JOURNAL OF MATERIALS SCIENCE 31 (1996) 3487-3495

The formation of hollow spherical ceramic
oxide particles in a d.c. plasma
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Department of Materials Engineering, Monash University, Clayton, Victoria 3168, Australia

Investigations have been carried out to determine the conditions that lead to the production
of spherical hollow ceramic oxide particles during melting in a d.c. plasma jet. Reports in the
literature indicated that such ceramic particles were formed by plasma spraying spray dried
agglomerates, but precise details of the conditions necessary for their formation were not
stated. In this study it is shown that for hollow particles to be formed several conditions had
to be met. Spherical spray dried agglomerates had to be used as starting materials, the
material being sprayed had to melt over a narrow temperature range and the size of the
particles had to exceed a certain diameter. Experiments, using yttria, showed that the
relative size of the pore was dependent on particle diameter, and it has been proposed that
the major controlling factor that influences this dependence is the escape of gas trapped in
the spray dried agglomerate during melting rather than surface tension or undercooling
which were shown to produce only minor effects. In addition, the results also showed that
the nature of porosity within the hollow particles as weli as the surface morphology was

dependent on the material being sprayed.

1. Introduction

Plasma spraying of ceramic powders is normally used
to produce ceramic coatings on metallic substrates for
the improvement of wear properties or to act as ther-
mal barriers. In the many investigations that have
been carried out into the production of ceramic coat-
ings by this method there have been some reports of
the production of hollow particles during the plasma
melting of powders which led to increased porosity in
the sprayed coatings. In some cases this was used to
produce controlled porosity in coatings on turbine
engine blades, diesel engines or as abradable coatings
[1-3]. By incorporating porosity into the coating, the
thermal insulation and mechanical toughness of the
coating can also be enhanced [2]. It was noted that
many of these hollow ceramic particles resulted from
the plasma spraying of spray dried powders, but pre-
cise details of the conditions necessary for their forma-
tion were not given [3-5].

2. Experimental procedure

The source, chemical composition, morphology and
approximate particle size of the ceramic powders used
in this study are shown in Table 1.

With the exception of ZrO,/Y,05 which was sup-
plied as a commercially prepared spray dried powder,
all the other materials were wet attrition milled (where
necessary) to reduce the particle size to < 1 pm, and
then the aqueous suspensions were spray dried using
a Niro rotary atomizer Denmark. Most of the suspen-
sions used for spray drying were prepared by ultra-
sonically dispersing the powder in distilled water.
However, in some cases, acetic acid or ammonia addi-
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tions were made to control the viscosity of the suspen-
sion or up to 8§ wt % polyvinyl alcohol (PVA) was
added to act as a binder for the spray dried agglomer-
ates. Some spray dried agglomerates that did not
contain a binder had to be partially sintered prior to
plasma spraying in order to prevent their disintegra-
tion in the plasma torch feed lines which resulted in
blockage of the lines.

A subsonic (atmospheric) d.c., plasma torch (Plas-
madyne SG-100, 40 kW, 900 A) with Ar (441 min 1)
and He (41min~') plasma gases, equipped with
a Metco powder feed unit type 4MP model 851 was
used to plasma spray the powders which were col-
lected in distilled water.

The surface morphology and internal structure of
both the spray dried and plasma sprayed particles
were determined using a scanning electron micro-
scope, Jeol SEM (JSM 840A). The internal structure of
the particles was observed by ecither sectioning par-
ticles set in an epoxy resin or by the examination of the
shells of crushed particles. Quantitative measurements
to determine the size of the pore within yttria particles
and the particle diameters were obtained from optical
micrographs of the particles dispersed in methylene
iodide which were taken using an Olympus BHSP
microscope under plane polarized transmitted light.
A pycnometer was used to measure the density of
yttria powders which had been sized by sieving.

3. Results

3.1. Spray dried powders

For the production of spherical spray dried agglomer-
ates there was an optimum solids content in the slurry,
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TABLE I The materials and their source, composition, particle morphology and approximate particle size used in the investigations.

Material Source Composition Morphology and approximate particle size

Y,0;, Aldrich Chemical Co. Ltd. Y,0; Angular particles, approx. size range between
5-10 pm.

Z210,-Y,0; Z-Tech, ICI ZrO, + 5.1 wt% Spherical spray dried agglomerates consisting

(SY Ultra 5.2)

Advanced Ceramics

Y,0;

of particles < 1 um. The mean agglomerate size was
between 5-100 pm. .

Platelets, 20-30 pum in length and 5-10 um

thick.

Angular particles, approx. size range between

Tale (TX) Steetley Minerals Si0, + 33.5 wt %
3Mg0.4Si0,.H,0 MgO
AlLO; Linde, High Purity Al,O,
Abrasive, ex Union
Carbide
AlL,O;/TiO, Rf plasma prepared AL O; + 342 wt %
powder in Materials TiO,
Engineering,
Monash University
TiO, Ajax Chemicals TiO,

5-30 um

Spherical, solid particles.
Mean particle size 0.1 pm

Angular particles less than 1 pm.

the value of which was dependent on the nature of the
material being sprayed. Concentrations of slurries be-
low this optimum resulted in the production of dough-
nut shaped agglomerates, which were found not to
produce hollow particles after plasma spraying, and
higher concentrations resulted in the blocking of the
atomizer of the spray drier.

3.2. Internal structure of plasma sprayed
powders

All of the plasma sprayed particles except the

Ti0,/Al,O; particles, exhibited porosity but the dis-

tribution and amount of porosity differed as shown in

Figs 1-7.

As shown in the SEM micrographs (Figs 1 and 2)
the majority of the larger ZrO,/Y,0; and Y,O; par-
ticles each contained a single smooth lined spherical
pore, however in some of the ZrO,/Y,O5 particles
(Fig. 3) the interior of the shells was rough. MgO/Si0O,
contained numerous small pores within each particle
(Fig. 4). Al,O; and TiO, contained some remnant
material within the cavity which often was present as
a small spherical particle trapped within the outer
shell, as shown in Figs 5 and 6. Although there were
a few hollow Al,O3/Ti0, particles produced, the ma-
jority of the particles were observed to be solid (Fig. 7).

3.3. Measurements of pore size as a
function of particle size for yttria
particles

The dependence of the pore size on particle size was

determined from measurements of photographs of im-

ages of particles in optical micrographs of plasma

sprayed yttria particles. A typical micrograph is shown
in Fig. 8. The results obtained by these quantitative
measurements of the internal pore size and the external
particle size which were converted to the ratio of the
pore volume to particles volume and plotted against
particle size are shown in Fig. 9. Density data deter-
mined on powders sieved into various size ranges also
indicated a dependence of pore size on particle size in
that the measured density decreased as the particle size
increased. These results are shown in Table II.
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Figure 1 A ZrO,/Y,0; broken particle.

Figure 2 A Y,O3 broken particle.



Figure 3 A ZrO,/Y,0; particle showing a rough interior surface.

Figure 4 A MgO/SiO, broken particle.

Figure 5 Cross-section of an Al,O; particle.

Figure 8 Optical micrograph of yttria particles (size range
38-45 um).

3.4. Surface morphology of the plasma
sprayed powders

The surface of the plasma sprayed particles showed

distinctly different morphologies for each of the ma-

terials illustrated by SEM micrographs in Figs 10-15.
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Figure 9 Ratio of internal pore volume to particle volume asa func-
tion of particle size.

TABLE II Measured density of sieved yttria powders.

Particle size range Measured density

(um) (kg m™?)

<20 474 + 004
20-38 435 + 0.04
38-45 340 + 0.04
45-53 277 + 0.04
53-71 250 + 0.04

i L :r-/a —_

oF

Figure 10 Surface of an Y,Oj3 particle.

Smooth exterior surfaces were observed for the fully
spheroidized particles of Y,0;, ZrO,/Y,0; and
MgO/SiO; (Figs 10-12). However closer examination
of yttria particles revealed that some of the apparently
smooth surfaces actually consisted of roughly hexa-
gonal shaped grains or parallel lines. Fine dendritic
crystals could be seen on the surface of the Al,O;
particles (Fig. 13) whereas for the Al,O;/TiO, par-
ticles shown in Fig. 14, the surface consisted of larger
grains containing dendritic crystals. The surface mor-
phology of the TiO, particles (Fig. 15) contained large
roughly hexagonal shaped grains.
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Figure 11 Surface of ZrO,/Y,0; particle.

Figure 12 Surface of MgO/SiO, particle.

4. Discussion
4.1. The relationship between pore size and
particle size in yttria powders
The detailed investigation carried out on plasma
sprayed yttria particles showed that there was a de-
pendence of pore size on particle size as shown in
Fig. 9. Particles less than 10 pm diameter contained
little or no porosity whereas the ratio of the pore
volume to particle volume increased with increasing
particle diameter for particles with diameters between
10-60 um. The larger sized particles tended towards
a constant pore volume/particle volume ratio of 0.7.
The densities of particles for various size ranges
corresponding to those obtained by sieving were cal-
culated from the optical data and compared with the
densities measured using the pycnometer. The results



TABLE IIl Comparison of measured density of sieved yttria
powders with the density calculated from data presented in Fig. 17.

Figure 15 Surface morphology of TiO, particle.

Particle size range Measured density Calculated density
(nm) (kg m™?) (kg m™)
< 20 474 + 0.04 4.75-5.05*
20-38 435 + 0.04 2.9,-4.74
38-45 340 + 0.04 2.54-2.9,
45-53 277 + 0.04 1.7,-2.5,
53-71 2.50 + 0.04 1.3,-1.7,

* Theoretical density of yttria = 5.03 kg m ™3,

are shown in Table III. The measured density shows
similar trends to that calculated from optical measure-
ments, in that the densities decreased with increasing
particle size, but the value of the measured densities
were higher. This could be attributed to the presence
of broken particles in the sieved material which would
have the effect of increasing the overall density of the
powder.

In order to investigate the factors that could influ-
ence the observed dependence of pore size within
particles, calculations of the pore size as a function of
particle size were carried out. The following assump-
tions were made in the calculations:

(a) The total volume of solid particles in the spray
dried agglomerate was 60%. (If the solid particles in
the agglomerate were all spherical, of uniform size and
close packed, then this value would be 74 vol %. Ran-
dom packing would be expected to reduce the density
of packing.)

(b) That as the spray dried agglomerate melts in the
plasma, gas in the outer layer of the agglomerate
escapes, whereas gas in the centre of the agglomerate
is trapped within the molten shell. The thickness of
this outer layer can be estimated from the observation
that 10 pm diameter particles contained little or no
porosity which would indicate that gas could escape
through a 5um layer during the melting of the
agglomerate.

(c) The trapped gas is heated and expands (ideal gas
behaviour has been assumed).

{(d) The final volume of trapped gas is determined
by the temperature at which the liquid yttria freezes
(T).

Initial calculations were carried out to determine
whether the assumption of the formation of a liquid
outer layer which prevented further escape of gas from
the agglomerate was reasonable. The results are pre-
sented graphically in Fig. 16 (experimentally meas-
ured data points are included for comparison). Three
thickness values were used in calculations, 5, 7.5 and
10 um. The results of these calculations and the
measured data points show that the calculated curves
have a similar shape to the measured dependence of
pore volume on particle volume. The closest match to
the experimental results is obtained with a 7.5 um
layer.

This strong dependency of pore size on the thick-
ness of the layer through which the gas can escape
during melting gives an explanation of why it was
found essential to use spherical spray dried agglomer-
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Figure 16 Calculated pore volume/particle volume as a function of
particle size. The experimental points are represented by the symbol
(®). The calculated fits to this data were attempted using; (---)
a 5 um layer, (—) a 7.5 um layer and (——) a 10 um layer.
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Figure 17 The effect of surface tension. The measured points are
represented by the symbol (). The data fits were attempted using
the following conditions; ( — ) only surface tension (500 mJm~2),
(----) layer thickness = 5 um, surface tension =0, (==) layer
thickness = 5 pm, surface tension.=S500mJm~™2, (--) layer

thickness = 7.5 um, surface tension =0 and (wmws) layer thick-

ness = 7.5 um, surface tension = 500 mJ m™2.

ates in order to produce hollow particles. The ‘dough-
nut’ shaped agglomerates that were produced if the
slurry used in spray drying was too dilute did not
produce many hollow particles when plasma sprayed,
presumably because of the larger surface area/volume
ratio of these particles permitted the escape of gas in
the agglomerate during melting and thus resulted in
the production of mainly solid particles.

The above calculations do not take into account the
possible effects of surface tension of the liquid droplets
on the volume of the gas trapped within the particle. If
this is taken into account then the resulting values are
as shown in Fig. 17. Unfortunately no experimentally
measured values of the surface tension of liquid yttria
could be found. The value of 500 mJm™? for surface
tension used in the calculation was selected so as to be
similar to that of other molten oxides namely TiO,
(380 mJm %) [6], ZrO, (435mJm %) and Al,O,
(665 mJm™?) [7].

Fauchais et al. [5] used the increase of pressure
within a hollow liquid droplet, brought about by
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Figure 18 The effect of the freezing temperature of the liquid drop-
lets on pore size. The measured points are represented by the
symbol (®). The data was fitted assuming a 7.5 pm layer with the
conditions; (-) no undercooling and (- - -) undercooling to 2216.5 K.

surface tension effects as the particle diameter is
decreased, to explain why small ZrO,/8 wt % Y,0;
particles less than 40 um were solid, whereas the larger
particles contained pores. The calculated values for
the effect of surface tension on the pore volume/par-
ticle volume ratio in the particle size range 5-70 um
demonstrates that surface tension effects cannot solely
be used to explain the observed dependency of pore
size on particle size in the system under study, as is
shown in Fig. 17. However, if surface tension is in-
cluded in the calculations using the thickness of the
outer layer through which gas can escape during the
melting of the spray dried agglomerates, then it can be
seen in Fig. 17 that a layer thickness of between
5-7.5 um produces reasonable agreement with obser-
vations.

The above calculations have also been made with
the assumption that the liquid droplet freezes at the
equilibrium freezing point of yttria (T} = 2703 K).
However when isolated liquid droplets are rapidly
cooled a large degree of undercooling is expected to
take place. This undercooling was calculated by
McPherson [8] to be 0.82 T, which would corres-
pond to a temperature of 2216.5K for yttria. The
effect of this undercooling on the pore size is shown in
Fig. 18 which shows that the lowering of the solidifi-
cation temperature from the equilibrium freezing
point of the liquid droplets to 2216.5 K only leads to
a small reduction in the pore size as a function of
particle size.

Other factors that could possibly have minor effects
on the pore volume include the evolution of adsorbed
gas present on the surface of the particles in the ag-
glomerate, the burnout of the PVA binder (when used)
and possible evaporation of Y,0O; (which has been
reported previously by Gitzhofer et al. [9]). All of
these would be expected to result in a small increase in
the volume of the pore within the particle.

The above calculations show that the major factor
that influences the dependency of pore size on the
particle size is that of the thickness of the layer
through which the gas in the agglomerate can escape
during the melting of the agglomerate. If this assumption



is correct, it would be expected that the thickness
of this layer would also be strongly dependent on the
temperature range over which melting takes place.
A large melting range would increase the time avail-
able for gas to escape and therefore result in an in-
crease of the thickness of the layer. This hypothesis is
supported by observations in the other systems
studied. The single component systems, alumina and
titania, have sharp melting points and therefore would
be expected to form an enclosed pore, as was observed
to be the case. Examination of the phase diagrams of
the two component systems (ZrO,/5.1 wt% Y,0;
[10], MgO/66.5 wt % SiO, [11] and Al,O3/34.2 wt %
TiO, [12]) shows that both the ZrO,-Y,0; and
MgO-Si0, agglomerates would be expected to melt
over a narrow temperature range of about 5°C,
whereas the Al,O4-TiO, agglomerates have a melting
range of up to 175°C. This wide melting range, from
the eutectic to the melting point of pure alumina, is
a result of the variation in composition of the indi-
vidual plasma prepared submicrometre particles that
made up the agglomerates. Most of the plasma
sprayed Al,O,-TiO, particles were observed to be
solid, which is consistent with the large melting range
of the agglomerates whereas the plasma sprayed
ZrQO,-Y,0; and MgO-Si0O, agglomerates which
melted over narrow temperature ranges formed
hollow particles. Huang and Ding [13] observed that
a plasma sprayed spray dried Al,03-TiO, powder (of
unknown composition) also resulted in the production
of solid particles.

As already shown, all of the plasma sprayed par-
ticles except the TiO,/Al,O; particles contained
pores, however the distribution and size of the pores
differed. Y,O; particles contained a single void (pro-
viding the diameter of the particles was greater than
10 um). A single isolated void was also observed in
Zr0Q,/Y,04 particles. Numerous closed pores were
observed within the MgO/SiO, particles which could
be due to the high viscosity of the silicate melt which
would make it difficult for the trapped pores to co-
alesce to form a single void. The plasma sprayed
Al,O; and TiO, particles contained some material
within the hollow cavity which was often present as
a small spherical particle trapped within the outer
shell. The formation of the enclosed particle could be
due to the thermal properties of the liquid oxides. For
example, low thermal conductivity and low emissivity
of the liquids would tend to hamper heat transfer from
the particle surface to the centre of the particles during
the short residence time in the plasma and result in the
presence of some unmelted, or partially melted mater-
ial, usually in the form of a smaller particle in the
centre of the hollow cavity of the outer particle.

4.2. Surface morphology of plasma sprayed
powders

When spray dried agglomerates of ZrO,/5.1 wt %

Y, 0, were plasma sprayed, the surface morphology of

the resultant fully spheroidized particles (10-70 pm)

was observed to be smooth. SEM micrographs of

a plasma sprayed ZrO,/8 wt% Y,O; sol-gel pre-

pared powder also showed particles (10-50 um) with
smooth surfaces, but no explanation for the smooth
surface was given by the authors [14]. However, fine
dendritic grains were present on the surfaces of pure
zirconia particles (75 um diameter) which had been
prepared by passing comminuted non-spherical par-
ticles through an extended arc [15]. It was proposed
that the formation of dendrites was promoted by the
rapid cooling rate experienced by these particles
emerging from the high temperature source. ‘Micro-
balloons’ of ZrO,, prepared by Gilman [16] using an
inductively coupled plasma torch (50% Ar-50%
N, plasma gases) also had a textured surface and,
according to the author, this was indicative of
a strained surface.

In this investigation, plasma sprayed Y,O5 particles
were also observed to have an apparently smooth
surface, however when the particles were more closely
examined, the surfaces of some of the particles con-
tained some roughly hexagonal shaped grains or in
some cases parallel lines. Bildstein [17] and
McPherson [18] who have also prepared plasma
sprayed Y,O; particles, made no comment on the
surface texture of the particles.

When talc (3Mg0.4510,.H,0) was plasma
sprayed, the resultant particles (MgO/S10,) again ex-
hibited smooth surfaces. No reports from the litera-
ture have been found of plasma spraying MgO/SiO,
particles, however studies undertaken on individual
MgO (100 pm) and SiO, (75 pm) microspheres pre-
pared in an extended arc by Pickles and Mclean [15]
also showed the surfaces of these particles to be
smooth and featureless.

Plasma sprayed Al,O; powders had fine dendritic
crystals on the surfaces of the particles. Dendritic
crystals have been reported in previous studies for
plasma sprayed alumina powders by Waldie [19],
Lyagushkin and Solonenko [20] and Nelson et al.
[217]. Waldie who prepared the powders by introduc-
ing irregular shaped alumina particles into radio-fre-
quency (r.f.) argon plasma, found that the dendritic
patterns were not observed on all of the alumina
particles. He suggested that this could be due to differ-
ent temperature histories experienced by the particles
within the plasma. This could have been due to steep
radial temperature gradients created in the r.f. plasma
due to non-uniform gas velocities and/or differences in
the size and shape of the particles introduced into the
induction plasma. Nelson et al. [21], melted drops of
alumina (approximate size 3 mm) using a carbon
dioxide laser in an argon and oxygen atmosphere. They
found that by melting drops of alumina in an argon
atmosphere, dendritic growth was observed on the
surfaces of the resultant particles accompanied by the
formation of a single centro-symmetric void. Those
particles produced using an oxygen atmosphere, re-
sulted in the formation of trigonally arranged lamellae
throughout the bulk of the drops. The particles were
also found to be more porous and rougher as com-
pared to those produced in an argon atmosphere.
These results showed that the atmosphere has an effect
on the surface morphology of the resultant alumina
particles. The use of an oxygen-deficient atmosphere
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such as argon, produced dendritic grains on the sur-
face of the alumina particles. Similarly dendritic grains
were obtained in the present study when alumina was
plasma sprayed in an argon—helium plasma.

When spray dried agglomerates of Al,O3/TiO,
were plasma sprayed, the surface of the resultant par-
ticles also exhibited dendritic grains whilst for the
plasma sprayed TiO, particles, large roughly hexag-
onal shaped grains were observed on the surface of the
particles. No reports have been found which describe
the surface morphology of particles of either
Al,05/TiO; or TiO,.

5. Conclusions

Experiments have been undertaken in this study to
determine the important parameters that lead to the
production of spherical hollow ceramic oxide par-
ticles, with diameters from 5-80 pym, using a d.c.
plasma jet.

Detailed experimental measurements were undet-
taken using the yttria system and the results showed
that there was a dependence of the relative pore size as
a function of particle size. These results were then
compared with those obtained from calculated pore
size as a function of the particle size. The calculated
results showed that the major factor that influences
the dependency of the pore size as a function of the
particle size was the effect of the thickness of the outer
layer through which the gas in the spray dried agglom-
erate could escape during the melting of the agglomer-
ate before an impervious liquid skin could be formed
entrapping any remaining gas within the rest of the
agglomerate and thus forming a void. It was found
that if the gas was assumed to escape in the outer
7.5 um layer of the agglomerate, the calculated curve
was found to lie close to that of the measured curve.
When surface tension or undercooling effects were
included in the calculations, these were shown to pro-
duce only a minor effect on the relative size of the pore
within the particle.

If the thickness of the layer through which the gas
can escape is assumed to be the major parameter that
effects the size of the pore within the particle this
would explain why it was necessary to prepare spheri-
cal spray dried agglomerates in order to produce hol-
low particles. When ‘doughnut’ shaped agglomerates
were plasma sprayed, the majority of the resultant
particles were observed to be solid. The possible rea-
son for this could be due to more gas escaping from
the porous agglomerate during the melting process
because the surface area/volume ratio of these ag-
glomerates would be higher.

It was also found that the temperature range over
which melting of the agglomerate occurs could be
another controlling parameter for the formation of
hollow particles. The observation that the majority of
the Al,O;-TiO, particles were solid could be at-
tributed to the large temperature range over which
melting occurred and thus allowing more gas to es-
cape. Whereas by plasma spraying agglomerates made
from materials that either melted over a narrow
temperature range such as the Y,05;-ZrO, and
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MgO/SiO, systems or have a sharp melting point
such as the Y,0;, Al,O; and TiO, systems, the result-
ant plasma sprayed powders all exhibited porosity but
the distribution and amount of porosity differed for
each material.

The effect of the pore size as a function of the
particle size was also undertaken by measuring the
density of the plasma sprayed yttria powders that were
sieved into different size ranges and then compared
with calculated density measurements as determined
from the pore of the particles obtained from optical
micrographs. The results showed that the measured
density was significantly greater than that obtained
from the calculated density measurements. This could
be due to the presence of non porous fines and broken
particles which would increase the measured density
of the powder.

The internal structure of the hollow particles were
also found to be dependent on the material system.
Some of the important material propertics which
could have an effect on the type of porosity produced
within the particle include the effect of viscosity of the
molten material and the effect of heat transfer through
the agglomerate.

The surface morphology of the plasma sprayed par-
ticles was also found to be dependent on the material
system used. Studies undertaken by other researchers
indicated that the surface morphology of the plasma
sprayed particles could also be dependent on other
factors such as the type of atmosphere used in which
the particles were prepared, the temperature history
experienced by the particles within the high heat
source and also the size or shape of the particles
introduced into the high heat source.
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