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bstract

ense SiC (97.3–99.2% relative density) of 1.1–3.5 �m average grain size was prepared by the combination of colloidal processing of bimodal
iC particles with sintering additives (Al2O3 plus Y2O3, 2–4 vol%) and subsequent hot-pressing at 1900–1950 ◦C. The fracture toughness of SiC
as sensitive to the grain boundary thickness which was controlled by grain size and amount of oxide additives. A maximum fracture toughness

6.2 MPa m1/2) was measured at 20 nm of grain boundary thickness. The mixing of 30 nm SiC (25 vol%) with 800 nm SiC (75 vol%) was effective to

educe the flaw size of fracture origin, in addition to a high fracture toughness, leading to the increase of flexural strength. However, the processing
f a mixture of 30 nm SiC (25 vol%)–330 nm SiC (75 vol%) provided too small grains (1.1 �m average grain size), resultant thin grain boundaries
12 nm), decreased fracture toughness, and relatively large defect of fracture origin, resulting in the decreased strength.

2010 Elsevier Ltd. All rights reserved.
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. Introduction

Densification of submicrometer-sized SiC particles is
ccelerated by dissolution–precipitation mechanism using
iO2–Al2O3–Y2O3 liquid formed above 1400 ◦C.1–7 The SiO2
omponent is naturally formed on the surface of as-received
iC particles. In our previous studies,7–9 the interaction of the
iC–Al2O3–R3+ ion system (R = Yb, Y, Gd, Sm, Nd and La)

n an aqueous suspension was investigated to disperse a small
mount of the sintering additives homogeneously on the sur-
aces of SiC particles. The consolidated SiC compacts were
ighly densified by hot-pressing at 1850–1950 ◦C.5–7,9 On the
ther hand, it was found that the infiltration of a small amount
f polytitanocarbosilane (PTC, precursor of SiC fiber) into a
iC green compact with Al2O3–Y2O3 additives increases the
interability, flexural strength and fracture toughness of the hot-
ressed SiC and suppresses the grain growth.10–12 Similarly,

t has been shown that the addition of 30 nm SiC to 800 nm
iC with Al2O3–Y2O3 additives decreases the grain growth
nd flaw size in the hot-pressed SiC, and improves the flexural
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trength.9,12,13 The maximum strength was higher than 1 GPa.
fter the oxidation at 1300 ◦C, the mechanical properties of SiC
ere further improved to 960 MPa of average strength and 8.3 of
eibull modulus.14 This reason may be related to the decrease

f size and shape factor of fracture origins near the SiC surfaces
y the formation of SiO2 layer. As reported above, a smaller SiC
owder in a bimodal particle size system has a higher solubil-
ty in a SiO2–Al2O3–Y2O3 liquid than a larger SiC powder, and
mproves the resultant mechanical properties. However, the rela-
ion between size ratio of starting bimodal particle size system
nd sintered microstructure or resultant mechanical properties
s not clearly understood. In this paper, the microstructures and

echanical properties of dense SiC were compared for three
iC samples processed with (1) 800 nm SiC, (2) 75 vol% 800 nm
iC–25 vol% 30 nm SiC and (3) 75 vol% 330 nm SiC–25 vol%
0 nm SiC.

. Experimental procedure
.1. Forming of green compact

The following three kinds of SiC suspensions were consol-
dated into a rectangular shape by casting in a gypsum mold

mailto:hirata@apc.kagoshima-u.ac.jp
dx.doi.org/10.1016/j.jeurceramsoc.2010.02.026
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t room temperature. (1) �-SiC powder of median size 800 nm
SiC A)a was dispersed at 30 vol% solid in a 0.3 M-Y(NO3)3
queous solution including �-Al2O3

b powder of median size
00 nm at pH 5.0. The volume ratio of the SiC/Al2O3/Y2O3
omponents was adjusted to 1/0.012/0.0094 (1/0.0145/0.0145
ass ratio, named as A compact). (2) A plasma CVD-processed
iC powder of median size 30 nm (SiC B)c was mixed with
00 nm SiC at the volume ratio of 1 to 3. The mixed pow-
ers were dispersed at 20 vol% solid in 0.3 M-Y(NO3)3 aqueous
olution including �-Al2O3 powder and polyacrylic acid disper-
ant (PAA, average molecular weight 10,000) of 1.0 mg/m2-SiC
urface at pH 5.0. The SiC/Al2O3/Y2O3 volume ratio was con-
rolled to 1/0.012/0.012 (1/0.0150/0.0186 mass ratio, named as

compact). (3) �-SiC powder of median size 330 nm (SiC
)d was mixed with 30 nm SiC at the volume ratio of 3 to 1.
he mixed powders were dispersed at 17 vol% solid in 0.22
-Y(NO3)3 aqueous solution including �-Al2O3 powder and

AA of 1.5 mg/m2-SiC surface at pH 5.0. The SiC/Al2O3/Y2O3
olume ratio was controlled to 1/0.020/0.016 (1/0.0253/0.0251
ass ratio, named as N compact). The properties of aqueous

uspensions of A and M compacts were already reported in our
revious papers.5,9,13

The preparation conditions of above three kinds of SiC
uspensions were adjusted based on (1) Al2O3/Y2O3 ratio of
intering additives, (2) amount of sintering additives, (3) spe-
ific surface area of SiC particles and (4) adsorption of Y3+ ions
n PAA dispersant fixed on SiC particles. According to Omori
nd Takei,1 the sinterability of SiC shows a maximum at the
ass ratio of Al2O3/Y2O3 ≈ 50/50. The Al2O3/Y2O3 ratios of

he above suspensions were controlled to be close 50/50 mass
atio. On the other hand, the specific surface area of starting SiC
articles is larger in the following order: SiC B > SiC C > SiC
. For a constant volume of sintering additives, the effective

mount of the sintering additives per m2 of SiC decreases for
iC particles with a higher specific surface area. In our previ-
us experiment,11,13 the critical minimum amount of sintering
dditives for full densification was estimated to be 2 mg (Al2O3
lus Y2O3) per m2 of SiC. This condition is also satisfied with
he prepared SiC suspensions. Furthermore, it was possible to

ake a fluid 30 vol% powder suspension when only SiC A par-
icles were mixed with Al2O3 in a Y(NO3)3 solution. However,
t was difficult to make a fluid 20 vol% SiC suspension of mixed
owder systems including fine 30 nm SiC particles (25 vol%

iC B).11,13 PAA addition decreased the apparent viscosity of

he mixed powder suspensions, indicating that the dispersibil-
ty of the nanometer-sized SiC particles was increased by the

a Chemical composition (mass%), SiC 98.90, SiO2 0.66, C 0.37, true density
.23 g/cm3, specific surface area 13.4 m2/g, Yakushima Electric Industry Co.,
td., Kagoshima, Japan.
b Al2O3 > 99.99 mass%, specific surface area 10.5 m2/g, Sumitomo Chemical

ndustry Co., Ltd., Tokyo, Japan.
c Chemical composition (mass%), SiC 95.26, SiO2 0.97, C 3.76, true density
.10 g/cm3, specific surface area 50.4 m2/g, Sumitomo Osaka Cement Co., Ltd.,
okyo, Japan.
d Chemical composition (mass%), SiC 97.35, SiO2 0.29, C 2.13, true density
.17 g/cm3, specific surface area 18.5 m2/g, Ibiden Co., Ltd., Gifu, Japan.
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dsorption of PAA. PAA [(–CH2–CH(COOH)–)n] dissociates
o produce negatively charged polymer and H+ ions at pH higher
han 3.15 The negatively charged polymer is adsorbed on the pos-
tively charged SiOH2

+ sites of SiC surfaces. When Y3+ ions and
AA are added to an SiC suspension, competitive adsorption of
he two species onto the surface of SiC proceeds in addition to the
nteraction between Y3+ ions and PAA fixed to SiC particles.6,8

hat is, the amount of Y2O3 additive depends on the concentra-
ions of Y(NO3)3 and PAA in the SiC suspension. Owing to the
bove reasons, different preparation conditions were designed
or A, M and N compacts.

.2. Hot-pressing and mechanical properties of SiC

The consolidated green compacts were hot-pressed under
pressure of 39 MPa at 1950 ◦C (A and M compacts) and at

900 ◦C (N compact) for 2 h in an Ar flow (FVH-5: Fuji Dempa
ogyo Co., Ltd., Japan). In our previous experiment,16 densifi-
ation process using hot-pressing was measured in a temperature
ange from 1600 to 2050 ◦C for the SiC compacts consolidated
ith Al2O3–Y2O3 additives from colloidal SiC suspensions.
ighly densified SiC was prepared at 1800–1950 ◦C of hot-
ressing. To compare the microstructures of dense SiC in the
bove temperature range, the SiC A and M compacts including
00 nm SiC particles were hot-pressed at 1950 ◦C. On the other
and, the hot-pressing temperature of SiC N compact includ-
ng 330 nm SiC particles was reduced to 1900 ◦C to achieve
maller SiC grains. The densities of the hot-pressed compacts
ere measured by the Archimedes method with double dis-

illed water. The hot-pressed SiC was cut into the specimens
ith sizes of 3 mm height, 4 mm width, and 38 mm length, and
olished with diamond paste of 1 �m. The flexural strength of
ot-pressed SiC was measured at room temperature by four-
oint flexural method over spans of 30 mm (lower span) and
0 mm (upper span) at a crosshead speed of 0.5 mm/min. The
racture toughness was evaluated by single-edge V-notch beam
SEVNB) method. A thin diamond blade of 1 mm thick, where
he tip of the V-notch had a curvature radius of 20 �m, was
sed to introduce a V-notch of a/W = 0.1–0.6 (a: notch length,
: width of the beam). The strengths of the notched specimens
ere measured by three-point loading over a span of 30 mm

t a crosshead speed of 0.5 mm/min. Eq. (1) provides the frac-
ure toughness for the SEVNB method and Eq. (2) indicates the
hape factor (Y) of the crack at S/W = 7.5. S, P, and B in Eqs. (1)
nd (2) are the span width, applied load, and thickness of beam,
espectively.

IC = 3PS

2BW2 Y
√

a (1)

Y = 1.964 − 2.837λ + 13.711λ2 − 23.250λ3 + 24.129λ4

(
λ = a

W

)
(2)
The phases formed on the surface of SiC were identified by X-
ay diffraction (RINT 2200PCH/KG, Rigaku Co., Japan). The
icrostructures of SiC were observed by a scanning electron
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icroscope (XL30, Japan FEI, Japan). The Young’s modulus
E) was measured from the slope of the stress–strain curve. The
racture energy (γ) was calculated from the fracture toughness
nd Young’s modulus as follows:

= K2
IC

2E
(3)

. Results and discussion

.1. Preparation of bimodal SiC particle suspension (N
ompact)

Fig. 1 shows the zeta potential of SiC A (800 nm), SiC B
30 nm), SiC C (330 nm) and Al2O3 particles as a function of
H. The isoelectric points of SiC A, B, C and Al2O3 were pH
.8, 2.8, 4.5 and 8.6, respectively. The surfaces of SiC par-
icles were coated by thin SiO2 film.17 At a pH below the
soelectric point, the number of positively charged SiOH2

+ sites
ecomes greater than that of negatively charged SiO− sites. The
pposite case occurs at a pH above the isoelectric point. Simi-
arly, the number of AlOH2

+ sites becomes greater than that of
lO− sites at a pH below the isoelectric point. Therefore, pH
was selected to make heterocoagulation of SiC–Al2O3 mixed
articles by electrostatic attraction force. Y3+ ions were also
dsorbed on the negatively charged SiC surface but no inter-
ction was measured between Y3+ ions and positively charged
l2O3 particles.7

Fig. 2 shows the shear stress–shear rate relation for the
uspension of 330 nm SiC–30 nm SiC–200 nm Al2O3–Y3+ ion
ystem with PAA at pH 5. The addition of PAA in the range
rom 1.25 to 1.50 mg/m2-SiC was effective to decrease the
hear stress of SiC suspensions. PAA [(–CH2–CH(COOH)–)n]
eleases H+ ions and changes to negatively charged poly-

er above pH 3. The fraction of dissociated PAA reaches

00% above pH 9.0.15 The decreased shear stress with addi-
ion of PAA is due to the increased electrostatic repulsion
f PAA adsorbed on SiC particles. Further addition of PAA

ig. 1. Zeta potential of SiC A (800 nm), SiC B (30 nm), SiC C (330 nm) and
l2O3 particles as a function of pH.

T
a
t
y

F
p

ig. 2. Dependence of shear stress for 330 nm SiC (75 vol%)–30 nm SiC
25 vol%)–200 nm Al2O3–Y3+ ion system on the amount of PAA added.

1.75 and 2.00 mg/m2-SiC) increased again the shear stress.
oexistence of free PAA increases the ionic strength of the solu-

ion and compresses the electrical double layers, resulting in
he decreased repulsive interaction between SiC particles with
AA.

Fig. 3 shows the amount of yttrium ions adsorbed on SiC
articles in the suspensions at pH 5.0. The increased concen-
ration of Y3+ ions increased the amount of Y3+ ions fixed
n the SiC surface. This adsorption behavior of Y3+ ions was
nalyzed in our previous paper8 and was represented by the
angmuir adsorption isotherm. As seen in Fig. 3, little differ-
nce was measured for the adsorption behavior of Y3+ ions
etween SiC B powder and SiC C powder. However, the bimodal
articles system of 75 vol% SiC C–25 vol% SiC B with PAA
1.50 mg/m2-SiC) showed higher amounts of Y3+ ions fixed.
his phenomenon reflects the interaction between yttrium ions

nd PAA adsorbed on SiC surface. In this work, the concen-
ration of Y(NO3)3 solution was adjusted to 0.22 mol/l to fix
ttrium ions of 0.92 mg/m2-SiC in the bimodal particle system.

ig. 3. Amount of yttrium ions adsorbed on SiC particles in the suspension at
H 5.
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3Y2O3·5Al2O3 were identified in all the SiC compacts, sug-
gesting that these oxides were formed at grain boundaries
from the liquid containing SiC during the cooling process.
According to the phase diagram of SiO2–Y2O3–Al2O3 sys-
ig. 4. Relationship between shear stress and shear rate for 14, 16 and 17 vol%
olid suspensions of SiC–Al2O3–Y3+ ion system (N compact).

Fig. 4 shows the relationship between shear stress and shear
ate for 14, 16 and 17 vol% solid suspensions of SiC–Al2O3–Y3+

on system with 1.50 mg PAA/m2-SiC. The shear stress of
iC suspensions was sensitive to the solid concentration and

ncreased at a higher solid content of SiC. However, the green
ensity after consolidation was almost constant (37.9–38.6%
elative density). Further increase of the solid concentration to
0 vol% increased significantly the viscosity and decreased the
reen density to 35.7%. Therefore, 17 vol% solid suspension was
sed to make green compacts for hot-pressing. Similar exper-
ments were done for the suspensions A and M compacts in
revious papers5,9,13 and the adequate preparation conditions
re reported in Section 2.1.

.2. Hot-pressing of SiC compacts
Fig. 5 shows the densification of SiC compacts during hot-
ressing at 39 MPa. The green density of A compact (53.3%)
ecreased with addition of 25 vol% SiC B (30 nm) to 35.7% the-
retical density (M compact) which was comparable to the green

ig. 5. Densification curves of SiC compacts during the hot-pressing at 39 MPa.
F
C

eramic Society 30 (2010) 1945–1954

ensity (38.6% theoretical density) of 75 vol% SiC C–25 vol%
iC B system (N compact). This result suggests that the packing
roperties of finer SiC particles (SiC B) affect greatly the green
ensity of the bimodal particles system.18 The densification of

compact started at 1420 ◦C, which was close to the liquid
ormation temperature (≈1400 ◦C) at a given composition of
he SiO2–Al2O3–Y2O3 system.19 Compared with A compact,

and N compacts began to shrink around 1000 ◦C. A possible
xplanation for the early densification in M and N compacts is
he sintering between Al2O3–Al2O3 particles because the sizes
f Al2O3 particles (200 nm) are larger than that of SiC B par-
icles and preferred contact between Al2O3–Al2O3 particles is
ormed. After 2 h of hot-pressing at 39 MPa, all the compacts
ere densified above 97% theoretical density (97.3 ± 1.3% for
compact, 97.7 ± 1.5% for M compact, 99.2 ± 1.0% for N com-

act). According to previous experiments,16 SiC A powder with
l2O3–Y2O3 additives were hot-pressed above 96% of theoret-

cal density at 1800–1950 ◦C. The decrease of size of starting
owder in N compact promoted more the densification than A
nd M compacts at a low temperature.

.3. Microstructures of SiC compacts

Fig. 6 shows the X-ray diffraction patterns of SiC com-
acts hot-pressed at 1900 or 1950 ◦C. The as-hot-pressed SiC A
nd M consisted of 6H- and 33R-type SiC. The 6H- and 33R-
iC phases were contained in 800 nm SiC powder. After the
ot-pressing, 15R-SiC was also identified in A and M com-
acts. SiC N compacts contained 3C-SiC which was included
n 30 and 330 nm SiC powders. Crystalline Y2O3·Al2O3 and
ig. 6. X-ray diffraction patterns of SiC A powder (a), SiC B powder (b), SiC
powder (c), A compact (d), M compact (e) and N compact (f) hot-pressed.
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(J) of SiC molecules from x (distance from the surface of 330
or 800 nm SiC grain) = ∞ to x = 0 is represented by Eqs. (5)
and (6). Eqs. (5) and (6) express the diffusive and convective
transport, and mass transport by diffusion without convention,
Fig. 7. Microstructures of (a) A, (b) M and (c) N compacts hot-pressed a

em for the composition of N compact, a liquid is formed
bove 1750 ◦C, which dissolves nanometer-sized SiC parti-
les. During the cooling process, 3Y2O3·5Al2O3 is precipitated
s a primary crystal at 1750 ◦C. Further cooling from 1750
o 1450 ◦C, Al2O3 crystallizes from the liquid together with
Y2O3·5Al2O3 (liq.–3Y2O3·5Al2O3–Al2O3 system). At about
400 ◦C, 2Y2O3·3SiO2 crystallizes from the liquid to form
hree phases of Al2O3–3Y2O3·5Al2O3–2Y2O3·3SiO2 system.

similar analysis of crystallization of sintering additives is
ossible for M compact. The final phases of A compact cooled
o 1400 ◦C are Al2O3–2Y2O3·3Al2O3–3Al2O3·2SiO2 system.
uring the cooling process, SiC is also precipitated from the

iquid (Fig. 9). However, temperature dependence of the solu-
ility of SiC in the liquid is not well understood.20 As seen in
ig. 6, Y2O3·Al2O3 and 3Y2O3·5Al2O3 were observed after the
ot-pressing at 1900–1950 ◦C. The compound 3Y2O3·5Al2O3 is
roduced above 1400 ◦C in the phase diagram but Y2O3·Al2O3
s a metastable phase at a given additive composition. No mul-
ite or no Y2O3–SiO2 compound was observed by the X-ray
iffraction patterns in Fig. 6. That is, the above experimental
esult is in accordance with the reaction of two compo-
ents of Y2O3–Al2O3 system rather than three components of
iO2–Y2O3–Al2O3 system. The possible reaction is the pre-
erred reaction between SiO2 layer on SiC particles and excess
arbon contained in SiC B and SiC C powder (2.1–3.8 mass%)
o produce volatile compounds during hot-pressing: SiO2 (s) + C
s) → SiO (g) + CO (g). Y2O3 and Al2O3 have lower reactivity
ith carbon than SiO2. In a next paper, the detailed structure of
rain boundary enriched with Y2O3·Al2O3 and 3Y2O3·5Al2O3
ay be investigated.
Fig. 7 shows the microstructures of SiC hot-pressed at 1900
nd 1950 ◦C. The average grain size was 3.5, 2.0 and 1.1 �m for
ompacts A, M and N, respectively. Addition of 30 nm SiC to
00 nm SiC and to 330 nm SiC decreased the grain size as com-
ared with the SiC from 800 nm SiC. The solubility of SiC (Cr)

F
g

◦C (a, b) and 1900 ◦C (c). (d) The grain size distribution of N compact.

ith a particle radius, r, in the oxide liquid at a given temperature
T) is expressed by Thomson–Freundlich equation,21

n

(
Cr

C0

)
= 2Mσ

kTrρ
= 2σv

kTr
(4)

here C0 is the solubility of SiC at r → ∞, M the molecular
eight of SiC, σ the interfacial energy at the interface between

olid SiC and liquid, k the Boltzmann constant, ρ the density
f SiC and v is the volume per SiC molecule. The solubility of
he SiC increases exponentially with decreasing particle size.
bove relationship proposes that 30 nm SiC particles dissolve

aster than 330 or 800 nm SiC in the liquid, and precipitate on
he surfaces of 330 and 800 nm SiC particles, respectively.

Fig. 8 shows the schematic concentration profile of SiC
olecules in the liquid around SiC grain with size r. The flux
ig. 8. Concentration profile of diffusing SiC molecules which control the
rowth rate of SiC.
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)
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(
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)3

(9)
ig. 9. Relation between critical radius of SiC grain and concentration of SiC
olecules (Ci) in a solution (see Eq. (8) in text).

espectively.22 The arriving SiC molecules are attached to 330
r 800 nm SiC surface, leading to the grain growth of SiC,

= −D

δ
(Ci − Cr) = −(ρ − C0)

dr

dt
(5)

= −D

r
(Ci − Cr) = −(ρ − C0)

dr

dt
(6)

here Ci is the concentration of SiC molecules at x = ∞, Cr

he surface concentration of diffusing SiC molecules, C0 the
quilibrium concentration for r = ∞, δ the effective diffusion
ayer thickness and t is reaction time. The difference of Cr − C0
s expressed by Eq. (7) if the particles are not too small.

r − C0 = C0 exp

(
2vσ

kTr

)
− C0 ≈ C0A

r

(
A = 2vσ

kT

)

(7)

he condition of dr/dt = 0 for Eqs. (5) and (6) gives Eq. (8) for
dilute solution (ρ − C0 ≈ ρ),

1

rc
= Ci

C0A
− 1

A
(8)

here rc is the critical radius of SiC grain corresponding to
r/dt = 0. Fig. 9 shows the relationship between 1/rc and Ci.
he grain size distribution is an important factor controlling the
issolution and precipitation rates. The grains larger than rc grow
y the precipitation of SiC molecules and the grains smaller than
c shrink by the dissolution. As a result, the number of grains
ecreases because small grains dissolve and large grains grow,
nd a continuous increase in mean grain size occurs.

.4. Mechanical properties of SiC compacts

.4.1. Fracture toughness
Fig. 10 summarizes the mechanical properties of SiC com-
acts hot-pressed. The average strength of A compact (565 MPa)
ncreased to 812 MPa by the addition of 30 nm SiC (M com-
act). On the other hand, the average strength of N compact
548 MPa) was comparable to that of A compact. The maximum

F
t

ig. 10. Mechanical properties of SiC compacts hot-pressed at 1900–1950 ◦C.

trength was 637, 1080 and 632 MPa for A, M and N compacts,
espectively. A similar tendency was also observed for fracture
oughness, Young’s modulus and fracture energy. Especially, the
racture toughness and fracture energy of N compact decreased
s compared with A compact. This result is discussed in relation
o the microstructures of dense SiC. The thickness (d) of sinter-
ng additives at grain boundary was calculated using the cubic

odel of SiC grain in Fig. 11. The volume ratio of sintering
dditives (voxide) to SiC grain (vSiC) is represented by Eq. (9).
ig. 11. Model structure of cubic SiC grain with sintering additive layer of
hickness d.
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ig. 12. Relationship between KIC and calculated thickness of grain boundary
f SiC hot-pressed. See Table 1 for samples.

he grain boundary thickness (2d) of liquid phase-sintered SiC
s approximated to be 2d = r(voxide/vSiC)/3 under the condi-
ion of d/r � 1. Increased amount of sintering additives and
rain growth of SiC lead to the formation of thick grain
oundaries.

Table 1 shows the calculated thickness of grain bound-
ry for dense SiC with Al2O3–Y2O3, Al2O3 and Y2O3 as
intering additives. In Table 1, the information of previously
easured microstructures and mechanical properties are also

resented.9,16,17,20 Fig. 12 shows the relation between KIC and
alculated thickness of grain boundary. The SiC (800 nm) hot-
ressed without sintering additives at 1800 ◦C (77% relative
ensity) showed 2.0 MPa m1/2 of fracture toughness.23 The addi-
ion of a small amount of Al2O3, Y2O3 and Al2O3–Y2O3 oxides

0.2–4.5 vol%) improved significantly the densification of SiC
t 1800–1950 ◦C (>96% theoretical density). The oxide-rich liq-
id dissolves SiC grain and the dissolved SiC molecules form
trong chemical bonds between adjacent SiC grains during the

s
S
g
t

able 1
alculated thickness of grain boundary and the product of Y (shape factor) and a (s

intering additives.

ample (hot-pressed temp.,◦C) Additives (vol%) Grain size (�m)

Al2O3 Y2O3

(1950) 1.2 0.94 3.5
(1850) 1.2 0.94 2.9
(1800) 2.0 1.6 2.8
(1800) 2.0 1.6 2.0
a (1950) 1.2 1.2 2.0
a (1900) 2.0 1.6 1.0
a (1950) 1.2 3.3 1.1
a,P (1950) 1.2 1.2 2.2

P (1950) 1.2 0.94 2.3
(1950) 0.2 0 5.2
(1850) 3.5 0 5.8
(1950) 0 1.0 2.4
(1800) 0 0 –

a Bimodal particles system, N: 330–30 nm, M, G, H: 800–30 nm, P: polytitanocarb
ig. 13. Average strength and KIC for SiC hot-pressed. See Table 1 for samples.

recipitation process (Fig. 9). The remaining liquid is solidified
s crystalline or amorphous phase during the cooling process to
orm strong bonds at grain boundaries. As seen in Fig. 7, cracks
ropagated along grain boundaries of SiC with Al2O3–Y2O3
dditives. The KIC in Fig. 12 reflects the fracture energy for
rain boundaries of dense SiC. The increase of thickness of
rain boundaries is accompanied by the increase of KIC, indi-
ating the formation of strong bonding at grain boundaries. The
IC reaches a maximum at around 20 nm of grain boundary

hickness. Too thick grain boundary enriched with oxide addi-
ives decreases KIC value. This result may be explained by the
ecreased fracture energy due to the formation of oxide-rich
hemical bonds. The difference of KIC among A, M and N com-
acts is well understood by the thickness of grain boundary. As
resented by Eq. (9), the grain boundary thickness (2d) corre-

ponding to the maximum KIC is controlled by grain size of
iC (r) and volume fraction of sintering additives (voxide). At a
iven voxide, significant grain growth of SiC leads to the rela-
ion 2d > 2d0 (maximum KIC), resulting in the decreased KIC (A

ize) of fracture origin for dense SiC with Al2O3–Y2O3, Al2O3 and Y2O3 as

Grain boundary
thickness (nm)

KIC (MPa m1/2) Strength (MPa) Y2a (�m)

24.4 5.4 565 91.3
20.5 6.2 666 86.7
33.2 5.0 647 59.7
23.7 5.8 615 88.9
15.9 6.0 812 54.6
11.8 4.9 548 80.0
16.3 4.6 723 40.5
17.5 5.2 911 32.5
16.3 5.9 724 66.4
3.5 4.2 357 138.4

66.9 4.9 390 157.9
7.9 6.2 719 74.4
0 2.0 92 472.6

osilane (PTC) was infiltrated. H: 3 vol% PTC, I: 1.3 vol% PTC.
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Fig. 14. Relationship between shape factor (Y) and flaw size (a) for A, H, I, M
and N compacts.

Fig. 15. Fracture probability for A, M and N compacts hot-pressed at
1900–1950 ◦C.
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Fig. 16. Fracture origins observed in N compacts of
eramic Society 30 (2010) 1945–1954

ompact). Too suppression of grain growth of SiC provides the
elation of 2d < 2d0 (maximum KIC), resulting in the decreased
IC (N compact). That is, KIC of SiC is sensitive to the prod-
ct of rvoxide and reaches a maximum of 2d = 20 nm for Al2O3
1.2–2.0 vol%)–Y2O3 (0.94–1.6 vol%) additives. When sinter-
ng additive is different, the bonding energy at grain boundaries
f SiC is changed. The influence of sintering additives on KIC is
een in the data of J, K and L samples with only Al2O3 or Y2O3
dditive in Fig. 12. The interesting result is the relatively high
IC value for K sample with thick grain boundary. Generally,
ressureless sintering of SiC needs more sintering additives than
ot-pressing to produce dense products.11 The decreased ten-
ency of KIC for Al2O3–Y2O3 additives in the range 2d > 20 nm
nd KIC for K sample indicate a nearly constant KIC value for
hick grain boundary.

.4.2. Strength
According to fracture mechanic, the strength of ceramics (σf)

s dominated by fracture toughness (KIC), size (a) and shape
actor (Y) of fracture origin (Eq. (10)).

f = KIC

Y
√

a
(10)

able 1 and Fig. 13 summarize average strength and the product
f Y2a for SiC with Al2O3–Y2O3, Al2O3 and Y2O3 additives.
he comparison of mechanical properties among A, M and N
amples gives the following interpretation. (1) A slight decrease
f strength from A to N compact is due to the decrease of KIC.
2) The product Y2a associated with the fracture origin is almost
qual between A and N compacts. (3) The increased strength

rom A to M compact is explained by the increase of KIC and
ecrease of Y2a. Addition of 30 nm SiC particles to 330 nm SiC
articles in N compact provided a high density after hot-pressing
t 1900 ◦C but remained larger fracture origins than M compact

strength of (a, b) 604 MPa and (c, d) 523 MPa.
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here 30 nm SiC particles were mixed with 800 nm SiC par-
icles. Further improvement of strength due to the decrease of
2a value was achieved by the addition of both polytitanocar-
osilane (PTC, precursor of SiC fiber) and 30 nm SiC to 800 nm
iC (H sample). In our previous paper,24 the relation between

he addition of 30 nm SiC and a or Y value was investigated by
bservation of fracture origin of SiC hot-pressed. Fig. 14 shows
he relation between shape factor and flaw size for A, H, I and

compacts and the following conclusions are derived: (1) Y
alue increases as a value decreases, (2) addition of PTC to SiC

compact decreases the flaw size with little change of Y value
I compact), (3) addition of SiC B to SiC A decreases the flaw
ize but Y value increases (M compact), (4) both the addition
f PTC and SiC B to SiC A decreases flaw size and Y value (H
ompact).

Fig. 15 shows the fracture probability for SiC hot-pressed.
he Weibull modulus was 11.4 for A compact, 5.9 for M compact
nd 6.9 for N compact, respectively. The small Weibull modulus
or SiC M compact reflects the relatively wide range of flaw size
nd shape factor. The fracture probability of N compact in the
ange from 500 to 630 MPa (20% < fracture probability < 100%)
as close to that of A compact. This result suggests that a similar
istribution of Y2a values was produced in both the hot-pressed
iC compacts (Fig. 13).

Fig. 16 shows the typical fracture origins of N compacts of
igh strength (a, b) and low strength (c, d). The flaw observed
n Fig. 11(b) was 56 �m in size and had a sharp edge (Y = 1.08).
n the other hand, the flaw observed in Fig. 11(d) is the porous

egion of about 50 �m length (Y = 1.32). The sizes of both frac-
ure origins were relatively similar. These data are plotted in
ig. 14. The result for N compact suggests that (1) the addi-

ion of 30 nm SiC to 330 nm SiC decreases the flaw size as
ompared with A compact and (2) the range of Y value is com-
arable to that of M compact. Although more observation of
racture origins in N compacts is needed, the Weibull modu-
us may reflects mainly the distribution of Y value rather than a
alue.

. Conclusions

1) Y3+ ions were adsorbed on the negatively charged SiC par-
ticles at pH 5 and the amount of Y3+ ions adsorbed was
controlled by the concentration of Y3+ ions.

2) The addition of PAA in the range from 1.25 to 1.5 mg/m2-
SiC was effective to decrease the apparent viscosity.
Coexistence of free PAA increased the ionic strength and
increased the viscosity of suspension.

3) The packing properties of finer SiC particles (∼30 nm)
added to larger SiC particles (330 or 800 nm) affected
greatly the green density of the bimodal particles
system.

4) The addition of Al2O3 plus Y2O3 of 2–4 vol% densi-

fied SiC above 97% relative density by hot-pressing at
1900–1950 ◦C.

5) The fracture toughness of liquid phase-sintered SiC was
very sensitive to the grain size and the amount of oxide addi-
eramic Society 30 (2010) 1945–1954 1953

tives. Too small grain or excess oxide additives decreased
the fracture toughness (fracture energy) of SiC.

6) The strength and Weibull modulus of SiC were closely
related of the size (a) and shape factor (Y) of flaw in the
range from 20 to 100 �m. The addition of 30 nm SiC to
800 nm SiC contributed to the decrease of flaw size, lead-
ing to the increased strength (maximum strength > 1 GPa).
However, Weibull modulus was low (5.9) because of the
wide range of a and Y values. The addition of 30 nm SiC
to 330 nm SiC provided a higher Weibull modulus but the
strength decreased because of the relatively large Y2a value
and low KIC.
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