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Abstract

SiC ceramics were prepared from nanosized 3-SiC powder with different compositions of AIN and Y,Oj; sintering additives by spark plasma
sintering (SPS) at 1900 °C for 600 s in N,. The relative density of the sintered SiC specimens increased with increasing amount of AIN, reaching a
relative density higher than 99%, while at the same time grain size decreased significantly. The smallest average grain size of 150 nm was observed
for SiC sample sintered with 10 vol% of additives consisting of 90 mol% AIN and 10 mol% Y,Os. Fully dense nanostructured SiC ceramics with
inhibited grain growth were obtained by the AIN additive and SPS technique. The flexural strength of the SiC body containing 70 mol% AIN
and 30 mol% Y,0; additives reached the maximum value of 1000 MPa. The SiC bodies prepared with AIN and Y,0; additives had the fracture

toughness of around 2.5 MPam'/2,
© 2010 Elsevier Ltd. All rights reserved.
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1. Introduction

Silicon carbide (SiC) ceramics have been used for struc-
tural applications at high temperature because of relatively low
density, high hardness, excellent mechanical strength and good
thermal stability. However, SiC possesses a strongly covalent
bonding. Hence, it is very difficult to densify SiC powder with-
out sintering additives. The conventional densification of SiC
is achieved by solid-phase sintering with B and C additives,'
or liquid-phase sintering with metal oxides additives such as
AlbO3 and Y,03.%3 The mechanical properties of ceramics
are largely dependent on the microstructure. The liquid-phase
sintered SiC ceramics have high fracture toughness compared
with the solid-phase sintered SiC, because the elongated grains
can form during liquid-phase sintering.*> Besides, since homo-
geneous and fine-grained microstructures can be obtained by
liquid-phase sintering due to the lower sintering temperatures
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and the presence of the liquid phase, the excellent mechani-
cal strength for structural applications may be expected in the
liquid-phase sintered SiC.* The oxide additives react with SiO
derived from the surface oxide of SiC particle to form a liquid
during sintering process, and the liquid promotes the densifica-
tion and microstructural development. Meanwhile, amorphous
phase is generally present in the grain boundary of the liquid-
phase sintered SiC after the sintering owing to the formation of
the liquid.®’ The residual intergranular amorphous phase sig-
nificantly affects the high-temperature mechanical properties of
the SiC ceramics.® In liquid-phase sintered SiC ceramics with
AIN and rare-earth oxides additives, remarkable improvements
of both high-temperature strength and oxidation resistance
have been reported.®~'?> Some researchers have revealed that
the advancements were due to the decrease in the residual
glassy phase at grain boundary by the formation of SiC-AIN
solid solution and to the increase in the heat resistance of the
grain boundary by the addition of AIN and rare-earth oxide
additives.'314

Spark plasma sintering (SPS) technique allows specimen
to heat rapidly because the pulsed direct current used in the
technique can pass through the die and punch rods made of
graphite.!> Consequently, the grain growth can be retarded by
a shorter time of sintering process. Moreover, low-sinterable
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materials can be densified easily at a moderate temperature due
to the inhibition of grain growth. The SPS technique is often
called by other name such as pulse electric current sintering
(PECS),'0-18 field-assisted sintering technique (FAST)' and
plasma-assisted sintering (PAS),?? because the generations of
spark discharge and/or plasma during SPS process have not been
verified. The low-sinterable materials such as Al,Os3, Si3zNy,
TiN, SiC, SiAION and composites have been produced as fully
dense materials by SPS technique.!®%’

In our previous study,?> on SPS of submicron-sized B-SiC
powder with AIN and Y,0O3 additives, the addition of AIN was
found to result in a retardation of grain growth during SPS and
an increase in mechanical strength for the SiC bodies. Also,
when nanosized 3-SiC powder containing about 4 mass% of
free carbon was sintered with AIN and Y,03 additives by SPS
at temperatures of 1800-2000 °C for 600 s, the full densification
was not achieved, in which the relative density was 90-95% and
the many residual pores were observed in the SiC bodies.?’ This
may be attributed to the decrease in the amount of a liquid phase
due to reduction of surface oxide of SiC particles by the free
carbon in the SiC starting powder.

In the present work, the free carbon in the nanosized 3-SiC
powder was removed, and dense and fine-grained SiC ceramics
were prepared using the resultant -SiC powder with AIN and
Y,03 additives by SPS through the liquid-phase sintering. The
effect of AIN additive on densification of the nanosized (3-SiC
powder and on crystalline phase, microstructure and mechanical
properties of the SiC ceramics was investigated.

2. Experimental procedure

Ultra-fine 3-SiC powder (Sumitomo Osaka Cement Co., Ltd.,
Tokyo, Japan, free carbon content: 3.8 mass%, oxygen content:
0.9 mass%) was heated at 700 °C for 2h in air to remove the
free carbon. The powder was treated with HF aqueous solution
for 4h at room temperature to eliminate the surface oxide of
the SiC particles formed during the heat treatment. The pow-
der was filtrated and washed with pure water, and then the
obtained powder was dried. The content of free carbon of the
resultant powder reduced to less than 0.1 mass% and oxygen
content was 1.3 mass%. SEM micrograph of the resulting 3-
SiC powder used as starting material in this study was shown
in Fig. 1. The average size of the particles was 40 nm (number
mean diameter via SEM image in Fig. 1). AIN (Dow Chemi-
cal Co., Midland, Michigan, USA, oxygen content: 2.0 mass%,
average particle size: 1.1 pm) and Y,0O3 (Shin-Etsu Chemical
Co., Ltd., Tokyo, Japan, 0.3 pm) powders were added to SiC as
sintering additive. The total amount of the additives was fixed
at 10 vol%, and the content of AIN additive was varied from 0
to 100 mol%. The additive composition was listed in Table 1.
As a reference, 2 mass% Al,O3 (Sumitomo chemical Co., Ltd.,
Tokyo, Japan, a-phase, average particle size: 0.5 pm) was also
used as sintering additive. These powders were mixed with a
small amount of ethanol. The mixed slurry was dried and then
passed through a sieve with a pore-opening size of 300 wm. The
mixtures were embedded in a graphite die, and then sintered
at a temperature of 1900 °C for a holding time of 600 s under

Fig. 1. SEM micrograph of B-SiC starting powder after removing free carbon.

a uniaxial pressure of 30 MPa at a heating rate of 1.7 °C/s by
SPS (SPS-515S, SPS SYNTEX INC., Kanagawa, Japan). The
mixtures of SIC—AIN-Y;03 and SiC-Al,O3 systems were sin-
tered in N, and Ar atmospheres, respectively. The temperature
on the surface of the die was measured with an optical pyrometer.
Linear shrinkage of the powder compacts during the SPS pro-
cess was continuously monitored by displacement of the punch
rod. The densities of the sintered samples were measured by
the Archimedes method. The crystalline phase was identified
using X-ray diffractometry (XRD; Miniflex, Rigaku Co., Tokyo,
Japan) with Cu Ka radiation. The samples were polished with
3 wm diamond slurry and then etched by plasma in CF4 and
O, gases. The surfaces of the polished samples were observed
by scanning electron microscopy (SEM; S-5200, JEOL Ltd.,
Tokyo, Japan). The average grain size (number mean diameter)
of the SiC bodies was determined from linear intercept length of
100 grains in the SEM pictures of the etched surfaces. Flexural
strength was measured by a three-point bending method (Auto-
graph AG-10TC, Shimadzu Co., Kyoto, Japan) on sample size
of 2mm x 2 mm x 15 mm at room temperature.

Fracture toughness (Kjc) at room temperature was evaluated
by a hardness tester (AVK-C2, Akashi Co.) at indentation load
(P) of 98 N. The fracture toughness was calculated by Eq. (1)
using the half length of the crack (c¢) formed around the corners

of indentations?8:

Kic = 0.073 x (P/c'?) (1)

Table 1
Average grain size of the SiC bodies sintered with different compositions of
AIN-Y,03 additives and with Al,03 additive at 1900 °C for 600 s by SPS.

Sample designation Additive composition (mol%) Average grain

AIN Y2 03 size (nm)
0AN 0 100 1450
10AN 10 90 1120
30AN 30 70 780
50AN 50 50 430
70AN 70 30 320
90AN 90 10 150
100AN 100 0 -
2A0 2mass% AlrO3 1030
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Fig. 2. Effect of sintering temperature on the displacement of the powder com-
pacts containing different compositions of AIN-Y,03 additives up to 1900 °C,
and the time dependence of isothermal displacement at 1900 °C up to 600s
during SPS process.

3. Results and discussion

Fig. 2 shows the displacement of the powder compacts
containing different amounts of AIN additive with elevating
temperature up to 1900 °C during SPS process. The isothermal
displacement at 1900 °C up to 600 s is also shown in Fig. 2. The
shrinkage of the compacts started at 1450-1500 °C. The compact
containing 90 mol% AIN additive had the highest shrinkage rate
at the initial stage of shrinkage. The shrinkage of the compacts
containing 0-90 mol% AIN additive ceased at 1780-1800 °C.
The compact containing 100 mol% AIN additive continued to
shrink during holding at 1900 °C. In our previous study, using
submicron-sized (3-SiC powder, the beginning temperature of
shrinkage for the compacts containing 10-90 mol% AIN was
about 1480 °C, indicating almost the same as that for the com-
pacts using nanosized (3-SiC powder. Furthermore, the shrinkage
of the compact containing 90 mol% AIN finished during hold-
ing time of 600 s at 1900 °C. This suggested that the finishing
temperature of the shrinkage for nanosized -SiC powder was
lower over 100 °C than that for submicron-sized (-SiC.

Fig. 3 presents the relative density of the SiC bodies pre-
pared with different compositions of AIN and Y;O3 additives
at 1900 °C for 600s. The density of the sample without AIN
additive was 96%. For the samples containing 10-90 mol%
AIN additive, the density increased with increasing AIN con-
tent, and that of the sample containing 90 mol% AIN additive
reached more than 99%. The density of specimens prepared from
submicron-sized B-SiC powder also increased with increasing
content of AIN additive.”> The density of the sample containing
100 mol% AIN additive decreased to 88%. These densities were
higher than those of the SiC specimens prepared from nanosized
B-SiC powder containing 4 mass% free carbon at sintering tem-
peratures of 18002000 °C for 600s by SPS.?” In the samples
sintered with 2 mass% Al,Oj3 additive, the high density of 99%
was achieved.
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Fig. 3. Effect of the amount of AIN additive on the relative density of the SiC
bodies sintered at 1900 °C for 600 s by SPS.

The densification was promoted by the addition of 90 mol%
AIN to SiC-Y;03 system, as evidenced by the higher rela-
tive density in Fig. 3. It is known that the eutectic temperature
of a Si0,-Y,0;3 system is 1660°C.2° When Al,O3 is added
to the SiO>—Y,03 system, the eutectic temperature decreases
to less than 1400°C, as is evident from the phase diagram
of a Si0—-Al,03-Y,03 system.30 In the present work, the
Si0,—Al,03-Y703 liquid phase derived from the surface oxides
of SiC and AIN particles may be formed, because the eutec-
tic temperature of the SiO,—Al,03-Y»03 system is lower than
sintering temperature. Therefore, the densification of the SiC
compacts containing AIN and Y,O3 additives might be due to
the liquid-phase sintering. In fact, the starting temperature of the
shrinkage, 14501500 °C, was almost the same as the eutectic
temperature. A large amount of the liquid phase might form with
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Fig. 4. XRD patterns of the SiC bodies sintered with different compositions of
AIN-Y,03 additives and with Al,O3 additive at 1900 °C for 600 s by SPS.
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Fig. 5. SEM micrographs of the etched surface of the SiC bodies sintered with different compositions of AIN-Y,03 additives and with Al,O3 additive at 1900 °C

for 600 s by SPS.

increasing AIN content, that is, an increase in Al,O3 amount
derived from the surface oxide of AIN, leading to acceleration
of the densification. It is known that the eutectic temperature
of AIN-Y,0;3 system is about 1830°C.313 As the finishing
temperature of the shrinkage around 1800 °C was lower than
the eutectic temperature (Fig. 2), the AIN-Y,0O3 liquid phase
would not contribute to the densification.

Fig. 4 shows the XRD patterns of the SiC bodies prepared
with different compositions of AIN and Y,O3 additives and with
2 mass% Al,Oj3 additive at 1900 °C for 600 s. When Y,0O3 only
was added to SiC, the XRD peak of Y,0O3 was detected after sin-
tering. The peak of Y,0O3 decreased by the addition of AIN, even
at a small amount of AIN additive. This tendency was identical

to the result in the sintering of submicron-sized B-SiC powder
with AIN and Y,0;3 additives by SPS.?> The crystalline phase
appearing in the samples was mainly 3C (B-SiC). The peaks of
2H and 4H (a-SiC) phases were detected in the sample without
AIN additive. When the amount of AIN additive increased from
10 to 90 mol%, the peak of 4H phase disappeared and the peak
intensity of 2H phase increased. In the specimen prepared using
Al,O3 additive, 4H phase was identified. Hence, the use of AIN
additive for sintering of 3C-SiC powder inhibits the phase trans-
formation from 3C- to 4H-SiC and enhances the transformation
to 2H-SiC. AIN is possible to form a solid solution with 2H-
SiC, because AIN has 2H structure and is soluble in 2H-SiC.33
In our previous study on SiC—AIN composite, the dissolution of
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Fig. 6. Effect of the amount of AIN additive on the flexural strength of the SiC
bodies sintered at 1900 °C for 600 s by SPS.

500

AIN to SiC promoted the phase transformation from 3C- to 2H-
SiC.3%33 Therefore, 2H phase in the SiC bodies sintered using
AIN additive suggested the existence of AIN and/or SiC-AIN
solid solution.

Fig. 5 shows the SEM micrographs of the etched surface of
the SiC bodies prepared with different compositions of AIN and
Y,03 additives and with 2 mass% Al O3 additive at 1900 °C for
600 s. Table 1 summaries the average grain size of the SiC bodies
determined from the SEM images. The grain size of the samples
sintered with 10-90 mol% AIN additive was smaller than that
of the sample sintered without AIN additive. When the amount
of AIN additive increased, the grain size decreased. This result
was similar to SiC ceramics fabricated using submicron-sized
B-SiC powder with AIN and Y,O3 additives.?> The grain size
for the fully dense sample prepared using 90 mol% AIN addi-
tive was 150 nm. In the specimen prepared with Al,O3 additive,
on the other hand, the grain grew to the size of about 1 pum,
and the grain size was larger than those of the samples prepared
with 30-90 mol% AIN additive. Therefore, the use of AIN addi-
tive inhibited the growth of nanosized SiC grains, although the
SiC grains grew from 40 nm in the starting powder to 150 nm
in the sintered body. Increase in the amount of AIN additive
would lead to an increase in the viscosity of a liquid formed
from SiC-AIN-Y,03 system at 1900 °C.3¢ Hence, the inhibi-
tion of the grain growth by increasing amount of AIN additive
might be due to the increase in the viscosity by the formation
of a nitrogen-containing liquid, although a large amount of the
liquid generally facilitates the grain growth through solution-
reprecipitation. Moreover, the inclusion of AIN in 2H-SiC grains
might lead to the suppression of mass transfer in SiC grains. In
contrast, when AIN remains as secondary phase without includ-
ing in 2H-SiC grains, the growth of SiC grains might be inhibited
by pinning effect.

Fig. 6 demonstrates the flexural strength of the SiC bodies
prepared with different compositions of AIN and Y,0O3 addi-
tives at 1900 °C for 600 s. The flexural strength increased with
an increase in AIN content. This might be due to the increase
in the density and the decrease in the grain size of the samples.
The sample containing 70 mol% AIN additive had the maximum
strength of 1000 MPa. The strength of the sample containing
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Fig. 7. Effect of the amount of AIN additive on the fracture toughness of the
SiC bodies sintered at 1900 °C for 600 s by SPS.

Fracture toughness / MPa-m'/2

90mol% AIN additive was lower than that of the sample con-
taining 70 mol% AIN additive, although the grain size decreased
with increasing AIN content as shown in Table 1. The strength
of the dense SiC body prepared with 2mass% Al,Os addi-
tive was 900 MPa. These results mean that the fracture strength
depends on not only the grain size of microstructure but also the
composition of grain boundary phase.

Fig. 7 shows the fracture toughness of the SiC bodies pre-
pared with different compositions of AIN and Y,0O3 additives at
1900 °C for 600 s. The fracture toughness of the SiC bodies was
2.4-2.6 MPam'/2, almost independent of AIN content. The low
toughness would be due to the equiaxed grain structure in the
SiC bodies (Fig. 5). The SiC body prepared with Al,O3 additive
had the fracture toughness of 2.7 MPam'?, indicating almost
the same as the toughness of SiC bodies prepared with AIN and
Y,03 additives.

4. Conclusions

Using nanosized 3-SiC starting powder with the particle size
of 40nm, SiC ceramics were prepared with 10 vol% of total
amount of sintering additive, consisting of different composi-
tions of AIN and Y03, at a temperature of 1900 °C for 600 s in
N, by SPS. Densification, phase transformation and microstruc-
ture of the SiC sintered bodies were studied. The shrinkage of
the powder compacts started at 1450-1500 °C and finished at
1780-1800 °C. With increasing amount of AIN additive, the rel-
ative density of the specimens increased and the size of the SiC
grains decreased. The phase transformation from 3C- to 4H-SiC
was inhibited and the transformation to 2H-SiC was accelerated
with an increase in the AIN additive. Dense SiC body prepared
at composition of 90 mol% AIN and 10 mol% Y,O3 additives
had the smallest grain size of 150 nm. The flexural strength of
the fine-grained SiC body was 900 MPa. On the other hand, the
strength of the SiC body containing 70 mol% AIN and 30 mol%
Y03 additives reached the maximum value of 1000 MPa. The
fracture toughness of the SiC bodies prepared with AIN and
Y, 03 additives was 2.4—2.6 MPam /2.
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