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Abstract

The fracture behaviour of alumina and ZTA matrix ceramics containing 10±30 wt% SiC particles was investigated during con-

trolled crack growth using three point bending tests of single-edge-notched samples. The crack was initiated and slowly grown by
repeated loading and removing of the load. The crack length, c, was measured by in-situ observation using a special video camera.
The necessary force, P, responsible for a crack length increase was recorded by computer control of the testing machine. From the

crack length, c, and the applied force, P, the stress intensity factor, KI, was calculated. The tests showed that SiC addition strongly
decreases the R-curve e�ect in alumina and ZTA ceramics. This phenomenon was explained by analysis of the residual stress state
in the ceramics. An increased resistance to crack initiation as well as to fracture with increase of SiC addition was also found for the

studied ceramics. # 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Normally the toughness-curve (T- or R-curve) beha-
viour is characterized by a change, usually showing an
increase in toughness due to material,s resistance to
crack propagation with crack extension. In many brittle
solids it originates from crack tip shielding mechanisms
that operate in the crack wake, exerting a crack closure
force that decreases the net stress intensity at the crack
tip. The R-curve results from the accumulation of this
closure force with crack growth, typically reaching a
saturation limit. It is well established that the R-curve
behaviour of alumina is due to the formation of frictional
tractions (grain bridges) between opposing crack faces in
the crack wake.1 Microstructure variables that are known
to control the level of toughening achievable via this
mechanism include grain size and shape as well as the
magnitude of internal stresses2 originating from the com-
bination of elastic modulus and thermal mismatch.
Grain size and shape dictate the critical crack opening

displacement above which grain bridges disengage and
hence, in part, the length of the bridged wake. In this

manner, the frictional energy dissipated during crack
face separation is enhanced. Internal residual stresses
are believed to control the bridge-restraining stress,
which in turn dictates the amount of frictional energy
dissipated during bridge pull-out and therefore the
toughening contribution and R-curve enhancement. The
residual stresses may be enhanced by the addition of the
second phase whose thermal expansion coe�cient
shows the desired degree of mismatch with that of the
matrix. The mechanical behaviour of such two-phase
composites have been studied by several workers.3±5

The importance of the role of residual stresses in
increased crack growth resistance of particulate-rein-
forced ceramic matrix composites was demonstrated by
Virkar and Johnson6 and Taya et al.7 The periodic
residual stress model was used to explain the toughness
increase which was observed in the ZrO2-Zr compo-
site.6 The model proposed by Evans et al8 and Cutler
and Virkar 9 provided the fracture toughness, KIc, of a
particulate composite due to periodic residual stress
®eld as

KIc � KI0 � 2q
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where KI0 is the critical stress intensity factor of the
matrix, q is the local residual compressive stress, and D
is the length of the compressive stress zone which in this
case is the average particulate spacing.
Eq. (1) is based on a stress intensity factor solution by

Tada et al.10 for a semi-in®nite two-dimensional crack
with a compressive stress zone of intensity q and length
D. The compressive thermal residual stress in the matrix
is generated when the thermal expansion coe�cient of
the particulate exceeds that of the matrix. This was the
case with the TiB2-particulate/SiC matrix composite
analysed by Taya et al.7 They modi®ed Eq. (1) to

�KI � 2q
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where l is an interparticulate distance and d is an aver-
age diameter of particulates. Eq.(2) is valid also for the
tensile residual stress, q, in which case a reduction in KIc

is expected. In the present study the e�ect of SiC grain
addition (a phase with lower thermal expansion coe�-
cient Ð aSiC=3.5±4.2�10ÿ6 �Cÿ1, aAl2O3

=9.0�10ÿ6 �Cÿ1)
on residual stress state change in alumina and ZTA
(zirconia toughened alumina) matrices, and the result-
ing altered crack behaviour were investigated. In com-
parison to the work of Virkar and Johnson6 and of
Taya et al.,7 where residual stresses were calculated, in
our case they were measured by means of the piezo-
spectroscopic technique. As expected, SiC addition
resulted in the development of residual tensile stresses in
the ceramic matrices and in turn to the reduction of the
e�ectiveness of the grain bridging mechanism leading to
a decrease of the R-curve behaviour.

2. Experimental procedure

Two types of ceramic matrix were used in this study.
The ®rst one was an alumina of the following chemical
composition: Al2O3 Ð 99.55wt%, MgO Ð 0.20 wt%,
Y2O3 Ð 0.25wt%. The alumina powder was high purity
(4N concentration) with an average grain size below
0.5mm. The second matrix was a ZTA ceramic prepared
by adding 10 wt% zirconia, obtained by using chemical
methods,12 to the above mentioned alumina mixture.
The starting SiC powder was b-phase with an average
particle size about 1mm. Matrix powders were mixed
with SiC (0±30 wt%) in ethanol and then hot-pressed in
carbon dies lined with BN layers under a pressure of 15
MPa and a temperature of 1700�C for 1 h in argon
atmosphere. The hot pressed specimens were cut and
ground yielding bars having the dimensions of 4�4�40
mm (square) or 1.5�6�40 mm (rectangular), and one
surface was polished. In the central part of the rectan-
gular bar samples (1.5�6�40) a sharp notch was pre-
pared for testing the crack propagation behaviour.13

The polished surface of the samples was covered with a
150 nm thick Al layer to improve the crack path visibi-
lity during the test.
To verify the contribution of the change in Al2O3

grain size in the R-curve properties of alumina and ZTA
matrices with SiC particles addition, samples of pure
alumina matrices having di�erent grain sizes were pre-
pared. In this case the alumina matrix powder was cold
pressed under 140 MPa and sintered at 1350±1900�C for
1±20 h in a vacuum furnace.
The bending strength of the composites was deter-

mined on square bars having the dimensions 4�4�40
mm in a three-point bending test using a universal test-
ing machine (Model 1446, Zwick) with 1 mm/min load-
ing speed and 36.5 mm bearing distance.
For measurements of Young's modulus the beams

were thinned to the height of 1 mm and then the com-
pliance of the samples was recorded during loading tests
with 0.1 mm/min loading speed and 36.5 mm bearing
distance. The values of Young's modulus were deter-
mined using the relationship given by Fett and Munz,14

which is stated in Eq. (5) below.
The controlled crack growth tests were performed

during three-point bending with 1mm/min loading speed
and 36.5 mm bearing distance using the same testing
machine. The crack was initiated and slowly grown by
repeated loading and unloading. The crack length c was
measured in situ using a special device, consisting of a
horizontal light microscope coupled with a CCD cam-
era, which were ®tted to the testing machine by a system
of elevator stages driven by stepping motors. This
enables the precise movement of the microscope objec-
tive in x-y-z directions for adjustment, focussing and
tracking on the beam side and bottom surface where the
crack propagated. A measuring and picture registration
system (framegrabber) was coupled with the load and
strain system of the testing machine, and both systems
were controlled by a computer. The optical and electronic
magni®cations were about 250x. Typical paths of a crack
propagated in an alumina matrix and registered by the
computer are shown in Fig. 1. The stress intensity factor,
KI, was calculated from crack length, c, and force, P.
In several samples the crack growth tests were done

without unloading. The time dependent displacement, d,
of the sample was measured and recorded together with
values of force, P. According to Fett and Munz,14 the
total compliance, C, which is given by Eq.(3)

C � d

P
�3�

consists of the compliance of the measuring system, Cu,
the compliance of the uncracked bar, C0, and the por-
tion �C caused by the crack:

C � Cu � C0 ��C �4�
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with

C0 � L2

w2BE

L

4w
� 1� �� � w

2L

� �
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where E is Young's modulus, � is Poissons ratio, w is the
specimen thickness, B is the specimen width and L is the
bearing distance. The compliance part due to the crack
was obtained from Ref. 14 as

�C � 4:5
L2

w2EB

a
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a � c

w
;

where c is the length of the crack and Bij are the coe�-
cients given by Fett and Munz.14 The stress intensity
factor, KI, has been determined from the relation (7)

KI � 1:5
PL

w2B
Yc

1
2 �7�

using the geometric function, Y, stated below in Eq. (8),
using the coe�cients, Aij, given by Fett and Munz [14].

Y �
����
�
p
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By this procedure the maximal stress intensity factor,
KImax, and the resistance to crack initiation, KIi, were
calculated. The crack growth rate v=dc/dt, controlled
by the stress intensity factor, KI, was calculated from
the time dependence of the crack length c. Assuming a
power-law relation between v and KI

v � dc

dt
� AKn

I �9�

the parameters n and A (or logA) were obtained.
Residual stresses within the studied alumina matrix of

composites were measured using the piezospectroscopic
technique described in detail in publications.13,15 An
optical microscope was used to both excite the ¯uores-
cence and to collect and analyse the resulting ¯uores-
cence spectrum using an attached spectrometer (DILOR
X4800). The 514.5 nm line of an argon ion laser was
used to excite the ¯uorescence. The ¯uorescence signals
were collected from a region of about 50 mm diameter in
size. The intensity of the R1 and R2 ¯uorescence lines
were scanned by integrating over 0.5 s intervals at a
spacing of 0.2 wavenumbers with the intensity being
recorded under computer control. The collected data
were subsequently analysed with curve-®tting algorithms

Fig. 1. An example of the consecutive steps of crack propagation in an alumina matrix registered by computer. Above the images the applied force

P and the length c of the generated crack are listed.
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(double Lorentz function). The line position was inden-
ti®ed by simultaneously ®tting the R1 and R2 peaks
using the NiceFit software package. All measurements
were performed at room temperature. The peak shift
due to temperature ¯uctuation was corrected using the
ruby calibration. The instrumental shift was also cor-
rected by simultaneously monitoring a characteristic
Neon line at 14564 cmÿ1. The average residual stress in
the alumina matrix was calculated from the measured
frequency shifts according to a relation of linear pro-
portionality through the average piezospectroscopic
coe�cients given by He and Clarke.17

Microstructural observations of the composites under
study, were performed on polished surfaces of the sam-
ples by SEM using an OPTON DSM 950 microscope. A
typical microstructure of an alumina matrix with 30 wt%
SiC addition is shown in Fig. 2. Grain size measurements

Fig. 2. Secondary-electron image of a polished, non-etched surface of

an alumina matrix with 30 wt% SiC (SiC grains Ð more gray ®elds).

Fig. 3. Dependence of KI on the crack length for an alumina matrix without SiC (top) and for 30 wt% SiC content (bottom).
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were made using samples that were ®rst polished and
then thermally etched at 1450�C in argon atmosphere.

3. Results and discussion

Figs. 3 and 4 show the data of KI=f(c) obtained in
the range of crack length studied, ®tted by a linear
equation of y=ax+b. The slope, a, can be used as a
factor describing the tendency of a ceramic towards R-
curve behaviour. The dependency of the parameters a
and b on SiC content for various alumina and ZTA
matrices is listed in Table 1. The value of a for a pure
alumina matrix is 0.851, which means that the toughness
increases strongly namely from 3.6 to about 5.8 MPam1=2

as the crack length increases up to 4.0 mm (see Fig. 3). The
increase in toughness becomes less pronounced as the SiC

content increases. For a SiC content of 30 wt% in an
alumina matrix, the slope parameter decreases almost to
zero. A similar tendency is observed in the ZTA matrix
(Fig. 4 and Table 1). However, the decrease of R-curve
properties with increasing SiC content is smaller than in
the case of the alumina matrix.

Table 1

Linear coe�cients a and b (equation of y=ax+b) for alumina and

ZTA matrices as a function of SiC content

SiC content

(wt%)

Alumina ZTA

a b a b

0 0.851�0.074 2.64�0,09 0.322�0.115 3.91�0.08

10 0.378�0.025 3.88�0.08 0.234�0.034 4.44�0.10

20 0.224�0.007 4.02�0.02 0.112�0.024 5.05�0.07

30 0.061�0.024 4.44�0.11 0.155�0.023 4.60�0.09

Fig. 4. Dependence of KI on the crack length for a ZTA matrix without SiC (top) and for 30 wt% SiC content (bottom).
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In both cases, the negative e�ect of SiC addition on
the R-curve behaviour can be related to the change of
the residual stress state. As it was said earlier, due to
crystallographic and thermal anisotropy of alumina,
some grains in the alumina matrix are subjected to
compression and play the role of ``bridges''. The
remaining grains subject to tension are considered as
making up the constitutive ``matrix''. According to
Bennison et al.,1 the bridging grains wedged in the
microstructure by these internal compressive stresses
lead to an increase in fracture toughness as the crack
grows. The addition of SiC particles is expected to
change the described stress state. The large thermal

expansion mismatch between SiC particles and the
Al2O3 matrix is thought to create additional regions of
tension, which has been con®rmed by piezo-
spectroscopic measurements. As can be seen from Table
2, an increasing content of SiC grains changes the resi-
dual stresses in both matrices from compressive to ten-
sile. This in turn reduces the e�ectiveness of grain
bridging and, in consequence, the value of the slope
parameter a. The smaller decrease of a with increasing
SiC content observed in ZTA matrix seems to be a
result of the transformation mechanism present in ZrO2

containing ceramics.
The presence of SiC particles e�ectively inhibits Al2O3

grain growth in both materials (see Table 3 and Figs. 5
and 6). The results of Al2O3 grain size change with SiCTable 2

Residual stresses, � (MPa), measured in Al2O3 grains from alumina

and ZTA matrices as a function of SiC content

Type of ceramic matrix SiC content (wt%)

0 10 20 30

Alumina ÿ188.33 +12.52 +77.73 +168.64

ZTA ÿ115.94 +44.14 +143.61 +155.47

a ÿrefers to a residual compressive stress (for crystallographic plane

ab of a-Al2O3).
b + refers to a residual tensile stress.

Table 3

Mean Al2O3 grain size (mm) in alumina and ZTA matrices as a func-

tion of SiC content

Type of ceramic

matrix

SiC content (wt%)

0 10 20 30

Alumina 4.67�3.91 1.62�0.78 0.96�0.48 0.83�0.27

ZTA 2.82�1.19 1.55�0.80 1.37�0.58 1.26�0.41

Fig. 5. Al2O3 grain size distribution in an alumina matrix as a function of the SiC particle content.
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content are intriguing in the context of the work of
Chantikul et al.16 They investigated the interrelation-
ships between strength, crack-resistance characteristics
and grain size for alumina ceramics in the grain size
range of 2 to 80 mm. By deconvolution of strength-
indentation data to T-curves they found that the
toughness curves rise markedly especially for the coarser
grain structures. For the Al2O3 grain sizes observed in
our study, however, the slope angle of the toughness
curves do not seem to be signi®cant, which indicates a
weak contribution of the grain size e�ect to the R-curve
properties of the composites studied.
For verifying the contribution of Al2O3 grain size to

the change of the R-curve properties of alumina and ZTA
matrices with SiC particles added, alumina ceramics with
di�erent grain sizes were prepared and controlled crack
growth experiments were performed. As can be seen
from Table 4, for alumina ceramics the value of the
slope parameter a strongly decreases with decreasing
grain size. However, for the smallest grain size, the
parameter a has still a signi®cant value. This means that
the change of the residual stresses caused by SiC presence
can be regarded as the main factor responsible for the

observed changes in R-curve behaviour of alumina and
ZTA matrices.
The predicted and experimentally con®rmed distribu-

tion of residual stress in the composites studied can be
illustrated by a scheme shown in Fig. 7, where SiC parti-
culates under compressive stress are immersed in a tensile
stress of a ceramic matrix. Such a distribution indicates
that the tensile stress in a matrix, acting perpendicularly
to the crack plane, will promote extension of the crack
over an interparticular region, l-d, (see Fig. 8) and will
decrease the stress intensity factor, �KI , of the compo-
site according to Eq. (1) or (2). When a crack will

Fig. 6. Al2O3 grain size distribution in a ZTA matrix as a function of the SiC particle content.

Table 4

Linear coe�cients a and b (from equation y=ax+b) for alumina

ceramics as a function of Al2O3 grain size

Al2O3 grain size (mm) Linear coe�cients

a b

2.3�0.9 0.438�0.189 3.173�0.449

18.6�8.9 0.665�0.025 3.169�0.076

39.7�17.2 1.599�0.034 0.798�0.283

67.4�29.4 1.885�0.143 0.125�0.267
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advance across the interparticulate region, the crack tip
will meet the local compressive stress ®eld generated
outside a single SiC particle and changing as a function
of distance according to Eq. (10) given by Selsing:19

�r � ÿ2�o � P
R

r

� �3

�10�

where �r is the radial and �o the tangential component
of the matrix stress, P, at the boundary of a spherical
particle, R is the radius of the particle and r is the dis-
tance from the particle center. This local compressive
microstress due to adjacent SiC particle can de¯ect a
propagating crack and contributing this way in enhan-
cing the toughness of the composite, as was observed in
the composite studied and in layered ceramic compo-
sites described earlier.13,15 The crack de¯ection model of

Faber and Evans20 predicts the toughness ratios of KIc/
KIm=1.12 to 1.15 for uniformly distributed particles
with particle volume fraction of fp=0.1 to 0.3. The
decrease in the stress intensity factor, �KI, of the matrix
due to the presence of tensile stress, obtained for a 30
wt% SiC content in an alumina matrix using Eq. (2),
equals �KI=0.28MPa m1/2. The values of q=st=
+168.64 MPa (see Table 2), l=2.07mm (an average
interparticle spacing, which was found from SEM pho-
tos) and d=1mm (SiC particle size) were used in this
evaluation. The resulting and measured fracture tough-
ness of composites seems to be the sum of the con-
tribution of the two, above mentioned, opposite
mechanisms as a function of SiC particle content.
For some composites studied the tests of crack growth

were performed also without removing the load. From
these experiments the values of maximal stress intensity
factor, KImax, resistance to crack initiation, KIi, and
crack growth rate parameters n and A were obtained,
which are listed in Table 5 and 6. As can be seen from
Table 5, KImax of the alumina matrix does not increase
signi®cantly with increasing SiC addition. However a
strong increase of resistance to crack initiation (KIi) is
observed. Also the rising values of the crack growth rate
parameter n show that an initiated crack will propagate
with higher rate in an alumina matrix with SiC addition
than in pure alumina.
In the case of the ZTA matrix the changes of KImax,

resistance to crack initiation KIi and crack growth rate

Fig. 7. Scheme of the thermal residual stress distribution in SiC par-

ticulate-reinforced alumina matrix composites.

Fig. 8. Semi-in®nite crack advances, l, through matrix tensile region

toward particle compressive region.

Table 5

Maximal stress intensity factor KImax, resistance to crack initiation KIi,

and crack growth rate parameters n and logA for an alumina matrix as

a function of SiC content

SiC content

(wt%)

KImax

(MPa m1/2)

KIi

(MPa m1/2)

Crack growth

rate parameters

n logA

0 4.78�0.03 3.16�0.06 8.17�0.29 ÿ10.00�0.17

10 4.92�0.06 3.67�0.03 28.83�1.97 ÿ24.07�1.36

20 4.90�0.07 4.10�0.24 36.20�9.97 ÿ28.52�6.08

30 4.86�0.12 4.44�0.19 44.03�12.23 ÿ34.17�8.41

Table 6

Maximal stress intensity factor KImax, resistance to crack initiation KIi,

and crack growth rate parameters n and logA for ZTA matrix as a

function of SiC content

SiC content

(wt%)

KImax

(MPa m1/2)

KIi

(MPa m1/2)

Crack growth

rate parameters

n logA

0 5.08�0.23 4.27�0.05 23.77�5.16 ÿ20.08�2.17

10 5.14�0.03 4.21�0.07 21.27�2.17 ÿ16.81�2.53

20 5.40�0.18 4.39�0.01 23.10�1.88 ÿ20.92�1.59

30 5.23�0.19 4.17�0.03 16.91�1.71 ÿ15.85�1.70

1222 H. Tomaszewski et al. / Journal of the European Ceramic Society 20 (2000) 1215±1224



parameters n and A are relatively small. However, a
distinct increase of bending strength with SiC content
was found for both matrices (Table 7). In contrast to
the results of Levin et al.,11 the observed increase in
strength can not be attributed to a change of the alu-
mina matrix fracture mode. Microscopic observation of
crack paths points out that in a pure alumina the frac-
ture mode is mostly intergranular, with transgranular
fracture being partly present for grains larger than 15
mm. In alumina matrices with SiC grains the only mode
found was intergranular fracture. The grain size mea-
surements indicated (Figs. 5 and 6) that increasing SiC
content, in both matrices, eliminates the small popula-
tion of very large grains and this phenomenon can be
responsible for the observed increase in strength.
Another explanation comes from the model of Pezzotti
et al.18 describing a crack-closure micromechanism by
local residual stresses, which proposes to explain the
existence of a maximum in strength of Al2O3/ZrO2

composites at moderate volume fractions of Al2O3. In
our case the SiC particles are similarly in a strong com-
pressive stress ®eld which, due to equilibrium con-
siderations, will produce locally high tension in the
Al2O3 matrix. When two SiC particles are su�ciently
close and placed on the opposite sides of the micro-
crack, the local residual microstresses can either shield
the microcrack or, at least, delay its formation resulting
in the observed strength increase.

4. Conclusions

The aim of this work was to determine the e�ect of the
change in the residual stress state onR-curve properties of
alumina and ZTA ceramics. To faciliate this, SiC parti-
cles, having a lower thermal expansion coe�cient, were
added to two di�erent alumina matrices. Tests of con-
trolled crack growth for both matrices having various
SiC contents were performed. Data of KI=f(c)
obtained in the range of the crack lengths studied were
approximated by a linear equation of y=ax+b. As a
result the slope parameter a was used as a factor for
describing the tendency of these ceramics to R-curve
behaviour. A decreasing e�ect of SiC particles content

on toughness-crack length dependence was found. The
observed changes were related to measurements of resi-
dual stresses. It was found that an increasing content of
SiC grains changed the residual stresses in both types of
matrices from compressive to tensile. This in turn
reduced the e�ectiveness of grain bridging and in con-
sequence the value of slope parameter a. The smaller
decrease of parameter a with increasing SiC content
observed in ZTA can probably be regarded as a result of
the transformation mechanism present in a ZrO2 con-
taining alumina matrix. An increase of resistance to
crack initiation and bending strength with increased SiC
addition was also found for the studied ceramics.
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