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Abstract

Vickers indentation tests were conducted on an Al,O;-TiC composite at different load levels. The crack resistance calculated
from the length of the indentation-induced crack exhibits a large scatter. Such a large scatter can be characterized well with Weibull
statistics and can be attributed to the effect of microstructural inhomogeneity on the local crack resistance. The effect of the sta-
tistical variability in the measured crack resistance on R-curve evaluation was also discussed and the direct indentation method was
suggested to be the most suitable method for the evaluation of the R-curve behavior for ceramics. © 2001 Elsevier Science Ltd. All

rights reserved.
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1. Introduction

The concept of a crack resistance that increases with the
length of the crack, i.e. R-curve behavior, has been well
established for ceramics systems during the past dec-
ades.!™ The mechanistic origin of R-curve behavior has
been attributed to the interaction of a propagating crack
with inhomogeneities in the microstructure,®” with trans-
formable particles in a process zone,®° and with particles
that span the crack.!%!! Several theoretical models®*12-14
have been proposed to describe the relationship between
the R-curve behavior and the microstructural character-
istics and extensive experimental studies!>2! have also
been conducted to try to develop and standardize the
R-curve characterization methods for ceramics.

At present, there exist a variety of methods for the
R-curve characterization. The most commonly used are
indentation methods,'>?! including the direct indentation
(DI) method, the indentation—crack-growth (ICG) method
and the indentation—strength (IS) method. Some of the
conventional fracture mechanics methods, such as the sin-
gle-edge-notched beam (SENB)?? and the chevron-not-
ched beam (CNB)?* methods, have also been employed
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occasionally. Differences between the R-curve character-
istics measured with the indentation methods and those
measured with the conventional fracture mechanics
methods have been generally reported and have been
attributed to the fact that the interactions between large
cracks and the microstructure are rather different from
those between small cracks and the microstructure.’
However, recent studies'®!? have shown that the R-curve
behavior of indentation-induced cracks also depends on
the characterization method. For a given material, the
R-curve measured with the DI method is usually different
from those measured with the ICG or the IS methods. To
our knowledge, up to now, no satisfactory explanation for
these experimental observations has been proposed.
When studying the R-curve behavior of a hot-pressed
SizN4 ceramic by observing the stable growth of
annealed indentation-induced cracks during bending
tests, the present authors?* found that significant devia-
tions exist between the shapes and the locations of the
R-curves measured with different cracks located in dif-
ferent sites in the specimen surface, making it impossible
and unreasonable to fit all the data to a single curve. To
explain such an experimental phenomenon, the present
authors suggested that the R-curve behavior of a given
material is dependent not only on the crack length but
also on the crack location. In fact, the R-curve behavior
is already known to be a microstructure-dependent
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phenomenon!™ and, when being examined at the

microstructural level, any polycrystalline ceramic should
be considered to be inhomogeneous. Thus, one can
expect that different cracks which are placed in different
sites within the material may encounter different varia-
tions in crack resistance during extension.

The previous studies concerning the R-curve behavior
of ceramics have thus far emphasized only the depen-
dence of crack resistance on crack length and have not
considered in detail the crack-location dependence of the
crack resistance. To ensure the existence of the crack-
location dependence of R-curve behavior and its effect
on the R-curve measurement, the direct indentation
method was employed in the present study to determine
the crack resistance of a TiC particle reinforced Al,O;
composite. At each given indentation load level, 30
indentation cracks were introduced in the surface of the
test specimen and the statistical variability in the resultant
crack resistance data was analyzed.

2. Experimental

The material selected for the present study was an
Al,O3 ceramic reinforced with 30 wt.% TiC particles.
The basic raw materials used for preparing the composite
were a commercial Al,Oz; powder with an average grain
size of 0.5 pm and TiC particles with an average size of
6.8 um. Both powders were mixed in proper proportion
by conventional ball milling with ethyl alcohol and alu-
mina balls in a plastic pot for 4 h. After being dried, the
mixed powder was uniaxially pressed at about 40 MPa
and then cold isostatically pressed at about 220 MPa to
form a disc of about 50 mm diameter. Finally, the disc
was hot-pressed at 1650°C and 25 MPa for 30 mm using
a graphite die.

A scanning electron microscopy (SEM) micrograph of
the polished surface of the hot-pressed product is shown
in Fig. 1. As shown, the TiC particles (the light phase)
are dispersed uniformly in the Al,O; matrix, but the
sizes of the TiC particles exhibit a somewhat large scat-
ter.

The test specimens were directly cut from the hot-
pressed product, mounted in bakelite, ground flat and
then polished carefully with successively finer diamond
pastes to yield a mirror-like surface suitable for inden-
tation. The polished surfaces of the test specimens are
perpendicular to the hot-pressing direction. Vickers
indentations were made at 49, 98, 196 and 294 N loads
on the polished surfaces of the test specimens using a
commercial hardness tester (model HV-120, Shandong,
China). The indentation crack lengths, 2¢; and 2c¢,, as
illustrated in Fig. 2, were measured immediately after
unloading. A total of 30 perfect indentations, those with
clearly symmetrical indentation impressions and with
symmetrical crack patterns, were made at each load

Fig. 1. SEM micrograph showing the polished surface of the test
sample. Note that the TiC particles (light phase) were well dispersed in
the Al,O3 matrix.
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Fig. 2. Characteristic lengths of the cracks introduced by Vickers
indentation.

level. The indentations with clear crack branching were
not accepted for the final calculation.

The Knoop indentation method proposed by Mar-
shall et al.?®> was employed to determine the parameter
H/E, the ratio of the hardness to the elastic modulus,
used for the crack resistance calculation conducted in
the following sections. In this method, the parameter
H/E is suggested to be related to the long diagonal
length, b, and the short diagonal length, a, of the Knoop
indentation impression with the following equation?’

a 1 H
Z_m_0'45<f>’ (1)
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Five Knoop indentations were made on the polished
surface of the test specimen at an indentation load of
33.77 N and the lengths of the long and the short diag-
onals of each indentation impression were measured.
Using the experimental data, the H/E for the present
material was determined with Eq. (1) to be 0.0365 with a
standard deviation of 0.0034.

3. Calculation of crack resistance

According to the indentation fracture mechanics the-
ory established by Lawn et al.,?® in the as-indented state,
the half-length, ¢, of a Vickers indentation-induced half-
penny surface crack satisfies the following equilibrium

relation,?’
E\'* F

where Ky is the crack resistance, F is the applied inden-
tation load, £ and H are the elastic modulus and the
hardness of the test material, respectively, § is a dimen-
sionless constant dependent only on the indenter geom-
etry and has an empirical value of 0.016+0.004 for
Vickers indentation-induced crack systems.?’

Eq. (2) is the basic equation used in the DI method to
measure the R-curve. In general, the crack half-length,
¢, used to calculate K was taken as the average over the
two orthogonal radial directions, i.e. ¢=(c; +¢)/2.27 If
the R-curve behavior is indeed a crack-location depen-
dent phenomenon, however, such a treatment seems to
be questioned. Eq. (2) was established based on a con-
sideration that, in the as-indented state, the indentation-
induced crack system would be subject to conditions of
mechanical equilibrium stated as K.= Ky, where K, is
the driving force provided by the residual stress result-
ing from the mismatch between the plastic zone beneath
the indentation and the surrounding elastic matrix. If
the crack resistance varies with crack location as well as
crack length, one can expect that there is a possibility
for the two cracks associated with the same indentation
to encounter different local crack resistances due to the
fact that the two crack tips are located in different sites.

Table 1

In fact, our exploratory experiments showed that there
always exists a deviation, which may be significant for
some indentations and slight for other indentations,
between the measured ¢; and ¢, for a given indentation.
Therefore, for the study on the crack-location depen-
dence of the R-curve behavior, it seems to be more rea-
sonable to calculate the crack resistance with Eq. (2)
using ¢; and ¢,, respectively, to yield two Ky data from
one indentation. In the present study, we adopted this
approach to calculate Kz and, consequently, a total of
60 Ky data were obtained for each employed load level.

4. Data analysis

The crack half-length, ¢, and corresponding Kr mea-
sured at each indentation load level are summarized in
Table 1. In this table, the average value and the stan-
dard deviation of the measured crack resistance, Kg,
were calculated using 60 data extracted with the method
described in the preceding section. As can be seen, the
average value of the crack resistance increases with
increasing indentation load, indicating that the Al,O;—
TiC composite examined in the present study possesses
a significant R-curve behavior.

However, the large scatter in the measured Ky is also
significant. At each load level, the coefficient of varia-
tion of Kg, i.e. the ratio of the standard deviation to the
average value, is larger than 10%. There is reason to
believe that the existence of the large scatter in Kg
determined with the DI method is a universal phenom-
enon. The DI method has been widely employed by
other authors to evaluate the R-curve behavior for other
ceramics. The coefficient of variation of the measured
Ky reported in the previous studies was usually large,
typically around 10% (see for examples Table 2 in Ref.
18 and Table 3 in Ref. 28).

Fig. 3 shows, as examples, the histograms as well as
the empirical probability density functions (PDFs) for
the Kgr-data measured at loads of 49 and 294 N,
respectively. The empirical probability density curves
shown in these plots were constructed by assuming that
the data follow a Weibull distribution or a Gaussian
distribution, respectively. The PDF for the Gaussian

Summary of the Vickers indentation test results obtained in the present study

Crack half-length, ¢ (um)

Crack resistance Weibull analysis for Kr

Indentation Average Minimum Maximum Kr m Ky
load, F(N) (MPa-m!/?) (MPa-m!?)
49 88.7£10.6 73.4 118.4 5.04+0.8 7.22 5.4
98 135.3£12.5 112.8 168.4 5.3+0.7 9.23 5.6
196 209.6£15.3 181.6 246.8 5.540.6 11.52 5.7
294 267.1£20.5 239.5 3232 5.7£0.6 11.35 6.0
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Fig. 3. Histogram and probability density functions plots for the Kr
data measured at loads of 49 N (a) and 294 N (b).

distribution (as shown by the dashed line) is a bell-
shaped curve, while the PDF for the Weibull distribution
(as shown by the solid line) is skewed to the right. Noting
the asymmetry in each of the histograms, one can con-
clude that the statistical properties of the measured Kr
may not be described properly with the Gaussian dis-
tribution. Consequently, it may be insufficient to repre-
sent the measured Kr only with an average value and a
standard deviation. Furthermore, From a viewpoint of
statistics, such a large scatter would also make it insuf-
ficient to determine the crack resistance with a small
number of measurements with the DI method.

As can be seen in Fig. 3, the Weibull distribution
seems to be more suitable than the Gaussian distribu-
tion for representing the measured Kr data. This was
further confirmed from the tests of Pearson x> which
were conducted with the data measured at each load
level, respectively, according to the standard statistics
theory. The x> tests showed that, in each case, the
assumption that the measured K¢ data follow a Weibull
distribution can be accepted at a confidence level higher
than 95%.

The experimental data were analyzed with the con-
ventional least-square (LS) method? to yield the Wei-
bull parameters, knowledge of which would lead to
complete characterization of the statistical properties of
the measured Kr data. This was done by ordering the
results measured at each load level from the lowest to
the highest. The ith result in the set of 60 data was
assigned a cumulative probability of occurrence, P,
which was calculated with

i—0.5
Pi= . 3
) ©)

The measured indentation toughness, (Kr),, and the
cumulative probability, P;, were then analyzed, by using
a simple, least-square regression method, according to
the alternative form of the well-known two-parameter
Weibull distribution equation?’

1
lnln(l_P>:m1nKR—mano 4)

where m and K, are the Weibull modulus and the scale
parameter, respectively.

Fig. 4 shows the Weibull plots for the Kr data mea-
sured at each load level, respectively. In each case, a
good linear relationship between In In [1/(1—P)] and In
Ky was observed, implying that the experimental data
can be well described with the Weibull distribution
equation. The resultant Weibull parameters, m and K,
for each data set of Kr are summarized in Table 1.

5. Discussion

Based on the discussion conducted in Sections 1 and
3, the large scatter in the measured Kg may be attrib-
uted to the statistical variation in the crack resistance
brought about by the microstructure. To support this
statement, the crack patterns made with a load of 294
N were examined using scanning electron microscopy
and examples of crack—microstructure interactions are
shown in Fig. 5. In Fig. 5(a), the crack was located
mainly in the Al,O3; and interacted occasionally with
small TiC particles. However, the crack shown in
Fig. 5(b) encountered large TiC particles and deflected
more clearly compared with that shown in Fig. 5(a). As
mentioned above, the TiC particle size in the examined
composite exhibits a somewhat large scatter. Consequently,
one can expect that cracks located in different sites in
the specimen surface would encounter different micro-
structural features and, as a result, the crack resistances
for different cracks would be different. In other words,
the crack resistance depends not only on the crack
length but also on the crack location.
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Fig. 4. Weibull plots for the K data measured at different load levels.

As shown in Table 1, the resultant Weibull modulus
increases slightly with indentation load in the low load
range (F <196 N) and then tends to be invariable when the
load increases further. This experimental finding seems to
be a further support for the above discussion. Considering
that, as the crack size increases, the probability for a
crack to interact with the microstructural features hav-
ing the largest resistance to fracture increases and, con-
sequently, the dispersion of the measured crack
resistance for cracks made at a given indentation load
level but located at different sites would become small.

As mentioned in Section 1, the R-curve behavior of
ceramics has been usually evaluated with indentation
methods and deviations between the R-curves measured
with different indentation methods have been frequently
reported. Considering the existence of the crack-loca-
tion dependence of the crack resistance, such deviations
can be understood. The crack resistance measured with
the DI method is only the local crack resistance which is
strongly affected by the microstructural inhomogeneity.
For the indentation-crack growth (ICG) method, the
crack resistance is measured as a function of the crack
length by propagating the crack under successively

(b)

Fig. 5. SEM micrographs showing crack paths for different cracks in
the specimen surface.

increasing applied load.!” Since the crack direction or
the cracking plane is predetermined, the measured
R-curve reflects the crack-length dependence of the crack
resistance for the given cross-section of the test specimen.
However, the difference in the microstructural features in
difference cross-sections of the test specimens would still
make the measured R-curves different with each other
and exhibit a significant crack-location dependence. In
the indentation—strength (IS) method, the R-curve is
evaluated by measuring the strength of the indented
specimens.!> The use of a single power law to describe
the R-curve for a given material in this method ignores
the differences between the details of the propagation
procedure for different cracks. So the resultant R-curve
cannot provide any useful information on the effect of
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microstructural inhomogeneity on crack resistance.
Therefore, the fact that different evaluation methods
yield different R-curve behavior for a given material is
not surprising.

It should be pointed out in closing that, from a practical
viewpoint, the DI method seems to be the most suitable
one to evaluate the R-curve behavior for ceramics, for it
may provide a deeper knowledge of the microstructure-
dependence of the crack resistance throughout the spe-
cimen surface. However, it is very important to conduct
a large number of measurements at each load level to
obtain a complete characterization of the statistical
properties of the measured crack resistance.
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