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ABSTRACT

The effect of the processing parameters on the sintered density and strength of silica-bonded SiC (SBSC) ceramics was investi-
gated for three types of batches with different particle sizes. The SBSC ceramics were fabricated by an oxidation-bonding pro-
cess. The process involves the sintering of powder compacts in air so that the SiC particles bond to each other by oxidation-
derived Si0O, glass or cristobalite. A finding of this study was that a higher flexural strength was obtained when the starting
powder was smaller. When a ~0.3-pm SiC powder was used as a starting powder, a high strength of 257+42 MPa was achieved

at a relative density of ~80%.
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1. Introduction

he combination of the excellent properties of silicon car-
bide, such as its high hardness, high hot strength, high
thermal conductivity, good chemical resistance, and excel-
lent thermal shock resistance, makes ceramics viable for
various applications in nozzles, mechanical seals, refracto-
ries, bearings, or high-temperature filters."® However, high
costs due to the high sintering temperature (>2000°C for
solid state sintering and >1900°C for liquid-phase sintering)
and expensive diamond machining have restricted further
uses for ceramics. One approach for producing SiC ceramics
at lower temperatures (~1500°C) is the reaction-bonding
technique. Reaction-bonded SiC (RBSC) provides an eco-
nomical advantage due to the lower sintering temperature
involved and near absence of dimensional change during
fabrication.?*™®
Recently, an oxidation bonding process was developed for
fabricating porous silicon carbide ceramics.>'” The strategy
adopted for making porous SiC ceramics entails the follow-
ing: fabricating a formed body through a combination of SiC
and a pore former, e.g., polymer microbeads or graphite pow-
ders followed by sintering the formed body in air. SiC parti-
cles are bonded to each other by oxidation-derived SiO,-
glass. The oxidation-bonding technique is also applicable for
fabricating Si0,-bonded SiC ceramics (SBSC). In this paper,
the effect of the processing parameters on the sintered den-
sity and strength of SBSC is investigated for three types of
batches with different particle sizes. In addition, a process-
ing window for fabricating high-strength SBSC is suggested.
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2. Experimental Procedure

Three types of SiC powders were used as raw materials.
The characteristics of the SiC starting powders and batch
compositions are listed in Tables 1 and 2, respectively. All
individual batches were mixed in ethanol for 6 h using SiC
balls and a polyethylene jar after 2 wt% poly (ethylene gly-
col) was added as a binder. The mixed slurry was dried and
uniaxially pressed into rectangular hexahedrons at 20 MPa.
The green compacts were heat-treated at temperatures
ranging from 1300°C to1550°C for 1 h with a heating rate of
2°C/min in air. To investigate the effect of the sintering
time, some specimens were sintered at 1350°C for 1-8 h.

The bulk density (D,) of SBSC was computed from the
weight-to-volume ratio. The theoretical density (D) of
SBSC was estimated by the rule of mixtures:

Dy, =(1-Vgi05) Dot Vios Dsion @

where Dg,, and Dg,, are the theoretical densities of SiC
(3.2 glem®) and SiO, (2.3 g/lem®), respectively, and Vg, is the
volume fraction of SiO, in the specimen. Simply, V,,, was
calculated from the weight change of the specimen during
the heat-treatment in air.'”

The microstructures were observed by Scanning Electron
Microscopy (SEM). Using CuKa radiation, X-Ray Diffracto-
metry (XRD) was performed on ground powders. For the
flexural strength measurements, bar-shaped samples were
machined to a size of 3x4x35 mm. Bend tests were per-
formed at room temperature using a four-point method with
an inner and outer span of 10 and 20 mm, respectively. A
total of 81 specimens were measured using a crosshead
speed of 0.5 mm/min.
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Fig. 1. Typical fracture surfaces of silica-bonded SiC ceramics (SBSC1) sintered at various temperatures for 1 h in air; (a) 1300°C,

(b) 1350°C, (c) 1400°C, and (d) 1550°C.

Table 1. SiC Powder Characteristics and Designation

Characteristic Type of powder

Designation SiC 1 (Ultrafine) SiC 2 (FCP15C) SiC 3 #220)
Average particle size (um) 0.32 0.50 65.0
Specific surface area (m®*/g) 20.0 15 -
Crystalline phase B o o
Impurity (wt%)

Oxygen 0.22 0.40 0.29

Free carbon 0.87 0.20 0.04

Manufacturer Ibiden Co., Ltd., Ogaki, Japan

Norton As, Eydehavn, Norway

Showa Denko, Tokyo, Japan

3. Results and Discussion

Typical fracture surfaces of several selected SBSC1
ceramics are shown in Fig. 1. As shown, moderately dense
microstructures were achieved. A submicron grain size was
maintained up to 1350°C, while a small amount of grain
growth was observed at higher temperatures. The observed
pore sizes were mostly less than 1 micrometer in all speci-
mens, and the pores were distributed homogeneously.

Table 2. Batch Composition of Silica-Bonded SiC Ceramics

(Wt%)

Sample designation SiC 1 Sic 2 SiC 3
SBSC1 100 - -
SBSC2 - 100 -
SBSC3 - 30 70

Relative density (%)
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Fig. 2. Relative density of silica-bonded SiC ceramics as a
function of sintering temperature. All samples were
sintered for 1 h in air (refer to Table 2).
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Fig. 2 shows variations in relative density as a function
of sintering temperature. As shown, the relative density
increased as the sintering temperature increased from
1300°C to 1400°C for all specimens. However, a further
increase in temperature to above 1400°C decreased the rela-
tive density. The heating of the SiC powder compacts to tem-
peratures ranging from 1300°C to 1550°C followed by
isothermal holding within that range of temperatures in air
allowed for the oxidation of the SiC powders. This formed
oxidation-derived silica as a bonding phase between SiC par-
ticles, and resulted in SBSC.>? It is expected that the
amount of oxidation-derived silica increases as the sintering
time increases. In SBSC3, the change in sintering tempera-
ture does not noticeably affect the sintered density due to the
large SiC grit (~65 pum) in the starting powder. The oxidation
rate of the large SiC grit should be especially slow, compared
to those of the submicron SiC powders. The oxidation-
derived SiO, contents in SBSC1 and SBSC3, which were sin-
tered at 1350°C for 1 h, were 25.6% and 12.5%, respectively.

Phase analysis by XRD (Fig. 3) showed the presence of
only B-SiC as a crystalline phase up to 1450°C, indicating
the formation of amorphous SiO, as an oxidation product of
SiC. However, sintering at 1500°C led to the crystallization
of the amorphous Si0, into crystobalite.

Deumsification of SBSC may start between 800-1000°C, and
probably follows a similar mechanism as that which was
proposed for the sintering of amorphous SiO, by a viscous
sintering process.'” The decrease in the density above
1400°C was due to the reaction between SiC and SiO, that
involves volatilization of Si0 and CO gases, as in the follow-

ing reaction:'?

28iC+8i0,—3Si0, +CO,,

Essentially, specimens sintered at 1550°C showed many
bubbles on the surface caused by the entrapment of the reac-
tion product gases. Thus, the strength of the specimens sin-
tered at 1550°C could not be measured. Fig. 1(d) showed a
denser microstructure compared to others, as the above reac-
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Fig. 3. XRD patterns of SBSC1 samples sintered at various
temperatures for 1 h in air (C and S denote cristo-
balite and B-SiC, respectively).
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tion took place preferentially on the surface of the specimen.

Typical fracture surfaces of SBSC2 and SBSC3 sintered at
1350°C for 1 h are shown in Fig. 4. The grain sizes of the
specimens were larger compared to the grain size of SBSC1,
which was sintered at the same temperature (see Fig. 1(b)),
indicating minimal grain growth at 1350°C. Large SiC
grits that bonded with oxidation-derived SiO, are shown
in Fig. 4(b). Thus, the comparably large starting powder led
to a larger grain size in this process.

The effect of the sintering time on the sintered density at
1350°C is shown in Fig. 5. The densities of SBSC1 and

Fig. 4. Typical fracture surfaces of silica-bonded SiC ceram-
ics sintered at 1350°C for 1 h in air; (a) SBSC2 and (b)

SBSC3.
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Fig. 5. Relative density of silica-bonded SiC ceramics as a
function of sintering time at 1350°C in air (refer to
Table 2).
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Fig. 6. Typical fracture surfaces of silica-bonded SiC ceram-
ics sintered at 1350°C for 8 h in air; (a) SBSCI, (b)
SBSC2, and (¢c) SBSCa3.

SBSC2 increased slightly after sintering for 2 h while that
of SBSC3 decreased slightly after sintering for 2 h. Further
elongation of the sintering time led to no density change in
either SBSC1 or SBSC3. Typical fracture surfaces of speci-
mens sintered for 8 h are shown in Fig. 6. Compared to the
specimen sintered for 1 h, a near absence of grain growth
was observed in these specimens, indicating that the viscos-
ity of the oxidation-derived silica was fairly high at 1350°C.
However, an XRD analysis on the 8-h sintered specimens
showed the presence of crystobalite (see Fig. 7), indicating
that the oxidation of SiC and the crystallization of oxida-
tion-derived silica proceed simultaneous at 1350°C. The
absence of the cristobalite peaks in SBSC1 after 1-h sinter-
ing at 1350°C (see Fig. 3) was due to the short-oxidation
time. Thus, the cristobalite phase was crystallized at
1500°C after 1 h of sintering and at 1350°C after 8 h of sin-
tering. Accordingly, the bonding phase between SiC grains
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Fig. 7. XRD patterns of silica-bonded SiC ceramics sintered
at 1350°C for 8 h in air (C, A, and S denote cristo-
balite, a-SiC, and B-SiC, respectively).
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Fig. 8. Flexural strength of silica-bonded SiC ceramics as a

function of sintering temperature. All samples were
sintered for 1 h in air (refer to Table 2).

in SBSC appears to be identical for specimens sintered at a
low temperature for longer periods and for specimens sin-
tered at a high temperature for shorter periods. The a-SiC
peaks observed in SBSC2 and SBSC3 (Fig. 7) are originated
from the starting powders (see Table 1).

Fig. 8 illustrates the flexural strength as a function of sin-
tering time for the samples sintered for 1 h. The flexural
strength was strongly affected by the starting particle size.
The smaller the starting powder, the higher the flexural
strength obtained. The flexural strength was the highest at
1350°C for both SBSC1 and SBSC2; whereas for SBSC3,
nearly no change in the strength was observed. It is inter-
esting that the sintered density showed a maxima at a sin-
tering temperature of 1400°C (see Fig. 2), while the flexural
strength showed a maxima at a sintering temperature of
1350°C. The relative densities of the SBSC1 specimens sin-
tered at 1350°C and 1400°C for 1 h were 79.0% and 84.9%,
respectively. In contrast, the strengths of the SBSC1 speci-
mens sintered at 1350°C and 1400°C for 1 h were 257142
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MPa and 177+64 MPa, respectively. The relative densities
of the SBSC2 specimens sintered at 1350°C and 1400°C for
1h were 79.4% and 86.7%, respectively. In contrast, the
strengths of the SBSC2 specimens sintered at 1350°C and
1400°C for 1 h were 200+48 MPa and 151+43 MPa, respec-
tively. The highest density (~86%) was obtained at 1400°C,
but the best strength (257+42 MPa) was obtained at 1350°C.
Generally, the flexural strength of porous ceramics decreases
as the porosity increases.'®'® A 5% increase in the sintered
density leads to a significant increase in strength; however,
a contradictory tendency was observed in SBSC1 and
SBSC2. This discrepancy is attributed to the contribution of
residual stresses while determining the strength. This indi-
cates that the residual stresses that develop by the thermal
expansion mismatch between the SiC and oxidation product
(silica or cristbalite depending on sintering conditions)
should be involved in the measured strength of specimens.
The crystallization of oxidation-derived silica into cristo-
balite leads to a degradation of strength (see Figs. 8 and 9).
It is evident that sintering at 1350°C for 1h leads to the
optimum residual stresses for the strengthening of SBSC.
Additionally, the higher strength of SBSC1 and SBSC2 rel-
ative t6 SBSC3 may be correlated with both the weak bond-
ing between SiC grits and the presence of large pores in
SBSC3. A comparison of the fracture surfaces of SBSC1
(Fig. 1(b)) with SBSC2 (Fig. 4(a)) shows that SBSC1 has a
notably smaller grain size and a smaller pore size. This may
lead to a relatively higher strength for SBSC1 in compari-
son with SBSC2, as the mechanical strength of porous
ceramics generally decreases as the pore size increases.'>!®
Thus, a smaller starting powder leads to a higher strength
in this process.

The effect of the sintering time on the flexural strength is .

shown in Fig. 9. As shown, both SBSC1 and SBSC2 show
some degradation in strength when the sintering time is
longer than 1 h. This result also supports the above sugges-
tion. The strength variation of SBSC3 with sintering tem-
perature and sintering time was especially small due to the
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Fig. 9. Flexural strength of silica-bonded SiC ceramics as a
function of sintering time at 1350°C in air (refer to
Table 2).
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presence of large SiC grit (~65 um) particles in the starting
compacts. Compared to the submicron SiC powders, the oxi-
dation rate of large SiC grit is relatively slow, leading to
weaker bonding between each grain.

4. Conclusions

High strength silica-bonded SiC ceramics were fabricated
at a temperature as low as 1350°C. It was shown that the
strength of silica-bonded SiC ceramics is strongly depen-
dent on the initial particle size. At a given processing condi-
tion, smaller particles resulted in a higher strength. For
submicron powders, a combination of sintering temperature
of 1350°C and a sintering time of 1 h resulted in the best
strength. For the samples prepared from ~0.3-pm particles,
a high strength of 257+42 MPa was achieved at a relative
density of ~80%.
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