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Submicrometer-sized «-SiC powder was mixed in an aqueous solution at pH 5.0 with the following Al,O;
(1-2 vol% against SiC)-Y,0;3 (0.94-1.6 vol%) sintering additives: sample A-Al,O; powder plus Y,0; powder,
sample B-ALO; powder plus Y,0; powder and polyacrylic acid dispersant, sample C-Al,O; powder plus Y3 ion
adsorbed and sample D-Y3* ion adsorbed. The prepared suspensions were consolidated by filtration through a
gypsum mold. Green compacts were densified to a 96.2-99.3% relative density at 1800-1950°C under a pressure
of 39 MPa for 2 h in an Ar or reduced atmosphere. The sinterability of SiC became higher in the following order:
sample D < sample C <sample A ~sample B. The sinterability of samples A and B was comparable to that of SiC
hot-pressed with Al,O;. Dense SiC with Y,0;3 or Al,O; plus Y,0;3 showed the following excellent mechanical
properties: average four-point flexural strengths of 565-719 MPa, fracture toughness of 5.0-6.2 MPa-m'/?,
Weibull modulus of 5.4-11.4 and Vickers hardness of 19-22 GPa. Suppression of grain growth in SiC enhanced

TILIFEAy P)TERMLIEKAET A ROKRT Oy 220, MERERUNDZEE

the mechanical properties.
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1. Introduction

Silicon carbide (SiC) is widely useful as a high temperature
structural material because of its excellent high temperature
strength, good oxidation resistance, high thermal shock
resistance, and high hardness. However, it has been impossi-
ble to densify a submicrometer-sized SiC powder without sin-
tering additives because of its strong covalent bonding charac-
ter. Alliegro et al." were the first researchers who recognized
in 1956 that a silicon carbide powder with an additive could be
densified under a pressure. Their extensive study on the sinter-
ing additives in the hot-pressing of SiC suggested that alumi-
num (either in elemental form or as an oxide) is a highly effec-
tive additive to densify SiC above 98% of theoretical. Lange?
obtained in 1975 dense SiC ceramics by hot-pressing with
Al,O; as a sintering additive at 1950°C. The added Al,O; react-
ed with the SiO, present at the SiC surfaces, and formed an eu-
tectic melt below the melting point of Al,O;. The densification
of SiC was achieved by the liquid phase sintering. Recently the
chemical methods for the addition of sintering additives such
as ALLO; plus Y,0; to SiC powder have been studied to control
the liquid phase sintering and the resultant microstructures of
SiC ceramics.”® Liden et al.¥ mixed 0.45 um-SiC powder
with 2 mass% AlLO; (50 nm) powder-1 mass% Y,O; (10 nm)
powder in aqueous solutions and sintered the dried green com-
pact of 51% of theoretical density to 99.7% relative density at
1880°C for 4 h in an Ar atmosphere. Sciti and Bellosi® studied
the densification of SiC powder of a specific surface area of
11.6 m?/g by the hot-pressing under a pressure of 30 MPa at
1880°C in vacuum. The SiC powder, 2.2-4.8 vol% Al,O; pow-
der and 1.6-2.6 vol% Y,O; powder were mixed in ethylalco-
hol. The prepared suspension was dispersed by pulsed ultra-
sonic vibration and dried at 80°C using a rotary evaporator.
The dried and sieved powder started the densification at
1470-1520°C and was sintered to a density higher than 989 at
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1880°C.

The densification of Al,Oz plus Y,0;3-doped SiC ceramics
proceeds by the liquid phase sintering with a dissolution-
precipitation mechanism of SiC in the eutectic liquid of the
Si0,-Al,05-Y,0; system.!?-13) The SiO, component forms
slightly on the surface of SiC powder. The sinterability of the
SiC-Al,0;-Y,0; compact depends on the amount and ratio of
Al,0;-Y,0, system.'¥ 19 Uniform addition of a small amount
of sintering additives to SiC is effective to increase the sinter-
ability. The chemical methods of SiC with the sintering addi-
tives are expected to provide the following advantages: (1) a
homogeneous distribution of the additives around SiC parti-
cles, (2) the increased densification rate by the well-distribut-
ed liquid and (3) the decrease of the amount of additives.!”

In our previous papers,”'® we studied the interaction of the
submicrometer-sized SiC particles-Al,O; (0.2 um)-Y,0; (0.1
um) system in the aqueous suspensions at pH 3-10. The isoe-
lectric points of SiC, Al,O; and Y,O3; were pH 2.5, 8.0 and
7.5, respectively. The processing in the heterocoagulation
region at pH 5 gave the superior properties (high strength,
high fracture toughness, and high Weibull modulus) after the
hot-pressing of the consolidated powder compacts at 1800°C.
In the SiC-Al,0;-Y,0; system at pH 5.0, the negatively
charged SiC particles are well dispersed by their strong repul-
sive interaction. On the other hand, positively charged Al,O;
and Y,O; particles are adsorbed on the negatively charged SiC
particles by their electrostatic attractive forces to form a net-
work structure of heterocoagulated particle clusters. We also
reported the interaction between SiC surfaces and Al or Y ion
(added as AI(NO;); or Y(NO;)3) to adsorb uniformly the
sintering additives.'®!'® The neutral SiC surface near the isoe-
lectric point (~pH 3) adsorbed no A" ions or just a trace.
The negatively charged SiC surface at pH 4 adsorbed 0.030
mg AIP" ions/m? in a 3.7 mM-Al(NOs;); solution. In the pH
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range from 5 to 8, negatively charged SiC particles coexisted
with positively charged A1(OH); precipitate. The amount of
Y3* ions adsorbed on the SiC particles increased with an in-
crease of pH. In a 0.3 M-Y (NO;); solution at pH 5, Y** ions
of 0.854 mg were adsorbed on the SiC surface of 1 m2. In this
paper, the sinterability and mechanical properties of SiC were
compared for the sintering additives of SiO,-Al,03, SiO,-
Y,0; and SiO,-Al,05;-Y,0; systems. The green compacts were
formed from the corresponding aqueous SiC suspensions con-
taining the oxide additives or metal ion and hot-pressed at
1600-2050°C in an Ar atmosphere.

2. Experimental procedure

2.1 Preparation and consolidation of SiC suspension

In this experiment, four kinds of SiC compacts were formed
from the aqueous SiC suspensions at pH 5. Sample A-An o-
SiC powder with the following characteristics, supplied by
Yakushima Electric Industry Co., Ltd., Kagoshima, was used:
chemical composition, SiC 97.5 mass%, SiO, 1.75 mass%, C
0.65 mass%, Al 0.025 mass%, Fe 0.027 mass?%, median size
0.65 um, and a specific surface area of 13.4 m?/g. As-received
a-SiC powder was mixed with a-Al,O; of a median size 0.2 um
and a specific surface area 10.5 m?/g (Al,O;>99.99 mass?%,
Sumitomo Chemical Industry Co., Ltd., Tokyo) and Y,O;
of a specific surface area 15.0m?/g (Y,0;>99.9 mass?%,
Shinetsu Chemical Industry Co., Ltd., Tokyo). The SiC/
Al,O3/Y,05 (1/0.020/0.016 volume ratio) mixed powders
were dispersed at 30 vol% in an aqueous solution at pH 5.0
for 5h.”'9 The pH of suspension was adjusted using
0.1M-NH,OH solution. Sample B-Polyacrylic acid (PAA,
average molecular weight 10000, Daiichi Kogyo Seiyaku Co.,
Kyoto) of 0.5 mg/m>2-SiC surface was added to the SiC sus-
pension with Al,O; and Y,0O; powders. From the measurement
of viscosity of the SiC-Al,03;-Y,0; suspensions with PAA of
0-0.7 mg/m?, the saturated amount of PAA adsorbed on the
surfaces of SiC, Al,O; and Y,0; was estimated to be 0.5 mg/
m? because of the minimum apparent viscosity.?” Sample
C-As-received a-SiC powder was mixed with 0.2 um Al,O3
powder (SiC/AlL,O;=1/0.012 volume ratio) and dispersed at
30 vol% solid in a 0.3 M-Y (NO;); aqueous solution at pH
5 for 12 h to adsorb Y*" ions on the negatively charged SiC
surface.'18:20 No adsorption of Y3* ions on the positively
charged Al,O; surface was measured in the previous experi-
ment.'V'® From the measurement of the amount of Y3*
ions adsorbed, the volume ratio of the SiC/AlLO;/Y,0; (as
Y?* ions) components was adjusted to 1/0.0117/0.0094 (1/
0.0145/0.0145 mass ratio). Although the SiC supplier of
sample C was same as that of samples A and B, the SiC purity
of as-received powder was slightly higher than the powder of
sample A: SiC 98.90 mass%, SiO, 0.66 mass%, C 0.37
mass?%, Al 0.004 mass%, Fe 0.013 mass%, median size 0.8
um, specific surface area 13.4 m?/g. Sample D-PAA of
0.40 mg/m>-SiC surface (saturated amount)'?-®2D was
added to a 30 vol% SiC suspension with Y** ions (SiC/Y,0;
=1/0.010 volume ratio). The used SiC powder was same as
that of sample C. The sinterability and mechanical properties
of the above four kinds of SiC compacts were compared with
the previously reported data of the SiC compacts with Al,O3
additive (samples E and F). Sample E-The SiC with 0.2 um
Al,O; (purity>99.99 mass?%) at the volume ratio SiC/Al,O;
=1/0.035 was dispersed at 30 vol% in an aqueous solution at
pH 10.0.> The used SiC was same as that of sample A. Sample
F-As-received a-SiC powder (same as that of sample A) was
dispersed at 30 vol% solid in a 0.28 M-A1(NO;); aqueous so-
lution at pH 5 to adsorb AI’" ions on the negatively charged

SiC surface (SiC/AlL,O;=1/0.002 volume ratio).2?

The rheological properties of the colloidal SiC suspensions
(samples A-D) were measured by a cone and plate type vis-
cometer at room temperature in a shear rate rang from 1 to
400s~! (Visconic EMD, EHD type, Tokyo Keiki Co.,
Tokyo). The prepared each suspension was formed into a rec-
tangular green compact with 38 mm length, 25 mm width and
20 mm height by filtration through a gypsum board at room
temperature. Bakelite molds were set on a thick flat gypsum
board to shape the suspension into the rectangular compact.

2.2 Hot-pressing and mechanical properties of SiC

The consolidated green compacts were hot-pressed under a
pressure of 39 MPa at 1600-2050°C for 2 h in an Ar flow. The
heating and cooling rates were 10°C/min. The densities of the
hot-pressed compacts were measured by the Archimedes
method using kerosene. The surface of hot-pressed SiC sample
was polished with 1 um diamond paste and etched with the
mixture of NaCl/NaOH =85/15 (molar ratio) at 600°C for
5 min in air to observe the microstructure by scanning electron
microscope (SM300, Topcon Technologies, Inc., Tokyo).
The hot-pressed SiC was cut into the specimens with sizes of
3 mm height, 4 mm width, and 38 mm length. The specimens
were polished with SiC papers of Nos. 600 and 2000 and dia-
mond paste of 6 and 1 um. The Vickers hardness of the hot-
pressed SiC was measured at the load of 9.8 N (model MVF,
Akashi Seisakusho Co., Ltd., Tokyo). The flexural strength
of hot-pressed SiC was measured at room temperature by the
four-point flexural method over spans of 30 mm (lower span)
and 10 mm (upper span) at a crosshead speed of 0.5 mm/min.
The fracture toughness was evaluated by single-edge V-notch
beam (SEVNB) method (samples A-D, F) or single edge
precracked beam (SEPB) method (sample E). A thin dia-
mond blade 1 mm thick, where the tip of V-notch had a curva-
ture radius of 20 um, was used to introduce V-notch of a/W =
0.1-0.6 (a: notch length, W: width of the beam). The
strengths of the notched specimens (samples A-D, F) and
sample E precracked by a Vickers indenter of 98 N to induce
microcracks, were measured by three-point loading over a
span 30 mm at a crosshead speed of 0.5 mm/min. Equation
(1) provides the fracture toughness for the SEVNB method
and equation (2) indicates the shape factor (Y) of crack at S/
W=7.5.8S, P, and B in Egs. (1) and (2) are the span width,
applied load and thickness of beam, respectively.
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3. Results and discussion

3.1 Rheological properties of SiC suspensions

Figure 1 shows the influcence of additives on the appar-
ent viscosity of 30 vol% SiC suspension at pH 5. The rheologi-
cal behavior of the SiC suspensions was similar to a Bingham
flow. The apparent viscosity of samples A, C, and D was
similar each other and became higher than that of monolithic
SiC suspension. The addition of a small amount of Al,Os,
Y,0; and Y?* ions enhanced the formation of a network
structure of heterocoagulated particle clusters in the concen-
trated SiC suspension, resulting in the increased apparent
viscosity.”»13-18.2) PAA addition (sample B) decreased the
apparent viscosity of the SiC-Al,05;-Y,0; suspension, indicat-
ing that the dispersibility of the colloidal SiC, Al,O; and Y,03
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Fig. 1. Effect of addition of ALO;, Y,0;, Y3* ions and PAA on the
apparent viscosity of 30 vol% SiC suspension at pH 5.0.

particles was increased by the adsorption of PAA. PAA
[(—CH,—CH(COOH) —),] releases H" ions and produces
negatively charged polymer at pH higher than 3.2 The nega-
tively charged PAA is adsorbed on the positively charged
SiOH,* sites of the thin SiO, layer.!?:18):20.29) The number of
SiOH,* sites is greatly smaller than that of SiO~ sites. The in-
creased zeta potential of SiC to negative values with addition
of PAA indicates the adsorption of negatively charged PAA
on the positively charged SiOH,* sites. However, the effect of
PAA addition was small on the viscosity of SiC-Y>" ions sus-
pension. Apparently, Y3* ion addition and PAA addition
have an opposite influence on the viscosity of the SiC suspen-
sion. In sample D, the coagulation effect by Y>* ions became
larger than the dispersion effect by PAA.

3.2 Hot-pressing of SiC compact

The 30 vol% SiC suspensions (samples A-D) were consoli-
dated by filtration through a gypsum mold. The relative densi-
ty of the powder compact after the calcination at 1000°C in an
Ar atmosphere was as follows: sample A-479%, sample B-
56%, sample C-539%, sample D-51%. The suspension of
lower apparent viscosity (Fig. 1) gave the higher packing den-
sity. Similary, the packing density for samples E and F after
1000°C calcination was measured to be 56 and 479%, respec-
tively. Figure 2 shows the relative density of SiC hot-pressed
at 1600-2050°C for 2 h under a pressure of 39 MPa in an Ar
flow. The sinterability of SiC became higher in the following
order of the sintering additives: sample D <sample C <sample
F <sample E <sample A=sample B. The mixed Al,O; and
Y,O0; interact with the SiO, on the surface of SiC to form a lig-
uid phase. Only the addition of Y,O; (as Y?* ions, sample D)
needed a higher heating temperature for the densification. On
the other hand, Al,O; component enhanced the sinterability of
SiC compact through the formation of the liquid of the SiO,-
ALO; system (samples E and F). The addition of the AL,O5-
Y,0; components had also a great effect on the densification
of SiC (samples A, B and C). The above result suggests that
the liquids of the SiO,-Al,0O; system and SiO,-Al,03;-Y,0;
system are more useful than that of the SiO,-Y,0; system for
the decrease of sintering temperature. According to Omori
and Takei,? the sinterability of SiC shows a maximum at the
mass ratio of Al,O3/Y,03;~50/50. She and Ueno? reported a
high sinterability of SiC at the mass ratios of Al,03;/Y,0;=
(50-75) / (25-50) . These results indicate that Al,O; rich com-
position of the Al,0;-Y,0; additives is more useful than Y,O;

e

=

S~

Z

=90

=

_ﬂc) O sample A

4 @ sample B

Zo8s |

= A sample C

%]

&~ @ sample D
80 O sample E

l sample F

75 1 1 1 1 1

1500 1600 1700 1800 1900 2000 2100

Hot-pressing temperature / °C

Fig. 2. Relative density of the SiC compact with AL,O;-Y,0; addi-
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Fig. 3. Shrinkage curves of samples C and D during the hot-pressing
at 1950°C (See Table 1 for samples).

rich composition for the densification of SiC. In this experi-
ment, the compositions of the Al,05;-Y,0; additives in sam-
ples A, B and C were slightly enriched with Al,O3.

Figure 3 shows the shrinkage curves of samples C and D
during the heating under a pressure of 39 MPa. The shrinkage
of both the samples with a similar packing density after
1000°C calcination (52+19%) started at about 1400°C. The
liquid formation temperatures of the SiO,-Al,0;-Y,0; system
and the SiO,-Y,0; system at the given compositions, are 1400
and 1775°C, respectively, in the phase diagrams. During the
heating up to the temperatures higher than 1500°C, sample C
showed a greater shrinkage than sample D. That is, the SiO,-
Al,05;-Y,0; liquid enhanced the densification of SiC than the
Si0,-Y,0; liquid in the temperature range from 1500-1950°C.
The X-ray diffraction patterns for samples A-D hot-pressed at
1850-1950°C corresponded to 6H- and 4H-type SiC and no
secondary phases were identified.

Figure 4 shows the microstructures of dense SiC compacts
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hot-pressed at 1800-1950°C for 2 h. The average grain size,
measured on 200 grains, was (a) 2.8 um for sample A hot-
pressed at 1800°C, (b) 2.0 um for sample B hot-pressed at
1800°C, (c) 2.9 um for sample C hot-pressed at 1850°C, (d)
2.4 um for sample D hot-pressed at 1950°C. The grain size dis-
tributions in the present four samples were narrow. In our
previous experiments,®>?? sample E hot-pressed at 1850°C and
sample F hot-pressed at 1950°C provided the microstructures
of average grain sizes of 5.8 and 5.2 um, respectively. The ad-
dition of Y,0; and Al,03-Y,0; additives suppressed the grain
growth of SiC particles rather than the addition of Al,O; addi-
tive. Enhanced dispersion of colloidal particles in the aqueous
suspension by PAA addition (sample B) was effective to
achieve the fine SiC microstructure.

Fig. 4. Microstructures of (a) sample A hot-pressed at 1800°C,
(b) sample B hot-pressed at 1800°C, (c) sample C hot-pressed at
1850°C, and (d) sample D hot-pressed at 1950°C.

3.3 Mechanical properties of densified SiC

Figure 5 shows the Weibull distribution plots of the flexural
strengths for the dense SiC hot-pressed at 1800-1950°C. The
strength at 50% fracture probability and Weibull modulus
were summarized in Table 1. The average strength increased
in the following order: sample C2 (1950°C hot-pressing)
<sample B<sample A=sample C1 (1850°C hot-pressing)
<sample D. Addition of a small amount of Y,0; (1 vol%,
sample D) was more effective than the addition of AlL,O;-
Y,0; system (samples A-C) to increase the strength of SiC.
The decrease of the amount of Al,0;-Y,0; additives gave no
significant influence on the strength of SiC hot-pressed at
1800-1850°C (samples A and B: 2.0 vol% AlLO;, 1.6 vol%
Y,0;, sample Cl1: 1.2vol% AlLO;, 0.94vol% Y,0;). The
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Fig. 5. Weibull distribution plots for flexural strengths of dense SiC.

Table 1. Mechanical Properties of SiC Hot-Pressed at 1800-1950°C under a Pressure of 39 MPa in an Ar Atmosphere
Sample
Processing and properties

AlD B Cl1 C2 D2 E® | )
AL O, (vol%) 2.0 2.0 1.2 1.2 — 35 0.20
Y,0; (vol%) 1.6 1.6 0.94 0.94 1.0 — —
PAA (mg/m?) — 0.5 — —_— 0.4 — —
Hot-pressing temperature (°C) 1800 1800 1850 1950 1950 1850 1950
Relative density (%) 993 +0.3 99.0 =03 966 =23 962*1.6 96218 983 99.8
Average grain size (um) 2.8 2.0 2.9 3.5 24 5.8 5.2
Weibull modulus 6.6 8.2 5.4 114 6.7 -_— -_
Average strength (MPa) 647 615 666 565 719 390 357

Fracture toughness (MPa'm'?) 5.0 + 0.44 58 = 1.11 6.2 = 1.10 54 = 0.50 6.2 * 1.30

Vickers hardness (GPa)

4.9 + 030 4.2 £ 0.24

218 +19 21912 21.0%£30 19010 19905 — -
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Fig. 6. Relationship between average strength and fracture tough-
ness for the dense SiC hot-pressed at 1800-1950°C.

increase of the hot-pressing temperature of sample C from
1850° to 1950°C improved the Weibull modulus but decreased
the strength. As compared with the SiC with Y,0; or AL,O;-
Y,0; additive, the dense SiC with Al,O; (samples E and F,
Table 1), showed a lower strength (360-390 MPa).

The strength (g) of brittle ceramics is dominated by frac-
ture toughness (Kjc) and size of flaw (a) by Eq. (3),

KIC
g —m (3)

where Y is the shape factor of flaw. Figure 6 shows relation-
ship between the average strength and fracture toughness of
the hot-pressed SiC. The strength increased with an increase of
fracture toughness. The addition of Y,O; or Al,O3;-Y,0; in-
creased the fracture toughness of SiC than the addition of
Al,O3. As seen in Table 1, the fracture toughness was sensitive
to the average grain size of SiC and increased when the grain
growth was suppressed. From the viewpoints of processing (a
small amount of sintering additives, low processing tempera-
ture, high bulk density and fine microstructure) and mechani-
cal properties (high Weibull modulus, high strength and high
fracture toughness), sample B may be the most attractive SiC.
Addition of PAA to sample C is also expected to provide the
superior microstructure and mechanical properties. On the
other hand, the following mechanical properties are reported
for the pressureless-sintered SiC. Mulla and Krstic?®?” sin-
tered B-SiC with 10 mass% Al,O; to 97-98% theoretical densi-
ty at 2050°C for 30 min. The obtained dense SiC provided 600
+ 50 MPa of the flexural strength and 6.0+ 0.3 MPa-m!/? of
the fracture toughness. The SiC pressureless-sintered with
6 vol% AlLO; and 1.6 vol% Y,O; at 1900-2000°C by She and
Ueno,? showed 530-625 MPa of flexural strength and 6.8-7.2
MPa-m!/? of fracture toughness. Rixecker et al.?® mixed o-
SiC with 6 vol% AIN and 4 vol% Y,0; and formed green
compacts by isostatic pressing of 240-600 MPa. They densi-
fied the SiC in a graphite-heated gas pressure furnace at
1950°C for 30 min under a N, pressures of 10 MPa. The ob-
tained fully dense SiC provided 607 =80 MPa of the flexural
strength and 4.4+0.2 MPa-m'/? of the fracture toughness. As
compared with the above reported data, the present SiC hot-
pressed was characterized by (1) the comparable strength
(average strengths of 565-719 MPa after the hot-pressing of
1850-1950°C) and fracture toughness (5.0-6.2 MPa-m'/?),

and (2) the lower amount of sintering additives (1.2-2.0
vol% AlLO;, 0.94-1.6 vol% Y,0;). The Vickers hardness at
9.8 N of the present SiC was independent of the strength and
fracture toughness. The hardness was affected by the bulk
density and reached 22 GPa in samples A and B of 99.0-
99.39% relative density.

4. Conclusions

(1) The addition of a small amount of Al,O;-Y,0; pow-
ders (1-2 vol% Al O3, 0.94-1.6 vol% Y,03;) or Al,O; powder
(0.2-3.5 vol%) provided a great effect on the densification of
SiC during the hot-pressing at 1800-1850°C. Only the addition
of Y,0; (as Y3" ions) needed a higher hot-pressing tempera-
ture (1950°C) for the densification.

(2) Addition of a small amount of Y,O; was more effec-
tive than the addition of Al,O; or Al,O;-Y,0; additives to in-
crease the strength of dense SiC (average strength 719 MPa).
The SiC densified with Al,O; plus Y,0; showed 565-666 MPa
of average strength. Only the addition of Al,O; resulted in the
strength lower than 400 MPa.

(3) The strength and fracture toughness depended on the
grain size of SiC. Suppression of grain growth of SiC en-
hanced the strength and fracture toughenss.

(4) Addition of PAA in the SiC suspension with Al,O;
plus Y,O; decreased the grain size of hot-pressed SiC and en-
hanced the Weibull modulus and fracture toughness.
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