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Abstract

Carbon fibre reinforced Li-a-sialon ceramic matrix composites have been fabricated by a process of slurry infiltration followed by
hot-pressing. The roles of both carbon fibres and ZrO2 particles in the strengthening and toughening of Li-a-sialon ceramic matrix
composites are discussed. SEM observations show that microcracks in the matrix resulting from the thermal mismatch between the
carbon fibres and the matrix can be eliminated by the addition of the ZrO2 and a considerable amount of fibre pullout was achieved
during fracture failure of the composites. Measurement of mechanical properties indicates that a synergistic strengthening and
toughening has been achieved with bending strength and fracture toughness of �410 MPa and �12 MPa m1/2 respectively.# 2001

Elsevier Science Ltd. All rights reserved.
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1. Introduction

Carbon fibres have been extensively used to reinforce
glass, glass–ceramic, and ceramic–matrix composites
because they offer an excellent combination of strength,
modulus, and toughness,1�5 and of the available fibres,
they retain their mechanical properties most successfully
above 1000�C. However, carbon fibres have a high ther-
mal anisotropy, and for example, the thermal expansion
coefficients are (0.67–1.0)�10�6 �C�1 and (8–27) �10�6
�C�1 in the axial and radial directions respectively.3,6

This anisotropy makes it rather difficult for carbon
fibres to be compatible with most other matrices in both
directions simultaneously. To solve this problem, the
most common procedure is to adjust the thermal
expansion coefficient of the matrix, and for example in
carbon fibre reinforced Li2O–Al2O3–SiO2 (LAS) matrix
composites, glasses with aluminium-rich compositions
have a low thermal expansion coefficient (0�12)�10�7
�C�1,7 which can be easily increased just by adding
other cations. However, in the carbon fibre/nitrogen

glass system, and especially the rare earth sialon glass
system, although the glass forming regions in these sys-
tems are also extensive and the thermal expansion coef-
ficient can be adjusted significantly, it is still difficult to
achieve low enough values to be compatible with the
carbon fibre axial direction.8 As for carbon fibre/cera-
mic systems, the scope for adjustment of the thermal
expansion coefficient in a single-phase ceramic is very
limited once the overall chemical composition is deter-
mined. Therefore transverse cracks perpendicular to the
carbon fibre axial direction forming after preparation
have been reported in these materials.3,4,9

Another possible way is to incorporate particles of
ZrO2 into the matrix so that the thermal expansion
behaviour of the matrix can be changed by the t!m-
ZrO2 transformation. This method is not suitable for
glasses with Tg lower than the t!m transformation
temperature (�1170�C) because the volume change
from the transformation is absorbed by plastic defor-
mation. It has been reported that additions of ZrO2 to
silicon nitride3 and nitrogen glasses4 can eliminate the
micro-cracks caused by the thermal mismatch.
In this paper, carbon fibre reinforced Li–a–sialon

composites have been prepared and the effect of pro-
cessing parameters on the mechanical properties and
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fracture behaviour of the composites examined; the for-
mation of microcracks in the matrix has been analysed.
The use of carbon fibres and monoclinic ZrO2 particles
together for the reinforcement of Li–a–sialon ceramics
has been explored based on the following considerations:
(1) the incorporation of carbon fibres is expected to
improve the fracture toughness, and the mode of fracture,
and hence to increase the damage tolerance of the com-
posites; and (2) the addition of monoclinic ZrO2 particles
should alleviate the stresses generated by matrix contrac-
tion, thereby removing the micro-cracks resulting from
the thermal mismatch between the fibres and the matrix.
By a combination of these two effects, it was expected that
both strengthening and toughening could be achieved
simultaneously. The transformability of ZrO2 and its
chemical compatibility with the matrix are discussed.

2. Experimental procedure

2.1. Synthesis of pure Li–�–sialon

An m=1.3, n=1.2 a-sialon, of general formula
MxSi12-(m+n)Al(m+n)OnN16�n, was chosen for the overall
composition because this composition is located fairly
centrally within the single-phase a-sialon region on the
a-sialon plane, and can be prepared in high purity.
Si3N4 (H.C. Starck, G10), AlN (H.C. Starck, grade B),
Li2CO3 (BDH, 99%,) and SiO2 (BDH, precipitated)
were employed as starting materials; the process of
mixing, and drying remained as reported in a previous
paper.9 A mixture of 50 wt.%BN and 50 wt.% Li2CO3/
AlN/Si3N4 powder was chosen as the packing powder
to retard the volatilisition of gaseous Li species. The
pre-shaped �40�20 mm green body was pressureless
sintered in an inductively-heated graphite furnace under
a N2 atmosphere at 1700

�C for 1 h.

2.2. LAS glass powder preparation

LAS glass of composition Li40Al6Si60O149 was chosen
as the sintering additive, because (1) LAS glasses were
reported to have good chemical compatibility with car-
bon fibres,10,11 thus some chemical reactions between
carbon fibres and the matrix can be avoided at relatively
low sintering temperatures, (2) this composition has a
low eutectic temperature (�1050�C) according to the
Li2O–Al2O3–SiO2 phase diagram12 and (3) it was
expected that Li-a-sialon would partially dissolve in the
LAS glass thus facilitating sintering of the composite.
LAS glass was prepared by melting the batch com-

pounds Li2CO3, SiO2 and Al2O3 in a graphite crucible
at 1250–1300�C for 30 min in a N2 atmosphere and then
fast cooling to room temperature.
The bulk Li–a–sialon and LAS glass were crushed

and ground to a fine particle size for later use.

2.3. Composite fabrication and characterization

The as-prepared Li-a-sialon powder, LAS glass pow-
der and ZrO2 powder (TOSOH, TZ-0, see Table 1) were
mixed together by ball milling for 60 h using sialon balls in
iso-propanol in a rubber cylinder. The resulting slurry was
then dried using an infra-red lamp. The mixed and milled
powders were mixed in a PVA water solution containing
3–5 wt.% of PVA, and stirred ultrasonically to form a
homogeneous slurry. Carbon fibre tows (Toraca, Grade
X555, see Table 2) were fed carefully through the slurry
tank containing the as-formed slurry. The slurry-
impregnated carbon fibre tows were wound on to a
drum in an aligned arrangement, and after partial dry-
ing, cut into short segments and 1D stacked for cold
pressing. The completely dried green bodies were hot-
pressed under different conditions. Fig. 1 schematically
shows the processes used for slurry formation and
composite fabrication.
Fibre volume fraction measurement was carried out

by using the ‘washing out’ method.4 After hot-pressing,
density measurements were carried out by of mercury
displacement, phases were analysed by X-ray powder
diffraction using a Hägg–Guinier X-ray focusing cam-
era. Samples were machined and polished to 3�4�45
mm for strength testing and 2�4�45 mm for fracture
toughness measurement. Generally tensile testing is
more appropriate, but in the present paper, bend test-
ing, which is very commonly used for ceramic materials,
was chosen because the preparation and machining of
ceramic samples is much easier and cheaper. The three-
point bend test was carried out on an INSTRON
machine, with a span of 30 mm, and a load rate of 0.2

Table 2

Properties of TORAYCA (Grade X555) carbon fibres

Filament no. 12,000 Filaments per tow

Diameter 5–6 mm
Density 1.80 g/cm3

Young’s modulus 257 GPa

Tensile strength 4470 MPa

TECa (in axis direction) �a (0.67–1.0)�10�6 �C�1

TECa (in radical direction) �r (8–27)�10�6 �C�1

a TEC, thermal expansion coefficient.3,6

Table 1

Properties of TOSOH TZ-0 zirconia powder

Chemical analysis Al2O3 <0.005 wt.%
SiO2 0.007 wt.%

Fe2O3 <0.002 wt.%
Na2O 0.020 wt.%

Ig loss 0.78 wt.%

Crystallite size 27 mm

Specific surface area 15.3 m2/g
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mm/min. The distribution of carbon fibres in the com-
posites and microstructure of fracture surfaces of the
composites after bend testing were observed using a
HITACHI S-2400 Scanning Electron Microscope;
Young’s moduli for composite samples were determined
by four-point bending using bar shaped specimens
(3�4�45 mm). Two strain gauges, which were attached
to the upper and lower sides of each specimen to
offset the disturbance arising from the unevenness of
the specimen, were connected to the strain indicator
(Model P-350A, RALEIGH, North Carolina) to
measure the strain changes during the test. The stress
can be obtained directly from the Instron machine, and
Young’s modulus calculated from the equation:6

E ¼ �=" ð1Þ

where E is the Young’s modulus, � is the stress and " is
the strain.

3. Results and discussion

3.1. Carbon fibre/�-sialon composites without ZrO2

particles

3.1.1. Sintering of the composites
Temperature is perhaps the key element in successful

sintering; not only does it have an effect on densifica-
tion, but it also influences the reaction between matrix
and fibres, and hence subsequent degradation of the
fibres. It has been shown5 that when 25 wt.% of LAS
glass is added, a nearly fully densified a/LAS matrix can
be achieved at 1300–1450�C; so in the present study, 25
wt.% of LAS was used. Carbon fibre reinforced a-sialon
composites containing relatively high volumes of fibres,
(either �60 vol.% or �40 vol.% respectively) were first
hot-pressed at different temperatures and pressures, and
the results are listed in Table 3. As expected, the incor-
poration of carbon fibres into the a-sialon matrix
increased the difficulty of densification, but this appeared
to be relatively insensitive to sintering temperature.
Because LAS glass softens above 1000�C, below 1450�C
there is no obvious reaction and the densification process
is actually a kind of ‘particle rearrangement’ and ‘gap
filling’ by the melt. Therefore, a further increase in
temperature only lowers the viscosity of the melt, with
no additional liquid formed. However, at higher tem-
peratures (>1550�C), the density of the composites
increased to above 96%TD suggesting that a different sin-
tering mechanism had occurred. This might be attributed
to reaction between a-sialon, LAS glass and carbon fibre,
and this has been confirmed by the fracture behaviour and
microstructural analysis.

3.1.2. Fracture behaviour of the composites
Mechanical testing results on carbon fibre reinforced a-

sialon composites indicated that the sintering temperature
had a strong effect on the mechanical properties (Table 3)

Fig. 1. Schematic representation of slurry formation and composite

fabrication.

Table 3

Sintering and bending test results for a-sialon composites without ZrO2 particles

Sample �+Cf Sintering condition TD (%) Strengtha �
(MPa)

Toughnessa KIC

(MPa m1/2)

T (�C), P (MPa), t (min)

�+ 40 vol.% 1350 15 10 88 189	10 –

�+ 40 vol.% 1450 22 10 93 337	20 –

�+ 40 vol.% 1550 15 5 89 147	10 –

�+ 60 vol.% 1400 15 10 92 165	10 7.3	1.0

�+ 60 vol.% 1450 15 10 93 223	20 12.7	2.0

�+ 60 vol.% 1500 15 10 92 224	20 9.4	2.0

�+ 60 vol.% 1550 15 10 96 93	10 3.6	1.0

a Mean value of three results.
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and fracture behaviour of the composites. Typical load-
displacement curves for these samples are given in
Fig. 2(a)–(d), and below 1550�C show essentially ‘Class I’
behaviour,13 i.e. a characteristic initial matrix cracking
stress (arrows in the figure) followed by a region of inter-
mittent cracking with non-linear behaviour until eventual
failure at some maximum load followed by a long ‘tail’.
Obviously failure is non-catastrophic and the total work
of fracture increases considerably above that correspond-
ing to the first matrix crack formation, and thus a high
damage tolerance is achieved in these materials. In con-
trast, material sintered at 1550�C [Fig. 2(d)] shows lin-
ear load-displacement behaviour up to a maximum load
followed by a sudden decrease in load with very limited
continued deformation, indicating that failure was
dominated by the propagation of a single dominant
crack with only minimal amounts of inelastic strain.
The size of the subsequent load reduction is significantly
lower than the first matrix cracking load, suggesting
that serious degradation of the carbon fibres accom-
panied by fibre/matrix sticking had occurred at the sin-
tering temperature.

3.1.3. Fracture surfaces
SEM observations of fracture surfaces are shown in

Fig. 3(a)–(d) and further confirm the above picture of
fracture behaviour. Below 1550�C, it is clear that cracks
propagate in a zigzag way, and crack deflection is

clearly observed. Delamination also occurred in samples
sintered at low temperatures, which might be an indica-
tion of non-uniform distribution of fibres in the matrix
caused by weak combinations of different layers. As
shown in Fig. 3, all fracture surfaces for the composites
hot- pressed below 1550�C demonstrated massive pullout
with long fibre lengths exposed.
However, fibre pullout became shorter as the sintering

temperature increased, and for example, in composites
sintered at 1550�C, the shape of the crack after bend
testing [Fig. 3(d)] is completely different. The surface of
the crack is smooth, with neither deflection nor delami-
nation observed, and only a few fibres pulled out from the
matrix, indicating either a strong frictional force or that
some chemical reactions between fibres and matrix had
occurred. Preliminary mechanical tests indicated that a
significant improvement in fracture toughness was
achieved in materials sintered at 1450�C, which gave KIC
values as high as 12.7 MPa m1/2. This value is about 3
times that of pure a-sialon ceramics. It is believed that
substantial fibre pullout and elastic bridging of the
fibres in the crack wake made a significant increase in
the fracture toughness. Though these composites exhib-
ited very good fracture toughness, high damage toler-
ance and non-catastrophic failure, unfortunately, the
flexural strength is not satisfactory. It is believed that
the low strength is caused partly by degradation and
non-homogeneous distribution of the fibres, but mainly

Fig. 2. Load–displacement curves for composites sintered at different temperatures: (a) 1400�C; (b) 1450�C; (c) 1500�C; (d) 1550�C.
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by thermal mismatch between the fibres and the matrix.
The latter two reasons both readily cause microcracks in
the composites.

3.1.4. Effect of non-uniform distribution of carbon fibres
Our previous work5 showed that there is a close rela-

tionship between the processing parameters, micro-
structure and properties of these composites. Many of
the properties of fibrous composite materials are
strongly dependent on microstructural parameters such
as fibre/matrix bonding, and the distribution, volume
fraction, alignment and packing arrangement of fibres.
If the distribution of the fibres in the composite is not
homogeneous, some cracks normal to the fibre direc-
tions will be produced because of the difference in ther-
mal expansion coefficients between the fibres and the
matrix. In the present work, assuming that the sample is
composed of two materials: carbon fibre layers and a/
LAS matrix layers, forming alternate sheets with linear
thermal expansion coefficients �f, �m, elastic moduli, Ef,
Em, and Poisson’s ratios �f, �m, when the composite is
cooled from high temperature Tc (the temperature below
which the matrix ceases to behave viscoplastically) to
room temperature Tr, the temperature difference
�T=Tc–Tr, will result in thermal expansion changes in
the carbon fibres of �f�T and in the a-sialon matrix of
�m�T. These expansions are not the same and the
composite must adopt an intermediate overall expan-
sion, determined by the relative elastic moduli and the
volume fractions of fibres and matrix, but with the net

compressive force on the carbon fibres equal to the net
tensile force in the a-sialon matrix. If � is this stress, V
the volume fraction, and " the actual strain, then when
the composite is cooled down to room temperature, and
for a composite in which the continuous fibres are dis-
tributed homogeneously:14

�mVm þ �fVf ¼ 0 ð2Þ

and therefore

Em

1� �m

� �
"� "mð ÞVm þ

Ef

1� �f

� �
"� "fð ÞVf ¼ 0 ð3Þ

Since Vm+Vf=1,

Em

1� �m

� �
"� "mð Þ 1� Vfð Þ þ

Ef

1� �f

� �
"� "fð ÞVf

¼ 0 ð4Þ

and

Em

1� �m

� �
"� "mð Þ ¼

Em

1� �m

� �
"� "mð ÞVf

�
Ef

1� �f

� �
"� "fð ÞVf ð5Þ

In the present study, the Poisson’s ratios of the matrix
a-sialon and the carbon fibre are similar i.e. �m��f, and

Fig. 3. SEM images of carbon fibre/a-sialon composites after bend testing. Sintering temperature: (a) 1400�C; (b) 1450�C; (c) 1500�C; (d) 1550�C.

Z.B. Yu et al. / Journal of the European Ceramic Society 22 (2002) 225–235 229



so is the difference in strain, i.e. "–"m="–"f=(�m�T–
�f�T)=���T, where ��=�m–�f. Therefore, the ther-
mal stress in the matrix can be deduced as:

�m ¼
Em � Ef

1� �f

� �
�� �T Vf ð6Þ

From Eq. (6), the stress caused by thermal mismatch
in the matrix is proportional to the volume fraction of
the fibres. Therefore, large thermal stresses in some local
regions, where the distribution of carbon fibres is not
uniform, will result in some cracks in the composite if
the stresses are large enough. Therefore, carefully con-
trol of the distribution of fibres in the composite is the
key to successful fabrication of the composite.

3.1.5. Thermal mismatch in carbon fibre reinforced
�-sialon composites
Because the carbon fibres have anisotropic thermal

expansion properties, the mismatch between the carbon
fibres and the a-sialon matrix should be considered in
both the radial and axial directions when carbon fibres
are unidirectionally aligned in the composite. The ther-
mal stress caused by thermal expansion difference
between the carbon fibres and the matrix in the radial
(�r) and axial directions (�a) can be estimated from the
formulae:15,16

�r ¼
�qEfEm �fr� �mð Þ�Tþ A=r½ 


Ef 1þ �mð Þ þ Em 1� �fð Þ
ð7Þ

�a ¼ �m � �fað Þ�T
EfVf

Vf Ef=Emð Þ � 1½ 
 þ 1
ð8Þ

where �T is the temperature change during cooling, q is
an adjustable parameter (normally taken as unity), �f.r
�f.a are thermal expansion coefficients of the fibres in
radial and axial directions and �m is the matrix thermal
expansion coefficient. A is the amplitude of fibre
roughness, r is the fibre radius, Ef and Em are the elastic
moduli and �f and �m are the Poisson’s ratios of the
fibres and matrix, respectively. In the present system,
because the radial thermal expansion coefficient of car-
bon fibres between room temperature and 900�C is
about 8�10�6 �C�1,3,6 which is larger than that of the a
matrix (�5.6�10�6 �C�1), on cooling, there will be a
trend for the carbon fibres to contract away from the
matrix; therefore, in the radial direction, the thermal mis-
match between fibres and matrix is acceptable. However,
in the axial direction, the thermal expansion coefficient of
carbon fibre is much smaller than that of the matrix, i.e.
�f.a<�m, and cooling from the hot-pressing temperature
will put the matrix in tension. In the carbon fibre/a-sialon
system, the magnitude of the tensile strength can be cal-
culated by substituting values of Ef=257 GPa, Em=142
GPa, �f.a�0, �m�5.6�10

�6 �C�1, �T=1000�C into Eq.

(11), and the calculated tensile stress in the matrix is
about 466MPa for a composite containing 40% of car-
bon fibres and �700 MPa for a composite containing
60 vol.% of carbon fibres. This is greater than the
strength of the matrix. Therefore, the thermal mismatch
between the carbon fibres and the matrix together with
non-homogeneous distribution of the fibres results in
transverse microcracks in the matrix as shown in Fig. 4.

3.2. Carbon fibre/�-sialon composites with ZrO2

particles

3.2.1. Elimination of cracks
The introduction of ZrO2 into ceramics was originally

developed to improve the fracture toughness by t!m
ZrO2 transformation. Accompanying this transforma-
tion, there is about a 3–5% volume increase, and this
can also be used to make compensation for the volume
contraction of the matrix during cooling. Addition of
ZrO2 to a silicon nitride or oxynitride matrix has been
explored and shown to be a promising route for elim-
inating microcracking in carbon fibre reinforced com-
posites.3, 4

Guo et al.3 reported that cracks perpendicular to the
fibres disappeared with a 1 wt.% ZrO2 addition, but it
was better to use a 5 wt.% ZrO2 addition according to
their results. Zhang and Thompson4 showed that when
less than 20 wt.% ZrO2 is added to a nitrogen glass
matrix, cracks still occur, but the number of cracks is
reduced compared with ZrO2-free materials. Actually
the amount of ZrO2 needed is dependent on the volume
of carbon fibres in the composite, the thermal expansion
coefficient of the matrix, and the chemical compatibility
between the matrix and ZrO2, the latter effect being very
important, as will be discussed later. In the present car-
bon fibre reinforced a-sialon samples, when 5 wt.% of
ZrO2 was added, cracks still occurred; however, when
20 wt.% ZrO2 was added, all microcracks had dis-
appeared. Polished sections of composites containing 20
wt.% ZrO2 were examined by SEM, and Fig. 5 shows

Fig. 4. Microcracking in carbon fibre/Li–a–sialon composites.
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sections parallel to the fibre direction in these materials.
It can be seen that all the microcracks have been elimi-
nated when 20 wt.% of ZrO2 is incorporated suggesting
that this is an effective way of controlling cracking in
these composites. As expected, when the cracks were
eliminated, the strength of the samples was significantly
improved (Fig. 6). The bending strength for carbon fibre
reinforced a-sialons containing 20 wt.% ZrO2 reached a
value of �410 MPa, with a fracture toughness of �12
MPa m1/2. It is believed that the addition of ZrO2

eliminated cracks in the matrix so that the external load
was effectively transferred to the high strength, high
elastic and high strain carbon fibres, thus promoting
successful toughening.

3.2.2. Compatibility between ZrO2 and an �-sialon
matrix
The chemical compatibility of ZrO2 with a nitride

matrix should be carefully considered because t!m
transformation may not occur if ZrO2 reacts with the
matrix to form ZrN, zirconium oxynitride or nitrogen
stabilised ZrO2,

17�20 especially when fine ZrO2 particles
are used. These compounds have tretragonal or cubic
structures, structurally similar to t- or c-ZrO2 but do not
undergo normal transformation; moreover, just as ZrN,
they are easily oxidised into m-ZrO2 in air at low tem-
peratures (600–800�C) resulting in a large volume
increase and stress build-up. This cannot occur in ZrO2-
toughened oxide ceramics, however, the volume increase
resulting from the formation of m-ZrO2 by oxidation
here could improve the fracture toughness by generating
surface stress within the material which then opposes
crack growth;18 in the present work, it is believed that
the volume increase is mainly from the normal t!m
transformation, even though from Fig. 7, it can be seen
that small amounts of the rhombohedral zirconium
oxynitride Zr7O8N4 formed together with Si2N2O in the
samples suggesting that some of the ZrO2 had reacted
with the Li-a-sialon matrix. These two phases have very

similar reflections except in the small angle region, so it
is not easy to distinguish them using conventional XRD
methods.20 The reaction between ZrO2 and a-sialon is
believed to occur qualitatively as follows:

ZrO2 þ Li1:3Si9:5Al2:5O1:2N14:8

! Zr7O8N4=Zr7O11N2 þ Si2N2Oþ LiAlSiO4

Full details of the reaction mechanism between ZrO2

and a-sialon needs further study.
In these experiments, it is believed that the introduc-

tion of ZrO2 played an important role in changing the
thermal behaviour of the composite. When the sample
was cooled down from the sintering temperature to a
temperature of �1170�C, i.e. the normal t!m ZrO2

phase transformation temperature, tetragonal ZrO2

started to transform into monoclinic ZrO2. However,
whether the t!m ZrO2 phase transformation does
occur or not is determined by various factors, such as

Fig. 5. Polished section of carbon fibre/a-sialon/ZrO2 composites

parallel to the fibre direction (back-scattered electron image).

Fig. 6. The bending strength (a) and fracture toughness (b) of carbon

fibre reinforced a-sialon composites prepared at different temperatures
(Vf=40%).
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the particle size of ZrO2, the chemical composition and
the local stress situation, with the transformation tem-
perature decreasing with the size of the dispersed ZrO2

particles. Large t-ZrO2 particles will easily undergo
transformation to m-ZrO2 at higher temperatures.
Actually the transformation does not take place at a
fixed temperature but over a temperature range. Fine-
grained ZrO2 will transform to m-ZrO2 at temperatures
much lower than 1170�C and therefore, the particle size
of the ZrO2 used is important. If coarse-grained ZrO2 is

used, any ZrO2 present in the unstabilised tetragonal
form after hot-pressing will spontaneously transform
into the monoclinic form on cooling immediately below
�1170�C. At this temperature, although most of the a-
sialon matrix is hard, the LAS glass is still soft so the
volume increase arising from t!m transformation is
partly absorbed by glass deformation; this is especially
marked in the case of the pure glass matrix. In this work, a
very fine monoclinic ZrO2 powder with crystallite size
�27 nm was used to reduce the t!m transformation

Fig. 7. XRD results of the ZrO2 powder and Cf/a/ZrO2 composites sintered at different temperatures. *: Si; m: m-ZrO2; �: a-sialon; b: Zr7O8N4/

Zr7O11N2; Eu: eucryptite; O: Si2N2O.
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temperature. To ensure that the t!m transformation
occurs immediately below the softening temperature, the
thermal expansion coefficient compatibility between the
matrix and the ZrO2 must also be considered. If the
ZrO2 particles are under such a high compressive pres-
sure that the t!m transformation cannot occur, the
added ZrO2 will not perform its role satisfactorily. Ide-

ally, the difference in thermal expansion coefficients
between the dispersed ZrO2 phase (�p) and the matrix
(�m) should be small to keep the matrix and the ZrO2

particles suitably bonded during cooling on the one
hand, whilst still ensuring that the t!m transformation
occurs. In the a-sialon/ZrO2 matrix,��=�ZrO2

-�sialon>0,
so, the constraint on ZrO2 particles from the matrix is
small on cooling, and therefore t-ZrO2 tends to trans-
form to m-ZrO2. X-ray diffraction analysis (Fig. 7) indi-
cated that most of the ZrO2 in the composites was in the
monoclinic form at room temperature, confirming that
the martensitic phase transformation had taken place
during cooling. When this phase transformation takes
place, tensile stresses in the matrix due to the thermal
mismatch between the fibres and matrix are reduced, and
the volume expansion of 3–5% arising from t!m
transformation makes some compensation for the
volume contraction of the matrix, and when the volume
of ZrO2 reaches a certain content, microcracks in the
matrix can be completely eliminated. It should be poin-
ted out that if too much ZrO2 is added, excessive com-
pressive stresses will be built up on the carbon fibres,
making it difficult for the fibres to be pulled out. From
the fracture surface of the composites sintered at differ-
ent temperatures (Fig. 8), it can be seen that a high fibre
pullout density with long pullout lengths was observed
on fracture surfaces below 1500�C; however, when the
temperature was increased to 1500�C, the fracture sur-
face is quite smooth, and there is very limited fibre
pullout suggesting that chemical reactions have occur-
red between the fibres and the matrix during sintering.
The load-displacement curves (Fig. 9) indicated that
failure took place by delamination, with cracks appear-
ing progressively in a controlled manner rather than in
the catastrophic manner observed in monolithic a-sia-
lon ceramics at low temperatures (<1500�C) as repor-
ted previously.5 It can be seen from Fig. 9(a) and (b),
that at the beginning of the test, the composites exten-
ded elastically, the displacement being directly propor-
tional to the load. Beyond the elastic limit, the applied
load produced plastic deformation until the maximum
load was reached, at which stage the fibres were broken;
then the load dropped with increasing displacement
forming a long tail during which time the fibres were
pulled out suggesting these composites have a high
damage tolerance. In the present work, the toughening
effect mainly comes from the carbon fibres, but the
introduction of monoclinic ZrO2 provides an excellent
method of overcoming thermal mismatch between the
carbon fibres and the a-sialon matrix, eliminating
micro-cracks and hence improving the strength. There-
fore, a synergistic role of toughening and strengthening
in the composites has been achieved. For this to take
place, all factors affecting the transformability of ZrO2

particles in the matrix have to be carefully controlled.

Fig. 8. Fracture surfaces of carbon fibre and ZrO2 particle reinforced

a-sialon composites prepared at (a) 1400�C, (b) 1450�C and (c)

1500�C; magnifications all 1 k.
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4. Conclusions

(1) In ZrO2 free samples, the larger radial thermal
expansion of the carbon fibres is believed to be impor-
tant in creating a suitable interface between fibre and
matrix. This interface results in a tough non-brittle
fracture behaviour; on the other hand, the near-zero
axial thermal expansion of the carbon fibres induces a

large tensile stress and causes some cracks in the matrix
during cooling. The degradation of the fibres and
microcracks in the composites are the main reasons for
the relatively low flexural strength measured.
(2) By introducing 20 wt.% of monoclinic ZrO2 parti-

cles into the starting mix, cracks in the matrix were totally
eliminated by the volume increase associated with the
t!m ZrO2 transformation. As a result, the mechanical
properties of these materials were noticeably improved
compared with ZrO2-free samples and a simultaneous
strengthening and toughening effect achieved.
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