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ABSTRACT

In this study, the effect of slip casting parameters on the ultrafine microstructure and the density of pore-
free YAG ceramic was evaluated. A stable, high concentrated aqueous YAG slurry using Dolapix-CE64 as
a dispersant was prepared and the effect of dispersant concentration as well as the solid load on the
stability and rheological behavior of the slurry was also studied. The optimum dispersant content for the
suspension was 1.5 wt% which led to the slurry with minimum viscosity and near-Newtonian behavior.
The results showed that increasing the solid load of the YAG slurry causes higher viscosity and alters the
rheological behavior of the slurry to a slight shear thinning. By increasing the solid load of the slurry up to
a specific amount of 75 wt%, relative green density of the slip cast sample was increased to about 65%,
but further increase reduced the green density. The microstructure and the density of the sintered body in
the air and vacuum atmospheres comprise a direct relationship to the green density of the slip cast body.
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1. Introduction

Yttrium aluminum garnet (YAG, Y,ALO,)
is an advanced oxide ceramic with outstanding
structural and functional properties such as
excellent high-temperature strength, low creep
rate, and good mechanical and optical properties
[1]. YAG ceramic is suitable for laser gain host
crystal and IR transparent window material [2].
Low pore concentration, clean grain boundaries,
and also phase purity are essential factors in
manufacturing transparent ceramics [3, 4]. Among
these factors, both the number and the size of the
pores are the most important factors which affect

the optical properties of transparent ceramics
due to the scattering loss caused by the interface
between the air in the pores and the ceramic
matrix [5]. Therefore, the high-purity precursor
as well as processing and forming methods are
needed. Previous studies on YAG forming methods
were typically focused on slip casting [5-15], dry
pressing [16-21], and Isostatic pressing [20, 22-25].
It has been proved that in dry pressing method,
the external force cannot reach to an individual
particle of the body in order to shift it into an
optimum position between its neighbors. However,
in colloidal forming processes such as slip casting
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and gel casting, the necessary freedom for particles
to find an appropriate position on their own can
be provided [26]. Slip casting is an effective process
in producing homogeneous and dense green
bodies because defects such as aggregates and
agglomerates can be more readily managed [9, 27].

In most of the reported researches about the slip
casting of YAG ceramic, a mixture of ALLO, and
Y,0, powders with different dispersant agents such
as poly acrylic acid (PAA) [7], Dolapix PC21 and
PC75 [11], Dolapix CE64 [10, 14, 15], ammonium
poly acrylic acid (NH,PAA) [5, 8], and Dispex A
[9] is ball milled in an aqueous medium to obtain
a homogeneous suspension for the slip casting.
In these literatures, phase formation of pure
YAG occurs during the sintering process at high
temperatures. Lv et al. [12] and Li et al. [6] have
reported the dependence of rheological properties
of co-precipitated powder slurries on pH, solid
loading, and the concentration of dispersant agent
for YAG and Nd:YAG, respectively. They have
ball milled the co-precipitated YAG powder with
ammonium poly acrylate as a dispersant agent.

A key point for obtaining homogeneous
and dense green bodies with uniform pore size
distribution by the slip casting method is achieving
a well-dispersed slurry with an appropriate
rheological behavior, low viscosity, and relatively
high solid loading [28, 29]. The properties of
slurries can be adjusted by the shape of particles,
fraction of solid particles, dispersant agent
concentration, and pH of the slurry. Also, the size
of the particles is another important factor for
obtaining well-dispersed suspensions. In the case
of using nanoparticles, higher agglomeration forces
deteriorate the homogeneity of green bodies as well
as the sintering densification. It has been reported
by Krell et al. [30] that by using nano powders,
it is difficult to reach high densities (>99%).
Furthermore, the low surface area of particles larger
than 300-500 nm used in the slip casting method
may not cause successful densification [31]. It is
proved that particle size in the range of 100-300 nm
is proper for obtaining dense slip cast green bodies
with an appropriate sintering behavior [30-32].

Until now, spark plasma sintering, hot pressing,
and vacuum sintering have been adopted for
fabricating transparent and dense ceramics.
However, transparency is not a necessary property
for engineering applications and pressureless
sintering in the air can be considered as a cost-
effective method for developing dense ceramics
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[33]. Bhattacharyya et al. [34] have reported
pressureless sintering of YAG ceramic in the
presence of 2.5% fumed silica additive, achieving
93% relative density. Dense YAG ceramics sintered
in the air using TEOS and MgO as a sintering aid
have been developed by Tong et al. [33].

Many researchers have studied the effective
parameters on the slip casting of ALO, and Y,0,
mixture and co-precipitated YAG powders.
However, the effect of solid loading and dispersant
concentration on the rheological behavior of YAG
slurries derived from Al O,/Y-compound core-
shell structures [35-40] have not been evaluated
yet. Therefore, in the present study, the effects of
various slip casting parameters such as dispersant
concentration and solid loading on the rheological
behavior of core-shell derived YAG slurries
as well as the green density of slip cast bodies
were investigated. Finding the best dispersion
parameters for obtaining stable suspensions
of YAG with high solid loading and preferably
Newtonian behavior was the most important goal
of this study. In this approach, we also reported
the fabrication of ultrafine YAG ceramics with
high densities, sintered in the air and vacuum
atmospheres without using any sintering aid. Pre-
forming of YAG green bodies with high densities
helps to reach a dense YAG ceramic even without
using any sintering aid. The green and sintered
bodies were thoroughly characterized in terms of
microstructure and density.

2. Experimental procedures

The ultrafine YAG powders were synthesized via
a partial wet route, details of which are reported
elsewhere [37, 38]. The calcined YAG powders
were de-agglomerated in a planetary ball mill for
15h using 10 mm alumina balls. In this study,
Dolapix CE64 (Zschimmer & Schwarz Chemical
Co., Ltd.) was chosen as a dispersant agent with
concentrations varying from 0.5 to 2.5 wt% for
preparing the YAG slurries. Slurries of the de-
agglomerated ultrafine YAG powders prepared by
dispersing to different solid loadings (55-80 wt%)
in deionized water with 1.5 wt% Dolapix dispersant
were cast on an alumina template to obtain green
bodies. Hand-made alumina templates were slip
casted and then sintered at oxygen atmosphere.
The relative density of a template after sintering
is about 70%. After slip casting of YAG slurries
on the alumina template, the bodies were dried
in the air and the organic additives were removed
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by heating the samples at 600°C for 2h. Then,
slip casted samples were sintered in both air and
vacuum atmospheres. Under the air atmosphere,
the sintering temperature and the soaking time
were 1720°C and 12h, respectively. At the vacuum
sintering, the specimens were heated up to 1700
°C and held for 12h. The rate of heating for both
sintering methods was chosen as 10°C/min. The
sintered bodies were annealed at 1250°C for 3h in
the air in order to remove the gray color. Relative
green density and relative density after sintering
were measured using the Archimedes method
(ASTM B962-13) [41], assuming a theoretical
density of YAG is 4.5488 g/cm’*[6].

Rheological properties of the slurries were
determined up to a shear rate of 264 s* with a
rotational stress-controlled viscometer (Model
LVDV-II; Brookfield, Middleboro, USA). All
measurements were performed at a constant
temperature (25°C). Microstructural evaluation
of green and sintered bodies as well as the
morphology of powders was observed using field
emission scanning electron microscopy (FESEM,
Tescan Mira III). The particle size distribution of

the synthesized and de-agglomerated powders
was measured using dynamic light scattering
(DLS, Vasco, Oakbrook Terrace. IL, USA). X-ray
diffraction (XRD) pattern was recorded on the
Bruker D8 Advance X-ray diffractometer with Cu
Ka (A= 0.15406 nm). Pore size distribution of the
slip cast green body was measured using Mercury
porosimetry  (PoreSizer 9320, Micromeritics
Instrument Corporation, USA).

3. Results and discussion

Fig. 1 shows the XRD pattern of synthesized
ultrafine powder calcined at 1400°C for 3h. All
peaks can be identified as Y,Al,O,, (abbreviated
as YAG, JCPDS card No. 33-0040) phase. The
micrographs of synthesized and de-agglomerated
YAG powder are shown in Fig. 2. Particles with
necking phenomenon can be observed in Fig. 2(a).
The mean particle size of the synthesized ultrafine
YAG powder is about 500-600 nm. Uniform
separate particles with a diameter of about 250-
300 nm are obtained after the de-agglomeration
process (Fig. 2(b)).

Fig. 3 illustrates the particle size distribution
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Fig. 1- XRD pattern of the synthesized powder calcined at 1400'C for 3h.
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Fig. 2- FESEM images of (a) YAG powder, (b) de-agglomerated ultrafine YAG powder.
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of synthesized and de-agglomerated ultrafine
YAG powders. There are two peaks located at
568 and 1725 nm in the particle size distribution
curve of the synthesized YAG powder. The first
peak is consistent with the particle size observed
in the FESEM image (Fig. 2(a)) and the second
is attributed to the agglomerated particle size of
the ultrafine YAG powder. Therefore, the particle
size distribution of the synthesized powder was
not uniform, which emphasizes the need for the
de-agglomeration process. The de-agglomerated
ultrafine YAG powder had a uniform particle size
distribution with the mean particle size of 259 nm
which is in a good agreement with FESEM image
(Fig. 2(b)). It is deduced from DLS curves that after
the de-agglomeration process, the uniform and
narrow particle size distribution of the ultrafine
YAG powder was obtained. However, without
this process, non-uniform and broad particle size
distribution would be observable.

The viscosity and shear stress of the de-
agglomerated ultrafine YAG powder slurry with 55
wt% solid load versus the shear rate for different
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Fig. 3- Particle size distribution of the synthesized and de-
agglomerated ultrafine YAG powder.

(a) 20
18 - ——0 %wt Dolapix ~ ——0.5 %wt Dolapix —s—1 %wt Dolapix
—e—1.5 %wt Dolapix —e—2 %wt Dolapix =~ —2.5 %wt Dolapix
16
T'? 14 4 *\'\,*’
g —
EP] »0— 7
>10 1 o—_ —
= —
S 84 .
2
S 67
— .
4 -
2 -
0 T T T T
50 100 150 200 250 300

Shear rate (1/s)

contents of the dispersant is demonstrated in Fig. 4.
It shows that the rheology of suspensions depends
on the amount of the dispersant agent. Slip casting
without dispersant displays a slight shear thinning
behavior. The breakdown of the flocculated
structure and the release of the entrapped liquid
are almost the reason for the slight shear thinning
flow. At 0.5 to 2 wt% of dispersant, the slips are
nearly Newtonian and their viscosity is constant
at all shear rates indicating a well-dispersed and
homogeneous slurry [6]. By further increase of the
dispersant up to 2.5 wt%, a slight shear thinning
was observed, implied that there is no yield point
[42].

Fig. 5 shows the plot of viscosity versus the
amount of dispersant for the de-agglomerated
ultrafine YAG slurry with 55 wt% solid load. Up
to 1.5 wt% dispersant, the viscosity was decreased,
while by further increase of the dispersant agent, the
viscosity of the slurry was increased. The minimum
viscosity is related to the optimum amount of
dispersant needed for maximum coverage of
particle surface. The excess amount of dispersant
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Fig.5- Viscosity vs. the amount of dispersant for de-
agglomerated ultrafine YAG slurry with 55%wt solid load at
different shear rates.
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Fig. 4- (a) Viscosity vs. shear rate curves and (b) shear stress vs shear rate curves for de-agglomerated ultrafine YAG slurry
with 55 wt% solid load at different contents of Dolapix dispersant.
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acts as a free electrolyte and leads to depletion
flocculation, whereas insufficient dispersant
concentration does not result in dispersion of
whole particles [7]. In both cases, the viscosity of
suspension increases due to agglomerates present
in the slurry [43].

The rheological behavior of the YAG slurries
with 1.5 wt% Dolapix dispersant was studied by
measuring the viscosity and shear stress at different
shear rates (Fig. 6) which is strongly dependent on
the solid loading. For instance, near-Newtonian
behavior is exhibited at a solid loading lower than
55 wt%, whereas slight shear thinning behavior is
observed at solid loading of 65 wt%. The rheological
behavior of the slurry has been changed completely
into shear thinning at 75 wt% solid loading. At
high solid load, the liquid becomes immobilized in
the inter-particulate pore spaces of the flocculated
network of slurry. Applying shear stress breakdowns
the flocculated structure and releases the entrapped
liquid [12, 44]. Furthermore, Increasing the solid
load leads to the mean path between particles
falling down and; hence, flocculation occurs as
a result of increased attraction force between
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Fig. 6- Viscosity vs. shear rate curves and (b) shear stress vs.
shear rate curves for de-agglomerated ultrafine YAG slurry with
1.5 %wt Dolapix as a function of solid loading.

particles. Therefore, particles form either a particle
network or individual clusters in the suspension
which increases the viscosity value [27, 45].

The green density of slip cast bodies was in the
range of 48-65% of the YAG theoretical density.
It can be observed from Fig. 7 that the green
density is enhancing (by about 15%) if the solid
loading was increased from 55% to 75 wt%. The
highest green density of 65% theoretical value was
obtained at optimum 75 wt% solid load at optimum
dispersant condition. By further increase of the
solid loading, the green density of slip cast bodies
was decreased. The highest state of flocculation in
slurries with 80 wt% solid load is the reason of high
viscosity which leads to reducing the green density.
The formation of strong aggregates might be due
to non-homogeneous distribution of dispersant
molecules on particles of high solid loading slurry.
Therefore, not a complete coverage of YAG particles
in 80 wt% slurry with dispersant causes coagulation
and reduction in particle packing efficiency which
seems to have detrimental influence on the green
density [46, 47]. The formation of large pores due to
flocculates also causes a reduction in homogeneity
and; hence, in green density of slip cast bodies [32,
48, 49].

Fig. 8 shows the pore size distribution of the
slip cast green body processed by slurry with 75%
solid load. One narrow pore size distribution peak
located at 286 nm is obtained by the slip casting of
the de-agglomerated ultrafine YAG powder. The
peak achieved at almost half of the particle size
of synthesized powders is an important factor in
evaluating slip cast green bodies [26]. This uniform
pore size distribution of the slip cast green body is
related to the appropriate morphology of the de-
agglomerated ultrafine YAG powder and optimized
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Fig. 7- Relative green density vs. solid load for slip casted
samples (three or four samples for each solid load were slip
casted).
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slip cast parameters used for preparing the green
body.

Fig. 9 shows the microstructure of the fracture
surface of the green body with 75 wt% solid load
and 1.5 wt% dispersant. In these conditions, a
uniform microstructure can be observed. This
homogeneity indicates that 1.5 wt% Dolapix is
sufficient to disperse correctly the de-agglomerated
ultrafine YAG powders. This result is in a good
agreement with the above mentioned discussion
results.
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Fig. 8- Pore size distribution of green body with 75% wt solid
load.

Fig. 10 compares the FESEM micrographs of
slip casting fracture surfaces with different green
densities sintered in the air at 1720°C for 12h.
Generally, it was observed that by increasing the
green density of samples, better densification
occurs during sintering in the air. It can be seen
that higher densification of slip cast bodies leads to
the fewer and also smaller pore sizes in the sintered
bodies [46]. The grain size in the sample with the
lowest green density (50%, Fig. 10(a)) was about
4 pum. The results show that increasing the relative

Fig. 9- FESEM micrograph of fracture surface of slip cast YAG
green body with 75%wt solid load.

Fig. 10- FESEM micrographs of fracture surfaces of ultrafine YAG sintered bodies in the air
atmosphere (1720°C for 12 h) of different slip cast samples with different relative green

densities: (a) 50%, (b) 55%, (c) 60% and (d) 65%.
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green density of slip cast bodies (65%, Fig. 10(d))
did not have a significant effect on the grain growth
during sintering in the air atmosphere.

Fig. 11 displays the FESEM micrographs of the
YAG fracture surface vacuum sintered at 1700
°C for 12h. From Fig. 11 (a) and (b), we can see
large pores in vacuum sintered samples with 50%
as well as 55% green density. By further increase
of the relative green density to 60%, few pores
could be captured in the lattice of grains and also
grain boundaries (Fig. 11 (c)). A dense and pore-
free microstructure can be observed at vacuum
sintered specimen with 65% relative green density.
The average grain size was about 5-7 um (Fig.
11(d)) which was similar to that reported in the
literatures [5, 9, 10]. Furthermore, the micrographs
indicated that the grain size was increased and the
pore size was decreased by increasing the relative
green density of slip cast bodies used for vacuum
sintering. Final pores removal and attaining fully
dense YAG ceramic are controlled by grain growth
[9]. These observations show that final stage of
the YAG densification in vacuum atmosphere is

accompanied by a significant grain growth which is
consistent with the results reported by Boulesteix et
al. [50]. Hence, promoting grain growth at the final
stage of sintering is an effective way for reducing
the number of pores in YAG ceramic.

Fig. 12 shows the relative density after sintering
in the air and vacuum atmospheres of various
slip cast bodies with 50%, 55%, 60%, and 65%
relative green densities. It can be observed that
in both sintering methods, the relative density
of the sample after sintering has been enhanced
by increasing the green density of the slip cast
body. Additionally, it is obvious that although the
green densities of slip cast bodies were the same,
the density of vacuum sintered bodies was higher
than air atmosphere sintered bodies. These results
show the capacity of vacuum sintering method for
obtaining samples with high densities. Another
point is that the sintered bodies with 65% relative
green density have been densified to 99.9% and
98% relative density by sintering in vacuum and
air atmosphere+s, respectively. Therefore, pores are

Fig. 11- FESEM micrographs of fracture surfaces of ultrafine YAG vacuum sintered bodies (1700 C for
12 h) of different relative green densities: (a) 50%, (b) 55%, (c) 60% and (d) 65%.
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effectively eliminated in vacuum sintering method
by using slip cast bodies with high relative green
densities. There is nearly no gas in the pores in
vacuum sintering. Therefore, the elimination of
pores is easy with this method of sintering. The air
is composed of 79% nitrogen gas with 1.71 A size.
In spite of the fact that entrapped oxygen gas in
pores can easily migrate through lattice vacancies
[51], too big size of nitrogen atoms leads to the low
solubility in the YAG crystal lattice and the diffusion
through them is negligible compared to those of
oxygen [33, 52]. High diffusion coefficient at high
temperature as well as the small size of oxygen
molecules let them dissolve into the YAG crystal
and remove easily during the sintering process [53].
In addition, the high partial pressure of oxygen
depresses the grain boundary mobility and causes
more pores to be eliminated during sintering [54].
Filling the pores with inert gases such as argon or
nitrogen during the final stage of sintering causes
the pores to remain and then increase in size by
uniting them together [51]. Trapped air in the pore
balances the material transporting through making
high enough pressure. Hence, the elimination of
this kind of pores during the sintering is difficult
and inhibits further densification. The kind of
trapped gas in the pores is an important factor
in densification process which is influenced by
diffusion rate of the gas [51]. Therefore, nitrogen
gas is the main problem in the sintering of YAG
ceramic in the air and is also observed in other
optical ceramics such as Y,O, and Al O, [53, 55].
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Fig. 12- The relative density of samples after sintering in air
atmosphere and in vacuum atmosphere vs. relative green
density of YAG slip cast green bodies.

4. Summary

It is revealed in the present study that
homogeneous microstructure and high density of
the YAG green body can be prepared by appropriate
dispersion of the ultrafine YAG particles using the
slip casting method. The best dispersion of the de-
agglomerated ultrafine YAG particles was observed
at 1.5 wt% Dolapix, as revealed by minimum
viscosity and near-Newtonian behavior of the
slurry. The slip with a solid loading of 55 wt%
exhibited near-Newtonian behavior, whereas with
higher solid loading of about 65 and 75 wt%, the
behavior of slips changed to a slight shear thinning.
At the optimum dispersant value (1.5 wt%), a 75
wt% solid loaded green body displayed mono
modal pore size distribution centered at half of the
synthesized ultrafine YAG powder size. The density
after sintering in vacuum atmosphere was higher
for all starting green densities.
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