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Abstract

The heterogeneous precipitation method was used to prepare YAG–5 vol.% SiC powder. Hot-press sintering and spark plasma

sintering were used to obtain dense sintered bodies. The present results revealed that nanoscale-sized SiC particles were well dis-
tributed within the composites, with most of the particles located within the YAG grains. The bending strength of spark-plasma-
sintered YAG–5 vol.% SiC nanocomposites was 565 MPa, much higher than that of monolithic YAG ceramics. The fracture mode
of the YAG–5 vol.% SiC nanocomposites was transgranular. The present results indicate that YAG–5% SiC nanocomposites are

good high-temperature structural materials and that spark plasma sintering is appropriate for fabricating high-performance YAG–
5 vol.% SiC nanocomposites with a fine microstructure because the method involves a low sintering temperature.# 2002 Published
by Elsevier Science Ltd.
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1. Introduction

Single-crystal yttrium aluminum garnet (YAG) has
the lowest creep rate of any oxide, and polycrystalline
YAG also has good creep resistance at high tempera-
ture. Thus, YAG is an attractive candidate for high-
temperature structural ceramics.1,2 However, the poor
mechanical properties of polycrystalline YAG limit its
application: according to some reports, hot-pressed
YAG has a strength of 234 MPa, and sintered YAG has
a strength of only 102 MPa.3 Thus, the mechanical
properties of polycrystalline YAG must be improved
before it can be applied industrially.
In the 1990s, Niihara et al.4 reported that incorporat-

ing nanoscale-sized particles into a ceramic matrix can
increase the mechanical properties dramatically, espe-
cially in the Al2O3–SiC system. Those researchers
believed that the mechanism of strengthening and
toughening was believed to be caused by residual stres-
ses resulting from the different thermal expansion coef-
ficients of Al2O3 and SiC. Because YAG has a

coefficient of thermal expansion similar to that of Al2O3

and does not react with SiC, the incorporation of
nanoscale-sized SiC should also efficiently improve the
strength of YAG ceramics. However, few reports have
been made on YAG-SiC composites.
Recently, the spark–plasma–sintering (SPS) method

has been developed for fabricating metals, ceramics, and
composites.5�9 Compared with hot-pressing, the SPS
technique allows sintering at lower temperatures and
with shorter soaking times. With the SPS method, raw
powders in a carbon die are pressed uniaxially and a d.c.
pulse voltage is applied. At an early stage of the proce-
dure, the powders are heated by spark discharge
between the particles and the carbon die is heated by the
pulse voltage also. It means that all heating achieved by
the spark plasma generator. Thus, the SPS method is
considered suitable for fabricating fine-grained cera-
mics, because it effectively uses the phenomenon of
microscopic electric discharge between particles under
pressure. According to the Hall–Petch relationship, the
strength of polycrystalline ceramics increases as grain
size decreases, so that the SPS method holds promise for
producing high-strength ceramics. We have used SPS to
fabricate Al2O3–SiC nanocomposites with strength
values up to 980 MPa.7
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In the present study, our intention was to add nanos-
cale-sized SiC particles to a YAG precursor and com-
pact this composite powder by the SPS method.
Sintered bodies with fine microstructures and good
mechanical properties were anticipated, because of the
short sintering time and the second-phase-particle inhi-
bition effect.

2. Experimental procedure

The heterogeneous precipitation method was used to
prepare the starting powder. The processing steps for
this method are outlined in Fig. 1. Aluminum nitrate
[Al(NO3)3.9H2O, 99.0% purity], yttrium nitrate (made
by dissolving Y2O3 into HNO3), and nanoscale-sized
SiC (average grain size, 70 nm, Institute of Chemical
Metallurgy, China) were used as starting materials. The
former two materials were adjusted to a 0.6 mol/l Y3+

and 1.0 mol/l Al3+ aqueous solution by dissolution in
distilled water. Because the isoelectric point of an SiC
aqueous suspension is located at a pH value of �4,10 a
uniformly dispersed SiC aqueous suspension was
obtained by regulating the pH value to >9 and using
ultrasonic vibration. By simultaneously adding the Y3+,
Al3+ aqueous solution and ammonia to the SiC aqu-
eous suspension, while keeping the pH value between 9
and 10, we were able to produce an Al(OH)3 and
Y(OH)3 mixed precipitate that included nanoparticles
of SiC. The precipitate was oven-dried at 100 �C, cal-
cined at 1100 �C, and wet ball-milled to attain a YAG–
SiC powder. Other researches4,7 have indicated that a
small amount of nanoscale-sized SiC effectively tough-
ens and strengthens the ceramic matrix. Thus, only
YAG–5 vol.% SiC powder was produced in the present
experiment.
The composite powders were compacted by hot-

pressing (HP) and SPS, respectively. HP was conducted
under 30 MPa pressure in a nitrogen–gas atmosphere, at

temperatures between 1450 and 1700 �C, with a holding
time of 1 h. The prepared composite powder was put in
a carbon die and the sample size was 35�30�6 mm.
SPS was conducted under vacuum, in a Dr. Sinter

apparatus (Model No. SPS-2040, Sumitomo Coal
Mining Co., Ltd., Yokohama, Japan). The prepared
powder was compacted to green-body cylinders of 30
mm diameter and 10 mm height, and the cylinder was
put into a carbon die having an inner diameter of 30
mm. The SPS processing parameters were as follows:

1. A pressure of 50 MPa was applied at the beginning
of the sintering process and released during the
cooling portion of a complete sintering cycle.

2. The pulse duration was 3.3 ms, and one pulse
sequence contained 12 pulses, while the interval
between pulse sequences was 6.6 ms.

3. The pulse-sequence current averaged 5000 A.
4. The sintering temperature was between 1350 and

1550 �C, and the heating rate was 200 �C/min.
5. The holding time at sintering temperature was 1

min.

For comparison, pure YAG powder was prepared by
the coprecipitation method, with a calcination tempera-
ture of 900 �C; specific processing details are described
elsewhere.11 This pure YAG powder was also com-
pacted by both HP and SPS. The sintering temperatures
were 1500 �C (holding time, 1 h) for HP and 1400 �C
(holding time, 5 min) for SPS.
Sintered sample densities were measured by the

Archimedes method. For mechanical testing, the hot-
pressed samples were cut and ground into rectangular
bar specimens (4�3�20 mm) and measured by the
three-point bend test. The fracture cross-section was
examined using scanning electron microscopy (SEM),
and the distribution of nanoscale-sized SiC in the YAG
matrix was examined using transmission electron
microscopy (TEM).
In the following discussion, the samples of YAG–5

vol.% SiC sintered by the HP and SPS methods are
represented as HP YAG–SiC and SPS YAG-SiC,
respectively; the samples of pure YAG sintered by the
HP and SPS methods are represented as HP YAG and
SPS YAG, respectively.

3. Results and discussion

3.1. Sintering behavior

The relationship between the SPS temperature and
the relative density of YAG–5 vol.% SiC (Fig. 2) shows
that dense sintered bodies were obtained at >1500 �C
by the SPS method, despite a high heating rate and
short soaking time. Such rapid densification results
from the characteristics of SPS: the current passes

Fig. 1. Flow chart showing the fabrication of SiC–YAG powder by

the heterogeneous precipitation method.
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through both the carbon dies and the sample, so that
the sample is heated from both the outside and the
inside resulting in a very rapid heating rate. During the
initial portion of the densification process, and in con-
nection with densification of nonconducting materials, a
discharge between the particles is expected to occur;
during the initial stage of each current-voltage pulse, a
plasma has been reported to form.12 Thus, these pro-
cesses promote material transfer and make rapid densi-
fication of the powder compact possible at low
temperatures and short holding times.
On the other hand, all of the present HP samples

cracked when they were removed from the carbon die,
although very slow heating and cooling rates had been
applied. X-ray diffractometry results indicated that no
phase transformation occurred during sintering; only
two phases, YAG and SiC, were revealed in both the
powder and the sintered bodies. Therefore, residual
stress resulting from the different thermal expansion
coefficients between the YAG and SiC seemed to cause
the cracking of the sintered bodies.
Some researchers13 believe that the mechanical prop-

erties of Al2O3–SiC nanocomposites are determined by
a change in the fracture mode of Al2O3 when sub-
micrometer-sized SiC particles are added. Calculation of
the residual-stress distribution seems to indicate that the
fracture mode transition is caused by the both matrix
weakening and the grain-boundary strengthening.
Because YAG has a thermal expansion coefficient simi-
lar to that of Al2O3, the addition of nanoscale-sized SiC
will also weaken the YAG matrix and strengthen the
YAG grain boundary. However, the HP YAG matrix is
so weak that it cannot bear the residual stresses result-
ing from the incorporation of SiC particles; therefore,
integrated HP YAG–SiC nanocomposites are difficult
to achieve.
To verify the above theory, we tested the strength of

SPS YAG and HP YAG, to learn the strength of the
YAG matrix in SPS YAG–SiC and HP YAG–SiC. The
strength of the pure YAG hot-pressed at 1500 �C was

238 MPa; YAG sintered at 1400 �C by the SPS method
reached 348 MPa. The higher matrix strength of the
SPS samples could bear the residual stresses resulting
from the addition of SiC particles, demonstrating that
integrated dense nanocomposites are obtainable by the
SPS method.
Because YAG ceramics have a HP temperature simi-

lar to that of Al2O3 ceramics, the HP temperature of
Al2O3–5 vol.% SiC nanocomposites can be used as a
reference for the HP temperature of YAG–5 vol.% SiC
nanocomposites. Almost all studies on Al2O3–SiC
nanocomposites report that the HP temperature for
Al2O3–5 vol.% SiC is �1700 �C.4,10,14 Thus, the SPS
method can lower the densification temperature for
YAG–SiC nanocomposites.

3.2. Mechanical properties

Fig. 3 shows the relationship between the mechanical
properties and SPS temperature of SPS YAG–SiC and
SPS YAG. As shown, the bending strength of YAG–5
vol.% SiC sintered by SPS at 1550 �C can reach 565
MPa, higher than the strength of pure YAG ceramics
sintered by HP or SPS. According to other reports3 and
our present experimental results, the bending strength of
HP YAG is �240 MPa. The bending strength of YAG
ceramics can reach 348 MPa when the SPS method is
used with powder prepared by the coprecipitation
method. Evidently, the addition of nanoscale-sized SiC
particles enhances the YAG matrix. The increased
strength is a result of the fine grain size and the residual
stress produced by the different thermal expansion
coefficients of the YAG and SiC.

3.3. Microstructure

Fig. 4 shows SEM photographs of the fracture sur-
faces of HP YAG, SPS YAG, HP YAG–SiC, and SPS
YAG–SiC. Both the transgranular and the inter-
granular fracture modes exist in HP YAG, possibly

Fig. 2. Relative density versus sintering temperatures for YAG–5

vol.% SiC nanocomposites sintered by SPS.

Fig. 3. Bending strength versus sintering temperatures for YAG–5

vol.% SiC nanocomposites sintered by SPS.
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because of the weakness of the grain boundary and the
matrix. In SPS YAG, the main fracture mode is inter-
granular, signifying that SPS YAG has stronger grains
than does HP YAG, because the strength of the SPS
YAG is higher than that of the HP YAG. In HP YAG–
SiC and SPS YAG–SiC, the main fracture mode is
transgranular. However, the transgranular fracture sur-
face of SPS YAG–SiC has many steps, unlike the flat
fracture surface of HP YAG–SiC, revealing that the
SPS samples have stronger grains than the HP samples,
so that cracks must twist to pass through their YAG
grains. The SEM photographs also reveal that the grain
size of the HP YAG is �4 mm, that of SPS YAG �1
mm, and that of SPS YAG–SiC �2-3 mm. The grain size
of the SPS YAG is smaller than that of the HP YAG
because of a shorter holding time. The grain size of
the SPS YAG–SiC is difficult to evaluate from the
SEM photographs because of complete transgranular
fracture.
Fig. 5 shows TEM photographs of SPS YAG–SiC.

The grain size of the YAG is �1 mm, indicating that the
SPS method produces a finer microstructure than does
the HP method. SiC particles are located within the
YAG grains, indicating that intragranular YAG–SiC
nanocomposites have been obtained. According to resi-
dual-stress calculations,4,13 this type of intragranular

microstructure, in which second-phase particles are
located within the matrix grains, is effective for
improving strength.

4. Conclusions

Dense bodies of YAG–5 vol.% SiC nanocomposites
can be obtained by the SPS method at 1500 �C. The
bending strength of those bodies can reach 565 MPa,
higher than that of pure YAG. Microstructural obser-
vation shows that the fracture mode in SPS YAG–5
vol.% SiC nanocomposites is transgranular. The YAG
grain size is �1 mm, and SiC particles are located within
the YAG grains. Thus, YAG–SiC nanocomposites have
stronger grain boundaries than those of pure YAG, and
the SPS method is effective for producing YAG–SiC
nanocomposites with a fine matrix grain size and an
intragranular microstructure.
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