUUrS 

Si02 was used during alI the p~eliminary work with the r-f plasma 

generator to test its spheroidizing capability under various operating 

parameters and nozzle designs. There were several reasons for its Ut;e. 

First, it was, of course, readily available. Also, the fluidity of Si0 2 

in its liquid state is less than that of A1203, tlle substance of primary 

interest in this study. Thus, if Si02 could be spheroidizcd with this 

apparatus, it woul~ be l:i.kely that A1203 could be, also. Finally, the, 

X-ray diffraction pattern of the product would give an im.mediately 
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Fig. 12. Flow patterns of final nozzle 

a. 30 ft/sec b. 80 ft/sec 



. ' . 

, "r 

:· ... 1 

-21- . 

, 
apparent indication of the degree of melting due to the easily recognizable. 

diffraction pattern of the crystalline quartz.feed. It was assumed that 

all melted quartz would be quenched to a fused silica glass. 

The ir .. ltial attempts to spheroidize silica using the nozzle suppl::.ed 

with the plasma generator gave approximately 40% conversion to spherical 

particles. This was estimated by microscopic examination. This figure 

does not take into account the powder that was deposited on the walls of 

the quartz tube due to the spraying effect of the nozzle; On passing this 
'. 

powder through the jet a second, time,. the total' percent of spheroi~iz.ed 

particles was increased to approximately 15%. 

All the 8i02 po\order upon which spheroid,~~'ation was attempted was 

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

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

that the spheres were completely amorphous was shown by collecting a 

sample of all spheres and taking an X-ray diffraction pattern of it. The 

resulting pattern sho\ored no crystalline Si02 peaks at all. The collection 

of a sample of spheres alone \oras accomplished by placing a small amount 

of partially spheroidized material on the top of a glass inclined plane 

which is vibrating perpendicularly to particle flow in the plane of the 

glass plate., The spheres roll to the bottom~whilethe irregularly shaped 

particles remained on the plate. 

An Attempt was made to correlate the operating frequency of the 

plasma generator with the efficiency of spheroidization. It was found 

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

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

range. 
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The f:i.nal nbzz10, which gave lruninA.r flow of the powder, provided· 

- a much higher degree of spheroidization. On a single pass through the 

plasma, the Si02 was approximately 75% spheroidize~. The increased con-

version 1-laS due to the ability to be able: _ to accurately place the powdcr!3 

in the center of plasma. A photograph of the Si02 after one pass through 

the plasma is given in Fig. 13. After t'\vo passes through the plasma, the 

conversion was increased to about -90% . 

. The runount of powder which was thrown against the quartz tube was .. 
'considerably r~duced when using the final t!ozzie, alth~t1ghthis pr?blem.· 

has not been entirely overcome. A small amount of the powder was ~ven 

thrown onto the quartz tube_above the plasma. These are particles that 

did not have a high enough velocity to overcome the turbulence of the 

plasma region. 

Spheroidization ot -325 +400 mesh NiO was attempted next. This 

compound gave very good results. Approximately 80-90% could "be converted 

to spheres with one pass through the plasma. A photograph of one-pass 

NiO spheres is given in- Fig. 14. X-ray analysis showed the spheres to 

be all NiO. 

The source of the A120a used in this work was crushed and~sized-

single crystal sapphi;re. The conversion of -325 +400 mesh A1 20 a on one 

pass through the plasma was about 65%, two passes produced 80% spheres, 

and three passes produced 90% spheres. A picture of the spheres thus 

produced is given as Fig. 15. Figure 16 shows spheres produced from 

• 

An X-ray and visual analysis of the A120 3 spheres was made as out-

2 lined by Das. 
I 

t.J:'his showed that the alumina had been largely transformed 
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Fig. 13 -250 +325 mesh Si02 after one pass through plasma 
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Fig. 14 -325 +400 mesh NiO after one pass through plasma 
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spheres after three 

passes through plasma 
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to the metastable delta and ga.llua3. phases, although some (20-30%) stable 

alpha phase \-las still present. 

About 50% of the A1 20 3 npheres produced were nearly theoretically 

dense. The rest were either hollow shel~s or contained a large number 

of small bubbles similar to that observed by Das., This 'is easily observed 

in the photograph'S of the A1 20 3 • Althott,gh tile spheres were mounted in 

glass, some pull-outs resulted from the polishing oper~tion. The Si0 2 

'and NiO spheres were mounted in' pl.astic. 

A study was made to determine the eff~ct of p~asma'gas comp~sitio~' 

on the sphcroidization of Al 20 3 • This was accomplished by making a 

series of one-pass runs with different ar'gon-oxygen ratios of the plasma 

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

Tabl~ I. Effect of Oxygen in Plasma Gas' 
on Spheroidization 

% Oxygen '% Al20~ SEheroidized 

° 65}~ 

10 70% 

r 20 75% 

With oxygen ,contents above 20%, it was very hard to keep a stable plasma 

with thi~ unit. The increased sphcroidization with increased oxygen con-

tent is a result of the higher power levels required to ionize 'the oxygen 
( 

and hence tLe increased heat content of t~le plasma. 
• 

" 

Plasma gases ~hat contained oxygen had no noticeable effect on the" 

den8ity or the phase of the AhO) spheres produced. 



v. CONCLUSIONS 

The r-f induction-coupled plasma generator has been found to be a 

practical tool for the sphcroidization of 30-70 micron ceramic powders 

when certai..'1 design and operating parameters have been optimized. A 

method has been devised whereby the quartz plasma containment tube can 

be water cooled which allows the plasma to be operated at higher power 

levels. 

A powder injection nozzle has been designed and buiit which gives 

a highly directed flow pattern of the powder, with no spraying eff~ct at' 

the tip of the nozzle. This allows the particles to.be accurately placed 

in the center of the plasma where the tempei'ature is the highest. 

A study' was made of the effect of plasma gas composition on spheroidi-

zation. It was found that argon-oxygen plasma gas mixtures gave plasmas . 
. 

with higher heat content than argon alone, and could be used most easily 

in a plasma generator with a high power capability and wide frequency , 

variability. This mixture would be especially useful in cases where an 

oxidizing atmosphere is required •. 

Finally, 8i02, NiO, and Al203 were spheroidized with varying degrees' 

of success. The A1203 spheres produced had been largely transformed to 

the metastable delta and gamnla phases, although some alpha'was still 

present. "About 50% of the alumina spheres were quite porous, even to 

the point of being hollow shells. 

." 
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