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ABSTRACT

The fabrication process of zirconia gel-casting was studied to obtain dense zirconia on a large scale or with complicated shapes.
As an experimental parameter, two different particle sizes (0.1 um and 0.7 pm) of zirconia powder were applied to the gel-cast-
ing process. The viscosity behavior of slurries incorporating 40 vol% of zirconia powder was examined as a function of the disper-
sant content and the solid load to determine the optimum dispersion conditions. In addition, the gelation time with an initiator,
the de-binding behavior, and the main factors affecting densification were examined. The densification of the gel-casted zirconia
green body depended on the mixing ratio between the monomer and the dimer and on the zirconia particle size. A green body
with a small particle size of 0.1 pm showed less densification, with a relative density of 93%. This may be due to the excess num-
ber of bubbles created through interactions between the larger particle surface and polymer additives during the ball-milling pro-

cess.
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1. Introduction

irconia is a heat-resistant material with the high melt-

ing temperature (about 2,700°C) along with the wide-
ranging chemical-resistant stability from acid to alkali
domain, as well as excellent material properties such as low
thermal conductivity, low thermal expansion, high
strength, high hardness and wear resistance, etc. It is also
used for automotive exhaust gas oxygen sensor, high-tem-
perature solid electrolyte fuel cell, etc. utilizing its electrical
and electromagnetic characteristics, and for wear-resistant
cutting tool, grinding balls, nozzle for continuous casting,
artificial jewel, etc. utilizing its mechanical and optical
characteristics. Chemical characteristics are also excellent,
having wide applicability such as jigs for semiconductors,
carrier for catalysts, biomaterials, etc. However, its actual
applications are restricted due to reliability problems
caused by complicated shape manufacturing and high pro-
cessing costs despite such wide applicability. Although
there are forming methods such as injection molding, iso-
static pressing, extrusion molding, pressure injection mold-
ing, etc. amidst the increased interest in development of
processes capable of manufacturing complicated shapes,
such forming methods react sensitively to slip conditions,
mold retention, demolding property, machinability, etc., and
show problems such as low yields of green body, long pro-
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cess time, density gradient, etc."®

To overcome such limitations for the forming techniques,
gel-casting technique has been developed. The gel-casting
method has great characteristics allowing complete separa-
tion of flow process and solidification process for the slip so
that not only near net shaping of complicated shapes is
facilitated, but also application to manufacturing of large-
scale green bodies of simple form such as circle or square,
etc. is possible. Also, it is characterized by being able to sat-
isfy the demands in small quantity batch production for eco-
nomic advantages since the green bodies have a high
strength allowing implementation of machining.” Although
there is a disadvantage due to complication of processes
caused by addition of additional additives, gelation reaction
time of the slip can be controlled to facilitate the control of
forming rates. To utilize the advantages, preparation of uni-
form slip with dispersion in high concentrations is required,
through which defects can be minimized upon drying of the
green bodies and manufacturing of sintered bodies with a
complicated shape is enabled.” Studies to prepare green
bodies by gel casting using Al,O,, Si,N,, SiAION, ZrO, pow-
ders have been reported. Upon preparation of slurries for gel
casting, the results have been reported where sintered bod-
ies were obtained by increasing the green density with 60
vol% for solid content of ALO,, 40 vol% for Si,N,, and 55
vol% for SiAION.%? In the case of alumina gel casting, pro-
duction of the slurries with 59 vol% (4.63 um), 57vol%
(0.32 um) of solid contents was possible using alumina raw
materials of different particle sizes. The maximum relative
densities obtained from the prepared green bodies were
58.9% (4.63 um), 60% (0.32 um), and a study was reported
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where the dry shrinkage rates were increased, the finer the
starting particle sizes, and the lower the solid contents of
the slip.” On the other hand, almost no study results are
obtained on gel casting using zirconia, and consequently,
studies on gel casting concerning the zirconia used for diver-
sified applications are deemed necessary.?

In the present study, the gel casting behavior of zirconia
has been considered using the existing gel-casting forming
method. Each gel green body was prepared by using two
kinds of zirconia with different particle sizes, and their
material properties were compared. Major process variables
required here such as slurry dispersion and optimum solid
content, adequate forming time and de-binding condition,
etc. were considered through experiments. In addition, the
effects of such process variables on the final green body and
the sintered body were considered.

2. Experimental Procedure

2.1. Starting raw materials

As the starting raw materials, zirconia powder ZL-3YA
(Changsha Zhonglong Chemical Co., China, average parti-
cle diameter : ~ 0.7 um, BET : 8.9m*g, Y,0O, content of
5.5wt%) and TZS3Y (Sin Xing Advanced Material Limited.,
Hong Kong, average particle diameter : ~ 0.1 um, BET :
15.2m%g, Y,0, content of 5.23wt%) were used, while SN-
Dispersant 5468 (San nopco, Korea) was used as the zirco-
nia slurry dispersant. As the organic monomer, acrylamide
(AM, (H,C=CHCONH,; Daejung Chemical Co., Korea) of
mono-functional type was used, while ethylenbisacrylamide
(MBAM, (C,H,CONH),CH,, Sigma) was used as the dimer
for the bi-functional type of cross-linking agent. As the initi-
ator and the catalyst for polymerization, ammonium persul-
fate (APS,(NH),S,0,, Daejung) and N,N,N’,N-Tetrame-
thylendiamine (TEMED,(CH,),NCH,CH,N(CH,),, Daejung)
were used, respectively.

2.2. Preparation of gel green body and sintering

To find the optimum dispersion conditions for zirconia
slurry, zirconia powder was placed in distilled water, mixed
with dispersant for dispersion in a polyethylene bottle by
ball milling for 24 h using zirconia balls, followed by mea-
surement of viscosity for each slurry. Optimum dispersion
conditions were considered by fixing the solid content of
each zirconia powder at 40 vol% and controlling the amount
of dispersant. Subsequently, dispersion behavior was
observed while the solid content of zirconia was additionally
added for an increase in the green density. Monomer, dimer,
initiator and catalyst were added to each of zirconia slurries
finally prepared by control of the solid content and the
added amount of dispersant, with the added amounts
shown in Table 1. Since the slurry which underwent the sec-
ond ball milling process after addition of organics had many
bubbles which were removed by using a vacuum pump while
rotating the slurry with a magnetic stirrer. Upon defoaming
process, the defoaming time was fixed at 3 minutes, and the
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Table 1. Mixing Content of Addition for Gel Casting

Addition Classification ~ wt%

Acrylamide monomer 2.0
N,N’-methylen bisacrylamide dimer 0.1
Ammonium persulfate initiator 0.1
N,N,N’,N’-Tetra methylendiamine catalyst 0.01

initiator was added by varied amounts of 0.01 wt% ~
0.05 wt% before the slurry was poured into the mold, while
a stirrer was employed to prevent occurrence of slurry
agglomeration. The stirring time was fixed at 2 minutes. An
acrylic mold (50mm in diameter, 40 mm in thickness) was
filled with the slurry, and the gelation reaction time was
controlled to be 15~20 minutes. After all gelation was pro-
cessed, it was demolded and subsequent drying was con-
ducted through 3 stages at 20°C for 24 h, at 80°C for 24 h,
and finally at 120°C for 24 h under a given humidity (40%).
The dried gel green body was subjected to calcination based
on the thermogravimetric analysis results, and sintered at
the general sintering temperature for zirconia of 1480°C
while being held for 2 h.

2.3. Characteristics analysis

Slurry viscosities were measured using a rotary viscome-
ter (DV-I Prime, Brookfield, USA) with the shear rate fixed
at 100 rpm, as a function of the solid content of zirconia
powder and the amount of dispersant. Sintered densities for
the densified specimens were measured by using Archime-
des principle, while densities of the gel-type green body
were measured by calculation after measurement of weight
and volume of the green body. In thermal analysis of the
gel-type green body, weight reduction and thermal change
were measured using TG-DTA (Perkin Elmer, STA-6000).
Each microstructure of the green body and the sintered
body was observed using a FE-SEM (JEOL, JSM-7100F).
After the formed and sintered zirconia specimens were
coated with Au-Pd sputter, fractured surfaces of each speci-
men were observed.

3. Results and Discussion

3.1. Viscosity behavior of slurry

Optimum slip conditions were considered by observation
of viscosity changes resulting from addition of the disper-
sant to the slip dispersed in high concentrations, according
to the report that monomer and dimer had almost no effects
on dispersion of ceramic particles upon preparation of the
slip consisting of zirconia powder and distilled water as a
dispersion medium, dispersant, monomer and dimer.”

In Fig. 1, viscosity changes for the zirconia slurry are
shown as a function of the added amount of dispersant. In
the case of ZL-3YA powder, the lowest viscosity value of 230
cP was observed at 1.6 wt% according to the measurement
results for each viscosity value while the added amounts of
dispersant were varied between 1.2 ~ 2.0 wt% for applica-
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Fig. 1. Effect of dispersant content on viscosity of zirconia
slurry.
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Fig. 2. Viscosity of zirconia slurry depending on solid load-
ing.

tion. In TZS3Y powder, viscosity values were measured
while the amounts of dispersant were varied between 2.6 ~
3.2 wt%, and the lowest viscosity value of 306 cP was
observed at 3.0 wt%. In the case of TZS3Y, dispersion was
made possible by increasing the amount of dispersant as no
dispersion was realized when dispersion was attempted in
the same way for the small amount of dispersant at 1.2 ~
2.0 wt%. Since the particles of TZS3Y powder were fine as
compared with the particles of Z1.-3YA, the specific surface
area of the particles was large so that the adsorbed amount
of polymer electrolyte was increased. When the amount of
dispersant was smaller than 1.6 wt%, ZL-3YA powder
exhibited very high viscosities, suggesting that dispersion
stability was lacking since the amount of dispersant
adsorbed to zirconia particle surfaces and the surface
charge required for dispersion were insufficient. Mean-
while, somewhat high viscosities were also exhibited for the
amounts higher than 1.6wt%, suggesting that extra disper-
sant left after adsorption of the added dispersant onto zirco-
nia surfaces contributed rather to an increase in viscosities
of the slurry as the extra dispersant was dissolved in the
dispersion medium of water to induce osmotic pressures.” In
each case, viscosity changes were measured as a function of
the increase in solid contents for zirconia powder, based on
the conditions to obtain the lowest viscosity. Viscosities
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were measured while the solid contents were varied
between 40 vol% ~ 45 vol%, with the results shown in Fig. 2.
Bowen'” has shown that ceramic particles dispersed in high
solid contents enable preparation of uniform green bodies
having a high green density upon forming process so as to
be able to reduce the sintering times and lower the sintering
temperatures upon sintering. Zirconia gel-casting slurries
were prepared by finally fixing the solid contents for zirco-
nia at 40 vol%, 41 vol% as the lowest viscosities were
observed at 40 vol% for ZL-3YA powder and at 41 vol% for
TZS3Y according to the measurement results. While the
optimum viscosity could be found even above 50 vol% in
terms of the solid contents for alumina gel-casting,'” the
fact that a lower solid content was applied in the case of zir-
conia as compared with alumina is considered to be a phe-
nomenon caused by the relatively higher density compared
with that of alumina.

3.2. Gelation reaction behavior as a function of the
amount of reaction initiator

Although polymerization reaction for conversion of mono-
mers to polymer takes place as a result of addition of the
reaction initiator, gelation does not occur as yet the viscosity
is low in the first stage of polymerization characterized by a
low molecular weight. In the second stage after passing
through such gelation reaction section, the phenomenon is
exhibited where the molecular weights are drastically
increased by autoaccelation when a given conversion rate is
exceeded. In the last stage, the phenomenon is observed
where the degree of polymerization is saturated or reduced
again, while a high viscosity is maintained. Therefore, to
apply polymerization reaction to gel-casting, the gel-casting
should be completed in the first stage having no occurrence
of the gelation, and appropriate control of the gelation reac-
tion times is very important for establishment of the repro-
ducible gel-casting process.” In Fig. 3, changes in the
gelation reaction times at room temperature are shown as a
function of the amount of reaction initiator added to the zir-
conia slurry. As the added amounts of reaction initiator
were increased, the gelation reaction time could be seen to
be shortened. This is attributed to acceleration of radical
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Fig. 3. Gelation time depending on initiator content.
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generation rates by activation of the catalyst as the
amounts of initiator were increased upon polymerization,
while the gelation reaction times are sensitively affected by
the amount of initiator rather than the amount of catalyst
which is attributable to the fact that the rate of polymeriza-
tion reaction is determined as the catalyst is dependent on
the initiator. When only the initiator is added, the gelation
reaction time is known to be extended very much to about
50 h."® In the present study, the gelation reaction time of
about 30 minutes was to be secured for smooth gel-casting.
When the particle sizes of zirconia powder were small, the
gelation time was shortened upon addition of the same
amount of initiator, and about 30 minutes of gelation reac-
tion time could be obtained upon addition of about 0.03 wt%
of the initiator.

3.3. De-binding and sintering behavior

As a process to remove residual water in the drying pro-
cess and organic polymer which forms the structure of green
body, calcination process in air atmosphere is required, and
thermal analysis of each gel-type green body was conducted
to find the optimum calcination process. As shown in Fig. 4,
weight reduction began to be observed as the residual water
was removed around 100°C in the case of ZL-3YA powder,
and drastic weight reduction was realized along with exo-
thermic reaction as the organics inside green body under-
went de-binding between 300°C and 450°C. In the case of
TZS3Y powder, weight reduction was exhibited twice
around 300°C, with the de-binding being realized at a lower
temperature compared with ZL-3YA powder. In both sam-
ples, de-binding continued to occur up to 900°C, and based
on such de-binding behavior it was heat treated up to
1000°C at a slow temperature rise rate of 0.5°C/min, and
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Fig. 4. TG-DTA curves of gel-casted zirconia green body (a)
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subjected to continuous temperature rise up to 1480°C
which was held for 2 h for sintering.

Microstructures after sintering are shown in Fig. 5. Rela-
tive densities measured after sintering of the green bodies
prepared by mixing with 0.05 wt% of initiator were shown
to be 97% and 93% for ZL-3YA powder and TZS3Y powder,
respectively. Sintering shrinkages for both cases were
shown to be similar at about 29%, and no exaggerated grain
growth was observed in either case. In TZS3Y powder with
smaller particle sizes than ZL-3YA powder, distribution of
many pores could be observed, where the effects of the mix-
ing ratio for monomer, dimer as well as the bubbles pro-
duced during process, etc. were considered to be the main
factor, and such factors are considered to have been affected
by interaction with the particle sizes of the zirconia powder
used.

3.4. Discussion on mixing ratio for monomer, dimer
and bubble production

Effects of the mixing ratio for monomer, dimer on sinter-
ing of zirconia have been considered. Shown in Fig. 6 are the
changes in sintered density of ZL-3YA powder and TZS3Y
powder as a function of the mixing ratio for monomer and
dimer. Difference in the sintered densities between the two
powders occurred as the mixing ratio for monomer was
increased. In the case of TZS3Y powder, the density was
decreased as the mixing ratio for monomer was increased
due to fine particle sizes. This is considered to have resulted
from occurrence of agglomerate formation during the pro-
cess where spaces without combination of monomers and

Fig. 5. SEM micrographs of gel-casted zirconia sintered at
1480°C for 2 h; (a) ZL-3YA, (b) TZS3Y.
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Fig. 7. SEM micrographs of gel-casted zirconia green body
(a) ZL-3YA, (b) TZS3Y.

dimers as only the amount of monomers was increased
while the amount of dimers was fixed during the mixing
process of fine particles, monomers and dimers.

Occurrence of a difference in residual bubbles could be
seen from the measurement of differences in the density of
gel green bodies, although all of the prepared gel slurries
underwent a given defoaming process. In the case of gel
green bodies prepared with ZL-3YA powder, the higher den-
sity of 49% was measured, which was higher than that for
the gel green body prepared with TZS3Y powder (relative
density of 45%). Such difference in the density of green bod-
ies is considered to occur due to interaction between the
powder and the additives caused by a difference in the spe-
cific surface areas. Namely, while undergoing ball-milling
process after addition of organics such as monomer, etc. for
gel formation, it is considered that bubbles were produced
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by reaction between these additives and the particle sur-
faces of zirconia powder, and relatively more bubbles were
produced in the gel slurry when particle sizes were small.
Some residual bubbles were left behind even after defoam-
ing due to a high viscosity of the slurry which is considered
to have acted as the cause for bubble production upon sin-
tering. Microstructure of the green body is shown in Fig. 7.
In the case of gel green body prepared with TZS3Y powder,
presence of fine pores could be affirmed.

4. Conclusions

In the present study, green bodies were prepared by gel-
casting process with zirconia of different particle sizes as
the starting material, and viscosity behavior as well as gela-
tion behavior as a function of dispersant, solid content,
organic additives, etc. and the effects on sintering thereof
have been considered. To prepare the slip of high solid con-
tent having optimum dispersion conditions, about twice as
much dispersant was applied to the slurry made of fine pow-
der of 0.1 pm in size compared with the slurry made of pow-
der of 0.7 um in size. Gelation reaction time was reduced
according to the added amount of initiator irrespective of
particle sizes, and the sintered density was decreased in the
case of powder of 0.1 um in size as the added amount of
monomer was increased in comparison with that of dimer.
Contrary to the theory that sinterability is improved for fine
powders, more bubbles were produced in the microstructure
of sintered body, resulting in relatively low sintered densi-
ties, when the starting particles of zirconia were small at
0.1 pm in size. This is considered to be the result of produc-
tion of many pores due to interaction between the high sur-
face areas of the organic additives and the powder upon
mixing process by ball-milling.
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