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Abstract

A SiC±AlN composite was fabricated by mechanical
mixing of SiC and AlN powders, hot pressed under
40MPa at 1950�C in Ar atmosphere. The object of
this attempt was to achieve full density and a little
solid solution formation. Fine microstructure and
crack de¯ection behaviour are to improve the
mechanical properties of the SiC±AlN composite.
The bending strength and fracture toughness were
achieved 800MPa and 7.6MPam1/2 at room tem-
perature, respectively. The fracture toughness of the
SiC±AlN composite shows minimal change between
room temperature and 1400�C. Post-HIP improves
the surface densi®cation of the SiC±AlN composite
resulting in an increase of the strength and the ability
to resist oxidization. The bending strength of SiC±
AlN composite increases from 800 to 1170MPa
after HIP treatment for 1 h under 187MPa at
1700�C in N2 atmosphere. # 1999 Elsevier Science
Limited. All rights reserved
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1 Introduction

Silicon carbide is an attractive candidate mate-
rial for many structural applications. However,
strength, reliability and fracture toughness of SiC
still represents limitations for some applications.
This disadvantage prevents the practical use of
silicon carbide as a high performance structural
material. To overcome these disadvantages, SiC
composites were developed since some years ago.1

The important step in the design of a SiC matrix
composite is to de®ne the selection of the second
phase particle and the formation feasibility of

SiC±AlN composites. Since Cutler and Miller
found that 2H polymorph of SiC and AlN can
form solid solution,2 much of the research has
focused on a SiC±AlN binary system.3,4 Although
the strengths and toughness of SiC±AlN solid
solution,5,7 when compared with SiC ceramics,
were quite low with little improvement, but it is
interesting that AlN was found to inhibit grain
growth of SiC.6 Based on a tentative SiC±AlN
phase diagram4 and publication literatures, SiC±
AlN particulate composites were fabricated by
mechanical mixing of the SiC and AlN powders,
and then hot-pressed at 1950�C under 40MPa for
0.5 h. This was done in an attempt to achieve full
density and to form partial solid solution, as well
as retain steep compositional gradients. Its micro-
structure would be used to reinforce and toughen
the SiC±AlN particulate composite.

2 Experimental Procedure

AlN with an average particle size of 3�m was used
as the reinforcing and toughening particles. Powder
of monolithic �-SiC of 0.6�m was mixed with AlN
and Y2O3, by ball milling for 10 h. The composi-
tion: SiC:AlN:Y2O3 (weight ratio) was 85:14.5:0.5,
in which the Y2O3 was added as a sintering aid.
The SiC/AlN mixtures were then hot-pressed to
dense materials at 1950�C under 40MPa in Ar
atmosphere. Some of these sintered samples would
be treated by hot isostatic pressing (HIP) for 1 h
under 187MPa at 1700�C in N2 atmosphere.
The strengths at both room temperature and

high temperature were measured by three-point
bending test with a specimen size of 3�4�36mm3.
The tests were conducted on an Instron material
testing machine, the deformation rate were 0.5mm/
min. The span is 30mm in the bending strength
measurement. The fracture toughness of the mate-
rials was evaluated by single edge notch beam
(SENB) with a specimen size of 2.5�5�24mm3,
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the deformation rate of 0.05mm/min. The depth
and width of the specimen notch is 2.5 and less
than 0.2mm, respectively. The span is 20mm in the
measurement of the fracture toughness. Both the
measurement of the bending strength and fracture
toughness, eight pieces of specimens were measured
at room temperature and three pieces of specimens
were done at each point of high temperature.
The microstructures, cracks, fracture surfaces

and boundary interfaces of SiC±AlN specimens
were observed by scanning electron microscope
(SEM) equipped with energy dispersive X-ray
spectroscopy (EDXS) and transmission electron
microscopy (TEM) with an energy-dispersive X-
ray spectrometer (EDS) for elemental analysis.

3 Results and Discussion

During the sintering process, SiC and AlN will be
vapourized at high temperature, and produce dif-
fusion in the compact surface. The rate of trans-
port from a surface is taken to be proportional to
the equilibrium vapour pressure over the surface.
The solid vapourization pressures of AlN and
SiC achieve 14 and 1.23�10ÿ3mmHg at 1900�C.8

Thus, the material transport rate from AlN to
SiC is faster than the opposing process at high
temperature.
Theoretical considerations indicate that the den-

sity of packing of atoms along grain boundaries is
smaller than in the bulk of crystal. This suggests
that the activation energy of di�usion along grain
boundaries should be lower than that of lattice
di�usion and consequently the rate of intergranular
di�usion should be faster. The rate of di�usion is
determined by self-di�usion of the grains.
The Arhenius relationship, generally applicable

to all branches of chemical kinetics, is also a valid
description of the temperature dependence of the
di�usion coe�cient.

D � D0e
ÿQ=RT �1�

where D0 is a frequency factor which a temperature
independent constant, R is the gas constant, T is
temperature, and Q the activation energy.
One simple experiential equation9 but successful

examples of such rules are given below, where Tm is
the melting temperature.

QD � 33�7Tm �2�

The self-di�usion coe�cient:

D � 3�4� 10ÿ5Tma
2
0exp�ÿ17Tm=T� �3�

Where

D: di�usion coe�cient (cm2 sÿ1)
D0: frequency factor (cm2 sÿ1)
a0: lattice constant expressed in nm

(0.1�10ÿ9)
T: temperature in the Kelvin scale
Tm: melting point in the Kelvin scale.

Because there are no melting temperatures for
SiC and AlN, the decomposition temperatures,
which SiC is 2830�C and AlN is 2400�C,10 are
assumed for Tm. Therefore, the self-di�usion of
SiC and AlN at 1950�C can be estimated at
4.95�10ÿ13 and 1.17�10ÿ11 cm2 secÿ1, respectively.
The di�usion ability of AlN is about 24 times
greater than that of SiC. As there is much AlN
existing in boundaries, it results in a decrease in
sintering temperature as compared with monolithic
�-SiC ceramics. SiC±AlN can be sintered at 1950�C
under 40MPa for 0.5 h in Air atmosphere.
The system of SiC-AlN passes through three

steps to form the solid solution at the end. Initially,
the AlN particle is vapourized from its own surface
Next, AlN vapour is deposited onto the surface
of the SiC grains and the AlN particle due to
vapourization accompanied with reduction in the
size of itself. Finally, the formation of partial SiC±
AlN solid solution occurs at the boundary of the
SiC grains. As a result of the AlN deposition and
solid solution formation in the boundary of the SiC
grains, a barrier layer is formed on the surface of
SiC grains. This result leads to the formation of
®ne grains.11 Figure 1 shows the fracture surface
of SiC±AlN composite.
Two aspects of the toughening model are

explained in this study: (1) the thermal expansion
of SiC and AlN are 4.5�10ÿ6 (room temperature
to 2200�C) and 6.09�10ÿ6/K (room temperature to
2000�C), respectively. There is compressive stress
around SiC grains. It therefore favours the

Fig. 1. The fracture surface of SiC±AlN composite.
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mechanisms of toughening by crack de¯ection
(�p>�m). (2) for a weak interface of SiC±AlN solid
solution, a crack in the SiC matrix can lead to
debonding at the interface, followed by crack
de¯ection. Additional energy-absorbing phenomena
lead to an enhanced fracture toughness. Figure 2
is expressed as the crack de¯ection behavior of
SiC±AlN composite.
Figure 3 shows the mechanical properties of the

SiC±AlN composite between room temperature
and 1400�C. The microstructure of the composite
weakens at high temperature as the microhardness
decreases linearly from room temperature to
1200�C,12 as shown in Fig. 4.
On the other hand, because the mechanical

properties of SiC±AlN solid solution are lower, the
SiC±AlN composite maintains its fracture tough-
ness, probably due to a weakening of the bound-
aries. For these reasons, not only does �T decrease
resulting in the stress around the grain-boundaries
also decreasing, but the fracture toughness of
SiC±AlN composites has minimal change between
room temperature and 1400�C, as shown in Fig. 3.
This is unlike the case of transformation toughen-

ing of zirconia. The toughness of ZrO2 is observed to

fall continuously with increasing temperature due
to a loss of the transformation.
Pores, inclusions, and other inherent internal

defect as well as roughness, surface ¯aws, or other
external defects in¯uence the strength of ceramic
materials. The presence of a ¯aw in a ceramic
material results in stress concentration. Equation

Fig. 2. The schematic representation for crack de¯ection.

Fig. 3. The mechanical properties of SiC±AlN composite from
room to high temperature.

Fig. 4. The microhardness of SiC±AlN composite from room
to high temperature.

Fig. 5. The SEM photograph of SiC±AlN composite. (a) The
surface of HP sample A; (b) the surface of HIP sample B.
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(4) presents a more general relationship between
strength and ¯aw:

�f � Z

Y
�2E

c
�1=2 �4�

where Y is a dimensionless term that depends on
the ¯aw depth and test geometry, Z is another
dimensionless term that depends on the ¯aw con-
®guration, c is the depth of surface ¯aw, and E
and  are de®ned as the elastic modulus and the
fracture energy, respectively.
Post-HIP with the external load was super-

imposed on the intrinsic sintering pressure. Mass
transport results in ¯aw and pore elimination in the
®nal densi®cation stage. Pores and ¯aws can be
also eliminated from the surface when the micro-
structure was presintered to close porosity.
As a result of observation, it could clearly be

seen that the surface of HP Sample A was di�erent
in the surface of post-HIP Sample B. The SEM
images of these surfaces are shown in Fig. 5.
Comparing A with B, the mechanical properties

increase as a result of post-HIP, especially in the
bending strength, as shown in Table 1.
SiC±AlN composites by HP and HIP were oxi-

dized at temperature of 1100, 1250 and 1370�C for
30 h in air. The size of the specimens was
5�5�10mm3. Figure 6 shows the weight gain as
result of oxidization versus time at various tem-
peratures for the SiC±AlN composite. As the surface

is more dense after HIP treats. The oxidization
resistance ability of the SiC±AlN is signi®cantly
improved. The e�ect of oxidization resistance by
post-HIP is clearly seen at 1250 and 1370�C.

4 Conclusion

The fracture toughness results indicate that there is
signi®cant toughening due to the addition of AlN
particles to a SiC matrix. The solid solution layer
of SiC±AlN on the grain surfaces restricts the
excessive growth of SiC crystal grains and forms a
®ne microstructure. Two aspects e�ective toughen-
ing are that there is compressive stress around the
SiC grains due to a thermal expansion mismatch
and a weak interface of SiC±AlN solid solution.
The ®ne microstructure and crack de¯ection beha-
vior help improve the mechanical properties of the
SiC±AlN composite. The bending strength is
800MPa at room temperature and 640MPa at
1400�C. The fracture toughness is 7.6MPam1/2 at
room temperature. The fracture toughness of the
SiC±AlN composite insigni®cantly changes between
room temperature and 1400�C.
The SiC±AlN composite can be further densi®ed

on the surface by post-HIP. Through post-HIP,
pores and ¯aws on the sample surface can be
eliminated thus achieving better densi®cation on
the surface. Post-HIP improved the resistance to
oxidization of the SiC±AlN composite. Post-HIP
contributed to the increase in the bending strength
of SiC±AlN composite at room temperature. It
increased from 800 to 1170MPa.
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