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Abstract
In this study, polycrystalline alumina ceramics were fabricated using slip casting and spark plasma sintering (SPS)
methods. After being slip-cast, the samples were sintered at 1 350 and 1 450 °C for 20 min. The effect of the ballmilling time on the rheological behavior of alumina suspensions with different solid loads (65, 70 and 75 wt%) as well
as on the ceramic densification process, microstructural evolution and optical transparency was investigated. It was
demonstrated that the optimum ball-milling time to obtain rheological behavior suitable for slip casting was 6 h. Those
samples prepared in order to demonstrate optimum rheological behavior and sintered at the optimum temperature
were transparent. The highest real in-line transmittance (52 % at a wavelength of 640 nm) was determined for those
samples ball-milled for 6 h, with 70 wt% solid load and sintered in the SPS process at 1 450 °C.
Keywords: Optical materials, sintering, optical properties, ball milling.

I. Introduction
Transparent alumina ceramics are some of the most
important materials used owing to their good mechanical, chemical, thermal and optical properties 1, 2. Tallon
et al. 3 determined that particles in a size ranging from
100 – 300 nm are best to prepare concentrated suspensions
with low viscosity to produce green bodies with sufficiently high green density to full density (99 % theoretical
value).
One important factor that can increase the green density
of cast samples is the use of a suspension with a relatively high solid load percentage. If the solid load suspensions
are stable, casting them will be more successful than casting diluted suspensions. Chemical additives also can optimize the structural arrangement of the particles in the stable suspension 4 so this affects the rheological behaviour of
the suspension. Concentrated suspensions affect both ball
milling and casting. In addition, higher percentages of solid load are used, the green density increases. It all comes
down to choosing the appropriate solid load percentage.
If deagglomeration is effective, the maximum green density is increased 5. Zhang et al. 6 investigated the effect of
the ball-milling time on the dispersant function. Initially, a suspension of 60 wt% Al 2O 3 with 1.5 wt% polyacrylic sodium (PAA-Na) as a dispersant was subjected to
a milling process for 24 h, so the dispersant could cover the
Al 2O 3 particles. The optimum milling time resulted in a
slurry with low viscosity for slip casting and an average
*
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porosity of about 100 nm. However, with high solid loading, it is difficult to achieve a slurry suitable for slip casting. For slurries based on colloidal processing, the milling
time plays an important role in the preparation of a ceramic
green body with high as-dried density and homogeneity.
The deagglomeration percentage of different solid loads
of suspension depends on the conditions. The optimal dispersant was obtained using the diluted suspension after the
suspension containing higher solid load percentages was
ball-milled 7, 8. If solid load values are higher than 65 %
with a stable suspension and low viscosity with near-Newtonian behavior, the casting of these samples produces
high as-dried density samples 9, 10.
Changes in the morphology of the particles to a spherical form created a stable suspension, compared to other
suspensions containing particles with non-spherical morphologies; furthermore, this is a factor that could be responsible for the instability and development of the yield
point suspension. This could be due to the relative size distribution of the particles in the center and around the ball
milling area 11. It has been proved that spherical particle
morphologies in suspensions with a high solid load percentage are those with the lowest viscosity 12 – 14.
In alumina ceramics, high transmittance of visible light
is obtained by the reduction of light-scattering sources
such as pores and large grains. Extremely low porosities
(< 0/0.5 %) and small grain sizes (< 1 lm (are essential to
obtain highly transparent alumina 15, 16. Lallemant et al. 17
have reported that avoiding large agglomerates, narrowing
the pore size distribution, reducing the most frequent pore
size and avoiding macroscopic heterogeneities within the
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green bodies enable high real in-line transmittance (RIT)
values to be achieved in the visible and near-infrared spectrum. These ceramics could have become transparent if the
residual porosity had been eliminated completely.
In transparent alumina, such microstructural conditions
are obtained by sintering at low temperatures in a spark
plasma sintering (SPS) process. SPS is an alternative technique for preparing transparent or translucent alumina. To
ensure light transmission, the ceramics were fabricated by
optimizing the sintering parameters such as pressure, temperature, heating rate, the atmosphere, rheological behavior, and green body preparation. Low heating rates during
the SPS process could reduce grain growth and porosity,
and increase RIT for the purest alumina 18 – 21.
The purpose of this study is to study the effects of different ball-milling times on the rheological behavior, densification process and optical transparency and then fabricate
optical alumina ceramic using the SPS process. In addition,
the grain growth and pore size distribution as well as the
microstructure and optical properties were studied in detail.
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by means of mercury porosimetry (Pore Sizer 9320, Micromeritics Instrument Corporation, USA). The real inline transmittance of the different samples was determined
with a spectrophotometer (Model UV3100; SHIMADZU
UV-vis-NIR) in the wavelength of 400 – 800 nm. The
infrared transmittance of the samples was determined
using FTIR (SHIMADZU 8400S) in the wavelength of
2.5 – 7 lm. The samples were polished on both sides to a
thickness of 1 mm to measure the RIT and infrared transmittance. The microstructures were observed on the fracture surfaces using scanning electron microscopy (SEM,
JEOL 6510). The sintered specimens were cut and polished for thermal etching at 1 100 °C for 10 min to reveal
the grain boundaries. At least 200 grains were measured in
order to obtain a statistically robust set of data.

II. Experimental Procedure
(1) Materials and ceramic processing
Submicron a-alumina powder (Baikowski SAS-France)
with a purity of 99.99 %, an average particle size of about
200 nm, and the (BET)-(Micromeritics Instrument Corporation, Japan) specific surface area of about 7.09 m 2/g
was used as the raw material. Suspensions were prepared
in deionized water (18 MX) with different solid load content (65 – 75 wt%) with 0.8 wt% ammonium polyacrylate-Dolapix CE64 (Zschimmer & Schwarz) as the dispersant. The pH was adjusted to 9.5 using NH 4OH. Each
suspension was ball-milled for different times (2, 4, 6 and
8 h), the powder-to-ball weight ratio being kept at 1:5. The
ball mill speed was selected at 200 rpm. The optimum ballmilling time for different concentrations of alumina and
rheological behavior of the suspensions was examined. Jar
and balls (10 mm diameter) were made of alumina to prevent impurities in the suspension. An alumina mold (d =
5 cm, h = 3 cm) was used to produce a compact by means
of slip casting. The water was sucked from one side of the
alumina mold for 48 h and then the wet green bodies were
dried at 80 °C for 2 h in an oven. The samples were heated in a SPS process in two cycles of temperature and pressure. The first cycle consisted of 20 min at 1350 °C as the
maximum temperature (Fig. 1a), and the second cycle consisted of 20 min at 1450 °C as the maximum temperature
(Fig. 1b).
(2) Analysis and characterization methods
The suspension was ball-milled in a high-energy planetary ball mill (Amin Asia Fanavar Pars MPM158). The
slurry viscosity was measured with a rotary viscometer
(Model LVDV-II; Brookfield, Middleboro, USA) and
the rheological behavior was studied. The green densities
were determined according to the Archimedes method in
deionized water, using wax to prevent water from penetrating the pores in the green bodies. The pore size distribution of the pre-sintered green bodies was monitored

Fig. 1: Graph of the temperature and pressure cycles used in the sintering process of SPS samples at maximum temperature (a) 1 350 °C
(b) 1 450 °C.

III. Results and Discussion
(1) Effect of ball milling on rheological behavior
Figs. 2a and 2b show the viscosity and the suspension behavior of three different solid load percentages (65, 70 and
75 wt%) ball-milled for 2 h. The viscosity was increased
by increasing the shear rates. This behavior indicated unsuitable conditions and lack of stability owing to the high
solid load percentage, agglomeration of the particles and
the small amount of free water in the suspension. Shear
thickening behavior with thixotropy was observed at all
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solid loads. In general, the shear thickening behavior occurred in highly concentrated suspensions with equiaxial particles 12. The lack of free water in the suspensions
caused the formation of a concentrated suspension. In all
the suspensions, it was observed with the increase in the
solid load, the interactions between particles and viscosity
were enhanced 22. Ball-milling speed in high-viscosity suspensions decreased. So the milling behavior for the different percentages of the solid load could not be the same 23.
As evidenced in Fig. 2, the viscosity was reduced initially
in the first hours of ball milling, which was attributed to
the breaking up of large, hard and porous agglomerates.
The initial agglomerates tend to prevent the exit of water from the channels of pores between the particles. Because of this, less fluid was available to flow. As the hard,
large and porous agglomerates were broken up during ball
milling, viscosity began to decrease until the particles were
well dispersed.

3

served 11. In the case of the suspension containing 65 wt%
solid load, after 4 h of ball milling, shear thickening behavior has changed to almost near-Newtonian behavior.

Fig. 3: (a) Changes in the shear stress, (b) Changes in the viscosity
of suspensions at different shear rates after 4 h of ball milling.

Fig. 2: (a) Changes in the shear stress, (b) Changes in the viscosity
of suspensions at different shear rates after 2 h of ball milling.

In Fig. 3, the rheological behavior of the suspensions after 4 h of ball milling is shown. It can be seen that the suspensions with 70 and 75 wt% solid loads are still exhibiting
shear thickening behavior and, upon the increase of shear
rate, the viscosity increases, as compared with the viscosity values of suspensions after ball milling for 2 h. The reason for this, partial de-agglomeration of particles and the
interactions between fine particles was related to the short
distances between them; the free water could not leave the
pores completely. So, shear thickening behavior was ob-

The rheological behavior of the suspensions after 6 h
of ball milling is shown in Figs. 4a and 4b. A significant
change in the rheological behavior of the concentrated suspensions was observed. For the suspensions containing 70
and 75 wt% solid loads, the rheological behavior of the
suspensions with shear thickening behavior has changed
to an almost near-Newtonian behavior. It is probably indicative of the stability of the suspensions, and for the suspension with 65 wt%, shear-thinning rheological behavior with a yield point was observed. It shows that after deagglomeration, powder particles were broken down. This
reduction in particle size increases the interaction between
particles and also agglomeration in the concentrated suspension. Driving force is necessary to break up this agglomeration of particles, causing a stress point on the rheology graph 24. Owing to its shear thinning behavior, with
increasing shear rate, large quantities of clots were broken
down and increased the viscosity.
Figs. 5a and 5b show the rheological behavior of the suspensions after 8 h of ball milling. It can be seen that in
all three suspensions with the different solid load percentages, a change was observed in the state of suspension rheology. Of course, in the case of the suspension
with 65 wt% solid load, changes in the rheology behavior
have taken place from near-Newtonian to shear thinning
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probably owing to the lower viscosity of the suspension
with the lower solid load. Subsequently, as expected, with
the process of ball milling, two other suspensions (70 and
75 wt% solid loads) have changed from almost near-Newtonian to shear thinning behavior. It should be emphasized
that the suspension was de-agglomerated and continued
ball milling excessively increased viscosity owing to the
instability caused by the changes in the spherical particle
morphology and the particles becoming finer. To further
confirm this, the changing rheological behavior of the two
suspensions with higher solid load subjected to long-time
ball milling was analysed. It was shown that the input energy of ball milling for the concentrated suspension, despite the high viscosity, was effective enough to obtain full
deagglomeration and change the size and morphology of
the particles 25 – 27.

Fig. 4: (a) Changes in the shear stress, (b) Changes in the viscosity
of suspensions at different shear rates after 6 h of ball milling.

Ball milling conditions may not be appropriate, and
deagglomeration may be incomplete, leading to the change
in the particle morphology. Because of the suitable rheological behavior of the suspensions with 70 and 75 wt%
solid loads that were ball-milled for 6 h, these were chosen
for further investigations with SPS sintering and optical
evaluations.
(2) Sintering and microstructural studies
Specifications of the SPS samples are summarized in Table 1. Two samples, S1450 and S75 – 1450, were tested be-
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fore SPS to determine the pore size and evaluate the effect of the porosity distribution on the transition. Fig. 6
shows the pore size distribution of the two samples S1450
and S75 – 1450. As can be observed, the distribution and
porosity volume of the sample S1450 are low. One narrow
pore size distribution peak located at 80 nm is obtained by
slip casting of deagglomerated alumina powders. The peak
is achieved at almost half of the as-received particle size
(200 nm), which is an important factor in evaluating slipcast green bodies 9. This uniform pore size distribution of
slip-cast green body is related to the appropriate morphology of deagglomerated powder and optimized slip casting
parameters used for the preparation of the green body. The
sample S75 – 1450 had a wider distribution of porosity.

Fig. 5: (a) Changes in the shear stress, (b) Changes in the viscosity
of suspensions at different shear rates after 8 h of ball milling.

Fig. 7 shows the polycrystalline alumina ceramics after
the SPS process under different conditions. For the SPS
samples in this study, the grain size of the optical transparency samples was obtained between 0.8 to 1 lm (Table 1). The reduced grain size of the as-dried density sample (S75 – 1450) could cause the reduction of sintering ability and visible transmittance 28. Rapid grain growth could
occur at sintering temperatures higher than 1 450 °C 29, 30.
The green density of the samples was decreased owing to
the less stable suspension. In fact, if the primary body is not
homogeneous, some residual porosity may not be eliminated. If this porosity cannot be eliminated, the trans-

2019

5

Optical Transparency of Polycrystalline Alumina Ceramics

mittance of the samples is reduced. On the other hand, in
this condition, the increase in the sintering temperature
only leads to an increase in grain growth and a minor effect on the removed porosity and an increase in the visible and infrared transmittance 24, 31, 32. Fig. 8 shows the
cross-sectional SEM images of the SPS samples. According to these images, intergranular and transgranular porosity was found in S1350 and S75 – 1450 samples, but was not
found in the S1450 sample. In addition to controlling grain
growth, the use of SPS enabled the fabrication of alumina
ceramics with optimum transmittance in the visible region.
(3) RIT and infrared transmission
Fig. 9 presents RIT measurements of the SPS samples.
For sample (S1450) fabricated from the suspension with
70 wt% solid load and sintered at 1 450 °C, there was no
real in-line transmittance. For the samples made from
the optimum suspensions with 70 and 75 wt% solid load
with Newtonian behavior, after sintering at 1 450 °C,
RIT was determined. As evident in Fig. 9, the real inline transmission for S1450 at the wavelength of 640 nm
reached 52 %. According to the theory of Apetz and
Van Bruggen 15, to obtain good RIT in polycrystalline
alumina ceramics, as compared with others, we should
have a grain size smaller than 250 nm and the relative
density should be higher than 99.995 %. Based on this
model, RIT depends to an extreme extent on the grain
size (light scattering by grains) and porosity. In fact,
the level of RIT is very sensitive to residual porosity,
grain size and average refractive index changes (Dn) between two adjacent grains. Generally, increasing grain
size reduces the amount of RIT (translucent samples) and

Fig. 6: Pore size distribution of green samples obtained by means
of slip casting.

increases porosity, leading to opaque samples (samples are
white and milky, Fig. 7, S1350 and S75 – 1450). The sample
prepared from the suspension with 70 wt% solid load was
in a better condition after the same ball milling time than
the suspension of 75 wt% solid load. The higher stability could lead to more homogeneous samples with higher as-dried density. The homogeneity effect of the specified samples could be clearly determined for the sample of
70 wt% solid load after SPS processing at 1 450 °C, as compared to the sample of 75 wt% solid load.
Fig. 10 shows the infrared transmittance of the three samples. Given that some of the samples did not exhibit real inline transmittance, this graph can help us to better understand the impact of the reduced porosity and the effect of
homogeneity on the final microstructure. As can be seen,
both S1450 and S75 – 1450 samples showed higher IR than
the S1350 sample.

Table 1: Specifications of SPS samples.
Samples

Ball
Solid load (%)
milling time (h)

As-dried
density (%)

Final SPS temperature (°C)

Average grain
growth (μm)

As-sintered
density (%)

S1350

6

70

66.7

1 350

0.09±0.94

99.9

S1450

6

70

66.8

1 450

0.06±1.11

99.9

S75 – 1450

6

75

64.5

1 450

0.09±1.13

99.9

Fig. 7: Polycrystalline alumina ceramics after SPS in different conditions. (a) S1350. (b) S1450 (C) S75 – 1450 samples.
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Fig. 10: In-line transmittance of transparent alumina ceramics sintered in the SPS process.

IV. Conclusions
Briefly, it was found that using the different solid load
percentages with different ball milling times led to different rheological behavior. The as-dried and as-sintered
densities of the specimens obtained with the slip casting
method were different. In the case of the suspension with
70 wt% solid load and 6 h of ball milling, the best milling
behavior was observed. With this suspension, the samples were obtained with the as-dried density of 67 %. This
density was the highest primary density observed compared with all the other samples. The optimized suspension with 70 wt% solid load was sintered in the SPS process for 20 min at 1 450 °C, and exhibited the highest RIT
of all the samples. In this case, the real in-line transmission
at the wavelength of 640 nm reached 52 %. The infrared
transmittance of this sample was higher than that of all other samples, reaching 75 % at the wavelength of 4.5 lm.
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