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Abstract

Signi®cant residual stresses can arise in hybrid cera-
mic laminates during the densi®cation and cooling
processing cycles. The densi®cation stresses in alu-
mina±zirconia laminates were calculated assuming the
layers to be linear viscous with data obtained by cyclic
loading dilatometry. These stresses placed the zirconia
layers in biaxial tension and even at 1MPa or less,
they were su�cient to cause a type of linear cavitation
damage. The methodology was also applied to asym-
metric laminates, successfully predicting their
observed curling behaviour. Thermal expansion mis-
match stresses arise during cooling, again placing the
zirconia layers in residual biaxial tension and leading
to the formation of transverse (channelling) cracks.
The stresses were calculated using both elastic and
viscoelastic formulations and were con®rmed with
indentation measurements. Additions of alumina to the
zirconia layers were e�ective in reducing both sources
of residual stress and allowed crack formation during
processing to be avoided. Residual stresses were also
shown to improve mechanical performance. # 1999
Elsevier Science Ltd. All rights reserved.
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1 Introduction

Hybrid ceramic laminates, which are composed of
alternating layers of two or more di�erent ceramic
materials, have emerged recently as a viable alter-
native to ®bre-reinforced ceramic composites for
structural applications. Fabrication of laminated
structures usually employs relatively low-cost con-
ventional processing routes, such as tape casting,
sequential slip casting, coating techniques, etc. The
processing and mechanical behaviour of laminates
has been recently reviewed by Chan.1 Various
toughening mechanisms are available in these
laminates. Some workers have emphasized the use
of a low fracture energy interface between the layers

to de¯ect cracks, similar to ®bre reinforced ceramic
composites.2 In other cases, it appears the changes
in elastic modulus, fracture toughness and residual
stresses between the layers can play a role in the
toughness and strength behaviour.3±10 In trans-
forming ceramics, the presence of the layers can
in¯uence the transformation zone size11 and in
ceramic±metal laminates, crack bridging e�ects can
be important.12

A particular challenge in the processing of cera-
mic laminates is to understand the nature of the
residual stresses, particularly if they are to be used
to enhance the mechanical properties. Invariably,
the materials chosen for the layers will possess dif-
ferent sintering and thermal expansion strains.
Thus, one expects that residual stresses will arise
both in heating, when the laminate is ®rst densi®ed
(di�erential densi®cation), and in cooling as the
layers contract (thermal expansion mismatch). The
di�erential densi®cation will place the layers in
either biaxial tension or compression, leading to
inhibition or enhancement of the densi®cation. The
tensile stresses can be particularly troublesome as
they can give rise to `sintering' cracks.13 During
cooling, the residual stresses can also lead to cracking
and three primary crack morphologies have been
observed: transverse, longitudinal and debond
cracks. Transverse (channelling) cracks form as a
result of the in-plane tensile stresses whereas long-
itudinal surface cracks form in the `compressed' layer
because of the tensile stresses that arise at its free
surfaces.13±15 Transverse and `edge-e�ect' cracking
can be prevented if the thickness of the `tensile' layer
is reduced below a critical value.14,15 Alternatively,
the critical thickness can be increased by reducing the
residual stress or increasing the fracture toughness
of the layers.
This paper reviews a series of recent papers that

studied the residual stresses that arise in alumina-
zirconia laminates during processing and the role
these stresses play in the mechanical perfor-
mance.16±18 Residual stresses have been observed
previously in Al2O3±ZrO2 trilayers and multi-
layers.5±9 Yttergren et al.5 have shown that the
presence of compressive residual stresses on the
surface gives rise to higher values of strength and
post-indentation strength over the monolithic
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counterparts. The overall approach in the work
being reviewed here, was to measure the parameters
that control residual stress and then perform theo-
retical calculations to determine their magnitude.
The stress values were then veri®ed by independent
means. The residual stresses were also linked to the
observed types of processing damage and to the
mechanical performance of the laminates.

2 Overview of Experimental Procedure

The starting powders for this work were an MgO-
doped Al2O3 powder (Premalox, Alcoa) and a
CeO2-stabilized ZrO2 powder (TZ-12Ce, Tosoh),
both with particle sizes in the range of 0.2±0.3�m.
The layers were produced by tape casting, punched
into rectangles and formed into green bodies by
thermal lamination to form symmetric and asym-
metric laminates. The asymmetric laminates curl
during ®ring as a result of the di�erential shrink-
age. Measurement of the curvature change was
employed as an indirect con®rmation of the theo-
retical approach used for calculating the di�erential
shrinkage stresses in the symmetric laminates. In
the symmetric laminates, the Al2O3 and ZrO2 rec-
tangles were stacked in an alternating sequence to a
total of 23 layers, with both of the surface layers
being Al2O3. In the asymmetric laminates, three
Al2O3 layers were on one side and three ZrO2 lay-
ers were on the other, forming a laminate resem-
bling a bilayer. In addition to the laminates made
of alumina (A100) and zirconia (Z100) layers,
symmetric and asymmetric laminates were fabri-
cated in which the compositions of the Z100 layers
were modi®ed by adding 10, 20 and 30 wt% alu-
mina. These are denoted as Z90, Z80 and Z70
layers, respectively. Thus, a total of four ZrO2-
containing layers were used to form four types of
laminates: A100-Z100, A100-Z90, A100-Z80, and
A100-Z70. The addition of Al2O3 to the ZrO2 layers
was used to examine the e�ect of changing the sin-
tering shrinkage and thermal expansion mismatch
between the layers.
After a binder burnout cycle, most laminates

were subjected to a single ®ring cycle. The lami-
nates were heated at 5�Cmin, sintered at 1530�C
for 90min and were cooled at 3�Cmin. The asym-
metric laminates were sintered in a tube furnace for
in-situ observation of the curling that occurs dur-
ing sintering.16 The di�erence in densi®cation rates
between the layers led to curvature development at
about 1000�C and the curvature was measured
from photographs taken at 50�C intervals. The
complete details of the processing and micro-
structural characterization are available else-
where.16 Residual stress in the outer alumina layers

of the symmetric laminates was determined from
indentation crack length measurements.18

The strength and post-indentation strength of the
as-processed symmetric laminates was determined
using four-point bending. The details of the mechan-
ical characterization are available elsewhere.18

3 Densi®cation Stresses

Figure 1 shows the linear shrinkage curves for
monoliths of some of the layer compositions.16

There is a signi®cant mismatch in the sintering
strains for the unconstrained layers of alumina
(A100) and zirconia (Z100). The addition of 30
wt% alumina (Z70) clearly decreased the mismatch
in sintering strain and strain rate.
Bordia and Scherer19 contend a simple linear

viscous constitutive relationship is su�cient to
model the mechanical response of a sintering com-
pact. This is consistent with models for di�usional
creep which yield a linear correlation between
stress and strain rate. This is also an attractive
suggestion as viscoelastic models can be cumber-
some or even intractable and di�cult to modify for
porosity changes. Viscous behaviour also implies
that densi®cation stresses in symmetric laminates
will depend primarily on the mismatch in sintering
strain rate. To determine the viscosity of the layers,
cyclic loading dilatometry was used.20 In this tech-
nique, a cyclic stress is applied to a compact as it is
heated and densi®ed in a dilatometer. Figure 2
shows an example of such data for alumina as it
approaches the maximum sintering temperature.
The shaded bars represent the periods when the
stress is applied. The stress application leads to
change in strain rate and elastic strains are not
detected, in line with the proposed viscous beha-
viour. It is also interesting to note that the compact
tends to `recover' slightly when the stress is

Fig. 1. Linear sintering shrinkage strains for A100, Z100 and
Z70 specimens.
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removed with the strain rate being lower than the
stress-free value. By measuring the strain rate for
various stresses, viscosity can be determined
throughout the densi®cation process. Figure 3
shows the viscosity for the densifying alumina as a
function of temperature. A rapid decrease in visc-
osity is observed for temperatures above �950�C.
It is also useful to determine the viscosity±Young's
modulus ratio, i.e., the relaxation time for a Max-
well viscoelastic model. The Young's modulus, E,
was determined as a function of the relative den-
sity, �, using21,22

Eÿ Eg

E0 ÿ Eg
� �ÿ �g

1ÿ �g
�1�

where Eg and E0 are the Young's moduli at the
onset of densi®cation and at theoretical density,
respectively, and rg is the relative density of the
green body. The relaxation time data are shown in
Fig. 4 . For a heating rate of 5�Cmin, one would
expect relaxation times less than 10 s would be
su�cient to allow the body to behave essentially in
a viscous fashion. From Fig. 4, one notes there is a
fairly sharp transition from elastic to viscous

behaviour. In a symmetric laminate with alternat-
ing layers (subscripts 1 and 2), the stress can be
calculated for elastic layers using13

�1 � 1

1�mn

� �
E1

1ÿ �1

� �
�e �2�

where

m � h1
h2

and n � E1

1ÿ �1

� �
1ÿ �2
E2

� �
�3�

h is the layer thickness, E is Young's modulus, � is
Poisson's ratio and �e is the (unconstrained) mis-
match strain. Using the analogy between Hooke's
Law (linear elasticity) and Newton's Law (linear
viscosity), the stresses in viscous layers can also be
calculated from eqns (2) and (3) with E becoming
uniaxial viscosity, � the Poisson's ratio for the viscous
material and �e the mismatch in strain rate. An
example of the densi®cation stress calculation is
shown in Fig. 5 for the zirconia layers, which are
subjected primarily to biaxial tensile stresses during
densi®cation. The maximum stress occurs at
�1300�C but the magnitudes are <1MPa. The data
primarily re¯ect the mismatches in strain rate for the

Fig. 3. Calculated uniaxial viscosity as a function of tempera-
ture for alumina.

Fig. 5. Layer sintering mismatch stresses in the ZrO2 layer for
the A100±Z100, A100±Z90, A100±Z80 and A100±Z70 symmetric
laminates calculated from the mismatch in sintering strain rate.

2. Linear shrinkage strain between 900 and 1500 �C for alu-
mina (A100) using thermomechanical analyzer.

Fig. 4. Measured viscosity-to-elasticity ratio (relaxation time)
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unconstrained layers.16 The addition of the zirconia
to the alumina layers is found to reduce these stresses.
A more complete viscoelastic treatment was also

performed for these laminates17 but this analysis
only changed the stresses at temperatures <500�C.
Further re®nements were also made to determine
how the residual stresses change the in-plane den-
si®cation behaviour 17 but this led to only modest
increases in stress. This small e�ect is a result of
two competing e�ects in which, for example, the
increase in viscosity from the densi®cation in the
compressive layers is o�set to a large degree by the
decrease in the driving force for sintering caused by
the densi®cation. Figure 6 shows the ®nal results of
the more complete viscoelastic calculations.17

Interestingly, it was predicted that residual stresses
may also occur at the maximum sintering tem-
perature but the bodies will be more coherent in
this ®nal densi®cation stage.
The densi®cation stresses calculated above are

low but are close enough to the sintering stress that
de-sintering or other damage mechanisms may be
possible.17 Microstructural observations after
laminate processing identi®ed linear arrays of voids
in the zirconia layer and these voids appeared to be
nucleation sites for the transverse cracks that
formed for some of the laminates during cooling.16

These pores are similar to the creep cavitation
damage observed in ceramics. In a separate set of
experiments,23 alumina tapes were formed into
uniaxial tensile specimens. These specimens were
then subjected to stresses up to 2MPa, while being
subjected to the standard ®ring cycle. Damage was
observed with almost identical morphology to that
seen in the laminates, con®rming that damage can
arise in laminates during densi®cation even at ten-
sile stresses of �1MPa.
To further test the densi®cation stress calcula-

tions, the theoretical approach was also used to
predict the degree of curling and stresses that arise
during the ®ring of asymmetric laminates. The

results of the predicted curvature calculations are
shown inFig. 7 and are compared to the experimental
measurements. The agreement between the theory
and experiment is very good. For the asymmetric
laminates, bending leads to a more complex stress
distribution with tensile stresses occurring not in
the zirconia layers (near the interface) but also in
the outer alumina surface. Stresses up to �1.8MPa
were calculated for the alumina surface and in some
laminates, cracking was observed at this location.16

4 Thermal Expansion Mismatch Stresses

The main di�culty in producing the alumina-zir-
conia laminates was the occurrence of transverse
(channelling) cracks in the zirconia layers. Chan-
ging heating and cooling rates did lead to some
di�erences in crack spacing but only the A100-Z70
system was found to be completely free of cracks16.
It was initially assumed that these cracks were
being formed primarily by the stresses that arise
during cooling. Figure 8 shows the measured ther-
mal expansion coe�cients, �, for monoliths of the
various layer types as a function of temperature, T.
As the thermal expansion of zirconia is less than
alumina, the zirconia layers will be placed in biax-

Fig. 6. Calculated viscoelastic stress in the ZrO2-containing
layers for the A100±Z100, A100±Z90, A100±Z80 and A100±

Z70 symmetric laminates.
Fig. 7. Calculated and measured curvature for the A100-±Z100,
A100-±Z90, A100-±Z80 and A100-±Z70 asymmetric laminates.
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ial tension. As expected, the alumina additions to
the zirconia layers decrease the thermal expansion
mismatch.
The elastic stresses in the layers that arise during

cooling from the thermal expansion mismatch
strain can be calculated from eqns. (2) and (3) by
recognizing

�e �
�
T

�2 ÿ �1� �dT �4�

It was assumed that these stresses start to arise
once the temperature drops below 1200�C.13 The
results of the calculations are shown in Fig. 9 and
stresses as high as 420MPa were predicted. The
addition of 30 wt% alumina dropped the stress to
�240MPa. As indicated earlier, transverse crack-
ing in these laminates can only occur if the layer
thickness is above a critical value, tc, given by14

tc � 4K2
IC

��2R
�5�

where Kic is the fracture toughness of the layer and
sr is the residual stress. The decrease in the resi-
dual stress with the alumina addition increases the
critical thickness by a factor �3, making transverse
cracking less likely for a ®xed layer thickness. The
value of the fracture toughness of the zirconia layer
was determined to be 7.7MPa

����
m
p

.18 For the

A100±Z100 laminate, the critical thickness was
calculated to be 430�m. Since the actual layer
thickness was �120�m, theoretically, the trans-
verse cracking should not have occurred. One pos-
sible explanation, consistent with the earlier
discussion, is that the linear damage incurred dur-
ing densi®cation e�ectively decreases the fracture
toughness. The stresses that arise during cooling
were also calculated from the viscoelastic data.17 It
was determined that changes in the cooling rate
above 1200�C can in¯uence the magnitude of these
stresses and hence to some degree, can control the
cracking behaviour.
For the remainder of the paper, only the crack-

free Z70±A100 laminate is discussed, though some
changes were made in the laminate geometry. The
base laminate system consisting of 120�m thick
Z70 and A100 layers was denoted as 1A±1Z. In the
second system, the thickness of both layers were
reduced by a factor of 2 (0.5Z±0.5A). In the last
system, the zirconia layers were made twice as
thick (1A±2Z). For the ®rst two systems, the resi-
dual stress in the alumina layers was calculated to
be ÿ215 MPa and for the last system ÿ430 MPa.
By comparing the ®rst two systems it was possible
to determine whether interaction with the zirconia
layer in¯uenced the fracture toughness. The third
system was chosen to show the e�ect of changing
the residual stress.
In order to con®rm the theoretically calculated

residual stresses in the outer alumina layers,
indentation crack lengths on the laminates were
compared to those on monolithic alumina. It was
assumed that the stress in the outer layers was
uniform and that the indentation crack sizes were
smaller than the layer thickness. For this situation,
one can write18

�R � KIC
1ÿ c0=cR� �3=2

 
�����
cR
p �6�

where c0 and cR are indentation crack length for
the stress-free and stressed surfaces, respectively,
and  is a geometric constant (�1.26). The results
of this analysis are shown in Fig. 10 and good
agreement is found between the stresses calculated
from thermal expansion mismatch and change in
indentation crack length. The main discrepancies
are found for the thin layers at the higher loads,
presumably because the indentation cracks had
penetrated past the outer layer.

5 E�ect of Residual Stress on Indentation Strength

If the outer layers are in residual compression, one
expects an increase in indentation strength of the

Fig. 8. Coe�cients of thermal expansion (CTE) for A100,
Z100, Z90, Z80 and Z70 measured by dilatometry.

Fig. 9. Calculated biaxial thermal stresses during cooling in
the ZrO2 layer for the A100±Z100, A100±Z90, A100±Z80 and

A100±Z70 symmetric laminates (elastic solution).
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laminates compared to monolithic alumina when
tested in ¯exure. This e�ect leads to an apparent
increase in fracture toughness provided cracks
initiate at the surface. Clearly, if this is the main
strengthening mechanism for these laminates, it
would not be very useful at high temperatures
because the residual stresses will relax.
The indentation strength of a laminate, �f, can be

calculated in a straightforward manner if it is again
assumed that the stress in the outer layer is uni-
form and that the indentation crack sizes are
smaller than the layer thickness. This approach
gives 18

�f � �K 4=3
IC

P1=3

 !
ÿ �R �7�

where � is an indentation parameter. The indenta-
tion strength behaviour is shown in Fig. 11 and one
can see the compressive stresses not only increase
the indentation strength but also change the slope
of the strength±load behaviour in this log±log plot.
It is important to realize the stress values here are

the actual values in the alumina layers. In the bend
test, the elastic modulus of alumina is about a fac-
tor of two higher than zirconia. This leads to a
modulation in the linear stress gradient normally
associated with a ¯exure test. In particular, the
stresses in the alumina were determined to be
�20% higher for the base laminate than nominal
values calculated assuming the beam is homo-
geneous.18 Figure 12 compares the nominal inden-
tation strength data with that predicted by Eqn. (7)
for the 1A±1Z and 0.5A±0.5Z laminates. The
agreement is good even though there was evidence
that the cracks interacted with the underlying lay-
ers, changing crack shape.18 In particular, this
e�ect appeared to in¯uence the amount of stable
crack growth on the tensile surface.

6 Conclusions

Signi®cant residual stresses can arise in hybrid
ceramic laminates during densi®cation and cooling
processing cycles. It is critical to understand the
source of these stresses as this is not only one of the
keys to successful processing but these stresses can
also impact the mechanical performance. The dif-
ferential densi®cation stresses can be calculated
assuming the layers are linear viscous and arise
from the mismatch in sintering strain rates. Cyclic
loading dilatometry is a useful technique to deter-
mine the viscous properties of ceramics that are
required in the stress calculations. This dilato-
metric data showed a fairly sharp transition
between elastic and viscous behaviour for the sin-
tering compacts. For the laminates considered
here, the densi®cation stresses placed the zirconia
layers in biaxial tension and even though the stress
were 1MPa or less, they were su�cient to cause a
type of linear cavitation damage. This damage was
also found to be preferred sites for the cracking
that occurs during cooling. Additions of alumina

10. Calculated residual stress in the A100 surface layer using
eqn. (6) for the 1A±1Z, 1A±2Z and 0.5AÐ0.5Z laminates. The
data points on the right represent the calculated values from

the measured coe�cients of thermal expansion.

Fig. 12. Indentation strength of the 1A±1Z (open symbols)
and 0.5A±0.5Z laminates (shaded). The line is drawn from
eqn. (7) with a modulus correction18. The regions near the

ordinate axis are the ¯exural strengths of the laminates.

Fig. 11. Schematic showing the e�ect of a compressive resi-
dual surfaces stresses on indentation strength. The bars on the

left represent the (non-indented) strength.
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to the zirconia layers was e�ective in reducing the
densi®cation stresses. More exact viscoelastic cal-
culations were performed but these re®nements
made relatively small changes to the stress history.
In order to con®rm the stress values, the experi-
mental approach was also applied to asymmetric
composites and was successful in predicting the
observed curling behaviour.
Higher stresses arise during cooling, placing the

zirconia layers again in residual biaxial tension,
leading to the formation of transverse (channelling)
cracks. Additions of alumina to the zirconia layers
was successful in reducing these stresses. Viscoelastic
calculations showed these stresses could be reduced
to some degree by reducing the cooling rate at tem-
peratures >1200�C. The di�erential contraction
stresses were also determined from indentation crack
length measurements and good agreement was
obtained with the theoretical calculations.
For bend testing of alumina±zirconia laminates

at ambient temperatures, the thermal expansion
mismatch stresses in the outer (alumina) layers led
to an increase in indentation strength and an
apparent decrease in the load exponent. This
behaviour was shown to be consistent with theore-
tical considerations. The residual stresses also led
to strengthening of the hybrid laminates.
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