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Abstract

The primary purpose of this study is to develop the technology of fabricating silicon carbide thin substrate by means of tape
casting in these experiments; silicon carbide ceramic by addition of Al2O3 and Y2O3 sintering aids can exhibit both high strength
and toughness, simultaneously. The variables of these explorations include (1) silicon carbide raw powders: particle size and crys-
talline phase; (2) slurry formula: relative content of solvent and dispersant binder. To investigate the correlation /ships among the

aforementioned variables are discussed by the green density, uniformity, Sintered density as well as microstructures. Based on prior
experimental results, the best parameters of organic additives and tape casting processing for manufacturing silicon carbide thin
tape are suggested. Furthermore, the green tapes with superior properties are densities by pressureless sintering to 97.5%.
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1. Introduction

Owing to its intrinsically excellent high hardness,
good resistance of corrosion and oxidation, high ther-
mal conductivity, superior thermo/mechanical as well as
thermophysical properties, Silicon carbide (SiC) ceramic
has been widespread used in mechanical seal, valve, heat
exchanger, silicon wafer boat and high density electro-
nical ceramic package [1–3]. In the aforementioned
applications, the excellent mechanical properties and
good stability were required and was a subject of con-
stant interest for many ceramic researchers. The first
work was pioneered by Prochazka [4] who developed a
dense SiC ceramic with the addition of B and C as sin-
tering aids by means of a solid-state sintering mechan-
ism. In spite of sufficient flexural strength, SiC ceramics
with B and C sintering aids exhibited little enhancement
in fracture toughness. Omori and Takei [5] who used
alumina and yttrium as sintering aids by liquid-phase
sintering mechanism, acquired a dense SiC with an
improved fracture strength of greater than 650 MPa.
The other investigators, Lee and Kim [6], obtained a
dense SiC ceramic with a fracture toughness as high as
�8.3 MPam0.5, by allow elongated growth of SiC grains
at 2000 �C to form a microstructure containing con-
siderable amounts of plate-like �-SiC grains. However,
the fracture strength of their SiC ceramics decreased to
�450 MPa. A lot of investigations [6–8] showed the
importance of sintering aids, which play a crucial role in
changing the mechanical and high temperature proper-
ties. More recently, the present author Fu et al. have
demonstrated that dense SiC ceramics with a four-point
flexural strength above 600 MPa and a fracture tough-
ness as good as �6.0 MPam0.5, simultaneously, are
achieved through the control of microstructure evolu-
tion in monolithic SiC ceramic, via starting with a mix-
ture of a-SiC and b-SiC powders and a two-step
pressureless sintering procedure [8]. Furthermore, this
high performance SiC ceramics should be fabricated
and machined to several complicated ceramic compo-
nents before they can be used practically. Thus, it is
essential to pay much attention to investigate the shap-
ing engineering and behavior of this SiC ceramic.
Tape casting process is the best method for manu-

facturing large, thin and flat ceramic single layer or
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being laminated into multilayered components. This
technology is widely used in ceramic multilayered capa-
citors, inductors, varistors, electronically packaged,
ceramic fuel cells, lithium ion battery as well as electrical
static chucks[9,10]. During the last few years, tape cast-
ing has been usually based upon a nonaqueous solvent
as the liquid medium because the drying process of
nonaqueous solvent was easer evaporated than that of
water-based system. However, at the present time, the
environmental and health concerns with the use of
organic solvents have been emphasized. An added
benefit is the cost reduction involved with the use of
water. More recently, the thickness of tape has been
successfully miniaturized to around 5 mm [11] and
extensively enhanced the electronic functions of ceramic
material. This potential technology of ceramic tape
casting is approached by using very fine powders and
improved dispersants. Owing to the thinner green tape,
the drying process becomes easier to greatly enhance
the mass-produced possibility of aqueous systems.
Although a few investigations of tape casting were
conducted by oxide ceramics in water [12], the relevant
reports on the SiC–Al2O3–Y2O3 systems have not been
found in literature, particularly in high performance
SiC ceramics which have been reported to exhibit
prominent fracture toughness. The primary purpose of
this study is to develop the thin SiC substrate fabricated
by tape casting in water system. The rheological
behaviors of SiC–Al2O3–Y2O3 slurry using different
SiC particle size, dispersant and solid content were
discussed. The correlations among rheological beha-
viors, green density as well as microstructures were
investigated.
2. Experimental procedures

2.1. Raw material

The alpha SiC powders used in this investigation were
Showa Denko (Japan, grade A-1, denoted A) and Nun
Hsing (Japan, grade GC-8000, denoted G). The beta
SiC powder employed in this study was Mitsui (Japan,
grade MSC-20, denoted M). The mean particle size,
measured by laser diffraction techniques, were 0.48, 2.0
and 0.21 mm, respectively. The purity was all higher
than 99%. The average particle size of Al2O3 and Y2O3,
which was acted as sintering aids, were 0.5 and 1.0 mm,
separately. The purity of both powders was greater
99%. The organic additives of polyvinyl alcohol (PVA,
Taiwan Chang Chun Co., grade BP-05) and poly-
ethylene glycol (PEG, Taiwan USI Co., grade PEGT-
200) were used as binder and plasticizer, respectively.
The dispersant was applied by a commercial product
(denoted D) which was the best dispersing effect among
10 commercial dispersants.
2.2. Manufacturing procedures

The ceramic slurry containing 90 wt.% SiC, 6.2 wt.%
Al2O3 and 3.8 wt.% Y2O3, deionized water and prop-
erly organic agents were prepared by ball milling in a
high purity Al2O3 jar for 24 h. The homogeneous slurry
was formed by tape casting to a flat sheet with 0.3 mm
in thickness and then dried under the ambient tempera-
ture for several days. The green sheets were placed in air
furnace and raised the temperature to 500 �C for 2 h to
remove organic agents. Further then, the green tapes
were pressureless sintered to 2000 �C for 2 h in Ar
atmosphere.

2.3. Characterizations

The rheological characteristics of homogeneous slurry
were determined by a concentric cylinder viscometer
(RV-20, Haake Mess-Technik GmbHu. Co., Germany).
The green density of ceramic tape was measured by a

mercury proximate (Autopore 9220, Micrometeritics
Instrument Corp., GA). The density of the sintered SiC
bodies was evaluated by using Archimedes’ principle.
Microstructure of green tape and sintered SiC body
were examined by using scanning electron microscopy
(SEM, Cambridge Instruments, S-360).
3. Results and discussion

3.1. Rheological behaviors of SiC slurry

While the content of dispersant was 3 wt.%, the
rheological behavior of six SiC slurries all exhibited a
typically shear thinning or pseudoplastic behavior (as
shown in Fig. 1) which was the desired character to
acquire a homogeneous and flat green sheet in the tape
casting techniques [13]. Initially, as the shear rate of
slurry increasing, the apparent viscosity extensively
decreased. This phenomenon was raised from the higher
shear forces to separate as well as slide SiC particles one
another and lead to the lower slurry viscosity. Further-
more, while the shear rate was higher than 50 s�1, the
shear rate of these slurry showed little dependence on
the viscosity and became nearly Newtonian behavior. In
this moment, there is weak or even no interacted force
among particles in the suspension. The viscosity of SiC
slurry is greater when the particle size is finer as well
as the solid content is higher. But, the trend between
viscosity and shear rate is similar.
As the solid content of slurry was 55%, the corre-

lations between viscosity and dispersant content were
illustrated in Fig. 2. Initially, the variation of viscosity
was remarkably decreased with increasing dispersant
content and reached a minimum value. Then, the visc-
osity was gradually increased with higher dispersant
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content. The former is caused from the monolayer cov-
erage of the SiC particle by the dispersant molecule to
separate particles well and reduce the viscosity. The
amount of monolayer coverage upon particle initially
increased with dispersant content and greatly declined
the viscosity of slurry. The minimum viscosity implies
that a monolayer adsorption onto particle may be
achieved to a saturated equilibrium state [14]. The latter
case indicated that the excess of dispersant beyond the
saturated equilibrium value is left in the supernatant
and causes a slightly flocculated or ridged effect between
particles through the polymeric chain. This reason arises
due to an increase in slurry viscosity and/or degree of
flocculation, corresponding to an increased resistance to
flow, at higher dispersant content. Generally, the
monolayer coverage of the particle by the dispersant
molecule is roughly estimated by using the specific sur-
face area of the particle. The finer particle with a greater
specific area needs a higher dispersant content to cover
the monolayer onto particle. In this case, the specific
surface area of G–SiC, A–SiC and M–SiC are 4.2, 15.0
and 35 cm2/g, respectively. Therefore, the value of
saturated dispersant content for A–SiC slurry is at
3.0wt% and higher than that of G–SiC slurry at 2.0
wt%. Owing to the addition of finer particle with 30
wt.% M to A and G–SiC slurry, not only the saturated
dispersant content increases to 4 and 3 wt.%, respec-
tively, but also the viscosity of two SiC slurry becomes
greater. In most cases, the binder content of slurry in
tape casting is higher than that in slip casting and ser-
iously hinders dispersant from reaching the surface of
particle. Therefore, the saturated dispersant content for
A and G–SiC slurry is 3.0 and 2.0 wt.%, respectively, in
tape casting and decreased to 0.75 and 0.15 wt.%,
respectively, in slip casting [14].

3.2. Properties of green sheet and sintered SiC bodies

The green density of SiC green sheets exhibit a strong
association with the type powder used and dispersant
Fig. 2. The correlation between viscosity and dispersant content in

four SiC slurry with 55 wt.% solid content.
Fig. 1. The dependence of shear rate solid on the viscosity of six SiC

slurries with 55–60 wt.% solid content.
Fig. 3. The dependence of dispersant content in 55 wt.% solid loading

SiC slurries on the green density of green sheets after tape casting

processing.
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content, as indicated in Fig. 3. The green densities
achieved with A–SiC powder are higher than those
achieved with the G-SiC powder, and both, after reach-
ing a maximum green density of �55 and �53% for A–
and G–SiC, respectively, then show a decreased green
density as the concentration of dispersant increases.
Based on the available data from both manufacturers, it
is demonstrated that the G–SiC powder has a wider
particle size distribution (0.6–6 mm) than that of the A–
SiC powder (0.2–2 mm).This is illustrated by slurries
containing narrow sized distribution and finer powders
can be consolidated to green sheets with higher density
which is consistent with the experimental results repor-
ted by Roosen and Bowers in the alumina–aqueous
system [15]. The green density for both powders exten-
sively decreased with further increasing dispersant con-
tent. It is proposed that a poorly dispersed or even a
flocculated slurry due to possible bridging effect by the
dispersant. Due to the addition of finer M–SiC (b
phase) to A and G–SiC (a phase), the maximum green
density rises to 56.7 and 53.8%, respectively. Based on
the principles of particle packing behavior [16], the
packing density for the blending of discrete sizes can be
greater than that of one size particle. Therefore, the
green density of A and G–SiC green sheets is raised by
incorporating finer M–SiC particles.
It is worthy to note that the highest green density for

four types of SiC powders occurs when the slurries
exhibit at the lowest viscosity. This result illustrates that
the SiC particles slide more easily over one another and
better rearrangement at the lowest viscosity to achieve
the greater packing structure as well as higher green
density.
The typical microstructures of the surface on the

green sheet for A–SiC powder at the dispersant of 1 and
3 wt.% are observed in Fig. 4(a) and (b), respectively.
Both green compacts contain small voids which are
approximately 0.5–2 mm in size. There are some evi-
dently irregular pores exhibiting the poorly dispersed
compacts [Fig. 4(a)] containing 1 wt.% dispersant.
However, the nearly spherical SiC particles with a
smooth surface, as shown in Fig. 4(b), are revealed on
the well packing green sheet, which further substantiates
the previous discussions on acquiring higher packing
density (Fig. 3).
Fig. 5 shows the dependence of sintered density of

both types of a-phase SiC ceramic on the dispersant
contents .In addition to the greater green density, the
mean particle size of A–SiC (D=0.5 mm) green sheets is
finer than that of G–SiC (D=2.0 mm) to achieve a faster
densification rate. So, the A–SiC ceramic is given to a
Fig. 4. Scanning electron micrograph of fractured surface of ceramic

green sheets prepared at (a) 1.0 wt.% and (b) 3.0 wt.% dispersant.
Fig. 5. Sintered density of G–SiC and A–SiC ceramics, prepared at

various dispersant contents.
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higher density than that of G–SiC ceramic. The varia-
tions of sintered density for both A–SiC and G–SiC
ceramics correlate well with the trend related to the dis-
persant content as seen in green density (Fig. 3). The
maximum sintered density is 97.5 and 95.3% T.D. (3.21
g/cm3 for SiC ceramic) for A–SiC and G–SiC ceramics,
respectively. An examination of surface for A–SiC sin-
tered body at 1.0 and 3.0% dispersant is shown in
Fig. 6(a) and (b), respectively. It can be easily obser-
vable that the sintered A–SiC ceramic fabricated from
the slurry with 3 wt.% dispersant exhibits a more uni-
form microstructure, particular in pore size and its dis-
tribution than those for 1 wt.% dispersant. Owing to
the shrinking rate for larger pore being lower, there are
some evident flaws, as shown in Fig. 6(a), which origin-
ally exist in the green compacts and are difficult to
eliminate during the sintering process. Although con-
taining more organic binder content, the sintered den-
sities presented in this study were greater than those
prepared by Omori and Takai [5] with various ratios of
Al2O3/Y2O3 as sintered aids, followed by pressureless
sintering at 2100 �C.
4. Conclusions

Both rheological behavior and green density of the
slurries for three types of commercial SiC powders were
explored by tape casting processes. To obtain the lowest
viscosity slurry with 55 wt.% solid content, a suitable
amount of dispersant N, i.e. �0.2 and �0.3 wt.% for
the G–SiC and A–SiC powders, respectively, was
required. Further increase of the dispersant concen-
tration raised the viscosity of slurry. The maximum
green density reached �53 and �55% for G–SiC and
A–SiC powders, respectively. For the same type pow-
der, the lowest viscosity which was indicated to easily
slide and rearrange, was required to achieve the max-
imum density of green compact. Based on this experi-
mental result, a narrow-sized as well as fine- particle-
containing slurry with optimal viscosity is essential to
obtain a uniform and high density microstructure. Due
to the addition of 30 wt.% finer M–SiC powder (b
phase) to G–SiC and A–SiC powders, the green density
was enhanced to 53.8 and 56.7%, respectively. The
possible reason was resulted from which the packing
density with two discrete size powders was greater than
that with one size powder. The maximum density of
pressureless sintered body was attained to 95.3 and
97.5% T.D. for G–SiC and A–SiC powders, respec-
tively. The greater green density together with finer
powder could lead to a higher sintered density.
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