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Silicon carbide (SiC) and aluminium nitride (AlN) were found to form a solid solution at
temperatures above 1800 °C. Based on this interesting result, the composite was fabricated
by mechanical mixing of the SiC and AlN powders, and hot pressed under 40 MPa at 1950 °C
in an argon atmosphere. The objective was to achieve full density and minimize solid
solution formation. During the sintering process, the SiC—AlN system passed through three
steps to form the solid solution at the end. First, the AlN particle is vaporized from its surface;
next, the evaporated AlN is deposited on the surface of the SiC grains and the AlN particle,
accompanied by a reduction in its size, and finally, partial SiC and AlN solid-solution
formation on the boundary of the SiC grains. Because of the AlN deposition and solid-
solution formation at the boundary of SiC grains, a barrier layer was present on the surface
of SiC grains. This leads to the formation of fine grains. The toughening mechanism is
thought to be by thermal residual stresses, due to the difference between the coefficients of
thermal expansion of the matrix SiC and that of the dispersed AlN particles, and crack
deflection around the SiC grains. Therefore, it is that which improves the mechanical
properties of the SiC—AlN composite.  1998 Chapman & Hall
1. Introduction the formation SiC—AlN mixture powder by or-

Several theories have been developed in an attempt
to quantify the toughening effect of the addition of
second phase particles to a ceramic matrix. Thermal
residual stresses arise because coefficient of thermal
expansion of the particles is greater than that of the
matrix. Other mechanisms that may also operate as
a result of the addition of a particulate reinforcement,
are crack-front pinning and bowing, crack deflection
around particles, crack branching and micro-
cracking. At present, the study of composite materials
has attracted wide attention.

Silicon carbide (SiC) materials show excellent wear
and oxidization resistance at high temperature, but
lack the toughness necessary for sufficient reliability.
For wide application of SiC ceramic, it is very impor-
tant to improve its toughness. Many successful studies
on the improvement of the mechanical properties of
the SiC composites, by second-phase particles, have
been reported. For example, SiC—TiC, SiC—Al

2
O

3
,

SiC—TiB
2
, etc., were researched. Culter and Miller [1]

found that the 2H polymorphs of SiC and AlN
can form extensive solid solution at temperatures
ranging from 1800—2100 °C, and exhibit analogous
lattice parameters. These two materials have more
recently been combined as a potential composite
material. Much research has been conducted into

0022—2461 ( 1998 Chapman & Hall
ganometallic precursors [2], carbonthermal reduction
[3], the phase diagrams [4] and fabrication methods
[5]. Some properties of SiC and AlN are shown in
Table I.

The main purpose of this work was to study the
microstructure and thus its effect on reinforcing and
toughening the SiC—AlN composite ceramic.

2. Experimental procedure
Composites of a matrix and dispersed particles have
interfaces and thus matching problems. The choice of
individual components in order to make a composite
material, depends on their properties such as
crystallographic, electronic, mechanical, thermo-
dynamics and thermomechanics. The SiC—AlN system
was selected to fabricate the composite in the present
study.

AlN, with an average particle size of 3 lm, was used
as reinforcing and toughening particles. Powder of
monolithic a-SiC of 0.6 lm was mixed with AlN and
Y

2
O

3
by ball milling for 10 h. The composition

SiC:AlN:Y
2
O

3
(weight ratio) was 85 :14.5 : 0.5, in

which the Y
2
O

3
was added as a sintering aid.

The shapes of the SiC and AlN powders are shown in
Fig. 1.
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TABLE I Some physical properties of SiC and AlN The strength at room temperature and 1400 °C was
Materials and properties SiC AlN

Density (g/cm~3) 3.21 3.26
Crystal structure Hexagonal Hexagonal
Lattice constant (nm) a

0
" 0.307 63, a

0
" 0.311 14,

c
0
" 0.504 80 c

0
" 0.497 92

Thermal expansion 4.5 6.09
coefficient
(10~6K~1)

Young’s modulus (GPa) 410 350
Thermal conductivity 54.43 30.10

(Wm~1K~1)
Bending strength (MPa) 450 (boron, 200—400

carbon add.)
Fracture toughness 4—4.0 (boron, 2

(MPam1@2) carbon add.)

Figure 1 The shape of (a) SiC and (b) AlN powders.

Then the mixture of a-SiC, AlN and Y
2
O

3
powders

was hot pressed in graphite dies. Through sintering
under 40MPa pressure at 1950 °C in an argon
atmosphere, the dense SiC—AlN composite material
was obtained.
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measured by a three-point bending test with a speci-
men size of 3¹] 4¼] 36¸mm3. The test was
conducted using an Instron materials testing machine,
and the deformation rate was 0.5mm/min~1. The
fracture toughness of the materials was evaluated
using specimens tested in indentation strength-in-
bending (ISB).

The microstructures of the cracks and the boundary
interface of the SiC—AlN composite material were
observed by energy dispersive X-ray spectroscopy
(EDXS), scanning electron microscopy (SEM) and
transmission electron microscopy (TEM).

3. Results and discussion
3.1. Microstructure
Through SEM observation, the fracture surface of the
bent bar specimen is seen to have an unruly structure
showing numerous rising and falling peaks, as shown
in Fig. 2. The AlN is well-distributed in the micro-
structure of the composite material, as seen through
aluminum element detection by EDXS in the SEM. At
the same time, the microstructure in this composite
has fine grains, the average size of which is about 1lm.
The microstructure seen by TEM observation is shown
in Fig. 3.

Figure 2 Scanning electron micrograph of the fracture surface of
SiC—AlN.

Figure 3 Transmission electron micrograph of the microstructure
of SiC—AlN composite.
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Figure 4 A schematic illustration of the solid-solution mechanism in the SiC—AlN composite system.

According to X-ray photoemission spectroscopy toughness could be increased, not only by t

(XPS) analysis of the surface of the SiC—AlN
composite, the diffraction peaks of 2h angle for SiC
and AlN are overlapped at 35 ° and 60 ° [6]. The
average grain size of the SiC—AlN composite is 1lm,
as shown in the micrograph of Fig. 2. However, the
original powder size of the AlN powder is about 3lm.
Therefore, the dispersed AlN particles must be
changed in the fabrication process.

The solid vaporization pressures of AlN and SiC are
14 and 1.23] 10~3mmHg at 1900 °C [7]. Of course,
the vaporization rate of AlN solid far exceeds that of
SiC at 1950 °C. It is imagined that the microstructure
changes during the sintering process, as schematically
shown in Fig. 4.

First, the second-phase particles, AlN, vaporize
from the large powder surface, then AlN is deposited
on the surface of the SiC powders, thus decreasing in
size. Subsequently, AlN on the SiC surface diffuses
into the SiC grain body, and finally SiC and AlN form
an SiC—AlN solid solution layer on the surface of SiC
grains. This formation mechanism may be proved by
TEM analysis of the grain boundary shown in Fig. 5.
Points 1,2,3 on the micrographs indicate the crystal
boundary, the SiC grain near the boundary; and an
SiC grain, respectively. Their diffraction peaks are
shown in Fig. 6b—d, respectively. The silicon is basi-
cally constant from positions 1 to 3, but the aluminum
decreases, and is especially lacking in the SiC grains,
such as at position 3. Because the sintering process
was conducted for only half an hour, the AlN may
incompletely diffuse into the SiC grains, and form
a solid solution with SiC; thus the microstructure is
not affected during the formation of the homogeneous
structure of the SiC—AlN solid solution.

3.2. The mechanisms of toughening and
reinforcement

The presence of thermal residual stresses may
cause microcracks to develop near the crack tip. The
of microcracks, but also possibly due to preferential
crack deflection towards microcrack regions. Theoret-
ically, the largest contributions are predicted to be
from crack deflection around the particles and from
thermal residual stresses. The crack deflection around
the particles must make a significant contribution to
the toughness of the composite. Other additional
contributions to toughness from particulate rein-
forcement potentially come from matrix grain-size
reduction. It is therefore deduced that the toughen-
ing observed derives principally from a favourable
residual stress distribution generated by the thermal
expansion mismatch between the SiC matrix and AlN
particles.

In order to make precise observation of the
crack propagation and the crystal boundary, the
surface of the SiC-AlN composite was diamond
polished in decreasing grades from coarse to fine.
To make the boundary clear, the sample was corroded
by an alkali solution. The SiC—AlN specimen, shows
crack deflection and bowing, as shown in Fig. 6. The
crack extension path is curved and long, so that
the damage requires more energy. The result would be
an increase in the fracture toughness of the SiC—AlN
composite, and as a result the fracture toughness
reaches 7.01MPam1@2. At the same time, the alumi-
nium nitride exists at the interface between the SiC
grains and forms a solid solution with SiC. The solid
solution structure around the SiC grains restrains the
exceeding growth of SiC crystal grains which became
fine, as shown in Fig. 3. Owing to this behaviour, the
bending strength of the SiC—AlN composite reaches
800MPa at room temperature.

3.3. The mechanical properties of
SiC—AlN composite

The results of the above analysis show that AlN may
be deposited on the SiC surface and form a solid
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Figure 5 The crystal boundary of SiC—AlN and Al/Si elements. (a) TEM image of the microstructure of the crystal boundary. (b) The Al/Si
diffraction peaks at point 1. (c) The Al/Si diffraction peaks at point 2. (d) The Al/Si diffraction peaks at point 3.
solution, the boundary of which produces a barrier to
Figure 6. Crack propagation on the surface of the SiC—AlN
composite.
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restrain the excessive growth of the SiC grains. There-
fore, this composite material shows fine microstruc-
ture and better mechanical properties.

The composition in this investigation was SiC: AlN:
Y

2
O

3
" 85 :14.5 : 0.5 (wt %). The SiC—AlN ceramic

composite could be sintered to dense specimens by hot
pressing under 40 MPa at 1950 °C in an argon atmo-
sphere. The physical and mechanical properties of the
composite are shown in Table II.

4. Conclusion
The fracture toughness results indicate that there is
significant toughening due to the addition of AlN
particles to an SiC matrix at room temperature. The
SiC—AlN composite shows better mechanical proper-
ties. The bending strength is 800 and 640 MPa at
room temperature and 1400 °C, respectively. The
fracture toughness reaches 7.01 MPam1@2 at room



TABLE II The properties of SiC—AlN composite
Composition Density Porosity Bending strength (MPa) Fracture toughness

SiC:AlN:Y
2
O

3
(g/cm~3) (%) RT 1400 °C (MPam1@2)

85 :14.5 : 0.5 3.22 5.6] 10~3 800 640 7.01
temperature. AlN plays an extremely important role in References

the composite system. During sintering by hot press-
ing, solid-phase vaporization occurs on the surface of
the AlN powders, and AlN deposits around the SiC
grains, and the formation of solid solution for SiC and
AlN finally occurs. For these reasons, the solid solu-
tion layer of SiC—AlN on the grain surfaces restrains
excessive growth in SiC crystal grains and forms a fine
microstructure. The results for both fine crystal grains
and crack deflection may contribute to reinforcement
and toughening in the SiC—AlN composite.
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