Journal of Advanced Ceramics
2022, 11(4): 582588
https://doi.org/10.1007/s40145-021-0558-y

ISSN 2226-4108
CN 10-1154/TQ

Research Article

High transmittance and grain-orientated alumina ceramics
fabricated by adding fine template particles

Han CHEN““, Jin ZHAO”“, Shunzo SHIMAI", Xiaojian MAO"*, Jian ZHANG"*,
Guohong ZHOU"*, Shiwei WANG”*", Na GU, Kai ZHENG"

“University of Chinese Academy of Sciences, Beijing 100049, China
bCenter of Materials Science and Optoelectronics Engineering, University of Chinese Academy
of Sciences, Beijing 100049, China
“State Key Laboratory of High Performance Ceramics and Superfine Microstructure, Shanghai Institute
of Ceramics, Chinese Academy of Sciences, Shanghai 200050, China
dShandong Guiyuan Advanced Ceramics Co., Ltd., Zibo 255000, China

Received: July 9, 2021; Revised: November 25, 2021; Accepted: November 26, 2021
© The Author(s) 2021.

Abstract: Transparent Al,O; ceramics with grains aligned to the c-axis were prepared by adding
platelets with a low aspect ratio into fine equiaxed particles. The mixed powders were formed into
green bodies using spontaneous coagulation casting and sintered by pressureless sintering and
hot-isostatic pressure sintering. Zeta potentials and rheological behavior of the slurries, relative
densities of green bodies, and orientation and optical properties of sintered bodies were investigated
and discussed. The platelet with a high aspect ratio suppressed densification more seriously during
sintering than the one with a low aspect ratio. An excellent oriented structure was obtained when
5 wt% platelets with a low aspect ratio were added, and transparent Al,O; ceramics with grains
aligned to c-axis were successfully prepared; the in-line transmittance was 78.4% at 600 nm, which is

the highest one in the currently reported literature.
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1 Introduction

Templated grain growth (TGG) is an effective technique
to prepare textured ceramics [1-4], matrix particles
with equiaxed structure were mixed with plate-like or
rod-like template particles, and then template particles
can be homogeneously distributed and oriented in the
matrix by extrusion or tape casting [5,6]. Subsequent
heat treatment, such as hot pressing and hot forging,
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would result in oriented nucleation and preferred
orientation growth. Texture degree and required
anisotropic properties of materials can be adjusted by
sufficient template addition and appropriate heat
treatment methods [7-9]. Many types of textured
ceramics including a-Al,O5[7,10,11], SizN4[5,8], SiC
[12], BN [13], and piezoceramics [14—17] have been
formed by TGG.

The fabrication of textured alumina ceramics using
platelets as template was studied by Brandon et a/.[1,2]
and Suvaci et al.[3] in the 1990s. To date, many studies
have been focused on microstructure development,
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mechanical strength, dielectric properties, and optical
properties of textured alumina prepared by TGG
method. Snel ef al. [18] qualitatively studied the effect
of different tape casting parameters using a platelet
with an aspect ratio of 30, and concluded carrier tape
speed, gap height, and deairing time those all could
influence the grain orientation of the sintered body.
Takatori et al. [19] studied the effect of platelet aspect
ratio on orientation degree, and demonstrated the platelet
with an aspect ratio of 10 produced sintered bodies
with the highest texture (f (006)+(1010) ~ 07—08) Seabaugh
et al. [7] used a platelet with an aspect ratio of 6 and
approximately 5% CaO and SiO; as sintering aids, and
concluded that the sintering aid at high temperatures
was effective for achieving orientation of the sintered
body. Zhang et al. [20] used a platelet with an aspect
ratio of about 10 to study the effects of orientation
degree and microstructure on crack propagation behavior,
fracture toughness, and strength of alumina ceramics,
and concluded that grain-oriented alumina ceramics
possessed higher toughness. Schlup et al. [21] analyzed
the effect of hot-pressing parameters on the densification
and optical properties of textured alumina using a
platelet with an aspect ratio of 22, and found that the
increase in temperature improved the optical properties
at the expense of enhanced grain growth. Our previous
study [22] verified the feasibility of preparing alumina
transparent ceramics using a platelet with an aspect
ratio of 10, and the in-line transmittance has been
increased to about 60%, but a few residual pores in the
grain boundaries limited the further increase in
transmittance.

The above studies on TGG of textured alumina were
focused on platelets with high aspect ratio, showing
that a highly oriented structure could be achieved, and
the densification was suppressed compared with those
using only equiaxed particles, leaving residual pores in
the final ceramics which were detrimental to transmittance.
The present study is intended to examine the feasibility
of the production of dense alumina ceramics with
oriented grains by adding platelets with low aspect
ratio into submicron alumina particles. The effects of
the platelet (size and amount) and the sintering
conditions (temperature, duration, and pressure) on
the development of microstructure, orientation degree,
and optical properties of ceramics were systematically
investigated.

2 Materials and methods

High purity submicron alumina powder (CR-10,
Baikowski, Annecy, France) containing 600 ppm MgO
as sintering aid was selected as matrix powder. Two
a-AlO; platelets (platelet D with an aspect ratio of
4-6, major axis of 2—3 pum, and minor axis of 0.5 um;
platelet DN with an aspect ratio of 10, major axis of
5 um, and minor axis of 0.5 um; their c-axis normal to
the major facet) were selected as templates. Morphology
of platelet D is shown in Fig. 1. Copolymers of
isobutylene and maleic anhydride with molecular
weights of 5500-6500 (Isobam 600AF, Kuraray, Japan)
and 55,000-65,000 (Isobam 104, Kuraray, Japan)
[23,24] were used as dispersing and coagulation agents
for alumina slurry, respectively.

Alumina slurries were prepared as follows: Firstly,
Isobam agents were dissolved in deionized water.
Secondly, a-Al,O; platelets were added in the Isobam
solution and mechanically stirred for 2—-3 min. Thirdly,
CR-10 alumina powder was added and ball milled in a
planetary mill for 1 h. Solid loading of the slurries
were 40 vol%, and the addition of platelets was 1-5 wt%.
The addition of Isobam 600AF and Isobam 104 were
0.3 and 0.2 wt% (relative to the weight of alumina),
respectively. After milling, the slurry was degassed
and cast into a plastic mold, and the shearing force
generating in flow was used to align the platelets [22].
After coagulation and drying, green bodies were
pre-sintered at 800 °C for 2 h in air to burn out the organic
additives. Final sintering was conducted by pressureless
sintering or hot isostatic press (HIP) sintering, pressureless
sintering was carried out at 1860 ‘C for 12 h in vacuum,
and HIP sintering was carried out at 1850 °C for 3 h in
argon with 200 MPa (samples for HIP were pre-
sintered at 1840 “C for 6 h in vacuum).

Zeta potentials of dilute alumina slurries (diluted
from 40 vol% solid loading slurry to the ratio of alumina/

Fig. 1 Morphology of a-Al,O; platelet D.
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water as 0.2 g/L) were measured using the electrophoretic
mobility (Zeta Plus, Bruker Inc., Holtsville, USA). The
rheological behavior of the slurries was characterized
via a rotational theometer (HAAKE Viscotester iQ Air,
Thermo Fisher Scientific, USA) with a parallel plate (20
mm in diameter). Microstructures of the green bodies
and sintered ceramics were observed using a scanning
electron microscope (JSM-6390LV, JEOL, Tokyo,
Japan). Linear intercept analysis based on the equation
G S =156 L (L: average intercept) was used for
measuring the average grain size. The relative density of
the ceramics was measured by Archimedes method in
distilled water. The evolution of X-ray diffraction (XRD)
peaks was characterized on the top surfaces of the
ceramic in the 26 range from 10° to 90° with a step of
0.05° by an X-ray diffractometer (D8 Advance, Bruker
Inc., Germany) with Cu Ko radiation. The degree of
orientation (f value) for each specimen was evaluated
according to the Lotgering method [25] from the XRD
diffraction peaks. Ceramics were ground and double-
surface polished to 1 mm thick to test in-line
transmittance using a spectrophotometer (V-770, JASCO,
Tokyo, Japan), and the angle of scattered light was 0.5°.

3 Results and discussion

3.1 Zeta potentials of the dilute alumina slurries

Zeta potentials of dilute alumina slurries (powder/
water: 0.2 g/L) are shown in Fig. 2. It is observed that
the isoelectric point was about pH = 2.8 for the slurry
containing platelet D (black line) and was about pH =3
for the slurry containing platelet DN (pink line), lower
than that of the slurry containing equiaxed alumina
particles only, which has an isoelectric point of pH =
8—10 [26]. The difference between the isoelectric point
of platelets and equiaxed alumina particles can be
explained by the different types of surface hydroxyl
groups [27,28]. The surface structure of the basal
planes of platelets is comprised primarily of doubly
coordinated surface hydroxyl groups, and that of the
equiaxed alumina particle is composed primarily of
singly coordinated surface hydroxyl groups. The isoelectric
point of the slurry moved to the left (pH = 2) when the
dispersant was added. At the same time, the absolute
value of the zeta potential of slurry changed from 12.4
to 33.8 mV when the pH of the slurry was in the
neutral range (pH = 7). That means the dispersant can

be adsorbed on the platelets and disperse the platelets.
The blue line shows the zeta potential of the diluted
slurry prepared by adding 5 wt% platelet D and 95
wt% equiaxed alumina powder, the isoelectric point of
the slurry was 2.3, and the absolute value of the zeta
potential of the slurry was about 21.2 mV (in the
neutral range of pH = 7), which ensures the preparation
of slurries with high solid loading and low viscosity.

3.2 Rheological behavior of slurries

The viscosity of the slurries is shown in Fig. 3. The
viscosity was decreased a bit with the increase of
platelet addition. For example, the viscosity was ~0.25 Pa-s
at 100 s~ for the slurry containing 1 wt% platelet D,
and 0.23 Pa-s at 100 s ' for the slurry containing 5 wt%
platelet D. The viscosity of the slurry containing
platelet DN was lower than that with platelet D, e.g.,
0.22 Pa's at 100 s ' for the slurry containing 1 wt%
platelet DN. The platelet DN has a higher absolute
value of zeta potential in the neutral range, which
benefited particle dispersion. Low viscosity benefits
slurry flowability, which has a positive effect on
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Fig. 2 Zeta potentials of dilute alumina slurries.
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Fig. 3 Viscosity of the slurries containing different
amount of platelets.
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the alignment of platelet and is helpful for the
preparation of grain-oriented ceramics [29].

3.3 Densities of green bodies and sintered bodies

Table 1 shows the densities of green bodies containing
different amount of platelets. The relative densities of
green bodies containing platelet D were higher than
those containing platelet DN, e.g., 48.2% for the green
body containing 1 wt% platelet D and 48.0% for the
green body containing 1 wt% platelet DN, which
means platelets with low aspect ratio are useful for the
increase of particle packing density. The relative
density of green body decreased with the increase of
platelet addition, e.g., 48.2% for the green body
containing 1 wt% platelet D and 47.6% for the green
body containing 5 wt% platelet D. That is because
equiaxed particles are easier to pack a higher density
green body compared to platelets.

Figure 4 shows the effects of sintering temperature
on relative densities of sintered bodies containing
different amount of platelets. Take the green body
containing 1 wt% platelet D for example, the relative
density was increased to 61.2% at 1200 ‘C and that
means densification began. The relative densities were
fast increased to 85.9% and 98.5% when the sintering
temperatures were 1300 and 1400 “C, respectively. The
relative density (67.8%) of the sample with 5 wt%
platelet D was higher than that (61.2%) of the sample
with 1 wt% platelet D and that (61.9%) of the sample
without platelet D when the sintering temperature was

Table 1 Relative densities of green bodies
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Fig. 4 Effect of temperature on relative densities of the
green bodies containing different amount of platelets.

1200 °C. The possible reason is that more platelets may
provide more power to “absorb” or “swallow” fine
particles and benefit densification during the initial
growth process. When the temperature was increased
to 1400 °C, the relative density of the sample containing
5 wt% platelet D was 95.9%, lower than that of the
sample with 1 wt% platelet D (98.5%). It confirmed
that the addition of more platelets was harmful for
densification. Anyway, during the whole sintering
process, relative densities of green bodies containing
platelet D were higher than those containing platelet DN,
e.g., 95.9% for the green body containing 5 wt% platelet
D and 95.3% for the green body containing 5 wt%
platelet DN at 1400 ‘C, which indicates that the addition
of low aspect ratio platelets is easier for densification.

3.4 Effect of platelet addition on orientation

Figure 5 shows the XRD patterns of sintered bodies
with different amount of platelets, and the pressureless
sintering parameter was 1860 ‘C for 12 h in vacuum. It
can be seen from Fig. 5 that the intensity of (006)
crystal plane of ceramics with 1 wt% platelet D has not
been obviously enhanced. For the sample with 2 wt%
platelet D, the intensity of (006) crystal plane became
the strongest one, and the orientation degree of ceramics
was about 51.9%, which means the sample was obviously
textured. When the platelet addition was increased to 5
wt%, only one diffraction peak corresponding to (006)
was found in the XRD pattern, and the orientation
degree of ceramics was close to 100%, which means
the perfect oriented structure was formed. Although the
ceramic by adding 1 wt% platelet with low aspect ratio
was difficult to be textured, an excellent oriented
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Fig. 5 XRD patterns of sintered bodies with different
amount of platelets.
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structure can be obtained when the proper addition
amount of the platelet and sintering conditions were
employed.

3.5 Effect of platelet addition on in-line transmittance

Figure 6 shows the in-line transmittance of samples
with different amount of platelets and pressureless
sintered at 1860 ‘C for 12 h in vacuum. The sample
without platelet D showed an in-line transmittance of
29% at 600 nm, and the samples with 1 and 2 wt%
platelet D had an in-line transmittance of 31.4% and
57.3% at 600 nm, respectively. However, the sample
with 5 wt% platelets showed the lowest in-line
transmittance, 26.7% at 600 nm, even lower than the
sample without platelet D.

In order to figure out the reason for the lowest in-line
transmittance of the sample with 5 wt% platelets, SEM
microphotographs of acid-etched fracture surfaces after
ground and polished were taken, and the results are
shown in Fig. 7. The grain sizes of samples increased
from 69.1 to 73.0 and 82.9 pm when the addition of
platelets was increased from 1 to 2 and 5 wt% platelets,
respectively. Noticeable non-uniform grains along with
residual pores were found in all samples, especially in

80

s

....

70 e

60 -

40t
— 40 vol%-1 w1% D
= = =40 vol%-2 wt% D
. s 40 vol%-5 wit D
e ==~ 40 vol%-random

In-line transmittance (%)
n
=]

30 P\

1 L 1 1 1 1 1 1
300 600 900 1200 1500 1800 2100 2400
Wavclength (nm)

Fig. 6 In-line transmittance of samples with different
amount of platelets pressureless sintered at 1860 C for 12 h.
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the sample with 5 wt% platelets. As we know, samples
with a large amount of platelets are difficult to be
densified, and this explains why the sample with
5 wt% platelets had a low in-line transmittance though
it had a high orientation degree (Fig. 5). With all this in
mind, it can be summarized that the introduction of a
large amount of platelets results in higher crystallographic
texture, and it adversely affects the densification and
results in residual pores in ceramics. The pores negate
the improvement in optical properties.

HIP sintering is an effective method to increase the
density [30]. Here, HIP sintering was employed to
enhance the densification of the samples with platelets.
Green bodies were pressureless pre-sintered at 1840 C
for 6 h in vacuum, and then HIP sintering was carried
out at 1850 °C for 3 h in argon with 200 MPa. In-line
transmittance of the pressureless pre-sintered and
HIPed samples with different amount of platelets is
shown in Fig. 8. The sample with 1 wt% platelets
showed higher transmittance compared with that
sintered without HIP (Fig. 6), but the improvement is
not so obvious because of its random structure (Fig. 5).
The sample with 2 wt% platelets showed higher
transmittance (54.4% at 600 nm) than that sintered
without HIP (Fig. 6), and this improvement is obvious
on account of its texture structure. The sample with
5 wt% platelets shows the highest in-line transmittance,
78.4% at 600 nm (Fig. 8). To the extent of the authors’
knowledge, this is the highest in-line transmission
reported in the literature for polycrystalline alumina till
now [21,31-35]. The photograph of the sample is
inserted in Fig. 8, and the printed letters behind the
ceramic can be clearly seen. This result demonstrated
the feasibility of the production of dense alumina
ceramics with uniaxially oriented grains by adding low
aspect ratio platelets in submicron alumina particles,
and the optical property was significantly improved
due to crystallographic orientation and further HIP
sintering. With the help of high pressure, ceramics

Fig. 7 SEM microphotographs of acid-etched surfaces of ceramics containing (a) 1 wt%, (b) 2 wt%, and (c) 5 wt% platelet D,

pressureless sintered at 1860 ‘C for 12 h.
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Fig. 9 Fracture surfaces of ceramics containing (a) 1
wt%, (b) 2 wt%, and (c) 5 wt% platelet D, pressureless
pre-sintered at 1840 ‘C for 6 h and HIPed at 1850 C for 3 h
in argon with 200 MPa.

became denser, and the residual pores (Fig. 9) were
less than those sintered without HIP (Fig. 7). However,
the in-line transmittance of the present ceramics still
has a gap with the theoretical one (86%) of sapphire
because there were still some residual pores in the
grain boundaries or grains. The processing parameters

including the particle packing state in the green body
and pre-sintering conditions, and HIP conditions need
to be further optimized in the near future.

4 Conclusions

Dense alumina ceramics with oriented grains were
prepared by the template grain growth. The densification
rate of the ceramics adding platelets with low aspect
ratio was faster than that with a high aspect ratio. The
density of the ceramics increased with the temperature
and decreased with the addition of platelets. The
orientation degree of ceramics increased with the
addition of platelets, and an excellent oriented structure
was obtained when 5 wt% platelets with low aspect
ratio were added. Transparent a-Al,O3 ceramics with
grains aligned to the c-axis were successfully prepared
by pre-sintering and hot-isostatic pressure sintering,
and the in-line transmittance was 78.4% at 600 nm
(1 mm thick), which is the highest value currently reported.
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