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Abstract

Nine samples 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 the nine samples were di�erent with each other. Knoop hardness measurements
were conducted on these nine samples, respectively, in the indentation load range from 1.47 to 35.77 N. For each sample, the

measured Knoop hardness decreases with the increasing indentation load. The classical Meyer's power law and an empirical
equation proposed originally by BuÈ ckle were veri®ed to be su�ciently suitable for describing the observed load-dependence of the
measured hardness. Analysis based on Meyer's law can not provide any useful information about the cause of the observed ISE

while true hardness values, which are load-independent, can be deduced from the BuÈ ckle's equation. It was found that the deduced
true hardness increases with the average size of TiC particles existing in the sample. # 2000 Elsevier Science Ltd. All rights
reserved.
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1. Introduction

Composites of Al2O3±TiC consist of ®nely dispersed
titanium carbide grains in an alumina matrix and have
been used in many applications, especially as excellent
cutting tools, for a long time.1,2 In consequence, the
characterization of their mechanical properties has also
been an interesting subject of scienti®c research. During
the past years, much attention has been paid to the
toughness characteristics of Al2O3±TiC composites by
noting the possible toughening e�ects resulting from the
mismatch between the thermal and/or mechanical
properties of the Al2O3 and TiC grains.3,4 Up to now,
however, there are few available data on the hardness
characteristics of these composites, although these
characteristics are of primary importance for materials
considered for use as cutting tools. Therefore, the present
study was designed to conduct an extensive examination
on the hardness characteristics of Al2O3±TiC composites,
with a particular emphasis on the load-dependence of the
measured hardness and its e�ect on material evaluation
based on the hardness parameter.

In general, Al2O3±TiC composites exhibit high hard-
nesses and low toughnesses. This makes it somewhat
di�cult to evaluate their hardness characteristics by
Vickers indentation tests because, as discussed by Clinton
and Morrell,5 there may be signi®cant errors associated
with the smallness of the Vickers indentations made at
lower indentation load and, while tested at higher
indentation load level, microcracking due to Vickers
indentation may occur and a�ect the hardness mea-
surements. Thus, Knoop indentation tests, which are
more insensitive to indentation-induced microcracking
and yield indentations much larger than Vickers inden-
tation in dimension, were employed in this study.

2. Experimental procedures

The materials selected for this study were Al2O3±30
wt.% TiC composites. The basic raw materials used for
preparing the composites were a commercial Al2O3

powder with an average grain size of 0.5 mm and nine
kinds of TiC particles whose average sizes are di�erent
from each other. The Al2O3 powder was mixed with one
of the nine kinds of TiC particles, respectively, in proper
proportion by conventional ball milling. After being
dried, the mixed powders were uniaxially pressed, cold
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isostatically pressed and then hot-pressed at 1650±
1700�C and 25 MPa for 30 min.
The actual densities of the hot-pressed products were

measured using the Archimedes principle and the theo-
retical density was calculated based on the densities of
Al2O3 (3.987 g/mm3) and TiC (4.911 g/mm3) assuming a
rule of mixture. The results showed that all the nine
samples fabricated achieved nearly 100% of their theo-
retical densities. This makes it unnecessary to correlate
the measured hardness with the relative density.
For microstructure characterization, the test samples

were polished and then examined by scanning electron
microscopy (SEM) with an image analyzer to measure
the size of the TiC particles. About 200 TiC particles
from each sample were measured and the results are
listed in Table 1. Fig. 1 gives a typical SEM micrograph
showing the polished surface of the hot-pressed prod-
uct. As can be seen, the TiC particles (light phase) were
well dispersed in the Al2O3 matrix.
The specimens used for indentation testing were cut

directly from the hot-pressed products. These specimens
were mounted in bakelite, ground ¯at using a diamond
grinding wheel and then polished carefully with succes-
sively ®ner diamond pastes to yield a scratch-free, mirror-
like surface ®nish suitable for indentation. The polished
surface of each specimen was perpendicular to the hot-
pressing direction.
Knoop indentation tests were conducted, with a low-

load hardness tester (Model HK-5, Wuzhong, China)

and following the procedure similar to that outlined in
the ASTM standard E384 (Standard Test method for
Microhardness of Materials, ASTM Designation E384,
1991. Book of ASTM Standard, Part 3. American
Society for Testing and Materials, Philadelphia, PA), on
each specimen at room temperature in the indentation
load range from 1.47 to 35.77 N and at a constant dwell
time of 15 s. After indentation, the length of the long
diagonal of each Knoop indentation was immediately
measured by optical microscopy with a magni®cation of
300 and an error of measurement of �0.5 mm. The
Knoop hardness number, HK, was calculated from the
measured long diagonal length for each indentation by

HK � 14:229
P

d2
�1�

where P is the indentation load and d the long diagonal
length of the Knoop indentation.
In the following discussion, the values of the long

diagonal length, d, and the measured Knoop hardness,
HK, were all quoted as the average values for 10 indivi-
dual indentations made at each indentation load level.

3. Results and discussion

One of the obstacles in characterizing the hardness for
brittle ceramics is that the measured hardness is usually
load-dependent.5ÿ9 In general, the measured hardness
decreases with increasing indentation load. Such a phe-
nomenon has been well known as the indentation size
e�ect (ISE). The ISE was also observed in the present
study for the Al2O3±TiC composites. As an example,
Fig. 2 gives the measured hardness±load curves for
samples AC01, AC05 and AC09, respectively. It is clear
that, for each sample, the Knoop hardness measured at
the lowest load level employed, i.e. 1.47 N, is very high.
With an increase in the indentation load, the measured
hardness decreases gradually and then tends to an
invariant level at the higher load side of the hardness±
load curve. For the sake of conciseness, all the error
bars corresponding to each datum point are omitted in
Fig. 2. The maximum scatter, typically 7±8% of the
hardness value, usually occurs at the lower load range
and is reduced as the applied load increases.
As can be seen in Fig. 2, when measured at a load of

1.47 N, the Knoop hardness of sample AC01 is lower
than that of sample AC09; when measured at a load of

Table 1

Average sizes of TiC particles in the test samples

Sample denotation AC01 AC02 AC03 AC04 AC05 AC06 AC07 AC08 AC09

Size of TiC particles (mm) 0.5 1.0 1.7 2.1 3.8 4.3 5.6 6.8 8.2

Fig. 1. SEM micrograph showing the polished surface of sample

AC05. Note that the TiC particles (light phase) were well dispersed in

the Al2O3 matrix.
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16.17 N, however, sample AC01 exhibits a higher
Knoop hardness compared with sample AC09. Similar
phenomena can also be found by comparing the test
results for other samples. These observations strongly
suggest that the existence of the ISE makes it insu�cient
to quote a hardness number measured at a single load
level for material characterization. A complete evalua-
tion of the hardness characteristic for a given material
needs a further knowledge of the cause of the ISE and a
load-independent hardness, or true hardness.
The ISE has been traditionally described through the

application of the famous Meyer's power law 5,8,9

P � Adn �2�

where A and n are descriptive parameters derived from
the curve ®tting of experimental results.
Meyer's line, which is de®ned by the linear relation-

ship between logP and log d according to Eq. (2), was
drawn for each sample considered, partially shown in
Fig. 3, and the resultant best-®t values of the param-
eters, A and n are summarized in Table 2. The results
showed that Eq. (2) is su�ciently suitable for the repre-
sentation of the experimental data. The best-®t values of
n vary between 1.79 and 1.91, depending on the materials,
indicating that the composites considered in this study
have no capacity for work-hardening during indentation
and belong to the class of hard and brittle materials.8

Sargent and Page10 have considered several ``n value
versus lnA'' relationships in an attempt to ascertain any
possible microstructural e�ects on those power law
parameters. They found that, for polycrystalline ceramics,
lower n values are generally associated with higher lnA
values as the grain size increases. In a study on the
Vickers hardness testing for hot-pressed Si3N4-based
ceramics, Babini et al.8 also found that, as grain size
increases, the n value increases while the A value
decreases. The degree of the correlation between n and

A was veri®ed to be more evident for single crystals. By
analyzing the Knoop indentation data measured on
di�erent crystallographic planes and for di�erent crys-
tallographic directions in two rutile-structure single
crystals, TiO2 and SnO2, Li and Bradt11 obtained an
inverse linear relationship between n and A and this line
extrapolates to n � 2 at A � 0 which was considered by
Li and Bradt12 to substantiate that Meyer's law is only
applicable when an indentation size e�ect exists.
However, it should be pointed out that the experi-

mental phenomena observed in the above mentioned
studies seem to be of little signi®cance for hardness
characterization, because that the best-®t value of the
parameter A is strongly dependent on the unit system
used for recording the measured parameters P and d. For
example, Fig. 4 illustrates the relationship between the
Meyer's coe�cient A and the Meyer's exponent n
obtained in the present study. The regression analysis for
deducing the best-®t values of A and n was conducted
based on two di�erent unit systems, respectively. The
®rst unit system used is P in Newton (N) and d in milli-
meter (mm) and the second is P in gram (g) and d in
micrometer (mm). As can be seen from Fig. 4, completely
di�erent trends of n versus A were observed in di�erent
unit systems. Similar conclusions may also be obtained
by analyzing the experimental data on single crystals
reported by Li and Bradt.11 Thus, particular care should
be taken when analyzing the microstructural e�ects on
the measured hardness based on Meyer's power law.
In fact, a satisfactory explanation of the physical

meanings of the parameters, A and n, included in Eq. (2)
is still lacking. Little knowledge of the cause of the
observed ISE may be yielded by analyzing the experi-
mental data according to Meyer's law, although it may
provide an excellent description for the experimental
results. Therefore, it is necessary to progress beyond the
power law description to achieve a basic understanding
of the ISE.

Fig. 3. Meyer's lines for samples AC02 and AC07.

Fig. 2. Hardnesses as functions of the indentation load for samples

AC01, AC05 and AC09.
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Recent progress in the quantitative description of the
ISE observed in ceramics may be regarded to be results
of the applications of an empirical equation proposed
originally by BuÈ ckle,13

P � a0 � a1d� a2d
2 � � � � andn �3�

where ai i � 0; 1; :::; n� � are adjustable constants. It was
usually suggested that the a0-term in Eq. (3) corre-
sponds to a load threshold for an indenter to make a
permanent indentation and has such a low magnitude
that it can be ignored in most situations.9 Furthermore,
a good ®t of experimental data was often obtained uti-
lizing only two of the power series terms.11,14 This
results in an expression for correlating the indentation
load, P, to the resultant indentation size, d,

P � a1d� a2d
2 �4�

There have been two di�erent approaches for dis-
cussing the physical meaning of Eq. (4), one being the
energy-balance model which was established by FroÈ hlich
et al.14 and the other being the ``proportional specimen

resistance (PSR)'' model developed by Li and Bradt.11

One of the main conclusions yielded from both approa-
ches is that, during an indentation process, only a part
of the total indentation load is used for the volume
deformation or the permanent deformation and, as a
result, the true hardness, HT, should be calculated based
on the e�ective test load, Peff , rather than the total test
load, P, i.e.

HT � �Peff

d2
� � Pÿ a1d

d2

� �
� �a2 �5�

where � is a constant dependent only on the indenter
geometry. For Knoop indenter, �=14.229.
Although a self-consistent explanation was yielded

when analyzing the ISE observed in some materials with
Eq. (4), 6,7,11,14, it should be pointed out that Eq. (4) is
insu�cient for describing the experimental data mea-
sured in a relatively wider range of indentation load.
For example, Eq. (4) predicts that there is a linear rela-
tionship between P=d and d; but a signi®cant non-line-
arity behavior has been observed when plotting the
experimental data measured with a series of Si3N4-based
ceramics on the P=dÿ d scale.15,16 This fact has been
further con®rmed in a more extensive study17 concern-
ing the ISE in some typical ceramics and it was sug-
gested that, when examining the ISE in brittle materials,
treating a0-term in Eq. (3) to be zero seems to be
unreasonable and the indentation load, P, should be
related to the resultant indentation size, d, by

P � a0 � a1d� a2d
2 �6�

Applications of Eq. (6) to the experimental results for
samples AC03 and AC08 are shown in Fig. 5. Correla-
tions for these plots, as well as the plots for other sam-
ples tested in the present study, are very high, r2 > 0:99.

Table 2

Best-®t values of Meyer's parameters, A and n, for the test samples

Sample n logA (N/mmn) Correlation factor

AC01 1.896�0.007 2.947 >0.99

AC02 1.908�0.008 2.952 >0.99

AC03 1.822�0.013 2.858 >0.99

AC04 1.824�0.014 2.881 >0.99

AC05 1.847�0.007 2.895 >0.99

AC06 1.819�0.016 2.873 >0.99

AC07 1.800�0.028 2.849 >0.99

AC08 1.826�0.018 2.874 >0.99

AC09 1.791�0.025 2.844 >0.99

Fig. 4. Variation of Meyer's law coe�cient A with Meyer's exponent

n. Note that completely di�erent trends are observed when di�erent

unit systems were used for recording the experimental data.

Fig. 5. Applications of BuÈ ckle's empirical equation to the experi-

mental data for samples AC03 and AC08.
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Table 3 summarizes the best-®t values of all the three
parameters, a0, a1 and a2, for all the nine samples con-
sidered.
The physical meaning of Eq. (6) has been discussed

based on the PSR model.15ÿ17 Starting from the analysis
by Li and Bradt,11 the parameter a0 in Eq. (6) has been
suggested to be a measure of the e�ect of the machining-
introduced plastically deformed surface on the hardness
measurement. In other words, a0 may be related directly
to the magnitude of the machining-introduced residual
surface stresses in the specimen. On the other hand,
according to the analysis of Li and Bradt,11 the para-
meters a1 and a2 can be related to the elastic and the
plastic properties of the test material, respectively. Note
that the material parameter E=H (where E is the elastic
modulus) is a measure of the magnitude of the indenta-
tion residual stress resulting from the mismatch
between the plastic zone beneath the indentation and
the surrounding elastic matrix.18 Analogously, the a1=a2
ratio may be treated approximately as a measure of the
residual surface stresses due to machining. Fig. 6 shows
the determined a0-value as a function of the a

1
=a2-

ratio. The correlation between these two parameters is

evident, giving a further support for the previous dis-
cussion17 on the physical meaning of Eq. (6).
A further comment should be made on the best-®t

value of a0 listed in Table 3. In a previous study17 on the
ISE in several typical ceramics, the a0-values were
determined to be negative for all the test materials.
Considering that the machining-introduced residual
surface stresses are compressive in general, those nega-
tive a0-values were suggested to be reasonable.17 The a0-
values determined in the present study vary between
ÿ0.6 and +0.4, indicating that the residual surface
stresses may be tensile in some samples and compressive
in others. This phenomenon can be understood easily by
noting the fact that the machining-introduced residual
stresses are compressive near the surface and tensile
underneath.19 As mentioned above, Al2O3±TiC compo-
sites usually exhibit high hardness. This would make it
more di�cult to plastically deform the Al2O3±TiC
composites. As consequence, the machining-introduced
residually stressed surface layer in the test specimen is
generally thinner compared with most of the materials
used in Ref. 17. After being carefully polished, one can
expect that, for some samples, the surface layer in a
state of compression may be removed and, as a result,
the experimentally estimated a0-values for these samples
may turn to positive.
Having concluded that Eq. (6) is suitable for describ-

ing the ISE observed in the present Al2O3±TiC compo-
sites, it is of interest to estimate the true hardness for
each sample from the parameter a2 in Eq. (6). Similar to
the analysis of Li and Bradt,11 the e�ective test load,
Peff , used for the permanent deformation during an
indentation event may now be expressed as

Peff � Pÿ �a0 � a1d� �7�

Table 3

Best-®t values of the parameters included in Eq. (6) for the test samples

Sample a0 (N) a1 (N/mm) a2 (N/mm2) Correlation factor

AC01 ÿ0.441 23.72 919.4�25.2 >0.99

AC02 ÿ0.594 26.56 910.2�25.3 >0.99

AC03 0.088 14.13 912.3�32.9 >0.99

AC04 0.039 17.31 943.5�47.0 >0.99

AC05 0.143 18.91 930.4�24.8 >0.99

AC06 0.162 11.93 968.5�36.4 >0.99

AC07 0.244 7.98 979.6�16.5 >0.99

AC08 0.218 8.78 976.4�33.8 >0.99

AC09 0.369 6.73 986.5�45.7 >0.99

Fig. 6. Variation of a0 with the a1=a2-ratio.
Fig. 7. True hardness of Al2O3±30 wt.% TiC composites as a function

of the average size of TiC particles in the test sample.
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Thus, the true hardness, HT, may be calculated by

HT � �Peff

d2
� � Pÿ a0 ÿ a1d

d2

� �
� �a2 �8�

The true hardness for each sample tested was calcu-
lated with Eq. (8) and �=14.229 using the best-®t values
of a2 listed in Table 3. The result is shown in Fig. 7 as a
function of the average size of TiC particles in the test
sample. It is seen that, as the average size of TiC parti-
cles increases, the true hardness of Al2O3±30 wt.% TiC
composite increases slightly.

4. Conclusions

The load-dependence of Knoop hardness of Al2O3±30
wt.% TiC composites was examined in this study.
The following conclusions were deduced:
a. In the test load range, from 1.47 to 35.77 N, all the

samples exhibit a signi®cant indentation size e�ect,
making it impossible to conduct a comparison between
materials based on a hardness number measured at only
a single test load level.
b. The classical Meyer's power law may give a good ®t

for the measured indentation data. The best-®t value of
the Meyer's law coe�cient A strongly depends on the
unit system used for recording the experimental data.
Little useful information may be yielded from the ana-
lysis based on Meyer's law.
c. The empirical equation, Eq. (6), proposed originally

by BuÈ ckle was proven to be suitable for describing the
observed ISE. True hardness number may be deduced
from this equation. It was shown that the deduced true
hardness increases slightly with the average size of TiC
particles existing in the test sample.
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