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Abstract

Pressureless liquid-phase sintering of B-SiC with AIN and Y,05 was investigated to improve its strength property at high temperatures. For
the sintered SiC with 1 wt% Y,03, the grain size decreased with an increase in the AIN addition up to 10 wt% and the aspect ratio of the grains
increased up to 5 wt% AIN. The densified SiC with 10 wt% AIN and 1 wt% Y,05 additions sintered at 2100 °C for 5 h had flexural strengths
of 870 MPa at RT and 755 MPa at 1400 °C. This strength behavior is explained in terms of the microstructure being composed of fine plate-
like grains interlocking with very few pores and with a high refractoriness of the grain boundary phase. The fracture toughness of the SiC

decreased with increasing AIN addition.
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1. Introduction

Liquid-phase-sintered silicon carbide (LPS-SiC) has
been extensively studied to obtain toughened structural
ceramics. Solid-state pressurelessly sintered SiC with
additions of boron and carbon has high strength, high
corrosion resistance and high hardness from room tempera-
ture (RT) to elevated temperatures [1,2]. However, its
fracture toughness is relatively low, being 2-3 MPa-m'’?,
which is approximately half that of sintered silicon nitride
due to its substantially transgranular fracture mode, which is
a disadvantage for practical applications.

For LPS-SiC various sintering additives have been repor-
ted such as AlL,O; [3-5], ALLO3;-Y,05 [6-8], yttrium—
aluminum garnet (YAG) [9] and AIN-Y,0; [10-13]. These
additives form a liquid during sintering with SiO,, which is
the oxidized surface layer of SiC particles, and the liquid
promotes densification and microstructure development
through grain rearrangement and solution-reprecipitation.
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Regarding LPS-SiC, the sintering is more controllable for
the purpose of obtaining a homogeneous microstructure with
fine grains compared with solid-state sintering, in which
exaggerated grain growth often occurs causing a strength
decrease. In most cases of pressureless LPS-SiC, the
obtained microstructure can consist of plate-like grains with
grain boundaries of the second phase resulting in a higher
fracture toughness due to crack deflection or crack bridging
in intergranular fracture mode. Several attempts to obtain
such a microstructure have been reported also for hot-
pressing including the use of 3-SiC starting powder and the
incorporation of a-SiC seeds [14,15], SiC platelet [16] or
SiC whisker [17], often accompanied by heat treatments
after sintering.

The authors have focused on the study of pressureless
LPS-SiC with the addition of Al,O3 [3,4,18,19]. We have
demonstrated that pressurelessly sintered B-SiC with Al,O3
has a microstructure with elongated plate-like SiC grains
resulting in a fracture toughness of 5-6 MPa-m'? [4]. With
increasing the sintering time at 1950 °C, the fracture
toughness of the SiC increased with increased the aspect
ratio of the grains. The Al,O3-added SiC has high strength at
RT and high oxidation resistance at high temperatures [18].
However, its flexural strength decreases at high tempera-
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tures, to 50-70% of the RT strength at 1400 °C, whereas the
boron-doped SiC does not decrease in strength even at high
temperatures. Therefore, we have investigated the possibi-
lity of increasing the strength of LPS-SiC at high
temperatures.

The possible strategies for increasing the high tempera-
ture strength are as follows. (1) Having no grain boundary
phase which softens at high temperatures, (2) having a
crystallized grain boundary phase with a high refractoriness
and (3) having a three-dimensionally well-interlocked
elongated grain structure with a very thin glassy grain
boundary phase. The possibility of (1) is thought to be
difficult when using a liquid, except in the case of solid-state
sintering. In the case of pressureless sintering of 3-SiC with
Al,O3, Al,03 decomposes with SiC during sintering and a
microstructure of sufficiently elongated plate-like grains
interlocking with each other is formed with an extremely
thin Al-rich layer of 0.5-1.0 nm thickness at the grain
boundaries [19]. This microstructure seems to be very
similar to that in (3). Nevertheless, even after optimizing the
sintering process followed by gas pressure soaking, the
flexural strengths of the SiC fabricated using a commercially
available SiC powder were 685 MPa at RT and 485 MPa at
1400 °C, which is 71% of the strength at RT [19]. We have
also concentrated on finding better sintering additives and a
process which produces a transient liquid for densification,
and on making a highly refractive grain boundary crystalline
phase in order to achieve (2). After investigating various
sintering aids and pressureless sintering conditions we have
found that SiC with additions of AIN and Y,Oj3 has a high
strength at elevated temperatures [20].

Regarding AIN addition to SiC, many studies on SiC—
AIN solid solution [10,21-24] have been presented and
several investigations on an AIN sintering additive for hot-
pressed SiC [25] with Er,O5 [26,27] and for pressureless-
sintered SiC with Y,0j3 [11-13] have been reported. Cutler
et al. [21] showed that an extensive solid solution exists
between SiC and AIN or aluminum oxycarbide Al,OC.
Studies on the phase relationship, microstructure and
properties of the SiC—AIN solid solution have been carried
out. No additive is needed for densification of the SIC—AIN
solid solution by hot pressing, whereas additives like Y,03
are required for its pressureless sintering. Pressureless-
sintered SiC-50%AIN composites with Y,03 showed no
strength decrease at temperatures below 1200 °C, but
showed a remarkable decrease from 1350 °C [10].

Table 1
Compositions of the samples for SiC with AIN and Y,0; additions

Keppeler et al. [11] investigated the high-temperature
mechanical behavior of LPS-SiC with AIN-Y,0; additions.
A green body of 1 wt% «a-SiC seeds and 99 wt% B-SiC
mixed with 10 vol% AIN-Y,0O5; (3:2 molar ratio) was
pressurelessly sintered at 1990 °C for 30 min, followed by
gas pressure sintering. The flexural strength of the SiC with a
platelet-shaped microstructure was constant between RT and
1000 °C, at 524 MPa, but above 1000 °C, the strength
continuously decreased to reach 377 MPa at 1400 °C. The
microstructural evolution of SiC with AIN-Y,O; additions
of 10 vol%, in which the molar ratio of AIN to Y,05 was
from 4:1 to 1:4, was reported by Schneider et al. [13]. They
fabricated a fully dense SiC by pressureless sintering
without a powder bed. The increased Y,05 content increased
the creep resistance due to the higher viscosity of the liquid.

Nakamura and Maeda [25] demonstrated hot-pressed SiC
with AIN having the high flexural strength of >1000 MPa
from RT to 1600 °C. Kim et al. [26] showed that hot-pressed
B-SiC containing 1 wt% o-SiC with AIN and Er,Oj3 has the
flexural strength of 550 MPa at 1600 °C, which is 93% of its
strength at RT. This high strength at high temperatures was
explained by the presence of the grain boundary film with a
high refractoriness.

Although many studies on pressureless LPS-SiC have
been carried out, the high-temperature flexural strength of
SiC above 650 MPa at 1400 °C has not been reported as far
as we know. In this study, the pressureless sintering of 3-SiC
alone with AIN and Y,Oj3 additions was investigated in order
to obtain LPS-SiC with high flexural strength at high
temperatures. The microstructure depending on the AIN and
Y,05; additive amounts, and the relations between the
microstructures and the mechanical properties are reported.

2. Experimental procedure

The starting materials for this study were 3-SiC (Ibiden
Corp., Gifu, Japan, Betarundum-Ultrafine), AIN (H.C.
Starck, Berlin, Germany) and Y,Oj3 (Shin-Etsu Chemical
Co., Tokyo, Japan, 99.5% pure). The investigated composi-
tions are listed in Table 1. The mixtures of SiC, AIN and
Y,0; powders were ball-milled for 24 h in a plastic jar with
SiC balls and ethanol. The dried powders were uniaxially
pressed in a steel die under 20 MPa into 15 mm x 20 mm X
40 mm or 15 mm x 40 mm x 70 mm rectangular samples.

Powder wt%

Sample denotation

A5 AlI0 AIS A20 AlYl A2Y1 AS5Y1 Al0Y1

A15Y1 A20Y1 ASY5 AI10YS AI5Y5 A20Y5 AS5YI0 AI0Y10

SiC 95 90 85 80 98 97 94 89
AIN 5 10 15 20 1 2 5 10
Y,03 0 0 0 0 1 1 1 1

79 90 85 80 75 85 80
20 5 10 15 20 5 10
1 5 5 5 5 10 10
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Subsequently the samples were isostatically pressed under
200 MPa.

The sintering was performed using a graphite resistance
furnace. The green compacts were embedded in a powder bed
in a graphite container with a lid. The powder bed used was a
mixture of 80 wt% graphite grit (Toyo Carbon Co., Japan,
particle size: <3 mm, purity: 98-99%,) and 20 wt% Al,O;
powder (Sumitomo Aluminum Co., Japan, A-21). The
sintering conditions were (a) 2100 °C, 4h, Ar and (b)
2100 °C, 5 h, N,. For (a) the samples of 15 mm x 20 mm x
40 mm size were used, whereas for (b), those of 15 mm x
40 mm x 70 mm size were used. The heating rate was
400 °C/h; the samples were heated in vacuum up to 1000 °C
and in an atmosphere of Ar or N, above 1000 °C.

The bulk densities of the sintered bodies were measured
by the Archimedes method. Theoretical densities were
determined by the rule of mixtures, using the starting
compositions to calculate the relative densities. The sintered
samples were cut to 3 mm X 3 mm X 30 mm eliminating
the as-sintered surface and the cut surfaces were mirror
polished to enable the characterization and measurements of
mechanical properties.

Characterization was performed for selected sintered
samples (A1Y1, A2Y1, AS5Y1 and A10Y1). The micro-
structures were observed using a scanning electron
microscope (SEM) for the polished and chemically etched
surfaces. The SEM images were analyzed using an image
processing software, NIH Image, which is in the public
domain. The mean grain size and the mean aspect ratio of
grains were calculated from 150 to 200 grains in each case.
The mean pore size and the pore density were also
determined for pores of above 0.5 wm diameter on the
polished surfaces.

X-ray diffraction using Cu Ka radiation was conducted
on the polished surfaces of the specimens. The contents of
Al and Y in the sintered bodies were analyzed for the ground
samples using an Inductively Coupled Plasma (ICP)
spectrometer and the contents of O and C were determined
by a selective hot-gas extraction method. The solute contents
of Al and Y in the ground samples in a HF-HNO; solution
were also analyzed using ICP to evaluate the grain boundary
phase.

A three-point flexural strength measurement was carried
out using the test bars (3 mm x 3 mm x 30 mm) at a
crosshead speed of 0.5 mm/min with a span of 20 mm. Three
or four bars of each sintered sample were tested at RT
and 1400 °C. The fracture toughness measurement was

Table 2
Relative densities of SiC with AIN and Y,O5 additions

performed at RT by an indentation fracture method [28].
The fracture toughness Kjc is given by

EN'2/ P
e =onns(£) (2

where E is Young’s modulus, H is Vicker’s hardness, P is
indent load, and C is half of the indentation crack length. In
this study, E =423 GPa, which was obtained in our other
study, and P =196 N were used.

3. Results and discussion

Table 2 shows the relative densities of the sintered
samples. The samples had above 94% density except AS. An
addition of Y,0j5 of at least 1 wt% with AIN was effective in
increasing the density. The highest density of 98.2% was
obtained for A10Y 1 sample sintered in Ar, but the density of
its cut specimen without the as-sintered surface was 99.8%.
The larger the additive amount, the higher its real relative
density must be, because of the decomposition of the
additive constituents during sintering as described below.
The densities of the samples sintered in N, were lower than
those sintered in Ar. This can be explained by the fact that
the liquid viscosity would be higher in N, [29] and the
samples sintered in N, were larger than those sintered in Ar.

The typical microstructures of A1Y1, A2Y1, ASY1 and
A10Y1 sintered in Ar are shown in Fig. 1. The mean grain
size and the aspect ratio of the grains are shown as a function
of AIN addition in Fig. 2. Upon increasing the AIN addition
from 1 to 10 wt% the mean grain size decreased. The grain
shape changed from substantially globular to elongated
plate-like, and the mean aspect ratio increased from 1.6 to
3.5 with increased AIN addition in the range from 1 to
5 wt%. Fig. 3 shows the pore size and the pore density in the
samples as a function of AIN addition. The mean pore size
decreased with increasing AIN addition, whereas the pore
density had a maximum at 2 wt% AIN and decreased above
that amount. A10Y1 had the fewest and the smallest pores.
Its calculated porosity from the mean pore size and the pore
density was 0.05 vol%. These microstructures can be
attributed to a larger amount of the liquid which promotes
densification through grain rearrangement and grain growth
through solution-reprecipitation with increased AIN addi-
tion. Jun et al. [30] has reported that a nitrogen-containing
liquid inhibits phase transformation and grain growth, from
an investigation involving the addition of AIN to SiC with

Sintering condition (%)

A5 Al10 AIS A20 AlYl A2Y1 AS5Y1l Al10Y1

A15Y1 A20Y1 ASY5 AIOY5 A15Y5 A20Y5 AS5Y10 A10Y10

(a) 962 974 974 982
(b) 912 952 96.0 95.7 949 970

96.6 95.3 94.8  96.8 97.4 95.1 93.9 94.1

(a) 2100 °C, 4 h, Ar; (b) 2100 °C, 5 h, N,.
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Fig. 1. Typical microstructures of SiC with AIN and Y,O; additions sintered at 2100 °C for 4 h in Ar.

Al,0O3 and Y,0;3. The decreasing tendency of the grain size
with increased AIN in this study is consistent with their
findings.

All X-ray diffraction patterns of A1Y1, A2Y1, ASY1 and
A10Y1 sintered in Ar appeared to correspond with SiC(4H)
without any other distinct peaks, indicating that 3-SiC(3C)
transformed to SiC(4H) through solution-reprecipitation.
The value of 20 for (1 10) Cu Ka showed a decrease of
0.22° with increasing the amount of AIN addition from 1 to
10 wt%. The SiC—AIN solid solution (2H) has been reported

2.5
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-
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0.5 —O— Mean grain size
—O— Mean aspect ratio
0 1 1 1 1 1 l

0 2 4 6 8 10 12
AIN addition (wt%)
Fig. 2. Mean grain size and mean aspect ratio of SiC with AIN and Y,0;

additions (A1Y1, A2Y1, A5Y1 and A10Y1) sintered at 2100 °C for 4 h in
Ar, as a function of AIN addition.

to have a continuous decrease in the value of 26 for the
(110) plane from 60.0° of SiC to 59.4° of AIN [22].
Therefore, the decrease in the value of 20 for (1 1 0) in this
study would suggest the formation of a SiC-AIN solid
solution. It seems reasonable from the observation of the
peak intensities that SiC(4H) decreases and SiC—AIN solid
solution increases with the increase in AIN addition.

The total contents of Al, Y, O, N and the solute contents
of Al and Y to the HF-HNOj5 solution in the sintered
samples are shown in Table 3. The Al content did not change

2 1600
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15 b {12002
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Fig. 3. Pore size and pore density of SiC with AIN and Y,O; additions

(A1Y1, A2Y1, ASY1 and A10Y1) sintered at 2100 °C for 4 h in Ar, as a
function of AIN addition.
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Table 3

Elemental analysis of SiC with AIN and Y,0;

Element (Wt%)

AlY1 A2Y1 A5Y1 A10Y1

Al total 0.96 1.33 3.22 6.29
solute 1.00 0.43 1.09 2.27

Y total 0.08 0.13 0.44 0.50
solute 0.11 0.10 0.36 0.51

(6] total 0.13 0.23 0.78 1.27

N total 0.19 0.28 0.40 1.10

Sintering conditions: 2100 °C, 4 h, Ar. Total: total content in the sintered
specimen. Solute: solute content to HF-HNO; solution in the sintered
specimen.

in A2Y1, AS5Y1 or A10Y1 during sintering, whereas it
increased in A1Y1, which could be due to a transfer of
constituent Al from the powder bed. In A1Y1 and A2Y1 the
contents of Y and O decreased significantly, indicating the
decomposition of Y,0s5. A decrease in N content with AIN
addition was observed, suggesting the decomposition of AIN
and the vaporization of the N content.

It was found that SiC and Al,O5 do not dissolve in the
HF-HNOj solution. Taking into consideration the fact that
the fracture mode is predominantly intergranular under
grinding as described below, the solute constituents of the
ground samples to the HF-HNO; solution would be mainly
those of the grain boundary phase. Approximately 100% of
the Al content for A1Y1 and 30% of that for A2Y1, A5Y1
and A10Y1 dissolved in the HF-HNOj; solution, whereas the
total Y content dissolved for all four samples. Therefore, it is
assumed that the grain boundary phase would contain 30—
100% of the Al content and 100% of the Y content of the
sintered specimens. Schneider et al. [13] reported that the
sintered SiC with AIN and Y,0; has grain boundary phases
of Y pAl,Si30,g§N4 and Y,0;5. The samples in this study
could have a similar grain boundary phase of Y-Si-Al-O-N.
The insoluble Al may be a constituent of Al-SiC(4H) and
AIN-SiC solid solutions for A2Y1, AS5Y1 and A10Y1.
SiC(4H) is known to have a solid solubility of Al up to
1 wt% [31]. For A1Y1, SiC is thought not to have a solid
solution with Al or AIN, and therefore, the total amounts of
Al Y, O and N might exist in the grain boundary phase.

The flexural strengths at RT and 1400 °C of the sintered
SiC are shown as a function of AIN addition in Figs. 4 and 5,
respectively. Regarding the SiC sintered at 2100 °C for 4 h
in Ar, the strength at RT increased with increased AIN
addition up to 5 wt% and the strength at 1400 °C also
increased markedly, up to 10 wt%. The latter exceeded
650MPa at AIN addition of 10 wt%. Regarding the SiC
sintered at 2100 °C for 5 h in N, the strengths at both RT and
1400 °C had maximum values at AIN addition of 10 wt%.
The SiC without Y,0O5 indicated a lower strength at RT in the
AlN range from 5 to 15 wt%. The highest flexural strength at
1400 °C in this study was 755 MPa, which is 86.1% of the
strength at RT, for the SiC sintered in N, with 10 wt% AIN
and 1 wt% Y,Os.

1000

800

600

400

Flexural strength (MPa)

200

0 L L L L
0 5 10 15 20 25

AIN addition (wt%)

—8— AIYI, A2Y1, ASY1, AIOYI (a)
—X— A5, A10, A5, A20 (b)

—O— ASY1, AIOY1, AISY1, A20Y1 (b)
—A— ASYS, AIOYS, AISYS, A20Y5 (b)
—0— A5Y10, A10Y10 (b)

Fig. 4. Flexural strength at RT for SiC with AIN and Y,0; additions, as a
function of AIN addition. Sintering conditions: (a) 2100 °C, 4 h, Ar; (b)
2100 °C, 5 h, N,.

The typical fracture surfaces of the specimens used for
the RT flexural strength measurement are shown in Fig. 6 for
AlY1l, A2Y1l, AS5Y1 and A10Y1l. They indicate a
substantially intergranular fracture mode. It appears that
the proportion of transgranular fracture mode increased with
increased AIN addition.

The high RT flexural strengths of SiC with 5 and 10 wt%
AIN would be due to the small number and size of flaws and
the interlocking microstructures having plate-like grains

1000

800

400

Flexural strength (MPa)
[=a)
g

200 F

0 1 1 1 1
0 5 10 15 20 25

AIN addition (wt%)

—@— AIY1, A2Y1, ASY1, ALOYT (a)
—X— A5, A10, A15, A20 (b)
—0O—ASY1, A10Y1, A15Y1, A20Y1 (b)
—A— ASYS, A10YS, A15YS, A20Y5 (b)
—{—ASY10, A10Y10 (b)

Fig. 5. Flexural strength at 1400 °C for SiC with AIN and Y,0j3 additions,
as a function of AIN addition. Sintering conditions: (a) 2100 °C, 4 h, Ar; (b)
2100 °C, 5 h, N,.
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Fig. 6. Typical fracture surfaces of SiC with AIN and Y,Oj; additions sintered at 2100 °C for 4 h in Ar.

with relatively high aspect ratios. Above 650 MPa, the high
flexural strengths at 1400 °C of the SiC with 10 wt% AIN
could be attributed to the improved grain boundary phase
with heat-resistant crystallized Y-Si-Al-O-N. Further inves-
tigation is required to identify the grain boundary phase and
clarify its formation process in detail.

Fig. 7 shows the fracture toughness Kjc of the SiC
sintered at 2100 °C for 4 h in Ar, as a function of AIN
addition. Kjc decreased from 6.7 to 3.7 MPa-m'? with

oL

1/2
)

Fracture toughness Kic (MPa-m

0 L 1 1 1 1
0 2 4 6 8 10 12

AIN addition (wt%)

Fig. 7. Fracture toughness of SiC with AIN and Y,Oj; additions (A1Y1,
A2Y1,A5Y1 and A10Y1) sintered at 2100 °C for 4 h in Ar, as a function of
AIN addition (n =5).

increased AIN addition. This tendency is considered to be
due to the decrease in the grain size and the increase in
trangranular fracture mode, which results in a decrease of
the crack tortuosity by crack deflection or bridging. In the
SiC sintered in Ar, a trade off tendency is shown between the
strength at 1400 °C and the fracture toughness at RT.
However, the Kic value of 3.7 MPa-m'?of A10Y1 sintered
in Ar could be even higher than 1.5 times that of boron-
doped SiC. The fracture toughness of A10Y1 sintered in N,
was 6.1 MPa-m"/ 2, higher than that of A10Y1 sintered in Ar.
When using a N, atmosphere, the liquid has a higher
viscosity and the weight loss during sintering decreases
[29,32]. Therefore, the higher fracture toughness might be
due to a thicker grain boundary film which results in an
increase in intergranular fracture mode.

4. Conclusion

Pressureless LPS-SiC with AIN and Y,0O; was investi-
gated, with the aim of obtaining a high strength property at
elevated temperatures. As a result, SiC with flexural
strengths of 870 MPa at RT and 755 MPa at 1400 °C was
obtained in the case of using (3-SiC with 10 wt% AIN and
1 wt% Y,0j3 additions sintered at 2100 °C. Upon increasing
the AIN addition from 1 to 10 wt% with the addition of Y,O3
being constant at 1 wt%, the grain morphology of the SiC
changed from globular to plate-like, with a decreased grain



K. Suzuki, M. Sasaki/Ceramics International 31 (2005) 749-755 755

size and increased aspect ratio. At the same time, the
composition changes proceeded accompanied by decreases
in N and Y,03 contents and the formation of SiC—AIN solid
solution, which would result in a decrease in the grain
boundary phase and an increase in its refractoriness. The
increase in the high temperature strength is considered to be
due to the improvement of the grain boundary phase. The
fracture toughness decreased with increased AIN addition.

However, the relatively high Kjc value of 6.1 MPa-m'? was

obtained for the SiC sintered in N,. The pressureless-
sintered SiC with AIN and Y,Oj; additions is expected to
have a high potential for various structural applications at
high temperatures.
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