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Fabrication of semi-conductive ceramics by
combination of gelcasting and reduction sintering
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In this study, we propose a new process to fabricate electrically semi-conductive alumina by
the combination of gelcasting and reduction sintering. The process is similar to the
conventional gelcasting method except for varying amounts of methacrylamide monomer
dosages at 2.83, 5.50, and 8.04 wt% relative to the mass of the slurry. Correspondingly, the
rheological evaluation of aqueous slurry was conducted. The resulting fluidity exhibited that
monomer dosage until 8.04 wt% yielded slurry viscosity of 1628 MPA:s at shear rate of 20 s~7,
which was feasible for gelcasting without noticeable casting defects. The freshly gelled bodies
were demolded, carefully dried, and then sintered at different schedules in nitrogen
atmosphere. The reduction-sintered samples were re-sintered in air for comparative evaluation
of physical property. The sintered alumina body was characterized by electrical resistance,
X-ray diffraction, and scanning electron microscopy. The results showed that monomer
additions and sintering schedule significantly affect in lowering electrical resistivity. The
obtained lowest value was 3.6 x 108 Q-cm with 8.04 wt% monomer dosage and sintering at
1550°C with 2 h holding time. The resulting material is classified as semi-conductive, which is
potential for electrostatic shielding applications. The effect of physical property and
microstructure on electrical conductivity and the corresponding reaction mechanism were
discussed in details. © 2006 Springer Science + Business Media, Inc.

1. Introduction

Semi-conductive materials are those materials whose
electrical resistances fall in the range from 10% Q-cm
to 1073 Q-cm (ohm-centimeter). Various materials have
conductivity in the specified range but conductive ceram-
ics is attracting industrial interest because of its excel-
lent performances in low and high temperature systems.
Among the class of ceramic materials, alumina is com-
monly used because of its excellent physical properties.
Although alumina has desirable physical properties, it
poses difficulty in machining and surface modification
due to high hardness. If alumina ceramics has electrical
conductivity, it has a potential application for electrical
discharge machining (EDM) [1], reaction zone separa-
tors or solid electrolytes, and even electronic materials of
high electrical conductivity. Thus, there is a need to make
electrically conductive alumina by without affecting its
superior physical property to meet service application re-
quirements.
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Presently the fabrication of electrically conductive ce-
ramics is done by adding metals or conductive metal-
lic oxides to create a conductive pathways or network
in ceramic matrix. Mikeska K. reported such a typical
method [2] that incorporated chromia and magnesia in
trace amounts to alumina and the obtained alumina is
suitable for use as target electrodes in electrostatic fiber
charging. The resulting conductive ceramic exhibited vol-
ume resistivity of 10° to 107 Q-cm or less at 20°C, and
has excellent electrical stability and superior mechanical
properties. In a unique method, instead of adding con-
ductive component into insulating ceramic matrix, the
conductive component is used as host matrix to allow the
insulating ceramic phase to form. This is done by ma-
nipulating the sintering atmosphere yielding a conductive
reaction-sintered ceramics. This is typically described in
a U.S. patent by Yoshiyuki et al. [3] in fabricating con-
ductive nitride ceramics. In this work a molding consist of
organic binder and at least one metal component powder
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mix, which is heated under nitriding gas atmosphere con-
sisting of nitrogen and/or ammonia, and if necessary with
hydrogen, argon, helium with no CO gas. These metals
are any of Ti, Zr, V, Nb, Ta, Cr, Ce, Al, Si, Hf, W, Mo,
Fe, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Yb, Lu, Th, and
Ni. The method showed promising results of low electri-
cal resistivity (3 x 107 to 1 x 10~* Q-cm) and strength
ranges from 340 MPa to 360 MPa, which is strong enough
for electrically conductive ceramic applications. Despite
of easy fabrication and high conductivity presented in the
aforementioned studies, they confronted with several lim-
itations such as segregation of components and unwanted
phase formation, which results into mechanical fragility
and brittleness in ceramics material. Moreover, the fabri-
cation methods employed can cause anisotropy in electri-
cal conductivity, low reproducibility, and it is difficult to
attain ideal conductive structure by mechanical mixing.
Considering the above limitations there is a strong need
for a new process and hence, in this investigation, it has
been attempted to make conductive ceramics by taking
advantages of the known fabrication process.

Gelcasting is known widely as a forming method for
dense and porous ceramics by use of in situ polymeriza-
tion reaction, which creates three-dimensional network
structure of polymer gel in the slurry [4, 5]. The gel ma-
trix keeps on immobilizing the slurry into the desired
shape of the mold, until it is strong enough for removal.
The gelcasted part is then dried and heated slowly to de-
compose the polymer completely, and to avoid cracking
defect. Subsequently, the monomer free gelcasted part is
sintered in an air at high temperature to achieve high den-
sity and excellent strength.

In the present study, we propose a new process to
fabricate electrically semi-conductive alumina ceramics
by gelcasting and reduction sintering. This new process
could possibly change a polymer network in gel-casted
sample to carbon network. This carbon network is ex-
pected to provide well-continuous conductive pathways
through the alumina matrix. Green alumina bodies were
gel-casted in a controlled in sifu solidification process.
The resulting samples were carefully dried and sintered
in a nitrogen atmosphere.

2. Experimental

2.1. Material and chemicals

The starting raw material was alumina (AL 160SG-4,
M/s Showa-Denko Co., Tokyo, Japan) with mean particle

TABLE II Total carbon originating from gelcasting chemicals

Basis: 100 grams of
slurry

Carbon content (g/100
grams of slurry)

Components of Slurry ~ S1 S2 S3 C1 C2 C3

Alumina 8298 80.69 7853 - - -
Distilled Water 1352 13.15 1279 - - -
Dispersant (APC) 051 049 048 0.08 0.08 0.08
Monomer (MAM) 283 550 804 160 311 454
Cross-Linker (MBAM)  0.14 0.14 0.13 0.08 0.08 0.07
Initiator (APS) 0.01 0.01 0.01 0.01 0.01 001
Catalyst (TEMED) 0.01 0.01 0.01 - - -
Total carbon supplied 1.77 327 4.0

S, represents slurry mixtures with increasing methacrylamide monomer
dosages.

C, represents total initial carbon content corresponding to each slurry com-
positions.

size (Dsp) of 0.60 um. The polymer dispersant used in
this study was ammonium salt of polycarboxylate (M/s,
Chukyo-Yushi, Nagoya, Japan) in aqueous medium.
The essential gelcasting chemicals were reactive organic
monomer, and cross-linker such as methacrylamide, and
difunctional N,N’-Methylenebisacrylamide, respectively.
The organic monomers were then initiated and catalyzed
in the slurry using ammonium persulfate and N,N,N’,N’-
Tetramethylethylenediamine, respectively. The details of
the gelcasting chemicals [5] and its respective chemical
formulas are listed in Table I. Given the proportions of
each chemical component in the final slurry recipe being
implemented, one can approximate the amount of carbon
supplied that is originating from gelcasting chemicals
(Table II), which is useful in deciding the amount of
monomer to be added.

2.2. Slurry preparation and gelcasting process
The alumina slurry preparation, equipment, and subse-
quent gelcasting process were similar to those described
in the previous studies [4—6]. In this study, the conven-
tional gelcasting process was slightly modified by varying
the amount of methacrylamide monomer at three levels
in increasing dosages in the premix solution. The pre-
mix solution started with 18.01 wt% premix of monomer
and cross-linker in 4.55:1.00 ratio in water based on the
previous study [5]. This served as a reference for vary-
ing the monomer in increasing manner (30.01 and 38.98
wt% in the premix solution) while the other components
in the corresponding slurry were kept constant. To allow

TABLE I Gelcasting chemicals used for slurry preparations

Chemicals Symbol Chemical formula
Ammonium Polycarboxylate APC H3C(HC,0,H,CNHy4),CHj3
Methacrylamide MAM CH,=C(CH3)CONH,
N,N’-Methylenebisacrylamide MBAM (CH,=CHCONH),CH,
N,N,N’,N’-Tetramethylethylenediamine TEMED (CH3),NCH,CH,;N(CH3),
Ammonium Persulfate APS (NH4)2S,0g
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freedom in preparing the slurry at any weights the slurry
recipe was expressed per 100 g of slurry as listed in Ta-
ble II. The three levels correspond to the three slurries
with designation S1, S2, and S3, which also represents
their corresponding gelled, dried, and sintered samples.
The slurry recipes were formulated to supply at least 1.77
wt% total initial carbons relative to the mass of the slurry
with designation C1, C2 and C3 in Table II.

The preparation of the slurry began with preparing
the premix solution by dissolving the monomers, and
cross-linker in polyethylene bottle. Initially the bottle was
loaded with dispersant, distilled water and zirconia balls
(1:1 ratio to powder) with amount in accordance with the
intended solid loading. Manual mixing was conducted in
order to dissolve the monomers. At this stage, part of
the alumina powder (about 80 wt% of its weight) was
then loaded into polyethylene bottle containing the pre-
mix solution and balls for milling. After two hours, the
remaining powder was added in steps as the milling pro-
gressed until the whole of the intended amount had been
added. All slurries were milled for at least 12 h. Corre-
spondingly, the rheological behavior of each slurry were
studied after 12 h of milling by measuring their viscosity
and shear stress as a function of varying shear rate (until
110/s) of the slurry using rotational viscometer (Model:
RheoStress 600, M/s Haake, Karlsruhe, Germany). The
milled slurry was screened by passing through 200-mesh
screen to remove the balls. This was followed by 10 min
devacuation to remove the trapped air bubbles. In this
stage, the slurry temperature was kept between 0°C to
1°C to avoid evaporation of water. The resulting slurry
was manually added with initiator in 10% solution and
catalyst, manual mixing for 5 min, and then the final
slurry was immediately casted into polyurethane plastic
mold. Five cylindrical plastic moulds were chosen each
with height 40 mm and diameter of 20 mm. The slurry
was kept under in situ solidification in the plastic mold for
3 h at 25°C to achieve gelation. Then, the freshly gelled
body was removed and subjected to predetermined drying
condition to avoid drying cracks.

2.3. Drying and sintering schedule

The controlled humidity drying was implemented for
4 days from 90% to 60% that was decreased by 10% per
day, and then the weight was made to constant at 110°C to
ensure moisture removal. The well-dried cylindrical sam-
ples were sintered in programmable furnace with 0.8 liter
per minute flow of nitrogen (99.99% purity) following
the pre-optimized sintering schedule. This was done by
increasing at a rate of 12°C/min to 1100°C, and contin-
ued at 0.5°C/min to 1300°C and 1550°C with cooling rate
of 12°C/min. The holding time at 1100°C and 1300°C
was 2 h while at 1550°C were 2, 4 and 6 h. The cooling
rate in all cases was the same. Samples sintered in nitro-
gen were re-sintered in an air atmosphere at 1550°C with
2 h holding time for comparative evaluation of physical
properties.

2.4. Physical properties and electrical
conductivity characterization

The bulk density was measured according to the weight
and the dimension of the cylindrical sintered body. The
relative shrinkage was determined using the lateral shrink-
age along the height of the cylindrical sintered sample.
All values were reported as the average of five measure-
ments. The sintered cylindrical samples were cut into a
disk (thickness: 4.0 mm, diameter: 17.0 mm) using dia-
mond cutter (Maruto Instrument Co. Ltd.). The disk as
shown in Fig. 6b was sandpaper polished to have uni-
form electrical contacts. The two-probe method was used
for electrical resistance measurement. A silver paste was
spread on both cross-sectional ends of the disks with the
aid of an applicator and then the two copper electrodes
were attached on the center of the disk forming a complete
circuit. Then it was followed by 5 min drying at 100°C
to ensure adhesion. Through these electrodes a direct cur-
rent voltage (V = 1 volt) was applied and current (I) was
measured after 10 s using LCR meter (Hewlett Packard,
4284A capacity about 10% Q-cm.). Through these data,
the electrical resistivity, () can be computed as:

A
p = R?(Q—cm. unit) (D

The variables in this equation include cross-sectional
area of disk (A), thickness of the disk (T) and the resis-
tance offered by the sample (R). Sintered samples were
examined by powder x-ray diffractometer (RINT, Rigaku,
Japan, CuK,, 40 keV, 30 mA) to determine the phases re-
sponsible for conductivity. Scanning electron microscopy
(JEOL JSM-6100) was performed on uncoated (no gold
sputtering) samples in order to have clear observation of
the conductive path. Furthermore, the effects of the sinter-
ing conditions (temperature and holding time) and amount
of monomer on electrical resistance were investigated.
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Figure 1 Shear stress versus shear rate flow curves for the three slurries.
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3. Results and discussion

3.1. Rheological properties

Rheological properties of alumina slurry treated with
varying dosages of monomer were evaluated after about
12 h of milling for solids loading at 78.53 to 82.98 wt%.
The milling was conducted in order to break down the
agglomerates and fully disperse the dispersant and gel-
casting chemicals on the surface of alumina particles for
achieving good slurry homogeneity. Fig. 1 depicts the
flow behaviour of the three slurries containing different
monomer dosages. The gelcasting slurries S1 and S2 ex-
hibited almost of the same rheological behaviour in terms
of shear stress and shear rate property. However, the vis-
cosity of the slurry S3 is appreciably shifted higher as
compared to other two slurries. This is an indication that
fluidity of slurry will yield a slightly poor flow during cast-
ing. This pronounced effect may be due to the decreasing
mobility of the particle when higher dosage of monomer
is added. This is because of the fact that the higher the
monomer dosage, the decrease in water content in the
premix solution and thereby increasing the viscosity of
the solution. Other possibility is that the monomer may
screen the charge developed by the powders in solution, or
some maybe preferentially adsorbing onto the surface of
the powders, which ultimately cause low mobility of the
particle [6]. Correspondingly, the viscosities of the three
slurries are plotted as a function of varying shear rates, as
shown in Fig. 2. It can be observed that all of the gelcast-
ing slurries displayed shear thinning behaviour (appar-
ent viscosity decreases with increasing shear rate) typical
for ceramic suspensions containing high solids loading.
Concentrated stable suspensions of this type usually ex-
hibit the shear thinning behavior due to perturbation of
the suspension structure by shearing force. At a shear
rate of about 20/s, the viscosities were 1068, 959, and
1628 MPA s corresponding to increasing monomer addi-
tions. It can be noted that good dispersion was achieved
on slurry S2 with viscosity of 959 MPA s as compared to

those of other two dosages. Further dosage at 8.04 wt%
monomer (S3) yielded slightly higher slurry viscosity, but
flowable with viscosity closer to 1500 MPA s at shear rate
of 20/s [7] that is the convenient range for gelcasting. This
higher amount of monomer dosage (8.04 wt%) was con-
sidered because it supplied higher initial carbon (C3 in
Table II) necessary for conductive pathways in alumina
matrix. As a general assessment, all of the gelcasting slur-
ries were castable without noticeable casting defects, and
hence fabrication of conductive ceramics in the range of
monomer chosen was feasible.

3.2. Electrical conductive property

The dried samples S1 were sintered at 1100°C and
1300°C and their electrical resistivity were listed in
Table III with 2 h holding time. Additional samples were
sintered at 1550°C with varying holding time 2, 4, 6 h and
they had electrical resistivity listed in Table III. The rest
of the samples S2 and S3 were sintered at 1550°C with
2 h holding time in order to observe the trend in electrical
resistances. The electrical resistivities were found to have
dramatic decrease with values of 4.80 x 10% Q-cm and
3.57 x 10° Q-cm as compared to pure alumina sintered in
air, which is about 10'2 Q-cm. The decrease in electrical
resistivity is because of the fact that increasing monomer
dosage provided higher carbon network concentration
regardless of sintering conditions. As reported above the
obtained electrical resistance of the samples can be classi-
fied as semi-conductive material. This alumina ceramics
has a potential application for electrostatic charging
which use material of low electrical conductivity.

The trend of decreasing electrical resistivity with
increasing sintering temperature and holding time sug-
gested that a carbon network was gradually formed until
its final conductive network in the alumina matrix at high
temperature. During this process, the as-formed polymer
networks encapsulate the alumina particles inherently
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Figure 2 Viscosity versus shear rate flow curves for the three slurries.
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TABLE III Electrical resistance of samples sintered in nitrogen under
different sintering schedules

Electrical resistance

Sintering schedule (2-cm)

1100°C on S1 with 2 h holding time 5.56 x 107
1300°C on S1 with 2 h holding time 3.69 x 107
1550°C on S1 with 2 h holding time 6.71 x 10°
1550°C on S1 with 4 h holding time 6.29 x 10°
1550°C on S1 with 6 h holding time 5.94 x 10°
1550°C on S2 with 2 h holding time 4.83 x 10°
1550°C on S3 with 2 h holding time 3.57 x 10°

during gelcasting, and then by pyrolisis decomposition
at high temperature transform the polymer network to
carbon network through carbon precipitations. This hap-
pens by increasing temperature with accompanying grain
sintering from 800°C to 1400°C in which the clusters of
carbon grow and may connect by edge-to-edge linkage to
form an interconnected conductive network [8]. This phe-
nomenon is typically demonstrated in the poly-aromatic
carbon network, which appears like uncompleted carbon
cages enclosing the crystals of nanometer size SiC [9].

3.3. Physical, phase and microstructure
effects on electrical resistance

Cylindrical samples of S1, S2, and S3 (Fig. 6a) were
sintered to determine stability and revealed no sintering
cracks. These provide strong evidence that our process
is attractive for fabrication of semi-conductive ceramics.
The sintered sample S1 was then chosen for further
investigations. Fig. 3 shows the XRD patterns of sintered
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S1 in nitrogen, re-sintered in air and directly sintered in
an air at 1550°C with two hours soaking. The comparison
of XRD pattern of sintered sample S1 in air (Fig. 3a) with
sample sintered in nitrogen atmosphere (Fig. 3b) revealed
six distinct peaks in addition to those peaks of pure alu-
mina. These peaks were at 19.3°, 31.94°, 33.28°, 45.76°,
and 60.64°, which correspond to aluminum nitride (AIN),
while peak at 26.7° is carbon in the form of graphite.
However, aluminum oxynitride phases might occur as
intermediate or independent phase during sintering. The
identification of this phase is quite difficult because AIN
and aluminum oxynitride (AINO) have similar lattice
constants and the content was very small. The coexisting
of the three phases of AIN, Al,O3 and C is common in
the carbothermic reduction and nitridation method for the
synthesis of aluminum nitride. These methods used pow-
der mixture of alumina and carbon reacting in a flowing
nitrogen stream [10], wherein this mixture described the
conditions in the present study. The corresponding mech-
anisms are described through the following sequence of
reactions as proposed by Chen and Lin [11]:

AL O3(s) + C(s) = ALO(g) + COx(g)  (2)
AL O(g) + C(s) + Na(g) — 2AIN(s) + CO(g) 3)
C(s) + CO2(g) — 2CO(g). “4)

The above reactions have been known to proceed in the
temperature range from 1375°C to 1552°C. According to
the above mechanisms, an intermediate gas product Al,O
is formed before Al,Oj3 is converted to AIN. Most of the
Al,O eventually converted to AIN. The resulting AIN
acts as coating on alumina grains along with residual
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Figure 3 XRD patterns for sample S1 sintered at 1550°C with 2 h holding time. (a) sintered directly in air (b) reduction sintering (c) re-sintered in air. (A

= alumina, B = AIN, C = carbon).
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Figure4 Microstructures of samples S1 sintered at 1550°C with 2 h holding
time. (a) sintered directly in air (b) reduction sintering (c) re-sintered in air.

carbon acting as a diffusion barrier for gaseous phase.
However, a small amount of Al,O diffused through the
solid matrix to the surface and subsequently carried out
by the nitrogen stream.

The effect of the proposed reactions were clarified by
observing the microstructure of the sintered S1 in nitro-
gen, re-sintered in air, and directly sintered in an air at
1550°C with two hours soaking are shown in Fig. 4. It
can be observed that gelcasted alumina sintered directly
in air (Fig. 4a) exhibit perfect grain contacts as evidence
of grain boundary connectivity, which is typical for non-
conductive alumina sintered at high density. On the con-
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Figure 5 SEM photographs of samples S1 sintered at (a) 1100°C
(b)1550°C, showing the conductive path (pointed by arrows) with 2 h hold-
ing time.

trary, the grains of alumina sintered in reduction atmo-
sphere are rounded morphology typical of grain growth
phenomena and not in contact to each other (Fig. 4b).
The grains are prevented by the interface of carbon and
AIN that might result to slightly low density. Further re-
sintering of the sample S1 in an air atmosphere revealed
the disappearance of carbon interface and oxidation of
AIN (Fig. 4c). The oxidation effects rendered the grains
of alumina in globular shape with better contacts. How-
ever, the appearance did not imitate the microstructure of
samples sintered directly in an air atmosphere.

The microstructures of S1 were observed at higher
magnification (at least x 10000) in order to view the
conductive structure. Fig. 5 shows the SEM photographs
of samples S1 were sintered at 1100°C and 1550°C with
2 h holding time. It can be observed in Fig. 5a the carbon
coating on each alumina grains is not yet fully developed.
This is corroborated with higher electrical resistivity
measured at lower temperature (Table III) due to lack
of network connectivity between pyrolyzed carbons. As
sintering was progressed until 1550°C, the grain growth is
more evident and connectivity of carbon network is more
pronounced (Fig. 5b). The resulting microstructure is
consistent with the appearance of different raw materials
of alumina used in nitridation as reported by Li Nan and



Runzhang [13]. Moreover, it is important to note that as
temperature was increased the AIN had begun to emerge
as another insulating phase, which competed with carbon
as coating on alumina grains. This is confirmed by XRD
analysis in Fig. 3b. This typical phase assemblage is
evident in SEM photograph of Fig. 5b, wherein the white
areas show alumina particle coated with AIN of ash white
color and black coating (pointed by arrows) on grains
depicts carbon network as conductive path. This mi-
crostructure is characteristic for uncoated samples when
observed microscopically the insulating phase appears
white due to charging, while conductive phase becomes
black. However, large black areas maybe ascribed to
color contrast during analysis. Advance test on the
conductive network like EDS, NMR and micro-contact
impedance spectroscopy might help to validate findings
and they should be recommended for further study.

The development of AIN phase explained why semi-
conductive type of a material was obtained. This is be-
cause there could be a conversion of part of available
carbon into gaseous phase for every conversion of AIN
as expressed in the proposed sequence of reaction. The
electrical resistivity of AIN is about 10'! Q-cm. The on-
set of the proposed reactions can be slowed down by
using thicker sample with increase monomer dosages. In
this experiment, the sample was thick enough to provide
strong diffusion barrier with more carbon to react during
sintering. This can be realized by increasing the amount of
carbon bearing monomer from gelcasting chemicals and
the calculated carbon content increases accordingly (C1,
C2, and C3) for the three slurries as presented in Table II.
This is in anticipation to retain more carbon network that is
conductive in alumina matrix during sintering. Indeed, the
electrical resistivity decreases as much as 3.57 x 10° Q-
cm using sample S3 with two hours holding. However,
the bulk densities of the sample S1, S2, and S3 that were
sintered at 1550°C with 2 h holding time were decreasing,
3.67, 3.54 and 3.37 g/cm?, respectively. The decrease in
bulk density was accompanied by increase linear shrink-
age with increasing monomer contents and the measured
values were 14.6, 15.3, and 15.9%, respectively. The in-
crease in linear shrinkage is attributed to a higher amount
of Al,O and CO gas diffusing due to acceleration of reac-
tions Equation 2 and 4 at the expense of Al,O3 phase. On
the other hand, the decrease in density is due to the pres-
ence of residual carbon along with converted AIN. Both
carbon and AIN are lower density phase than alumina.

Increasing the holding time on sample S1 at 1550°C,
the measured electrical resistivity is decreased appre-
ciably as shown in Table III. The lowest value of 5.94
x 10° Q-cm was obtained using sample S1 with 6 h
holding time. According to the previous studies [12, 13]
that increasing the holding time produce more AIN at the
expense of carbon and alumina that resulted in an increase
of electrical resistance. However, the opposite trend was
observed in our experiment. This is because the grains of
alumina were quickly grown and compressed by the effect
of increasing temperature and the presence of carbon.

Then, the reduction of porosity did not allow nitrogen gas
to diffuse easily through the solid sample [12]. Therefore,
the reaction rates for Equation 3 and 4 were sluggish that
resulted into more residual carbon to form conductive
network.

3.4. Properties of the re-sintered samples

All of the samples in the predetermined sintering sched-
ule were re-sintered at 1550°C with 2 h holding in air
for comparison of electrical resistivities. However, the
electrical resistivities of all the re-sintered samples were
too high and beyond the capacity of the measuring in-
strument (more than 10 Q-cm). This is an indication
that the samples became insulator similar to the alumina
sintered in air with resistance about 10'> Q-cm. More-
over, the sample color was changed from black to white
as evidence in Fig. 6¢. This is because all the AIN and
carbon were oxidized leaving only alumina phase. The
phases after re-sintering were confirmed by XRD pattern
(Fig. 3c) and their peaks had no significant difference as
compared with alumina samples sintered directly in an
air atmosphere (Fig. 3a). Although in Fig. 3c it can be
observed a slight difference in pattern and an extrane-
ous peak at around 16.5°, this suggests the presence of a
new phase k-Al,O3 [14] polymorph in association with
a-Al;0O3. The formation of pure o-Al,O3 phase (Fig. 3a)
was observed clearly from direct sintering of gel-casted
alumina in air at 1550°C with 2 h holding. The «-Al,O;
phase is the last crystalline polymorph of alumina. Pre-
vious study reported [15] that alumina has several stages
of transformation, and x-Al,Os is the low temperature
polymorph that could readily transform to «-Al,O3 upon
heating above 1000°C. This phase is a metastable phase of
alumina at about 900°C. In this experiment, the k-Al,O3
was kept unconverted to «-Al,O3 above 1000°C due to
the combined effects of re-sintering and the presence of
carbon. Moreover, k-Al,Os is the resulting phase after
oxidation of AIN on the surface of «-Al,O3 grains that
resulted into globular morphology as shown in Fig. 4c.

4. Conclusion

The combination of gel casting and reduction sintering
proves to be an attractive and new process to fabricate
electrically semi-conductive alumina ceramics. The pro-
cess demonstrated that gelcasting with monomer dosage
until 8.04 wt% relative to the weight of the slurry was
feasible. Rheological studies of the slurry revealed a good
dispersibility even at higher monomer dosage with vis-
cosity of 1628 MPA s at a shear rate of 20/s. Subsequent
gelcasting exhibited a good castability without noticeable
casting defects. It was also clarified that sintering sched-
ules and monomer additions into the slurry significantly
affect the measured electrical resistivity. The lowest mea-
sured electrical resistivity was 3.6 x 10° Q-cm at 8.04
wt% methacrylamide monomer dosage (S3) when the
body was sintered at 1550°C with 2 h holding time. This
alumina ceramics is classified as semi-conductive, which
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Figure 6 Photographs of samples sintered at 1550°C with 2 h holding time. (a) reduction sintered cylindrical samples (S1, S2, and S3) (b) disk sample for

resistance measurement (c) re-sintered in air.

is a potential for electrostatic shielding applications. XRD
analysis of the samples revealed the coexistence of three
phases consisting of AIN, C, and Al,O3. The mechanisms
of these three phases coexistence are described by the se-
quence of reactions as proposed by Chen and Lin [11].
The presence of AIN severely affected the electrical resis-
tance by converting carbon to gas and thereby reduced the
conductive path. SEM analysis of these three phases de-
picted that AIN coated Al,O3 grains as insulating matrix
and carbon as conductive path. All the samples re-sintered
in air became insulator similar to the samples sintered di-
rectly in an air. The result of XRD further shows that the
phases are not different from those of samples sintered in
air. This is an indication that all the AIN and carbon has
been completely oxidized leaving only alumina phase.
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