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Densification of SiC powder with total amounts of 2, 4, 8 wt% AIl-B-C additive was carried out by spark plasma sintering
(SPS). The unique features of the process are the possibilities of a very fast heating rate and a short soaking time to obtain
fully-dense materials. The heating rate and applied pressure were kept at 100 K-minute™ and 40 MPa, while the sintering
temperature and soaking time varied from 1,700-1,800 °C for 10-40 minutes, respectively. The SPS-sintered SiC at 1,800 °C
with different amounts of Al-B-C reached near-theoretical density. The sintered SiC ceramics were predominantly composed
of 6H polytype with 15R and 4H polytype as minor phases. The microstructure of SiC sintered up to 1,750 °C consisted of
equiaxed grains. In contrast, the growth of large elongated SiC grains in small matrix grains was shown in sintered bodies at
1800 °C, and a plate-like grains interlocking microstructure had been developed by increasing the soaking time at 1800 °C. The
grain growth rate decreases with increasing amounts of Al-B-C in SiC, however, the volume fraction and the aspect ratio of
large elongated SiC grains in the sintered bodies increased.
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Introduction a rare-earth oxide, CaO, Al,0;, Y,0; may be used as

sintering additives for SiC to accomplish a liquid phase

Silicon carbide is a very interesting ceramic material due sintering process, in which the oxides form a liquid phase
to its superior properties like high hardness, low bulk density at a low temperature or react with the SiO, present in the
and high oxidation resistance, which make SiC useful for form of a thin surface layer on commercial SiC powders
a wide range of industrial applications [1-4]. The crucial to form a liquid at even lower temperatures [9-13] Besides
requirement for the effective applications of polycrystalline the oxides, Al-B-C nonoxide system additives can serve
silicon carbide is a high degree of densification. The as sintering aids for the low temperature sintering of SiC.
sintering process and densification mechanism of covalent Additions of Al compared to the case with only B and C
SiC materials are different from those of ionic ceramics as sintering additives in SiC materials have been known to
because of the low diffusivity of atoms and high energy facilitate liquid phase sintering of SiC, to lower the
of grain boundaries. For this reason, densification of densification temperature, to induce the phase transformations
silicon carbide ceramics always needs sintering additives or among SiC polytypes, to promote anisotropic growth of
pressure. Depending on the types of doped sintering SiC grains, to form amorphous grain boundary films, and
additives, SiC may be densified to a high density by solid- to produce various secondary phases in junctions [14-20].
state or liquid-phase sintering mechanism. Solid-state Among the pressure sintering techniques, spark plasma
sintering usually requires sintering temperatures of more sintering (SPS) developed in the 1990s, is a type of solid

than 2,100 °C and easily results in exaggerated grain growth, compaction sintering. SPS makes very rapid sintering
which is detrimental to the mechanical properties [5]. The possible to obtain fully-densified ceramics [21-30]. In SPS

sintering additives help to reach a high density through and hot pressing (HP) processing, the sample preparation
a reduction of the grain boundary energy (boron) and procedure, such as die setting, the powder loading into
reaction with residual silica (carbon) present on the SiC the graphite mould, and the application of mechanical
particle surfaces [6-8]. In contrast, the liquid-phase sintering pressure, is almost the same, as shown in Fig. 1. Whereas
process can be carried out at temperatures between 1,850 only mechanical pressure is applied in the HP process,
and 2,000 °C. spark impact pressure (P) as well as mechanical pressure

A wide variety of oxides, usually in combination with (P.,) exerts additional influences on the densification of

materials in the SPS process. In conventional hot pressing,
the main forces promoting the densification are the Joule

*g"lffefggns‘zi“ﬁaguggé heating and the applied pressure, i.e., the sample is heated
FZx; 182544787769 by an external source, which implies that the rate of
E-mail: hklee@kumoh.ac.kr densification is strongly constrained by the rate of heat
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Fig. 1. Heating procedure in pressure sintering: (a) external
heating type of hot pressing and (b) internal heating type of spark
plasma sintering.

transfer to the specimen located in the pressure die.

The purpose of this study is to examine the microstructural
changes in SiC ceramics by spark plasma sintering with
Al-B-C additives. The microstructure of spark plasma
sintered SiC containing three different amounts of Al-B-C
additives is quantitatively characterized by image analysis.
The quantitative analysis is conducted on the grain size,
aspect ratio and grain size distribution of SiC.

Experimental Procedure

This work was conducted using the commercial powders
of SiC (Betarundum, Ultrafine, Ibiden Co., Ltd., Japan), Al
(99.9% Grade, High Purity Chemicals, Japan), B (Grade
HS, Amorphous, H.C. Starck, Germany), and C (99.7%
Grade, High Purity Chemicals, Japan). The starting powder
mixtures, as given in Table 1, were mixed in a planetary
ball mill with silicon carbide milling media for 4 h, and
then dried and sieved.

The mixed powders were put into a graphite die (20 mm
in diameter) and sintered with the Dr. Sinter 1050 spark
plasma sintering system (Sumitomo Coal Mining, Tokyo,
Japan) in a flowing Ar atmosphere (500 cc-minute™"). The
heating rate was fixed on 100 K-minute ' and the applied
pressure was 40 MPa. The sintering temperature was held
at 1,700-1,800 °C for 10 minutes. In the case of sintering
at 1,800 °C, specimens with prolonged soaking for 20-
40 minutes were also prepared to enhance the grain growth
and [ — o transformation.

After sintering, sample surfaces were ground to remove
the graphite layer, and then polished by diamond paste.
The density of the sintered specimens was measured by
the Archimedes method in deionized water as an immersion
medium. The theoretical density of the specimens was
calculated according to the rule of mixtures. Crystalline

Table 1. Batch compositions of starting powder mixtures for
spark plasma sintered SiC with different amount of Al, B and C
additives

Nomination SiC (Wt %) Al (Wt%) B Wt%) C (wt%)
IABCSiC  98.0 1.0 0.5 0.5
2ABC-SiC  96.0 2.0 1.0 1.0
4ABC-SIC 92,0 4.0 2.0 2.0
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phases in the sintered specimens were determined by X-
ray diffraction (Model D5005, Bruker, Germany) using
CoKo radiation. The specimens were etched by a plasma of
CF, containing 8% O, for the microstructural observations.
The microstructural observations were performed using
a scanning electron microscope (Jeol, 6500F, Japan).

Quantitative image analyses on the sintered SiC ceramics
were also conducted. The mean diameter and aspect ratio
of SiC grains were evaluated. The mean diameter of a
SiC grain (d) was the equivalent circle diameter of the SiC
grain. The aspect ratio of grain (R) was defined as the ratio
of the length and diameter of each grain, which was
determined directly from the longest diagonal and the
longest dimension perpendicular to the longest diagonal
in its two dimensional image. A total of 600-2,000 grains
was measured in each specimen. The grain size distribution
was evaluated by plotting the fractional grain area versus
the grain diameter. Grains deviating from a monomodal
grain size distribution are defined as large grains in the
present study. The diameter and aspect ratio were evaluated
for matrix grains and large grains, respectively, when their
microstructures were bimodal.

Results and Discussion

The relative densities of sintered silicon carbide ceramics
as a function of sintering temperature are shown in Fig. 2. A
relative density of 99.0% was obtained by spark plasma
sintering at 1,800 °C, despite a high heating rate and a
short soaking time. Such a rapid densification results from
the characteristics of SPS. The current passes through
both the graphite dies and samples, so that the specimen
is heated at the outside and the inside simultaneously
resulting in a very rapid heating rate. Thus, these processes
promote material transfer and make rapid densification
of the powder compact possible at low temperatures
and short soaking times (20-30 minutes).
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Fig. 2. Density variation of SiC with the amount of Al-B-C,
spark plasma sintering temperature and soaking time. The soaking
time at 1700 and 1750 °C was 10 minutes.
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Table 2. Identified crystalline phases of 2ABC-SiC by X-ray
diffraction

Sintering temperature

and soaking time Major phase Minor phases
1,700-10 minutes 3C 6H, 15R
1,750-10 minutes 6H, 3C 15R, 4H, Graphite
1,800-10 minutes 6H 15R, 4H, 3C, Graphite
1,800-40 minutes 6H 4H, 15R, Graphite

Table 2 lists the contents of polytypes in the sintered
2ABC-SiC materials. The B-SiC starting powder was
composed of only the 3C crystalline phase. The specimen
sintered at 1,700 °C consisted of 3C as a major phase,
and 6H, 15R minor phases, indicating that a small
fraction of B-SiC transformed to a-SiC. In contrast, the
1,750 °C sintered specimen consisted of 6H, 3C as
major phases, and 15 R, 4H as minor phases. As the
temperature and soaking time increased to 1,800 °C for
40 minutes, 3C was essentially transformed to various
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Fig. 3. SEM micrographs of the polished surfaces for Al-B-C
added SiC ceramics processed by spark plasma sintering: (a)
2ABC-SiC sintered at 1,700 °C and (b) 2ABC-SiC sintered at
1,750 °C

alpha phases. The initial alpha polytypes detected were
6H and 15R, followed by 4H. The predominant crystalline
phase was 6H in this temperature range.

The onset of the B — o phase transformation has
been reported to be approximately at 1,800 °C with Al-
B-C additions by hot pressing [31, 32]. In the present

(2)

(h)

O]

Fig. 4. SEM micrographs of the polished surface for Al-B-C added SiC ceramics processed by spark plasma sintering at 1,800 °C as a
function of soaking time: (a) 1ABC-SiC, (b) 2ABC-SiC, (c¢) 4ABC-SiC for 10 minutes, (d) 1ABC-SiC, (e) 2ABC-SiC, (f) 4ABC-SiC for
20 minutes, and (g) 1ABC-SiC, (h) 2ABC-SiC, (i) 4ABC-SiC for 40 minutes.
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SPS process, it was found to profoundly promote the
B — a phase transformation, which results in lowering
the onset temperature. Cao et al. [15] found that the 3C
to 4H phase transformation was enhanced by the presence
of Al together with B and C. Shinozaki et al. [31]
reported that the 3C-SiC transformed to 4H-SiC through
an intermediate structure of 15R. Williams et al. [32]
investigated the transformation of the Al, B and C
doped SiC, in which 15R and 4H were initial phases
formed with 6H appearing at higher temperatures. Both
the 15R and 6H were transitory, and 4H was the dominant
high temperature phase. The difference in crystal structures
of transformation products was believed to originate
from the difference in process conditions, such as the
starting B-SiC powders, the final temperature and soaking
time, and atmosphere.

Fig. 3 shows the plasma etched surfaces of 2ABC-
SiC sintered at 1,700 °C and 1,750 °C for 10 minutes.
The microstructure of SiC sintered at 1,700 °C consisted
of fine equiaxed grains. When sintered at 1,750 °C,
some elongated grains developed, however, equiaxed
grains still dominated. In contrast, the growth of large
elongated grains having high aspect ratios was shown
in sintered bodies at 1,800 °C in Fig. 4. Also the plate-
like grains interlocking microstructure had been developed
by increasing the soaking time at 1,800 °C and by
increasing the content of additives. In association with
the B to o phase transformation, the SiC grains grew
into plate-like shapes. This tendency suggests that the
grain growth predominantly proceeded along the direction
of the plate, i.e., along the basal planes of the SiC
grains. Such an interlocking grain structured SiC exhibited a
significant rising R-curve behavior with fracture toughness
over 8 MPam'?, while retaining a high strength of
~660 MPa according to Cao et al. [15].

The sintering of Al, B, and C-doped SiC was believed
to be by a liquid phase sintering process reported by
Cao et al. [15], similar to that for the Al,O; added SiC
described by Suzuki [35]. A likely scenario that could
be envisioned was as follows. During heating, metal Al
melted, and B, C, and O were presumed to transport into
the Al melt and form secondary phases. The liquid phase(s)
flowed, filling pores between the nearby SiC particles
and engulfing many grains, as observed by TEM [36].
Meanwhile, Al vapor coated the SiC particle surfaces
and reacted with native oxide skins on the powder
surface and the added C and B to form a liquid grain
boundary phase. In the presence of applied pressure, particle
rearrangement occurred. A liquid phase sintering mechanism,
ie, a solution-reprecipitation process, caused gradual
densification coupled with grain growth. At this stage,
corresponding to sintering up to 1700 °C with 3 wt% or
more Al addition, a fine grained dense 3C-SiC was
obtained. At higher sintering temperatures, SiC transformed
from B to o, accompanying the formation and
growth of plate-like grains with increasing aspect
ratios.
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Fig. 5. Grain size distribution of SiC as a function of the amount
of Al-B-C, spark plasma sintering temperature and soaking time.
The numerical values are mode grain diameter in um: (a) 1ABC-
SiC, (b) 2ABC-SiC and (c) 4ABC-SiC.

The grain size distributions of the spark plasma sintered
SiC as a function of additive content are plotted in Fig. 5
also as a function of sintering temperature and soaking
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Table 3. Microstructural characteristics of the Al-B-C added SiC ceramics processed by spark plasma sintering

Temp. & Mean Mean Matrix grains Large grains
Specimen  soaking time  diameter  aspectratio  Djameter  Aspectratio Vol. fraction ~ Diameter  Aspect ratio
(‘C-minutes) — (c1m) (Ru) (dyaum)  Ruo) (%) (daum) (R
1ABC-SiC 1,700-10 2.56 1.73 2.6 1.73 - - -
1,750-10 3.62 1.77 32 1.74 27.0 6.11 1.96
1,800-10 3.99 1.82 35 1.77 313 7.44 2.24
1,800-20 4.10 2.00 3.5 1.95 37.8 7.78 2.26
1,800-40 5.20 2.07 4.5 2.04 394 9.63 231
2ABC-SiIC 1,700-10 2.52 175 2.6 1.75 - - -
1,750-10 2.83 2.03 34 2.02 28.1 6.00 2.14
1,800-10 3.55 2.14 42 2.11 33.7 7.43 2.53
1,800-20 3.77 2.25 4.6 2.14 40.0 7.45 3.03
1,800-40 5.19 2.44 5.8 2.30 429 8.74 3.09
4ABC-SiC  1,700-10 2.49 1.78 2.6 1.78 - - -
1,750-10 2.74 2.16 34 2.15 29.1 6.09 224
1,800-10 3.23 241 4.2 239 35.7 6.10 2.64
1,800-20 3.60 248 4.6 2.32 46.7 7.13 3.53
1,800-40 4.59 2.98 5.4 2.66 49.6 7.56 4.16

time. Monomodal grain size distributions with a mode
grain size of 2.6 um are clearly shown in all samples
sintered at 1,700 °C. A separation between the large
grains and the matrix grains, determined from the grain size
distributions, is shown in sintered bodies at > 1,750 °C.
As a result, the SiC ceramics with Al-B-C had a bimodal
grain size distribution in this temperature range. The
relative area of the matrix grains and large grains in a
bimodal microstructure is directly related to the volume
fraction of a certain range of grain size. An increase in
the sintering temperature and soaking time shifts the
grain size distribution to the larger grain size region
while maintaining the bimodal distribution. The maximum
mode values of the matrix grains and the large grains in
the specimen sintered at 1,800 °C of 40 minutes were
6.6 um, 9.4 um for 1ABC-SiC, 5.8 um, 8.2 um for 2ABC-
SiC and 5.4 pm, 7.8 um for 4ABC-SiC. The growth
behavior coincided well with the general observation
that the relative growth rate of small grains was larger
than that of the larger grains [37, 38], and experimentally
confirmed well with the microstructural observations in
Fig. 3 and Fig. 4.

The quantitative image analysis results for grain size
(equivalent diameter) and aspect ratio of SiC with Al-
B-C are summarized in Table 3. For all the ABC-SiC
samples, the average diameter of SiC grains increased
gradually as the sintering temperature and soaking time
increased. An increase in soaking time at 1,800 °C from
10 to 40 minutes increases the average diameter and the
aspect ratio. Moreover, an increase in additive content
at each sintering condition results in a lower grain diameter,
a higher aspect ratio and a high volume fraction of larger
elongated grains. This trend is mirrored as a decrease
in volume fraction of matrix grains. It could be postulated
that effect of the liquid phase produces a difference in

the grain growth rate along the short and long grain axes
which increases with more liquid content, and which
results in a predominant plate-like grains interlocking
microstructure. The total volume fractions of large
grains in 1ABC-SiC, 2ABC-SiC and 4ABC-SiC
sintered at 1,800 °C for 40 minutes were 0.394, 0.429
and 0.496, respectively.

Summary

The microstructural development of SiC with 2, 4, 8 wt %
Al-B-C by spark plasma sintering was characterized.
The SPS-sintered SiC at 1,800 °C with different amounts
of Al-B-C reached near-theoretical density. The sintered
SiC ceramics were predominantly composed of 6H polytype
with 15R and 4H polytypes as minor phases. The
microstructure of SiC sintered up to 1,750 °C consisted of
equiaxed grains. In contrast, the growth of large elongated
SiC grains in small matrix grains was shown in sintered
bodies at 1,800°C, and plate-like grains interlocking
microstructure was developed by increasing soaking
time at 1,800 °C. The grain growth rate decreases with
an increase in the amount of Al-B-C in SiC, however,
the volume fraction and the aspect ratio of large elongated
SiC grains in the sintered bodies increased.
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