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Abstract
Addition of polyacrylic acid (PAA) to a 30 vol% SiC suspension with Al2O3 (2.5 mass% to SiC) and Y2O3 (2.5 mass% to SiC)

decreased the viscosity of the suspension at pH 5.0. The prepared suspension was consolidated by filtration through a gypsum mold. The

green compact was hot-pressed to 98.7–99.3% theoretical density at 1800 8C under a pressure of 39 MPa for 2 h in an Ar flow. The

sintering mechanism was discussed based on the analysis of the shrinkage curve of SiC compacts during the hot-pressing. The grain size

of hot-pressed SiC decreased by PAA addition in the suspension. PAA addition improved the Weibull modulus of flexural strength and

fracture toughness of SiC at a small expense of average strength. The measured mechanical properties were as follows: average strength

647 MPa, Weibull modulus 6.6, fracture toughness 5.0 MPa m1/2 and Vickers hardness 24.5 GPa for the SiC hot-pressed without PAA,

and average strength 615 MPa, Weibull modulus 8.2, fracture toughness 5.8 MPa m1/2 and Vickers hardness 24.8 GPa for the SiC hot-

pressed with PAA.
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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 impossible to densify a submicrometer-sized SiC

powder without sintering additives because of its strong

covalent bonding character. Recently the chemical methods

for the addition of sintering additives such as Al2O3 plus

Y2O3 to SiC powder have been studied to control the liquid

phase sintering and the resultant microstructures of SiC

ceramics [1–7]. The densification of Al2O3 plus Y2O3-doped

SiC ceramics proceeds by the liquid phase sintering with a

dissolution-precipitation mechanism of SiC in the eutectic

liquid of the SiO2–Al2O3–Y2O3 system [4,7]. The SiO2
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component forms to a slight extent on the surface of SiC

powder. The sinterability of the SiC–Al2O3–Y2O3 compact

depends on the amount and ratio of Al2O3–Y2O3 system

[8,9]. Uniform addition of a small amount of sintering

additives to SiC is effective to increase the sinterability. The

high dispersion of the Al2O3 and Y2O3 particles around SiC

particles enhances the densification of a consolidated SiC

compact. In our previous papers [6,10], we studied the

interaction of the submicrometer-sized SiC particles–Al2O3

(0.2 mm)–Y2O3 (0.1 mm) system in the aqueous suspensions

at pH 3–10. 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 8C. In this paper, addition of a suitable polymer

dispersant to the SiC suspension with Al2O3 and Y2O3 was

investigated to enhance the dispersibility of the colloidal

particles and to increase the mechanical properties of SiC

densified.
ved.
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Fig. 1. Zeta potentials of SiC, Al2O3 and Y2O3 powders as a function of

suspension pH.
2. Experimental procedure

A following a-SiC powder was used in this experiment:

SiC 97.5 mass%, SiO21.75 mass%, C 0.65 mass%, Al

0.025 mass%, Fe 0.027 mass%, median size 0.65 mm

(weight standard distribution) and a specific surface area

of 13.4 m2/g (equivalent spherical diameter 0.14 mm,

Yakushima Electric Industry Co. Ltd., Kagoshima, Japan).

As-received a-SiC powder was mixed with a-Al2O3 of a

median size 0.2 mm (weight standard distribution) and a

specific surface area 10.5 m2/g (equivalent spherical

diameter 0.14 mm, Al2O3 > 99.99 mass%, Sumitomo Che-

mical Industry Co. Ltd., Tokyo, Japan) and Y2O3 of a

specific surface area 15.0 m2/g (equivalent spherical

diameter 0.08 mm, Y2O3 > 99.9 mass%, Shinetsu Chemical

Industry Co. Ltd., Tokyo, Japan). The SiC/Al2O3/Y2O3 (1/

0.020/0.016 volume ratio) mixed powders were dispersed at

30 vol% in an aqueous solution at pH 5.0 for 5 h. The pH of

each suspension was adjusted using 0.1 M NH4OH solution.

Polyacrylic acid (PAA, average molecular weight 10,000,

Daiichi Kogyo Seiyaku Co. Kyoto, Japan) of 0–0.7 mg/m2

SiC surface was added to the SiC suspension. The

rheological properties of the colloidal SiC suspension were

measured by a cone and plate type viscometer at room

temperature in a shear rate ranging from 1 to 400 s�1

(Visconic EMD, EHD type, Tokyo Keiki Co., Tokyo, Japan).

The prepared suspension was formed into a rectangular

green compact with 38 mm length, 25 mm width and 20 mm

height by filtration through gypsum board at room

temperature. Bakelite molds were set on a thick flat gypsum

board to shape the suspension into the rectangular compact.

The consolidated green compacts were hot-pressed under a

pressure of 39 MPa at 1800 8C for 2 h in an Ar flow. The

heating and cooling rates were 10 8C/min. The density of the

hot-pressed compact was measured by the Archimedes

method using kerosene. The surface of hot-pressed SiC was

polished with 1 mm diamond paste and etched with the

mixture of NaCl/NaOH = 85/15 (molar ratio) at 600 8C for

5 min in air to observe the microstructure by scanning

electron microscope (SM300, Topcon Technologies Inc.,

Tokyo, Japan). 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 diamond paste of 6 and

1 mm. The Vickers hardness of the hot-pressed SiC was

measured at the load of 98 N (Model MVF, Akashi

Seisakusho Co. Ltd., Tokyo, Japan). The flexural strength

of hot-pressed SiC was measured at room temperature by the

four-point flexural method with 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. A thin

diamond blade 1 mm thick, where the tip of V-notch had

a curvature radius of 20 mm, was used to introduce V-notch

of a/W = 0.1–0.6 (a: notch length, W: width of the beam).

The strength of the notched specimen was measured by
three-point loading over a span 30 mm at a crosshead speed

of 0.5 mm/min. Eq. (1) provides the fracture toughness and

Eq. (2) indicates the shape factor (Y) of crack at S/W = 7.5. S,

P, and B in Eqs. (1) and (2) are the span width, applied load

and thickness of beam, respectively.

KIC ¼ 3PS

2BW2
Y

ffiffiffi

a
p

(1)

Y ¼ 1:964�2:837lþ 13:711l2�23:250l3 þ 24:129l4;
l ¼ a

W
(2)

3. Results and discussion

3.1. Rheology of SiC suspension with PAA

Fig. 1 shows the zeta potentials of SiC, Al2O3 and Y2O3

particles as a function of suspension pH. The isoelectric

points of SiC, Al2O3 and Y2O3 were pH 2.5, 8.0 and 7.5,

respectively. The asymmetry in the zeta potential profile

about the isoelectric point for Al2O3 and Y2O3 revealed that

the particle surfaces were charged positively in the acidic

conditions below pH 8.0. The pH dependence of the zeta

potential of the SiC powder was similar to that of SiO2

powder, because the surface of SiC particle was coated by

thin SiO2 layers [11–13]. The mixed powder suspension was

prepared pH 5.0 (heterocoagulation region between SiC and

Al2O3 or Y2O3). In the SiC–Al2O3–Y2O3 system at pH 5.0, a

part of SiC surface covered with hydroxyls interacts with

OH� ions in the suspension to form the negatively charged

sites: Si–OH + OH� ! Si–O� + H2O [11]. The negatively

charged SiC particles are well dispersed by their strong

repulsive interaction. On the other hand, some hydroxyls on

the surface of Al2O3 and Y2O3 interact with H+ ions to form

the positively charged sites: M–OH + H+ ! M–OH2
+

(M = Al and Y). Positively charged Al2O3 and Y2O3

particles are adsorbed on the negatively charged SiC

particles by their electrostatic attractive forces. The
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Fig. 2. Effects of addition of PAA on apparent viscosity of SiC suspension

with Al2O3 and Y2O3 at pH 5.0.

Fig. 3. Relative density of the SiC compact with Al2O3, Y2O3 and PAA,

after hot-pressing at 1800 8C.

Fig. 4. Logarithmic relation between shrinkage (DL/L0) and hot-pressing

time (t) of SiC with Al2O3, Y2O3 and PAA at 1800 8C.
heterocoagulation of SiC and Al2O3 plus Y2O3 shifted the

zeta potential of SiC particles from a negative value to a

positive value [10]. Furthermore, the important interaction

in the SiC–Al2O3–Y2O3–PAA system at pH 5 are pointed

out as follows: (1) PAA [(–CH2–CH(COOH)–)n] releases H+

to produce negatively charged polymer at pH higher than 3

[14,15]. The negatively charged PAA is adsorbed on the

positively charged SiOH2
+ sites of the thin SiO2 layer [5].

The number of SiOH2
+ sites is greatly smaller than that of

SiO� sites. (2) Negatively charged PAA is also adsorbed on

the Al–OH2
+ and Y–OH2

+ sites [15].

Fig. 2 shows the influcence of the PAA addition on the

apparent viscosity of 30 vol% SiC suspension with Al2O3

and Y2O3 at pH 5. The mixing of a small amount of Al2O3

plus Y2O3 particles enhanced the formation of a network

structure of heterocoagulated particle clusters in the

concentrated SiC suspension, resulting in the increased

apparent viscosity [6]. PAA addition decreased the apparent

viscosity of the SiC–Al2O3–Y2O3 suspension, indicating

that the dispersibility of the colloidal SiC, Al2O3 and Y2O3

particles was increased by the adsorption of PAA. The

saturated amount of PAA adsorbed was estimated to be

0.5 mg/m2 because of the minimum apparent viscosity as

seen in Fig. 2. The viscosity increased when the amount of

PAA added became larger than the saturated amount. This

result may be interpreted by the coagulation of the dispersed

colloidal particles through free PAA.

3.2. Hot-pressing of SiC

Fig. 3 shows the relative density of SiC hot-pressed at

1800 8C for 2 h under a pressure of 39 MPa as a function of

suspension pH. When Al2O3 and Y2O3 were mixed with

SiC, SiO2 on the surface of SiC interacted with Al2O3 and

Y2O3 to form a liquid phase, whose amount depends on the

composition and heating temperature. The composition of

SiO2 (1.75 mass%)–Al2O3 (2.5 mass%)–Y2O3 (2.5 mass%)
in this experiment forms a liquid at 1500 8C in the phase

diagram of SiO2–Al2O3–Y2O3 system [16–19]. The SiC

compacts without PAA were sintered to 98.4–99.6%

theoretical density in the wide pH range from 3 to 10.

The detailed discussion on this result is reported in our

previous paper [10]. PAA addition of the saturated amount to

the SiC suspension also provided the high sinterability at

1800 8C. Fig. 4 shows the logarithmic relation between the

shrinkage of the SiC compact and heating time after the

compact reached the hot-pressing temperature. A good

linear relation was observed for both the SiC compacts with

and without PAA. In the initial stage of the heating, the

slopes were 0.503 and 0.590 for the SiC compacts with and

without PAA, respectively. In the final stage of heating, the

slopes decreased to 0.186 and 0.188 for the SiC compacts

with and without PAA, respectively. The slopes of 0.33, 0.50

and 1.0 represent the early stage sintering mechanism

dominated by diffusion in liquid, dissolution–reprecipita-

tion, and viscous deformation, respectively. The experi-

mental result suggests a possibility of the dissolution–

reprecipitation mechanism for the early stage of sintering of
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Fig. 5. Microstructures of SiC hot-pressed (a) without and (b) with PAA for 2 h at 1800 8C.
both the SiC compacts in Fig. 4. Fig. 5 shows the

microstructures of SiC hot-pressed for 2 h at 1800 8C. Both

the microstructures of SiC with and without PAA consisted

of the grains of small aspect ratios. The grain size was 0.7–

4.9 mm (2.8 mm of average grain size for 200 grains) for the

SiC without PAA and 0.6–3.5 mm (2.0 mm of average grain

size for 200 grains) for the SiC with PAA. Enhanced

dispersion of colloidal particles in the aqueous suspension

by PAA addition was effective to achieve the fine SiC

microstructure after the densification.

3.2.1. Mechanical properties of densified SiC

Fig. 6 shows the Weibull distribution plots of the flexural

strengths for the SiC with and without PAA. The strength at

50% failure probability and Weibull modulus were 647 MPa

and 6.6 for the SiC without PAA, and 615 MPa and 8.2 for

the SiC with PAA, respectively. The PAA addition improved

the Weibull modulus of dense SiC at a small expense of the
Fig. 6. Weibull distribution plots for flexural strengths of SiC hot-pressed

with and without PAA.
average strength. Fig. 7 shows the fracture toughness of SiC

with and without PAA. PAA addition in the SiC suspension

increased the fracture toughness of the hot-pressed SiC

(fracture toughness, KIC = (2Eg)1/2, E: Young’s modulus, g:

fracture energy). The Young’s modulus of SiC during the

flexural strength was 485 GPa for both the SiC with and

without PAA. This result suggests that the difference of

fracture toughness of SiC compacts with and without PAA

reflected the difference of fracture energy. The fracture

energy was calculated from the fracture toughness and

Young’s modulus to be 34.7 and 25.6 J/m2 for the SiC with

and without PAA, respectively. The increased fracture

energy of SiC with PAA may be associated with the

formation of fine grains (Fig. 5b). The fracture surface of

SiC indicates the crack propagation along grain boundaries.

Decreased grain size is accompanied by the increase of the

grain boundary area. The enhanced branch of main crack

along the increased grain boundary area may contribute to

the increase of the fracture energy. The fracture energy of

SiC with PAA was 36% as high as that of SiC without PAA.

On the other hand, the length of grain boundary/m2 was
Fig. 7. Fracture toughness of SiC hot-pressed with and without PAA.
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calculated on the basis of square grain approximation using

the measured average grain sizes. The length of grain

boundary for SiC with PAA was 40% as long as that for SiC

without PAA. That is, the observed 36% increase in the

fracture energy was close to the increase in the length of

grain boundary. The Vickers hardness at 98 N of applied

load was 24.8 � 0.65 GPa and 24.5 � 0.14 GPa for the SiC

with and without PAA, respectively. No significant influence

of PAA addition was measured on the hardness of SiC. In our

previous study, [10] it was found that the hardness of SiC

was sensitive to the bulk density and increased at a higher

bulk density. In the present experiment, the small difference

of the bulk densities for the SiC with and without PAA

explains the similar hardness for both the SiC compacts.
4. Conclusions

The apparent viscosity of the SiC–Al2O3–Y2O3 suspen-

sion at pH 5 decreased by PAA addition because of the

increased dispersibility of colloidal particles due to the

adsorption of PAA.

The SiC compacts with 2 vol% Al2O3, 1.6 vol% Y2O3

and 0.5 mg/m2 PAAwere hot-pressed to 98.7–99.3% relative

density under a pressure of 39 MPa at 1800 8C. A possibility

of the dissolution–reprecipitation mechanism was proposed

to the early stage of sintering of SiC. Enhanced dispersion of

colloidal particles in the aqueous suspension by PAA

addition was effective to achieve a fine SiC microstructure

after the densification.

PAA addition in the SiC suspension improved the fracture

toughness and Weibull modulus of densified SiC.
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