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Abstract

Seven grades of Al2O3–30 wt.% TiC composites were prepared by hot-pressing the Al2O3 powder mixed with TiC particles. The
average sizes of the TiC particles used for preparing these composites were different with each other. The fracture toughness KIC
was measured in three-point bending for each composite. It was shown that the variation in the size of the TiC particles results in
large changes in fracture toughness and there is a particular particle size for which the fracture toughness of the resultant composite
reaches its maximum. A possible toughening mechanism was also proposed to explain these experimental findings.# 2001 Elsevier
Science Ltd. All rights reserved.
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1. Introduction

It has been well known that alloying of brittle mate-
rials to produce a two-phase structure may result in
considerable improvement in their fracture toughness
and several models have also been proposed to explain
these experimental results theoretically.1,2 However,
previously published papers have thus far emphasized
the effect of the content of the second-phase particles on
the mechanical properties of two-phase brittle ceramics.
Little effort has been devoted to the observation and
analysis of the effect of the size of the second-phase
particles. As a preliminary study, the fracture tough-
nesses of composites in the system Al2O3–TiC were
measured and compared in this paper. As will be shown
later, the mechanical properties of the examined com-
posites exhibit strong TiC-particle-size dependence.
Composites of Al2O3–TiC, which consist of finely

dispersed titanium carbide grains in an alumina matrix,
are being used in many applications, especially as excel-
lent cutting tools.3,4 During the past years, numerous
studies have been carried out to examine the effect of

TiC particle content on the microstructures, the prop-
erties and the cutting performance of the resultant
Al2O3–TiC composites.4�9 It has been generally con-
cluded that the highest bending strength can be achieved
by adding about 30 wt.% TiC in Al2O3 matrix

7 while
the fracture toughness of Al2O3–TiC composite increa-
ses with increasing volume fraction of TiC.5,7 Based on
these observations, the system Al2O3–30 wt.% TiC was
chosen for the present study to observe the effect of TiC
particle size on the mechanical properties of the com-
posites.

2. Experimental

Seven grades of Al2O3–30 wt.% TiC composites were
prepared. The basic raw materials used for preparing
these composites were a commercial Al2O3 powder with
an average grain size of 0.5 mm and seven batches of
TiC particles with different particles sizes (see Table 1).
The Al2O3 powder was mixed with one of the seven
batches of TiC particles, respectively, in proper propor-
tion by conventional ball milling. After being dried, the
mixed powders were uniaxially pressed, cold iso-
statically pressed and then hot-pressed at 1700�C and 25
MPa for 30 min.
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The polished surface of each hot-pressed sample was
examined using electron scanning microscopy (SEM)
and it was shown that, in each sample, the TiC particles
were well dispersed in the Al2O3 matrix. This can also
be seen from the SEM micrograph given later (Fig. 3).
The density of each hot-pressed sample was measured

using the Archimedes principle. The results are sum-
marized in Table 1. Note that, for each sample, the
measured density is somewhat higher than its theoretical
value, 4.268 g/cm3, which was calculated as the weigh-
ted average of the known theoretical densities of the two
pure components, Al2O3 (3.987 g/cm

3) and TiC (4.911
g/cm3). This can be explained by considering that, dur-
ing hot-pressing of the composites, slow solid-state dif-
fusional reactions may take place, forming solid
reaction layers in the interfaces between Al2O3 grains
and TiC particles.
The fracture toughness was measured with conven-

tional single-edge-notched beam (SENB) method. Spe-
cimens with nominal dimensions of 4�6�30 mm were
cut directly from the hot-pressed products. The tensile
surfaces of all the specimens were kept to be perpendi-
cular to the hot-pressing direction. After being ground
lengthwise using a 220 grit diamond wheel, all the spe-
cimens were notched to a depth of about 50% of their
heights and then tested in three-point bending with a
span of 24 mm and a crosshead speed of 0.05 mm/min.
It should be pointed out that, for a valid KIC measure-

ment on ceramics using notched specimen, it is essential
to keep the notch-root radius (�1/2 notch width) smaller
than a critical value which is a material parameter.10 It
has been suggested10 that, for fine-grained Al2O3, a notch
width of about 0.1 mm is necessary for valid KIC mea-
surements. In the present study, the notch widths were
kept in the range of 0.12–0.15 mm. Undoubtedly, such a
somewhat larger notch-width may result in an over-
estimation in KIC. However, it seems to be reasonable to
make a direct comparison between the composites based
on KIC data measured with the specimens with notches
of the nearly same widths.

3. Results and discussion

Variation in KIC with the average size of TiC parti-
cles, d, is represented in Fig. 1. Each of the data points
represents an average of measurements from at least
five tests. As can be seen, the measured KIC strongly
depends on the size of the second-phase particles.
Fig. 2 shows typical micrograph of the fracture sur-

face of sample AC02. As can be seen, the matrix Al2O3
grains and the TiC particles are nearly identical in their
sizes and the morphology of crack propagation during
strength test is largely intergranular within the whole
fracture surface. Note that, as shown in Fig. 1, the
fracture toughness is nearly independent of TiC particle

size up to d�2 mm. Besides, the fracture toughness data
measured with samples AC01 and AC02 are compar-
able with that reported for monolithic fine-grained
Al2O3 ceramics, about 4 MPa m

0.5.11 Combining these
observations, one can conclude that adding smaller TiC
particles in Al2O3 matrix has little effect on the tough-
ness of the resultant composite.
A small but distinct increase in KIC was observed

when the average size of TiC particles increases from
2 mm and then a maximum in KIC was obtained when d
increases to 8 mm. When the TiC particle size increases
further, however, the measured KIC exhibits a decreasing
tendency. Experimental results similar to those shown in

Table 1

Typical properties of the test samples

Sample

denotation

Average size of

TiC particles (mm)
Density

(g/cm3)

AC01 0.5 4.282

AC02 1.7 4.282

AC03 3.8 4.291

AC04 5.6 4.300

AC05 8.2 4.305

AC06 10.3 4.271

AC07 12.7 4.270

Fig. 1. Variation in fracture toughness of the composites with the

average size of TiC particles.

Fig. 2. Fracture surface of a strength specimen of sample AC02.
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Fig. 1 have been frequently observed in studies con-
cerning the influence of grain size on the toughness of
monolithic ceramics. For example, when studying the
toughness variation of polycrystalline Al2O3, Rice et
al.12 found that variation in grain size can produce large
changes in toughness and there is a particular grain size
for which toughness is a maximum. However, similar
phenomenon has rarely been reported for two-phase brit-
tle ceramics. As mentioned above, previously published
papers have thus far emphasized the effect of content of
the second-phase particles on mechanical properties of
two-phase brittle ceramics and little effort has been
devoted to the observation and analysis of the effect of
size of the second-phase particles.
There have been many studies1,2 concerning the tough-

ness improvement in hard second-phase particle rein-
forced ceramics and twomechanisms are thought to be the
particularly important in determining toughness: (1) crack
deflection along weak grain boundaries and (2) crack
trapping combined with crack face bridging by second-
phase particles. However, our observations reveal that
both mechanisms seem not to play significant roles in the
Al2O3–TiC composites examined in the present study.
Fig. 3 shows the surface crack pattern produced by

Vickers indentation on sample AC05. The light phase in
this micrograph is TiC particles. As can be seen, the
fracture morphology within the Al2O3 matrix in sample
AC05 is similar to that shown in Fig. 2, characterizing
an intergranular crack propagation mode. When inter-
secting a large TiC particle, however, the crack propa-
gated directly through the particle instead of bypassing
it. This observation is in agreement with the result of
Wahi and Ilschner5 who observed TiC particles with
clear fine cleavage steps running through the grains in
Al2O3 ceramics reinforced with different volume frac-
tions of TiC particles. Examination of also revealed the
same features. These observations indicate that crack
deflection and crack bridging are not the dominating
toughening mechanisms in Al2O3–TiC composites.

A possible explanation for the improvement in
toughness due to the addition of TiC particles may be
proposed by noting that there is a slight difference
between the linear coefficient of thermal expansion, �,
of TiC (�P=2.4�10

�6/�C)5 and that of Al2O3 (�M=
8.0� 10�6/�C.)5 As it has been well known, the differ-
ence between the linear coefficients of thermal expan-
sion would result in residual stresses developing within
the composite upon cool-down from the hot-pressing
temperature. Since �P <�M, the Al2O3 matrix would be
placed in ‘‘hoop-tension’’ and, when intersecting the
TiC particle, the crack would be ‘‘attached’’ to and
pinned, rather than deflected, by the particle. Due to the
intrinsic brittleness of TiC, a further propagation of the
crack inside the TiC particle would directly result in the
fracture of the particle. This may be the reason why no
bridging was observed in the vicinity of the TiC parti-
cles. The improvement in toughness, on the other hand,
may be attributed to the fact that the TiC particles
embedded in the Al2O3 matrix are subjected to a radial
compression field which creates extra resistance to the
propagating crack front.
Since the magnitude of the residual stresses resulting

from the mismatch between the thermal properties of
the Al2O3 matrix and the TiC particles depends on the
size of the TiC particle as well as the difference between
�P and �M, the effect of such a residual stress on tough-
ness may be too small to be detected when the particle
size is smaller than a critical value. Thus, little improve-
ment in toughness can be observed in composites having
small TiC particles, e.g. samples AC01 and AC02.
To support the above discussion, the sample AC05

was examined using high-resolution transmission elec-
tron microscopy (HREM). A typical HREM image of
an area in a TiC particle adjacent to the Al2O3/TiC
interface is shown in Fig. 4. The lattice constant of TiC
near the Al2O3/TiC interface was determined directly
from the HREM image to be 0.4261 nm. On the other

Fig. 3. Indentation-induced crack path observed in the surface of

sample AC05.

Fig. 4. HREM image of an area in a TiC particle adjacent to TiC/

Al2O3 interface in sample AC05.
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hand, similar observations at the center of the same TiC
particle yield a lattice constant of 0.4313 nm. Consider-
ing that the residual thermal stresses acting on the
Al2O3/TiC interface may relax to a certain degree dur-
ing the thinning of the sample, one can expect that the
difference between the lattice constant near the interface
and that in the center of the particle may be larger than
the result determined from the HERM observations.
Thus, it can be concluded from the these observations
that the TiC particles embedded in the Al2O3 matrix in
the sample AC05 are indeed subjected to a radial com-
pressive stress field resulting from the mismatch between
the thermal expansion coefficients of Al2O3 and TiC,
being consistent with the above analysis.
Now let us turn to account for the sharp downturn in

toughness in composites having extremely larger TiC
particles, d >8 mm. Considering two special cases
shown in Fig. 5. Fig. 5 (a) illustrates the crack propa-
gation path in a monolithic Al2O3. Based on the above-
mentioned observations, we can reasonably assume that
the crack propagation is intergranular in this case. Fig. 5
(b) shows the crack propagation path in a TiC particle
reinforced Al2O3 composite. The crack front intersects
with a spherical TiC particle and then propagates directly
through it. Clearly, the difference between the tough-
nesses measured in both cases may be related directly to
the difference between the energies dissipated for creat-
ing the so-called shielding zone developed behind the
crack tip during crack propagation.
The energy dissipated in the vicinity shown in Fig. 5

(a), W1, can be expressed approximately as:

W1 � 2b�c �Sð ÞM ð1Þ

where (�s)M is the fracture surface energy of Al2O3, �c
is the dimension of the shielding zone and b is the width
of the test specimen.
On the other hand, the energy dissipated in the vici-

nity shown in Fig. 5 (b), W2, can be divided into three
components, the first being related to the fracture sur-
face energy dissipated within the Al2O3 matrix, the sec-
ond related to the fracture surface energy dissipated

within the TiC particle and the third related to the effect
of residual thermal stress on the crack propagation
within the particle. Following the analysis of Zhang et
al.,13 W2 can be expressed as:

W2 � 2 b�c� �r2
� �

�Sð ÞMþ2 �r2
� �

�sð ÞPþ
1

2
�r2pu ð2Þ

where r is the radius of the TiC particle, (�s)P is the
fracture energy of TiC particle, u is the crack open dis-
placement within the particle (see Fig. 6) and p is the
residual stress resulting from the mismatch between
thermal properties of the particle and the matrix 14,

p ¼
2ð�P � �MÞ�TEMEP

EPð1þ �MÞ þ 2EMð1� 2�PÞ
ð3Þ

where E and � are Young’s modulus and Poisson’s
ratio, respectively, �T is the temperature difference, and
the subscripts P and M denote the particle and the
matrix, respectively.
In general, fracture would occur once the elastic

deformation of the brittle particle reaches its critical
value, about 0.1%.14 Thus, one can reasonably assume
that u � 2r�0.1% / r at the critical state. Note that, as
predicted in Eq. (3), p is independent of r. Thus, we
obtained

DW ¼ W2 �W1 ¼ 2�r
2 ½ð�sÞP � ð�sÞM� þ �r3 ð4Þ

where � is positive and can be treated approximately as
a constant for a given system.
It should be pointed out that both (�s)P and (�s)M in

Eq. (4) were taken as their apparent values, respectively,
and depend strongly on crack propagation paths. Note
that intergranular crack propagation was observed in
the Al2O3 matrix while transgranular crack propagation
was observed within the TiC particle. As a result, (�s)P
would be very near to the free surface energy of TiC and
(�s)M would be somewhat larger than the free surface
energy of Al2O3. Thus there is reason to believe that
(�s)P < (�s)M in the Al2O3–TiC composites examined

Fig. 5. Illustrations of the crack propagation paths in (a) monolithic Al2O3 and (b) Al2O3–TiC composite.
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here. If this is true, the first and the second terms in the
right-hand side of Eq. (4) would decrease and increase
with r, respectively. Consequently, a well-defined max-
imum in �W would be observed in some certain situa-
tions.

4. Summary and conclusions

The fracture toughness of Al2O3–30 wt.%TiC com-
posite was measured as a function of the average size of
TiC particles. It was found that the average size of TiC
particles plays an important role in determining the
mechanical properties of the Al2O3–TiC composite.
Adding small TiC particles in Al2O3 has little effect on
the toughness of the resultant composite while sig-
nificant improvement in toughness may be obtained
when the TiC particle size is kept within an appropriate
range. Especially, there is a particular TiC particle size
for which toughness reaches a maximum.
Based on the observations on the fracture surfaces

and the crack propagation paths, the improvement in

toughness was attributed to the effect of residual stresses
resulting from the mismatch between the thermal prop-
erties of TiC particles and Al2O3 matrix.
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