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Abstract Several challenges still exist in the fabrication
of silicon carbide (SiC) ceramic components associated
with using multiple step processes and sintering at high
temperature which result in long lead times. This challenge
is being addressed by exploring an emerging sintering
technology called field assisted sintering technology
(FAST), also known as spark plasma sintering. The
objective of this study is to sinter SiC to near theoretical
density using the FAST technique and study the effect of
using extreme heating rates during sintering. All samples
were sintered under identical temperature and pressure of
2000 °C and 45 MPa. Resulting samples were character-
ized for density, microhardness, grain size, and micro-
structure evolution. The results showed that density
decreased slightly and grain size increased as heating rate
was varied from 50 to 400 °C/min.

Introduction

Recently, there has been much interest in sintering silicon
carbide (SiC) because it is a light weight and structurally
robust material that is resistant to high temperature and
chemical reactivity [1-4]. SiC is also the fourth hardest
material behind diamond, cubic boron nitride, and boron
carbide [5]. This makes SiC ideal for many high-temper-
ature structural applications. However, sintering SiC to
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near theoretical density is difficult due to its low sinter-
ability. The low sinterability is a result of the very strong
covalent bonding between silicon and carbon atoms in the
lattice as well as a low self diffusion rate [6]. This makes
SiC an ideal candidate for a relatively new, emerging
sintering technique called field assisted sintering technique
(FAST), also known in literature as spark plasma sintering
(SPS) and pulse electric current sintering (PECS).

The FAST technique has gained much interest in the last
several decades due to the fact that it allows for rapid
densification of metallic and ceramic powders [7-12].
Bennet et al. [13] observed enhanced densification of alu-
mina by gas discharge sintering in 1968. At that time there
was little interest in the process, and over the next few
decades there were only a few publications relating to
sintering with the presence of an electric field. The SPS
process, that is well known today, reemerged in Japan in
the 1990s [7]. Since then, the process has gained wide
spread interest and consideration as an alternative to con-
ventional sintering techniques. The FAST sintering tech-
nique utilizes a graphite die filled with powder which is
uniaxially pressed using hydraulics, while simultaneously
passing high-density DC current through the die and
powder. This heating effect is known as resistive or joule
heating which allows the FAST technique to utilize shorter
heating cycles when compared to conventional sintering
techniques.

The FAST technique has been used to sinter many
ceramics such as ZrO,, Al,O3, Ba,TiOj3, and several others
[14-16]. In many cases, FAST sintering has been charac-
terized by rapid densification to high theoretical density in
much shorter times when compared to conventional sin-
tering methods [14—16]. This has attracted much interest
from ceramists over the last few decades. The FAST
technique has also interested many ceramists because the
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process uses faster heating rates which allow for shorter
overall sintering time and a presumed reduction in grain
size [14—-17]. Recently, You Zhou et al. [7] demonstrated
that for a SiC system containing 2.04 wt% Al,C; and
0.4 wt% B,4C additives sintered using the FAST technique
resulted in an increase in grain size as the heating rate was
increased from 100 to 400 °C/min. Al4,C; and B4C are
assisting the densification through liquid phase sintering
mechanisms which are dominated by the solution-repre-
cipitation phenomenon. Researchers have investigated
other liquid phase sintering additives such as Al,O3, AIN,
and Y,03; [18, 19]. Liquid phase additives are used to lower
the sintering temperature of SiC. This study is completely
different in that solid state sintering is being utilized to
densify SiC.

This study utilized the FAST sintering technique to
consolidate a sub-micron size SiC powder with boron and
carbon additives to densities greater than 99% in a rela-
tively short time. Sintering SiC in the presence of B-C
additives is considered to be a solid state sintering process
[20, 21]. The objective of this study is to sinter SiC to near-
theoretical density using the FAST technique and study the
effect of using extreme heating rates during sintering. The
study concentrates on the effect that heating rate has on
density, grain size, and microstructure evolution.

Experimental procedure

The submicron SiC powder was supplied by Saint-Gobain
Corporation. The powder product number was SiC
FCP15RTP which contains a proprietary blend of resin
(C) and boron carbide (B4C). Therefore, no powder pro-
cessing was required which expedited the sintering process.
As previously mentioned, the SiC powder contains B—C
additives which have been shown to aid the solid state
sintering of SiC powders [6, 7, 20-24]. The average par-
ticle size was 0.9 pum which was confirmed using particle
size analysis (Malvern Instruments Zetasizer) and SEM
(Leo 1530 Field Emission Scanning Electron Microscope)
equipment. Figure 1 shows an SEM image of the as-
received SiC FCP15 RTP powder. Figure 2 shows the
particle size distribution of the as-received SiC FCP15 RTP
powder determined using a light scattering technique.
The as-received powders were put into a graphite die
40 mm in diameter and sintered using a FCT Systeme
GmbH, Spark Plasma Sintering Furnace (FCT HPD25-2).
Sintering was performed at 2000 °C under a pressure of
45 MPa and held for 5 min under vacuum. The heating rate
was varied from 50 to 400 °C/min. Resistive heating, also
known as joule heating took place within the die and
powder when continuous DC current was applied. This
direct heating method differs from most conventional
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Fig. 2 The reflected light intensity of the powder dispersed in water
recorded using Malvern Instruments Zetasizer. The resulting intensity
curve was then processed to determine the average particle size which
was determined to be 0.9 pm

sintering systems which utilize convection heating. The
FAST heating process is automated and the temperature is
monitored by a pyrometer focusing on a hole in the top
graphite piston 3 mm from the SiC sample. A schematic
and photograph of the FAST system used in this study is
shown in Fig. 3. This setup has been shown to have better
temperature control and smaller temperature gradients
when compared to focusing the pyrometer on the outside
surface of the die [25]. The computer interface monitors
the temperature and heating rate on a continuous loop and
adjusts the current accordingly. After the heating and
holding cycle, the current is automatically switched off and
the system is allowed to cool as quickly as possible.

The automated process also monitors the linear shrink-
age or the shrinkage in the axial direction. The linear
shrinkage behavior of the sample gives insight into the
densification behavior of the material. The sintered samples
were then cut, polished, and etched. The samples were
etched using a CF4 and O, plasma.
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The bulk densities of the samples were calculated using
the well-known Archimedes’ method. Microhardness
measurements were taken using a LECO M-400-G1 hard-
ness tester unit with a Vickers hardness indenter. A 500-g
load and a hold time of 15 s were used during microh-
ardness testing of all sintered SiC samples. The micro-
structure, porosity size, porosity distribution, and grain size
were analyzed using a Leo 1530 Field Emission Scanning
Electron Microscope. The FE-SEM is a fully software
controlled high-resolution SEM with an in-lens detector.
The grain size was determined from the resulting SEM
micrographs using the intercept method.

Results and discussion

All the results from this study are summarized in Table 1.
All specimens were densified to greater than 98% at
2000 °C under a pressure of 45 MPa. In the case of the
highest heating rate studied (400 °C/min) the entire pro-
cessing time was less than 20 min. In the case of the lowest
heating rate studied (50 °C/min) the entire processing time
was less than 60 min.

Figure 4 shows graphically the relationship between
heating rate and density. In Fig. 4, the density decreases

/
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consistently as heating rate increases from 50 to 400 °C/min.
It was difficult to determine if this was a result of the faster
heating rate contributing to a possible pore-trapping effect,
or if the lower density was just a result of the inherently
shorter sintering times associated with a faster heating rate.
The linear shrinkage graphs indicate that densification of
SiC begins around 1300 °C. Therefore, a sample sintered at
50 °C/min spends 14 min heating from 1300 to 2000 °C;
conversely a sample sintered at 400 °C/min spends only
1 min and 45 s heating from 1300 to 2000 °C. These trends
are shown graphically in Fig. 5, where the shrinkage and
temperature are plotted with respect to run time for samples
sintered at 50 and 400 °C/min. Figure 5 also shows that the
entire processing time for the sample heated at 50 °C/min is
less than 60 min, and the process time for the sample heated
at 400 °C/min is less than 30 min.

The results shown in Fig. 6 describe the change in grain
size as a function of increasing heating rate. Figure 6
shows the relationship between heating rate and grain size
while all other processing parameters were held constant.
The starting powder size is designated by the arrow in the
figure. The error bars represent the standard deviation of
the measured data set for each sample. The grain size was
measured three times in different directions across the
micrographs. The graph shows a significant decrease in

Table 1 The sample number, processing conditions, and results for the sintered samples

Heating rate

Parameters
Sample # Temperature Pressure Hold Heat Density Hardness Grain
°O) (MPa) time (min) rate (°C/min) (%) (Vickers) size (um)

1 2000 45 5 50 99.6 3182.4 13.041
2 2000 45 5 100 99.3 3006.8 8.455
3 2000 45 5 200 98.8 2783.6 5.958
4 2000 45 5 300 98.4 2754.2 4.902
5 2000 45 5 400 98.3 2883.8 4.246
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Fig. 4 A chart showing the relationship between heating rate and
density
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Fig. 5 A chart showing shrinkage and temperature as a function of
time for samples sintered at 50 and 400 °C/min. The chart shows that
the sample sintered at 400 °C/min spent under 2 min heating from
1300 to 2000 °C. The sample sintered at 50 °C/min spent 14 min
heating from 1300 to 2000 °C

grain size as the heating rate was increased. This result is
consistent with several studies on other ceramic materials
[14, 17]. However, it contradicts the results found in the
study by You Zhou et al. [7]. They hypothesized that the
increase in grain size with increasing heating rate could be
contributed to higher localized heating or a higher applied
power. In their study they use a SiC powder with Al-B-C
additives, which form a liquid phase on the grain bound-
aries. The mass transfer mechanisms involved in liquid
phase sintering are often dominated by a solution-repre-
cipitation phenomenon [26]. This study utilized B-C
additives which are known to help facilitate mass transfer
through solid-state sintering mechanisms (mainly grain
boundary diffusion).[20, 21] Therefore, it seems that the
higher heating rates may affect grain growth differently
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Fig. 6 A chart showing the relationship between heating rate and
grain size

based on which sintering mechanism is dominant, liquid-
phase sintering (solution—reprecipitation) or solid-state
sintering (grain boundary diffusion).

The smaller grain size associated with a faster heating
rate is most likely a result of shorter processing time,
i.e., shorter time spent at elevated temperatures. The plot in
Fig. 6 indicates that it is possible to minimize grain growth
by reaching the target sintering temperature more quickly
and then abruptly stopping the process after densification is
complete. However, it should be noted that the decrease in
grain size was non-linear as heating rate was increased.
Therefore, it can be expected that increasing the heating
rate further will result in a minimal reduction in grain size.

Figures 7 and 8 show SEM micrographs of SiC samples
sintered by the FAST technique and etched by plasma
etching with CF4 and 10% O, gas. Figure 7 shows an
FE-SEM micrograph of Sample #1 sintered at 2000 °C

weresmw T L imex L 2asem  Shnal K
e S e L

Fig. 7 An FE-SEM micrograph of sample #17 sintered at 2000 °C
under a pressure of 45 MPa for 5 min and heated at a rate of
50 °C/min, density = 99.6%
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Fig. 8 An FE-SEM micrograph of sample #21 sintered at 2000 °C
under a pressure of 45 MPa for 5 min and heated at a rate of
400 °C/min, density = 98.3%

under a pressure of 45 MPa for 5 min and heated at a rate
of 50 °C/min, and the corresponding density was 99.6%
which was determined using Archimedes’ Method. Fig-
ure 8 shows an FE-SEM micrograph of sample #5 sintered
at 2000 °C under a pressure of 45 MPa for 5 min and
heated at a rate of 400 °C/min, and the corresponding
density was 98.3% which was also determined using the
Archimedes’ Method. The micrographs in Figs. 7 and 8
show consistent results for density and grain size.

Conclusions

This study showed that SiC can be sintered without oxide
additives at substantially lower temperature when com-
pared to conventional sintering. Conventional sintering of
SiC without oxide additives usually takes place above
2100 °C and a typical cycle for the sintering of SiC by a
conventional method can take more than 8 h. 8 h does not
include any preprocessing or cool down time which is
commonly used for most conventional techniques. This
study showed that using the FAST technique and heating at
400 °C/min from room temperature to 2000 °C and hold-
ing for 5 min would result in an entire processing time
including cooling of less than 30 min. The density for this
particular sample was 98.3%.

This study showed that grain growth could be mini-
mized using higher heating rates when sintering SiC with
B-C additives using the FAST technique. The results also

showed that density decreased linearly as heating rate was
increased. The decrease in grain size as heating rate was
increased could be attributed to the significant decrease in
time spent at elevated temperatures. The decrease in den-
sity could be a result of the inherently shorter processing
time associated with higher heating rates, or it could be a
result of rapid densification and a pore-trapping effect.
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