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ABSTRACT: Increasing resistivity of electrically conductive
nonoxide ceramics was investigated by insulating conductive

pathways through conductive grains in a sintered body

by

addition of an insulating grain boundary phase, which was
produced by the reaction of sintering additives in liquid phase
sintering. When SiC was hot pressed with an additive of 10 vol %
of A,O; and Y,0; the resistivity decreased as sintering
temperature increased owing to contact between SiC grains
during densification. However, by hot pressing at 1750°C, a high
resistivity of greater than 1 X 10"  cm was achieved because of
the penetration of an insulating grain boundary phase between the SiC grains. It is possible to fabricate high-resistivity SiC
ceramics without losing their excellent mechanical properties by introduction of an insulating grain boundary phase, the volume
of which is approximately 1/7 that of the insulating phase incorporated in conventional ceramic composites.
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1. INTRODUCTION

Control of the electrical conductivity of structural ceramics has
been studied for industrial applications. To impart electrical
conductivity to insulating ceramics, dispersions of conducting
second phase particles have been considered.' " In such
composites, conducting particle contents above 12—30 vol %
are necessary to produce conducting ceramics. However, it has
not been reported whether the resistivity of conductive
ceramics can be increased by dispersion of 1nsu1at1ng ceramic
particles. From consideration of previous reports''° regarding
the promotion of conductivity in insulating ceramics, it is
speculated that insulating second phase particle contents above
70 vol % would be necessary to increase the resistivity of
conductive ceramics in the manner illustrated in Figure la.
However, the addition of large amounts of a second phase is
undesirable because this can potentially compromise the
excellent mechanical properties of the matrix ceramics.
Therefore, increasing the electrical resistivity of conductive
ceramics by addition of smaller amounts of a second phase
becomes important. Our group has reported that electrically
conductive AIN can be fabricated by forming a conductive rare
earth oxycarbide as a grain boundary phase.'' The grain
boundary phase three dimensionally propagates in the sintered
body. By employing a continuous grain boundary phase as a
conducting pathway, a grain boundary phase content below 3
vol % was sufficient to impart electrical conductivity to the
insulating ceramic. In this conductive ceramic, the grain
boundary phase concentrated at grain boundary pockets such
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as three points or multiple points and continuously propagated
in the sintered body. It is a well-known property of liquid phase
sintering that grain boundary phases aggregate at grain
boundary pockets as sintering progresses. However, grain
boundary phases also remain at facial boundaries just after
densification.'>”** If the insulating grain boundary phases can
be precipitated not only at grain boundary pockets but also at
the facial boundaries, as that illustrated in Figure 1b, it is
expected that it would be possible to render conductive
ceramics highly resistive without losing the intrinsic properties
of the matrix ceramics.

Nonoxide ceramics, such as nitrides, carbides, and borides,
have many advantageous mechanical properties at both room
temperature and high temperatures due to strong covalent
bonding. Additionally, most nonoxide ceramics except for AIN
and SisN, are electrically conductive materials, exhibiting
metallic conductivity or semiconductivity. In the category of
nonoxide ceramics, SiC is a promising candidate for
components in advanced gas turbines, piston engines, and
heat exchangers because it possesses high strength and excellent
creep resistance at elevated temperatures.'>'® Recently, SiC
ceramics have received considerable attention as a useful
material for semiconductor manufacturing equipment in
response to advancements in the development of SiC wide
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Figure 1. Models of conferring high resistivity to conductive ceramics. (a) A high-resistivity SiC composite created by dispersion of insulating second
phase particles. The conductive pathways through SiC grains are disconnected by the insulating grains. (b) High-resistivity SiC. Semiconducting SiC
grains are insulated by an insulating grain boundary phase. (c) Conventional liquid-sintered SiC ceramics exhibiting semiconductivity.

gap semiconductors, which offer electric devices operating with
reduced power consumption.'” Additionally, the electronic
parts in semiconductor manufacturing equipment also require
various electrical resistivities, e.g., electrostatic chucks require a
resistivity of 1 X 10" from 1 X 10* Q cm to provide sufficient
adsorption force,'® and vacuum chucks need a resistivity of
approximately 1 X 10° Q cm to inhibit accumulation and
discharge of static electricity. However, because the resistivity of
conventional SiC ceramics is 1 X 10° to 1 X 10° © cm,
increasing the resistivity of SiC ceramics while retaining the
material’s excellent mechanical properties is highly desirable for
these applications.

For sintering strongly covalently bonded SiC, a combination
of AL,O; and Y,0; (Al,0;—Y,0;) or B and C (B—C) of several
volume percentage is added as a sintering aid. In the case of the
B—C additive, the densification of SiC is achieved by solid state
sintering.'”*° On the other hand, in the case of the AlLO,—
Y,0; additive, densification proceeds through liquid phase
sintering. Al,O; and Y,0; produce liquid phases durin§
sintering by reacting with silicon oxide found on SiC,*'””
and, after sintering, the liquid phase transforms into an
insulating grain boundary phase such as yttrium silicate and/
or yttrium aluminate and a small amount of amorphous phase.
It is thought possible that the resistivity of SiC can be increased
by insulating the contacts between the conductive SiC grains
using an insulating grain boundary phase, as shown in Figure
1b.

In this study, liquid phase sintering of SiC was investigated to
develop a method for increasing resistivity of electrically
conductive ceramics using insulating grain boundary phases. To
increase the resistivity of SiC without losing its excellent
mechanical properties, sintering conditions and the amount of
additives were optimized to precipitate the insulating phase at
the facial boundaries as well as at grain boundary pockets. It has
been reported that the resistivity of SiC ceramics was increased
by sintering with BeO because of minimization of carrier
concentration in SiC grains.** This method is applicable to only
SiC and may not be applicable to other conductive nonoxides.
However, the proposed method for increasing the resistivity of
conductive ceramics by incorporating a grain boundary phase
can be potentially applied to any nonoxide ceramic that can be
densified by liquid phase sintering.

2. EXPERIMENTAL PROCEDURES

A combination of Al,O; and Y,0; was selected as a sintering additive
because these compounds are well-known to produce insulating grain
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boundary phases, additionally to improve the mechanical properties of
sintered SiC ceramics, compared with a combination of B and C
additives. The content of Al,0;—Y,0; was adjusted to S, 7.5, 10, and
15 vol %, where the molar ratio of Al,O; and Y,0; was fixed at Al,O;/
Y,0; = 3/S. Commercially available SiC powder (UF-25, H. C. Starck
, Karlsruhe, Germany), ALO; powder (TM-DAR grade, Taimei
Chemical Co., Ltd., Tokyo, Japan), and Y,0; powder (OR, Shin-Etsu
Chemical Co., Ltd., Tokyo, Japan) were mixed by conventional wet
ball milling with Si;N, balls and ethanol for 24 h to obtain a
homogeneous mixture. After drying, the powders were dry ball milled
for 6 h to eliminate hard agglomerations. The powder mixtures were
placed in a graphite die coated with a BN slurry to avoid reaction
between the powders and the die. Hot pressing was performed from
1600 to 1950°C for 1 h in an argon atmosphere under uniaxially
applied pressure of 30 MPa. The obtained hot-pressed samples, which
were 44 mm in diameter and 5 mm in thickness, were cut with a
diamond saw, ground with a diamond whetstone, and polished with a
0.5 pm diamond slurry for use in various evaluations.

The crystalline phases of the sintered SiC and additives were
determined by X-ray diffractometry (XRD) using Cu Ka radiation
(XRD-6100, Shimadzu Co., Ltd, Kyoto, Japan). The relative density
was measured by the Archimedes method via immersion in toluene.
The theoretical density was calculated using the specific gravity of 3.21
for SiC, 3.99 for ALO;, and 5.03 for Y,O;. The microstructure was
observed by scanning electron microscopy (SEM, Model S-5000,
Hitachi, Tokyo, Japan) on polished and CH, gas plasma-etched
surfaces to reveal the morphologies and locations of SiC grains and
grain boundary phases. The DC electrical resistivity of the samples was
measured by 2-probe method using a Keithley electrometer (model
6517, Keithley Instruments Inc., Ohio, USA) computer controlled by
the 6524 software package at room temperature. The electrodes were
formed on the upper and lower side of the disk by painting on silver
paste. To exclude a surface current effect, a guard ring was also formed
around the lower side electrode. The electrical resistivity distributions
on the sample surfaces were visualized using a surface potential image
obtained by electrostatic force microscopy (EFM) in conjunction with
scanning probe microscopy (SPM, Nanoscope Illa, Veeco Instru-
ments, New York, USA). The sample size for EFM was 2 mm X 2 mm
X 1.5 mm, and its surface was polished using a diamond slurry to a
surface roughness of under 0.5 nm (= Ra). For EFM analysis, a probe
composed of silicon scanned a 3 ym X 3 um region of the sample
surface by a noncontact mode, frequency modulation method of
electrical force microscope testing in which a DC bias voltage of 8 V
was applied at the probe. Young’s modulus of 2 mm X 4 mm X 37 mm
specimens was determined by a resonance vibration method with first-
mode resonance. Fracture strength was evaluated by three-point
bending test. At least 4 specimens were tested for each sample to
determine an average of fracture strength. The specimen thickness,
span length, and crosshead speed were 3 mm, 30 mm, and 0.5 mm/
min, respectively.
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3. RESULTS AND DISCUSSIONS

3.1. Fabrication of SiC Ceramics with High Resistivity.
Figure 2 shows the relative densities of sintered SiC and
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Figure 2. Relative density as a function of sintering temperature for
SiC hot pressed with AL,O;—Y,0; additives of 5 (black circle), 7.5
(green triangle), 10 (red diamond), and 15 vol % (blue square).

additive mixtures as a function of sintering temperature. High
densifications of the SiC powder mixtures containing S, 7.5, 10,
and 15 vol % additives were observed at 1850, 1800, and 1750
°C. The densification behavior was greatly affected by the
additive content, wherein increases in the additive content
enhanced densification. It is well-known that oxide additives
form liquid phases by reacting with oxide components of the
nonoxide matrix ceramic powder during the initial step of
densification in liquid phase sintering.”® It is considered that the
observed densification of the SiC mixtures containing additives
of higher volume percent was promoted because of diffusion
and deformation of the reactants such as yttrium silicates and
yttrium aluminates, which are derived from the additives and
have lower melting points than SiC. Figure 3 shows the XRD
patterns of the sintered SiC samples including 10 vol % an
additive, which have been hot pressed at temperatures from
1600 to 1900 °C for 1 h. The figure illustrates the
transformation of crystalline phase of grain boundary phases
in the SiC sintered body depending on the sintering
temperature. Yttrium silicate (Y,SiOg) and yttrium aluminate
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Figure 3. XRD profiles of SiC containing 10 vol % of an Al,0;—Y,0;
additive hot pressed at various sintering temperatures between 1600
and 1900 °C for 1 h in argon, showing the transformation to a
crystalline grain boundary phase.
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(ALY;0,,), mainly produced by reactions involving additives,
were identified as grain boundary phases, even in the sample
sintered at 1600 °C. All the observed crystalline grain boundary
phases were insulators with resistivities greater than 1 X 10" Q
cm.

3.2. Electrical Resistivity and Microstructure of SiC.
Figure 4 plots the electrical resistivity of sintered SiC with
varying additive contents and sintering temperatures. The
electrical resistivity of the hot-pressed SiC ceramics increased
with additive content. The SiC ceramics hot pressed from 1600
to 1700 °C tended to decrease in resistivity with a rise in
sintering temperature because of the formation of conducting
pathways by contacts between SiC grains during densification.
However, sudden increases in resistivity were observed in the
sample sintered at 1750 °C, where it is considered that the
conducting pathways through SiC grains were disconnected by
incorporation of insulating grain boundary phases between SiC
grains. As represented in Figure Sa—c, the localization of the
additive oxides and small pores was observed in the
microstructure of SiC with 10 vol % additive sintered at 1700
°C, where it appears that the liquid phase does not sufficiently
penetrate between SiC grains. However, by sintering between
1750 and 1850 °C, the localization of the liquid phase and small
pores disappeared, and the grain boundary phase is observed to
penetrate around the SiC grains. At higher sintering temper-
atures, the grain boundary phase migrated to triple or multiple
points from the circumferences of SiC grains with grain growth,
as shown in Figure 5d, and resistivity decreased again because
of contact between SiC grains.

The electrical resistivity on the sample surface, indicative of
different materials, can be observed by the surface potential
image obtained by EFM. Images a and b in Figure 6 indicate
SPM and surface potential images, respectively, of high-
resistivity SiC, which was fabricated by hot pressing with 10
vol % additive at 1850 °C. Because this sample has a high bulk
resistivity of 5.7 X 10" Q cm, measurement by noncontact
mode was adopted to obtain a surface potential image. From
the surface potential image, it is possible to determine the
extent to which the grain boundary phase insulates the
conducting pathways of connected SiC grains. The resistivity
of the surface can be estimated from the surface potential image
by the brightness levels, wherein dark and bright regions
correspond to materials having high and low electrical
resistivities, respectively.”® Comparison of the surface potential
image with the SPM image indicates that the resistivity of the
surrounding grain boundary phase was higher than that of the
SiC grains. The enhancement of the resistivity of the sample
can therefore be attributed to a breakdown of the conducting
pathways constituted from connected SiC grains by incorpo-
ration of the insulating grain boundary phase between SiC
grains. The data suggest that the liquid phase produced by the
reaction of the sintering additives and silicon oxide
homogeneously penetrates around SiC grains by capillary
force at approximately 1750 °C, and, after sintering, the liquid
phase remains as an insulating grain boundary phase, such as
Y,SiO;, AlY;0},, and an amorphous phase, around the SiC
grains.

Mechanical properties of high-resistivity SiC. Figure 7 shows
the variation of Young’s modulus and fracture strength with
sintering temperature for the SiC hot pressed with the Al,O;—
Y,0; additive. Young’s modulus of both high-resistivity SiC and
low-resistivity and SiC increased with density. Since Young’s
modulus of SiC is higher than that of the grain boundary phase,
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Figure 4. (a) Relationship between electrical conductivity and sintering temperature for SiC samples sintered with different additive contents.
Predicted microstructure and conductive pathway of SiC containing 10 vol % of an Al,0;—Y,0; additive hot pressed at (b) 1600, (c) 1700, (d)

1750—1850, and (e) 1950 °C.

Figure S. SEM micrographs of polished and etched surfaces of SiC
containing 10 vol % Al,O;—Y,05 additive hot pressed at (a) 1700, (b)
1750, (c) 1850, and (d) 1950 °C. Dark grains and bright phases
between dark grains correspond to SiC grains and grain boundary
phases, respectively.

Figure 6. (a) SPM image and (b) the corresponding surface potential
image of sintered SiC containing 10 vol % Al,0;—Y,0; additive hot
pressed at 1850 °C.

the SiC containing smaller amounts of the additive provided a
higher Young’s modulus. However, it was discovered that even
high-resistivity SiC containing 10 or 15 vol % additive had a
high Young’s modulus of more than 380 GPa, which is
apprommately equal to that of Al,O;* and is higher than that
of Si;N,.*® The fracture strength of SiC has a correlation with
the relative density and Young’s modulus. In general, the
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Figure 7. Effect of the sintering temperature on (a) Young’s modulus
and (b) fracture strength of SiC hot pressed with 5 (black circle), 7.5
(green triangle), 10 (red diamon), and 15 vol % (blue square) Al,O;—
Y,0; additives.

densified SiC samples with high Young’s modulus and small
grain size indicate high strength. By sintering at high
temperatures, the decrease in fracture strength is attributed to
the grain growth of SiC. Although SiC containing 15 vol %
additive did not demonstrate high strength because of higher
content of the grain boundary phase, the strength is higher than
about 350 MPa of conventional SiC sintered with B—C
additives.””*° SiC with an additive of 10 vol % and a resistivity
of more than 1 X 10" Q cm demonstrated high strength
between 600 and 670 MPa.
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4. CONCLUSIONS

The resistivity of SiC hot pressed with Al,0;—Y,0; additives
from 1600 to 1700 °C decreased as sintering temperature
increased owing to contacts between the SiC grains by
shrinkage during densification. However, the resistivity
suddenly increased when hot pressed at 1750°C, where it is
considered that the conducting pathways through SiC grains
were disconnected by penetration of an insulating grain
boundary phase between the grains. The additive of only 10
vol % increased the resistivity of the SiC sintered body from 1
X 10° to 1 X 10" Q cm by electrically insulating the regions
between SiC grains by means of a grain boundary phase
without losing the excellent mechanical properties of the matrix
ceramic. An increase in the electrical resistivity of semi-
conducting materials is also somewhat possible by reducing
charge carrier concentrations by adding dopants. This method
is limited to semiconductors and, in application of the method,
it is necessary to investigate effective dopants for every
semiconductor. On the other hand, increasing the electrical
resistivity by incorporation of a grain boundary phase is
potentially applicable to not only semiconducting ceramics but
also metallic conductive ceramics, which are densified through
liquid phase sintering.
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