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Abstract

Piezo-spectroscopy measurements have been per-
formed in order to obtain information about the
internal stresses in a series of (2mol% Y2O3-stabi-
lized) ZrO2 ceramics added with ®ne Al2O3 dis-
persoids. These composites were previously reported
to fracture at remarkably high strength levels. Resi-
dual stresses arising from the thermal mismatch
between the ZrO2 matrix and the Al2O3 dispersoids
were found to be of the order of several hundreds
MPa, in agreement with the predictions of an elastic
stochastic stress analysis. Taking into consideration
the results of the present piezo-spectroscopic analy-
sis, a micromechanism of microcrack shielding by
residual microstresses has been proposed, which
overlaps with the e�ect of phase transformation on
strength. A theoretical assessment is given which
enables one to explain the presence of a maximum of
strength at 0.2±0.4 volume fraction of Al2O3 dis-
persoid. # 1998 Elsevier Science Limited. All rights
reserved

Keywords: ZrO2, Al2O3, composites, residual stres-
ses, strength.

1 Introduction

Two micromechanical arguments have been pro-
posed for explaining the superior strength behavior
found in ZrO2-based alloys and composite materi-
als:1±5 (i) the contribution of internal stresses aris-
ing from the transformation of ZrO2 from
tetragonal to monoclinic phase (t- to m-ZrO2

transformation) in a process zone around the crack
tip and, (ii) the inherent rising R-curve behavior by
bridging e�ects along the crack wake. As a con-
sequence of the aforementioned two circumstances,
analyses by linear elastic fracture mechanics
usually fail to explain the mechanical performance
of transformation-toughened ZrO2 ceramics. In
other words, a marked non-proportionality
between strength and toughness is found. The
mechanical behavior of several ZrO2-based alloys
has been recently discussed by Swain and Rose.6

These researchers provided both experimental evi-
dence and theoretical foundation to support either
phase transformation-related residual stress or R-
curve strengthening contributions, depending on
the magnitude of the inherent crack extension.
Besides the well established mechanical response

of those alloyed ZrO2 materials, however, the
behavior of ZrO2-based composites remains yet to
be explained. For example, Shikata et al.7±9 repor-
ted some extremely high strength value (i.e.
&3GPa) for a ZrO2 matrix added with few tens
percent Al2O3 particles. In the fracture of those
materials (fairly brittle relatively to the ZrO2 alloys
described by Swain and Rose6), relevant contribu-
tion to strength by a rising R-curve behavior is not
expected. The rationale for this assertion may
reside in the very ®ne (submicrometer) size of both
matrix grains and dispersoids. With increasing
Al2O3 fraction, which is not transforming, one
would expect a monotonic decrease in strength
rather than a strengthening e�ect. This prediction
is not con®rmed by experiments which show
instead a maximum in strength at relatively low
fractions of Al2O3. In addition, the maximum of
strength experienced by these composites was
about twice the level found in monolithic ZrO2,
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thus implying that only arguments based on
shielding e�ects due to ZrO2 phase-transformation
are not suitable to fully explain the strength beha-
vior of these materials.
We propose here that a further micromechanical

circumstance may provide a strengthening e�ect:
the presence of remarkable (microscopic) residual
stresses arising from the thermal expansion mis-
match between ZrO2 and Al2O3 crystallites. In this
paper, residual stresses in the Al2O3/ZrO2 compo-
sites have been accurately measured by piezo-spec-
troscopy and a strengthening mechanism based on
the presence of such internal stresses proposed and
theoretically discussed.

2 Experimental Procedure

The Al2O3/ZrO2 material investigated in this paper
was prepared by Shikata et al.7±9 For readers'
convenience, the salient processing conditions of
this material are given hereafter. Very ®ne ZrO2

powder (average size: 0.21�m) containing
2mol% Y2O3 was added with increasing fractions
of submicrometer Al2O3 powder (average size:
0.54�m). After a preforming cycle by cold isostatic
pressing a pre-sintering cycle was performed in air
at 1500�C for 3 h. The dense composite bodies
obtained by the above processing were then hot-
isostatically pressed (HIPed) under Ar atmosphere
for 1 h at 1450�C under &100MPa. A micro-
structural analysis by scanning electron micro-
scopy (SEM) showed that both the ZrO2 and
Al2O3 crystallites composing the ®nal composite
bodies were preserving their submicrometer size
after processing (Fig. 1).
The spectroscope apparatus used for measuring

residual stresses as detected from ¯uorescence (in
Al2O3) and from Raman (in ZrO2) spectra was an
ISA, T64000 Jovin-Yvon employing an Ar laser
operating at a wavelength of 488 nm with a power

of 300mW and 30mW for ZrO2 and Al2O3,
respectively, as the excitation source. The scattered
light was analyzed with a triple monochromator
equipped with a charge-coupled device (CCD)
camera. The dimension of the laser spot on the
samples was ®xed at &10�m so as to probe many
grains simultaneously. The ruby ¯uorescence10 was
applied for analyzing stresses in the Al2O3 phase.
The frequency shift due to the applied stress was
monitored on the characteristic R1, R2 doublet,
namely the two ruby ¯uorescence peaks located at
14 400 and 14 430 cmÿ1, respectively. The neon line
at 14564 cmÿ1 from a neon discharge lamp was
used as an external frequency calibration. The peak
shift due to temperature ¯uctuations was corrected
using the temperature dependence coe�cient of
&0.14 cmÿl �C.11 The shift of the Raman line located
at 634 cmÿ1 was monitored in the t-ZrO2 phase. The
collected data were analyzed with the curve-®tting
algorithms included in the SpectraCalc software
package (Galactic Industries Corp.). The average
residual stress in the Al2O3 and ZrO2 phase were
calculated from the measured frequency shifts
according to a relation of linear proportionality
through the average piezo-spectroscopic coe�-
cients given in literature.11,12

3 Results

3.1 Mechanical behavior
Strength and toughness data for the ZrO2-based
materials as a function of the Al2O3 dispersed
fraction are plotted in Fig. 2 from Shikata et al.9 A
number of interesting characteristic features can be
noticed in these data: ®rst, the presence of a
strength maximum in the range 20±40 vol% Al2O3,
which cannot be easily explained just in terms of

Fig. 1. An Al2O3 particle (dark grain) surrounded by sub-
micrometer-sized ZrO2 grains as observed by SEM.

Fig. 2. Fracture strength and toughness data for the Y2O3-
stabilized ZrO2 material as a function of the added Al2O3

volume fraction.7±9
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the measured toughness values (i.e. via Gri�th's
proportionality equation), since the fracture
toughness experiences a value scarcely a�ected by
the increasing Al2O3 content. The maximum of
strength experiences the rather high value of
&3GPa although it drops down to less than half
for Al2O3 contents >40wt%. In addition, owing
to the fact that the above fracture toughness data
were obtained by a test method employing a long
pre-crack subjected to shielding forces (i.e., by the
single-edge pre-cracked beam method13), it can be
argued that any R-curve contribution should be
already included in the KIC values of Fig. 2. Fur-
thermore, the addition of an increasing fraction of
non-transforming Al2O3 dispersoids should con-
ceivably lead to a monotonic decrease in strength,
whereas in Fig. 2 such a decrease is observed only
at rather large Al2O3 fractions. A theoretical model
aimed to rationalize all these experimental features
is proposed in Section 4.

3.2 Residual stresses
The results of piezo-spectroscopic experiments
carried out to determine the residual stresses are
shown in Fig. 3. As seen, in the range of volume
fractions of Al2O3 dispersoids, Vf, pertinent to the
present investigation (i.e. up to &40 vol%), data
can be ®tted very accurately to a linear depen-
dence. Ma et al.11 reported that, in composites with
the same nominal composition as those examined
here but with cubic ZrO2, stress relaxation may
occur for Vf<20%; in fact, the dependence of the
residual stress on Vf deviates from a linear beha-
vior. Such a relaxation e�ect could not be noticed
in the present experiments. This may be due to the
di�erent grain size of both matrix and dispersoids

which, in the composites studied by Ma et al. was
about one order of magnitude larger than that of
the present materials. An attempt to estimate the
reliability of the present residual stress data is pre-
sented hereafter based on the stochastic microstress
analysis by Kreher and Pompe.14

The average isotropic part of residual stress in the
matrix material, h�iikim can be expressed as

h�iikim � sm�ik �1�

sm � ÿ
�
3KmKd=Vfm

ÿ
Km ÿ Kd

���
Vfdÿ�

Kd

ÿ
KmÿK�

�
=K�

ÿ
KmÿKd

��	ÿ
�dÿ�m

�
�T

�2�

where Vf, K and � are the volume fraction, the
bulk modulus and the average coe�cient of ther-
mal expansion, respectively; the subscripts m and d
refer to the matrix and the dispersed values,
respectively (namely the ZrO2 and Al2O3 phase,
respectively). �ik is the Kronecker symbol. Equa-
tions (1) and (2) allow to theoretically calculate the
stress values to be compared with the experiments,
although the elastic stress-free temperature (on
cooling), �T, is a parameter rather di�cult to
determine exactly. In the present computation �T
was assumed to be 1180�C as estimated by Sergo
et al.15 The coe�cients of thermal expansion of
the hexagonal Al2O3 phase was calculated as
�m � 2�a � �c� �=3, the subscripts a and c indicat-
ing the single-crystal values measured along di�er-
ent crystallographic directions. The value of
thermal expansion mismatch in the present com-
posites, comprehensive of the temperature depen-
dence, was assumed as h��i � �d ÿ �m� � �
�4�6ÿ 0�00124T� � 10ÿ6 Kÿ1 The e�ective bulk
modulus, K�, is a function of the elastic constants
of the constituent phases, their respective volume
fractions and topological arrangement. Provided
that the microstructures of the present composite
materials are statistically isotropic, it can be
shown14 that the e�ective bulk modulus approa-
ches the upper Hashin limit, K�, given by the
equation:

K� � K� � VfmKm � VfdKdÿ
VfmVfd KmÿKd� �2= VfmKd�VfdKm�4Gm=3

ÿ �h i �3�
where Gm is the shear modulus of the matrix. The
elastic constant values pertaining to the present
composites are: Km � 197 GPa; Kd � 130 GPa
and Gm � 85 GPa.
The theoretical values for the average isotropic

residual stress component in the constituent phases
were calculated according to eqns (1) to (3) and

Fig. 3. Experimental data of residual stresses, as determined
by piezo-spectroscopy measurements in the ZrO2 and Al2O

3

phases, are compared with the theoretical predictions of elastic
stochastic stress analysis.14 The broken lines represent the

upper Hashin bound (H+) for the elastic stresses.
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plotted by broken lines in Fig. 3. The theoretical
prediction relative to an upper Hashin limit (H+)
satisfactorily ®ts the experimental stress data. This
con®rms that, at least for composites with low
fractions of Al2O3, residual microstresses can be
rationalized simply invoking arguments of theory
of elasticity.
A further con®rmation about the reliability of

the present residual stress data can be obtained
from force balance considerations. When equili-
brium is achieved, the average residual stresses
stored in the matrix and the dispersed phases must
obey the following relation:

Vfmh�iikim � Vfdh�iikid � 0 �4�

It can be shown that this relationship is indeed
satis®ed by the present spectroscopy data (Fig. 3).
This is an encouraging result since the stresses are
obtained from two independent phenomena, the
shift of luminescence lines (of Cr in Al2O3) and
that of Raman lines (of ZrO2). The maximum
deviation from the zero value, as calculated from
eqn (4), was �20MPa, which is considered to
represent the accuracy of the present spectroscopy
measurements (cf. error bar in Fig. 3). A more
detailed discussion of residual stress data, compre-
hensive of their dependence on the grain-size of
both matrix and dispersoids is given in a separate
paper.16 Hereafter, emphasis is placed on a theore-
tical treatment aimed to assess the e�ect of t- to m-
ZrO2 transformation as well as that of the elastic
residual stresses arising from thermal expansion
mismatch on the strength behavior of the present
composites. The e�ect of residual stress will be
based on elasticity arguments since they have been
proved to satisfactorily explain the stress status of
the material on the microstructural scale.

4 Discussion

4.1 Contribution to strength of phase transformation
In an ideal brittle material, a plot of strength ver-
sus toughness should experience the linear rela-
tionship:17

�f � KIC=Ya
1=2
0 �5�

where Y is a geometric factor (typically =1.2 for a
semielliptical ¯aw) while a0 represents the size of
the critical microcrack. Observation of �f and KIC

plots versus the volume fraction of Al2O3 (Fig. 2)
immediately envisages that eqn (5) does not apply
to the present composites. In other words, the
increment of KIC, if any, with increasing Vf, is not
su�cient to justify the remarkable maximum of
strength found between 20 and 40 vol% Al2O3.

This apparently contradictory aspect of the
mechanical behavior of ZrO2 materials is well
known,4±6 although no emphasis has been so far
placed on the e�ect of adding a conspicuous frac-
tion of non-transforming particles to a transform-
ing ZrO2 matrix.
Swain and Rose6 have analyzed the mechanisms

governing the strength level of several transforma-
tion-toughened ZrO2 ceramics. They proposed
that, in yttria-tetragonal ZrO2 polycrystals, the
strength is limited by a critical stress which triggers
the transformation. Assuming a cardioid-shape
transformation zone around the crack, the follow-
ing expressions for the steady-state toughness and
the critical hydrostatic stress exerted on the crack
tip can be obtained:18,19

KIC � K0 � ��Th1=2 �6�

�c � � 1� vm� �K0=3h
1=2 �7�

where h is the size of the transformation zone, K0 is
the toughness of a ZrO2 matrix containing pre-
transformed precipitates, �T is the magnitude of
the compressive stresses generated by the transfor-
mation, and �m � 0�31 is the Poisson's ratio of the
ZrO2 polycrystal. The proportionality constant �
depends on the precise zone shape and the
volume fraction of the non-transforming Al2O3

particles:

� � 0�66 1ÿ Vf

ÿ � �8�

where the numerical coe�cient in eqn (8) as well as
a value �T � 4�36 GPa have been experimentally
determined for yttria-tetragonal ZrO2 poly-
crystals.4,6

The critical fracture stress is then given by:

�f � 3�c= 1� v� � � �K0=h
1=2 �9�

Eliminating h1=2 between eqns (6) and (9) and sub-
stituting from eqn (8), �f becomes:

�f � 0�66 1ÿ Vf

ÿ �� �2
�T K0= KIC ÿ K0� �� � �10�

A plot of this expression with K0 � 3 MPa m1=2 6

and KIC equal to an average value &6MPam1/2

(cf. Fig. 2) is given in Fig. 5 The data plot from eqn
(10) for monolithic ZrO2 (i.e. at Vf � 0) is in good
agreement with the experimental strength value,
con®rming the validity of the Swain and Rose
model6 for monolithic ZrO2. However, according
to this model, a non-linear decrease in strength
should be found with increasing the fraction of
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non-transforming Al2O3 particles, a trend which is
not supported by experiments. This means that the
model of Swain and Rose6 in its present form can-
not explain the actual strength behavior of Al2O3/
ZrO2 composites. An additional strengthening
mechanism arising from local residual stresses
must be considered and it will be proposed in the
next section. The �f values calculated from eqn (10)
should be regarded as the strength of the composite
when no strengthening mechanism other than t- to
m-ZrO2 transformation is operative.

4.2 Contribution to strength of elastic residual
stresses
Models of toughening by local cracking or residual
stresses have been previously proposed in the lit-
erature.20,21 However, the usefulness of these mod-
els in explaining the present data is limited because
they mainly deal with toughness rather than with
strength. In the present composite, no noticeable
toughening e�ect is found. Here, we deal with a
composite material whose strengthening is not
arising from a toughening e�ect. Thus, at ®rst
glance, this material does not obey the general cri-
terion of brittle fracture.22 In order to explain the
existence of a maximum in strength (without con-
sistent toughening) at moderate volume fractions
of Al2O3, we need to ®gure out a di�erent
strengthening mechanism. In this study, we pro-
pose that local residual microstresses, arising from
the mismatch in thermal expansion between the
constitutive phases of the composite, can either
shield the microcracks (which trigger catastrophic
fracture above the critical stress for phase trans-
formation) or, at least, delay their formation. This
micromechanism is schematically depicted in Fig. 4
for the case of a newly formed microcrack.* The
Al3O3 particles are in a strong compressive stress
®eld which, for the equilibrium, will produce
locally high tension in the ZrO2 matrix. When two
dispersoids are su�ciently close and placed on the
opposite sides of the microcrack, a shielding (clo-
sure) stress component, �R, can be generated on

the microcrack. The increase in critical stress inten-
sity factor at the tip of the microcrack is given as:22

�K � 2�R� a0=�� �1=2 �11�

where a0 is the size of the formed microcrack and
� a constant depending upon the shape of the
microcrack.23 This geometrical constant can be
assumed as � � 2 for a microcrack subjected to
shielding forces over its entire extension. The
shielding stress �R will be a function of the average
(statistical) distance between a microcrack and the
Al2O3 dispersed. According to elasticity argu-
ments, the stress ®eld around an inclusion showing
thermal mismatch with the surrounding matrix
decreases with the third power of the distance from
the inclusion/matrix interface.24 Thus, �R can be
represented with the following expression:

�R � �max=2� � 2d= �ÿ d� �� �3 �12�

Fig. 4. Schematic representing a possible strengthening e�ect
arising from shielding of a newly formed microcrack by local

(compressive) residual stresses.

*The model depicted in Fig. 4 can represent a general case of
local crack-closure mechanism by residual stresses, although,
in principle, two statistical exceptions to this model should be
recognized: (i) an isolated Al2O3 particle is placed just ahead
of the microcrack tip; and, (ii) the microcrack is generated at a
phase boundary between the Al2O 3 particle and the ZrO2

matrix. In both the above cases, the microcrack tip would
become subjected to a local tensile stress ®eld. Now, the latter
case will hardly occur because the higher thermal expansion
coe�cient of the Al2O3 inclusion, as compared to the ZrO2

matrix, should hamper the formation of a phase-boundary
microcrack during cooling down from sintering temperature.
On the other hand, the situation of an isolated inclusion just
ahead of the crack tip cannot be statistically ruled out. The
low strength arising in this particular case should a�ect the
scatter of the composite strength data.

Fig. 5. Experimental data of fracture strength compared with
the theoretical predictions based on: (a) transformation
toughening model [eqn (10)] and (b) residual stress model [eqn
(15)]. The sum of these contributions is also plotted as pre-

dicted strength.
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where � is the average near-neighbors distance,25 d
is the grain size of the dispersoid, and the maximum
stress magnitude, �max, arising from the thermal
expansion mismatch, h��i, is given by:

�max � h��i�T=
��ÿ

1� vm
�
=2Em

�
� �ÿ1ÿ 2vd

�
=Ed

�	 �13�

where Em (=205GPa) and Ed (=350GPa) are the
Young's moduli of the matrix and the dispersoid,
respectively. Assuming the Poisson's ratio of the
dispersoid as �d � 0�25 and the remaining para-
meters as given in Section 3, �max can be calculated
as &0.45 GPa. It should be noted that the magni-
tude of shielding stress, �R, depends on the volume
fraction of dispersoid, Vf, through the dependence
of the near-neighbors distance � on Vf [cf. eqn
(12)]. The function � Vf

ÿ �
, experimentally deter-

mined in previous studies on particle-reinforced
composites,26,27 is plotted in Fig. 6.
Now we can work out an expression for the

strength increase, ��, due to microcrack shielding
by residual stresses, by invoking a Dugdale-like
model,28 namely, under the assumption of a con-
stant shielding force acting on the entire micro-
crack length. This assumption may be appropriate
according to the conceivably small size of the
microcrack which triggers catastrophic fracture.
This strength increase is given by:

�� � �K=Ya1=20 �14�

Substituting from eqns (11)±(13), one obtains the
®nal expression for the strengthening e�ect by
residual stresses:

�� � �h��i�T=
��ÿ

1� vm
�
=2Em

�
� �ÿ1ÿ 2vd

�
=Ed

�		�
2d=
ÿ
�ÿ d

��3
�=Y�1=2

�15�

This expression can be used to calculate �� as a
function of the volume fraction of dispersoids Vf

through the dependence � � � Vf

ÿ �
given in Fig. 6.

The result of this calculation is displayed in Fig. 5
As seen, a curve of sigmoidal shape is obtained,
re¯ecting the strongly non-linear dependence of the
stereological parameter � on Vf, To allow for a
direct comparison with the experimental strength
data, the function �f ���, comprehensive of the
phase-transformation [eqn (10)] and the residual
stress [eqn (15)] contributions, is also plotted in
Fig. 5 together with the experimental data. The
sum of the two strength contributions reproduces
the maximum of strength which was experimen-
tally observed in the interval Vf � 0�2ÿ0�4. Fur-
thermore, the predicted magnitude of maximum

strength agrees tolerably well with the measured
value, while an overestimation of strength is found
at higher volume fractions of dispersoid. In order to
discuss this discrepancy, we notice that both eqns
(10) and (15) predict a strength which is indepen-
dent of the initial ¯aw size a0. This is because the
postulated micromechanism which triggers cata-
strophic failure is the presence of a critical stress to
induce t to m-ZrO2 transformation rather than the
propagation of a single (critical) pre-existing ¯aw
as stated by the Gri�th's criterion for fracture.
This hypothesis may indeed break down in pre-
sence of high fractions of Al2O3 phase, for which a
non negligible agglomeration of Al2O3 grains
occurs. In fact, when large islands of such non-
transforming phase are present, pre-existing ¯aws
(i.e. pores or grain boundaries belonging to these
islands) may lead to fracture in agreement with the
Gri�th's criterion.

5 Conclusion

Piezo-spectroscopy measurements have been car-
ried out on a series of yttria-tetragonal ZrO2 poly-
crystals added with increasing amount of ®ne
Al2O3 dispersoids. Due to the thermal expansion
mismatch between the constituent phases, micro-
scopic residual stresses were found to remain
stored in the composite. The residual stresses
experimentally measured compared favourably
with the predictions of an elastic stochastic stress
analysis. This indicates both that elastic stress
arguments can fully explain the residual stress
behavior of the present composites and that the
piezo-spectroscopy approach provides reliable
data. Subsequently, the mechanical behavior of the
composites was theoretically analyzed.
Two micromechanical circumstances have been

invoked to explain the remarkably high strength

Fig. 6. Stereological dependence of the near-neighbors dis-
tance, �, on the volume fraction, Vf, of dispersoid.

26,27
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data reported for the present materials: (i) the t- to
m-ZrO2 transformation and, (ii) the local residual
microstresses arising from the thermal mismatch
between the constituent phases. Since the Gri�th's
criterion of proportionality between fracture
toughness and strength fails in explaining the
experimental data collected in this composites, a
critical stress criterion for microcracking failure,
which arises from the phase transformation of the
ZrO2 matrix, has been adopted. This criterion
explains acceptably the strength data of monolithic
ZrO2, in agreement with published values. To
overlap the e�ect of phase transformation, local
components of residual microstress are considered
which may shield the microcracks triggering frac-
ture above the critical stress level for transforma-
tion of the ZrO2 matrix. Despite the simplistic
notion of a nucleated microcracks shielded by
residual microstresses, the present model enables
one to explain the maximum strength experimen-
tally found in the present composites in the range
0.2<Vf<0.4.
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