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ABSTRACT

As a case study on yttria stabilized zirconia ceramics, the sintering characteristics of submicron powders and the granulation
prepared by two-fluid spray drying of submicron particles were investigated. As-received powders of yttria stabilized zirconia par-
ticles were reduced to a uniform size of less than about 200 nm by repeated milling. Granulation size obtained by the two-fluid
spray drying was affected by the organic matter and the primary particle size. Sintering behavior such as porosity, water absorp-
tion ratio, density, and transparency was influenced by processing conditions of the powder, and the discontinuous interfaces in a

green body were reduced.
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1. Introduction

F undamental studies on the forming process which
affects ceramic sintering behavior and the powder pro-
cessing techniques to enhance a forming packing factor
have been the object of interests. Particularly, since the
forming process has direct effects on closed voids, density,
microstructure, and grain boundary, etc. its importance in
ceramic components requiring reliability is being increased.”
The studies on forming equipment and powder processing
methods to improve formability of powders are well known.
The former has been developed from uniaxial forming
through triaxial isostatic press to hot isostatic press.? The
latter involves a study of inducing uniform thermal conduc-
tion and an increase in sintered densities by improving fria-
bility and flowability through granulation of powders.” This
is a method of manufacturing spherical granules with the
solid contents only by evaporating the liquid phase with dry
heat of 100 ~ 250°C when a mixed suspension of solid phase
and liquid phase is passing through an atomizer. Depending
on spray conditions, several shapes such as distorted
sphere, apple, and doughnut, etc. are observed.” Granules
from nozzle type and disk type of spray methods utilized by
the industry have a size of about 10 ~ 100 um, and spherical
mixtures of fine particles, medium particles, and coarse par-
ticles are preferred in the forming process.” Meanwhile, in
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the studies on sintering characteristics of yttria-stabilized
zirconia (YSZ) granules using the spray pyrolysis method
and on application of fillers, thermal insulators, and cata-
lysts using silica hollow spheres of ~ 5 um, it was considered
to be dependent only on the process variables, and unre-
lated to the primary particle size of powders.®>” Also, since
spray-dried bodies differed in pH change as a function of fed
amounts of the precursor, sedimentation according to spe-
cific gravities, transferred amounts of suspension, spray
method, and process variables such as drying heat tempera-
ture as a function of added organics and in application
scope, derivation of a common denominator for the effects of
primary particles is not easy. Nevertheless, the packing
behavior as a function of particle sizes used in the granule
preparation together with the particle surface area have an
effect on the sintering characteristics. In ceramic powders,
primary particles and submicron-sized secondary particles
are agglomerated. Although deformation is easily caused in
most agglomerated particles when stresses are applied to
the particles, strongly agglomerated secondary particles
maintain their agglomerated shapes. Since the green com-
pact containing secondary agglomerated particles produces
discontinuous microstructures at the interface of agglomer-
ated zones to show a difference in heat transfer, its evasion
is desirable.? Also, when the resin is filled with ceramic par-
ticles of 1 ~ 2 pum, the normal packing factor of the compos-
ite body is only 50%. In the case of ideal spherical particles
synthesized by a chemical method, the packing factor is
75%, approaching the theoretical value.” This means that
the size and the shape of ceramic particles are important
elements acting as a driving force contributing to the pack-
ing factor and the reduction behavior of particle surface
areas in the sintering process. From such viewpoint, when
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ceramic powders are induced in a nano scale, attention has
been paid to the fact that the particles are changed to have
a spherical form to reduce the surface area along with the
possibility of a change in the sintering characteristics due to
suppression of discontinuous interfaces between particles
by an increase in powder density per unit volume and in
forming packing factor when these particles are granulated.
For application of this idea to YSZ, a uniform particle distri-
bution was induced in the bulk powders, followed by prepa-
ration of granules by the two-fluid spray known to have
advantages useful for granulation of submicron parti-
cles.'”'V Through comparisons between the sintered body of
the granules and that of the uniform submicron powder in
shrinkage rate, sintered density, base transmittance, etc.
evaluations were made as a foundation study on the sinter-
ing behavior per case as a function of powder processing
methods.

2. Experimental Procedure

Yttria-stabilized zirconia as a starting material provided
by the manufacturer, ZrO, balls (0.3 mm, Nikato, Jp), and
TPA(Iso Propyl Alcohol, Sigma-Aldrich, US) in a volumetric
ratio of 1 : 2 : 3 were fed into a teflon pot with a size of
90 X 210 mm (diameter X length). At this time, the total
capacity did not exceed 70% of the pot volume. The slurry in
this pot which had been wet-milled for 14 days at a rotating
speed of 260~ 290 rpm/ min(deceleration ratio 5:1 for
1600 rpm/min) was dried at 45°C for 24 h , and used as pow-
ders for the control group and the granule preparation.’”
Tap density(powder mass/powder final apparent volume)
and Hausner ratio(tap density/apparent density) were
obtained by the constant mass procedure after powder tap-
ping of 2,000 times was repeated for 3 times. The instru-
ment used at this time was a tap density tester (JV200,
Copley, UK) (Fig. 1(a)). 20 g of pulverized powder and 250 cc
of distilled water were placed in a beaker and dispersed for
10 h at the speed of 32 x 10° rpm/min by using a disperser
(KA, T25, US). Forming agent, plasticizer, lubricant, dis-
persing agent, antifoaming agent, etc. of Table 1 were then
added to this slurry, followed by agitation and dispersion for
24h. After being left unattended at 25°C for 24 h, this slurry
was fed into a two-fluid spray dryer (SD-Basic, Lab Plant,
UK). At this point, dispersion and agitation was conducted
to prevent sedimentation of solid contents until the slurry

Table 1. Slurry Formulations for Two-Fluid Spray Drying
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transfer was terminated (Fig. 1(b)). Spray drying conditions
were 180°C, 120°C, 5.5 bar, and 20 um for inlet temperature,
exit temperature, air pressure, and orifice diameter, respec-
tively.

1.50 g of prepared granules was subjected to the pri-
mary forming in a cylindrical mold of 12 mm at the pres-
sure of 25 MPa, and then placed in the rubber tube for
removal of inside air by a vacuum pump, followed by iso-
static pressing (ISA-CIP-0050-0200-30, Ilshin, Kr) at the
pressure of 200 MPa and normal sintering at 1450°C for 6 h.
Specimens for the control group were also prepared by the
same method. Crystal phases of the powders were observed
using XRD (D/MAX-2250V, Rigaku, Jp), while porosity,
water absorption ratio, true specific gravity and apparent
density, etc. of the sintered specimens were measured
according to the KS L3114 method. Base transmittance of
sintered specimens was compared by photographing with a
digital camera (800 px) at 600 Lux on a vision color sample
composed of 2 upper and lower lines of 2 mm in black color
and 1 center line in red color. Microstructures of the speci-
mens were observed using SEM/EDS (JSM-6700F, Jeol, Jp)
after fine polishing of the surfaces with abrasive papers and
diamond paste (0.2 um).

3. Results and Discussion

Figure 2 shows a particle size distribution, a microstruc-
ture, and a crystal phase. In Fig. 2(a) showing the particle
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Fig. 1. Photos of (a) the tapped density tester and (b) two-
fluid spray dryer used in this study.

Component

Polyethylene glycol” (P.E.G-20000)
Ethylene glycol®

Triton X-100”

SN5485"

Glycerol”
Fish Oil?

Type Amount
Binder or Green body strength 0.3 wt%
Plasticizer and Rheology 2cc
Dispersant lcc
Lubrication role lcc
Surface tension 5ce
Charge net and Anti-forming 1drop

YSanyo Chem., Jp, *?Daedung Chem., Kr, ?Sanokopu, Kr, ?Junsei Chem., Jp ?Sigma-Aldrich, US
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size distribution, D,;= 2 pm and D, = 10 pum, while the
microstructure of bulk powders with acicular and square-
shaped small particles being agglomerated to coarse parti-
cles and the XRD crystal phase was observed to be zircon
yttrium oxide(Zr, Y, 1,0, 4¢) in Figs. 2(b) and (c).

In general, oxide particles have a difference in specific
surface areas depending on particle shapes such as irregu-
lar shape, rhomboid shape, spherical shape, etc. and are
known to be difficult to pulverize to particles smaller than 1
pm by simple impact force alone as particle pulverization
apparatus of compression force, impact force, frictional
force, shear force, flexure force. However, in the present
study, uniform spherical particles smaller than ~ 100 nm
were observed in Fig. 3 for observation of the microstructure
of particles following pulverization for 14 days, while Zr and
Y elements were affirmed to be the main composition
according to the EM/EDS analysis. In the studies on prepa-
ration of uniform, nano-scale amorphous powders, this was
attributed to the change of the friction force between pulver-
ization media to the energy for forming new surfaces upon
formation of the condition where 0.3 mm ZrO, balls as a pul-
verization medium did not interfere with rotation by rota-
tion of the mill shaft.'"®'? At the maximum rpm without
action of centrifugal forces, pulverizing balls have self rota-
tion in mutually opposite directions. If the particles are

Cumulative distribution Q3/%
o BB W s B8 38 8 B
Density distribution q3*

Q2 0w 2 4680 D 409
Particle size/um
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positioned between these rotations at this time, pulveriza-
tion of particles occur by the friction forces produced.
Namely, when a surface tension rather than a shear stress
is applied to atoms on the surfaces of the solid particles,
deformation for formation of new surfaces may be consid-
ered to occur by reversible work acting as a compressive or
tensile stress. Therefore, since only a part of individual
atoms on the surface is surrounded by other atoms, an
increase in new energy due to cutting of bonds occurs when
atoms are moved from the inside to the surface by an exter-
nal stress. Formation of uniform fine particles was consid-
ered to be accelerated by this force. Such tendency was also
observed in a pulverization study for uniform nano-scale
amorphous powders.'”

In Fig. 4 where the granule shapes from two-fluid spray
were investigated, the granules were observed to have a
spherical shape of 1 ~ 10 um in size. The granule sizes were
determined by rotating speeds of the atomizer in the case of
rotary atomizer method, while they are known to be deter-
mined in the dependence on pressure differences of the ori-
fice in the case of pressure nozzle method. The sizes of these
granules are 10 ~ 100 um, while they were about 3 ~ 10 pm
for the two-fluid.""'” Average particle size, D,, in an alge-
braic probability distribution for the two-fluid granules is
shown by the following equation.”

(C) o ZirconYttrium Oxide

Intensity (Arbitrary unit)

70
2 Theta

Fig. 2. As-received powder provided by supplier; (a) Particle size distribution, (b) Morphology of particles, and (c) XRD pattern.

36.8nm

28.7nm

100kv X100000 100nm WD 10.1mm

Fig. 3. SEM images and EDS spectra of zirconia milled for
14 days.

~— -
100kv  X1,000 10Um WD 10.1mm

Fig. 4. SEM image of ZrO, granules obtained by two-fluid
spry drying.
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0.45 L5 here AL/L, means the linear shrinkage corresponding to

p,=285 C’+597(——1i—) (100095) ) where A%/ L, 1kage corresponcing
wlpr lpro Q, the sintering rate, y the surface energy, a’ the atomic vol-

where o is the surface tension (dyne/cm), u the viscos-
ity(poise), p, the liquid viscosity (g/m®), @, the liquid flux
(m%sec), and @, the gas flux (m%sec), respectively. In the
equation (1), p, and @, are constant when the slurry passes
through the orifice hole. Therefore, the major factor having
direct effects on D, for the same batch can be seen to be the
@, term. However, small granules smaller than 3 pm are
considered to form due to an increase of the o term depen-
dent on the change in xz and the primary particle size due to
P.E.G (Polyethylene glycol) base rather than Acrylic base.'”
Therefore, the change in viscosities due to particle distribu-
tion of the starting material and the binder used may be
seen to an secondary factor affecting granule sizes.

Figures 5(a) and (b) show the measured results of water
absorption ratio and apparent porosity for sintered speci-
mens. Water absorption ratios for the control group and the
sintered specimen using two-fluid granules were shown to
be 1.00% and 0.1%, and apparent porosities 1.5% and 0.2%,
respectively. In Fig. 6(a) showing firing shrinkage rates for
the sintered bodies, the shrinkage rate after sintering of the
control group was observed to be 15%. In Fig. 6(b) for mea-
surement of specific gravities, the specific gravity for the
two-fluid sintered specimens was 5.99 g/cm®, approaching
the theoretical density (6.05 g/cm®). This is attributed to a
difference between the particle growth rate accompanying
sintering processes and the porosity annihilation rate due to
a difference in forming packing factors although the particle
sizes of two specimens were similar.'” In general, the driv-
ing force for solid-state sintering can be explained by the
matter transfer due to lattice diffusion caused by a differ-
ence in free energies between the free surface and the neck
region in contact with the adjacent particle.'”
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Fig. 5. Influence of treatment condition on YSZ powder.
Relationship between (a)The apparent porosity, and
(b) Water absorption of specimen sintered at 1450°C
for 6h in air.

ume for lattice vacancy, D' the self-diffusion coefficient, k
the Boltzmann constant, 7 the absolute temperature (K), d
the particle diameter with the starting particles assumed to
be identical, ¢ the time, and K the constant dependent on
the geometrical shapes while the exponent n is 3, and m
about 0.3 ~ 0.5. Although the equation (2) does not consider
particle growth, an increase in sinterability may be inferred
by affecting the diffusion coefficient and the temperature in
an exponential relation when the ¢’ term is increased, since
the forming packing factor for the two-fluid specimens can
be asserted to be relatively higher. Since the particles with
a high specific surface area have a high surface free energy,
thermodynamic driving force for reduction of the surface
areas is great at low temperatures also. Thus, the claim
that an improvement in nonuniform boundary regions due
to particle agglomeration and an increase in specific surface
areas due to spherical particles contribute to densification
can be seen to be valid in the sintered density behavior of
the two-fluid specimens. Such tendency is similar to the cur-
rent study results as the sintered densities for particles
smaller than 1 um (surface area larger than 10 m*g) were
higher than 95% in a study for observing the sintered den-
sity behavior of silicon nitride although the sintered densi-
ties for 3 um particles were about 90%.'® Hausner ratio for
the tap density of powders obtained by the constant mass
method was changed from 1.37 (a poor level, control group)
to 1.03(the best level, two-fluid granules). Consequently,
this behavior can become a basis allowing determination
that two-fluid contributes to an improvement of the sinter-
ing characteristics. In general, reduction of forming porosi-
ties or addition of sintering aids is known to enable the
sinterability to be improved. In the case of Al,O,powder, the
post-sintering porosity is 0.25% and the sintered particle
size 3 um when the forming porosity is 40%, while the post-
sintering porosity is 2% and the sintered particle size
10 pm, in the case of 50%, and the post-sintering porosity is
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Fig. 6. Relationship between (a) Firing shrinkage, and (b)
Specific gravity of specimen sintered at 1450°C for
6 h in air.
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100kV  X20,000

Fig. 7. SEM microstructure and transparency of sample obtained by (a) As-received, and (b) Two-fluid spray.

changed to 10% and the sintered particle size to 55 pm in
the case of 60%.'” In addition, when sintering aids are
added to most ceramic powders, a change is known to occur
in the sintered densities.'® However, the results of the pres-
ent study has shown that an increase in sintered densities
is possible without incorporation of sintering aids if submi-
cron particles are granulated.

Figure 7 shows a relative comparison of base vision colors
and microstructures for the bulk powder and the two-fluid
sintered specimen. Whereas abnormal growth particles due
to agglomeration of the powder exist in Fig. 7(a), uniform
crystal grains smaller than 0.5 um are observed in Fig. 7(b).
In general, transmittance is known to be drastically reduced
due to scattering center action of visible light for the pores
of 0.4 pm in size. This was in agreement with the tendency
that transmittance was increased as 0.4 pm pores were
annihilated in the sintering process for alumina powders
having an average particle diameter of 0.3 um."® Therefore,
the sintered density and the transmittance are determined
to be increased by an increase in forming packing factors
per unit volume due to granulation of uniform primary par-
ticles and by an improvement in discontinuous interfaces
between particles due to a decrease in porosities.

4. Conclusions

From the study on sintering characteristics of yttria stabi-
lized zirconia particles and two-fluid granules using the
same, the following conclusions have been derived.

Coarse particles and irregular particle shapes of the start-
ing powders were changed to a uniform spherical shape
smaller than 200 nm after pulverization. Size of the two-
fluid spray granules was affected by the primary particle
size and the viscosity of organics used.

Whereas the sintered bodies of the two-fluid spray gran-
ules with an improvement in forming packing factors per
unit volume had reduction of forming porosities and discon-
tinuous interfaces, the sintering characteristics were
improved with the true specific gravity and the relative den-
sity being 5.99 g/em® and 98.63%, respectively. In addition,
since an increase in transmittance was exhibited due to

development of pores smaller than 0.2 um and a uniform
microstructure of about 0.5 um, the two-fluid spray gran-
ules using submicron powders could be presented for a
study on improvement of the sintering characteristics of
yttria stabilized zirconia per case.
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