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Abstract

Mullite/zirconia laminate composites were studied for a better understanding of crack formation and crack propagation behavior
at the interface of laminates. The laminate composites were fabricated by tape casting method and hot-pressing. It was demon-

strated that the thermal mismatch stress was closely related to the crack formation and crack de¯ection behavior in the mullite/
zirconia laminate composites. Two kinds of cracks were observed in zirconia layers; one is channel cracks in layers subjected to
tensile stress, the other is the edge cracks in layers subjected to compressive stress. Among three forms of zirconia (monoclinic,

tetragonal, cubic) tetragonal zirconia was e�ective to de¯ect the crack at the interface due to the stress induced tetra-mono phase
transformation. # 2000 Published by Elsevier Science Ltd. All rights reserved.
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1. Introduction

Oxide/oxide composites have been receiving growing
attention, mainly due to their oxidation stability at high
temperature applications.1 The key factor in providing
damage tolerant behavior at high temperatures as well
as at room temperature is the control of interface prop-
erties in order to achieve weak bonding between lami-
nate layers.2,3 This depends upon avoiding chemical
reactions and upon providing a crack de¯ection
mechanism between individual layers.
Oxide laminate composites have been fabricated by

various routes including tape casting,4 slip casting,5 die
pressing,6 electrophoretic deposition.7 However, various
kinds of processing defects are commonly observed in
the laminate composites during processing. Typical
cracks observed in the laminate composites are channel
crack (or tunnel crack) perpendicular to the interface,
edge crack (or transverse crack) parallel to the interface,
and debonding.8 These cracks can be generated during
the processing due to the mismatch stresses between
layers. Origins of mismatch stresses are related to dif-
ferential drying, di�erential densi®cation, and di�erent

thermal expansion coe�cients during cooling. Typical
cracks observed in laminated composites are related to
one or a combination of the origins of mismatch stress.
Recently, many researches have been made on oxide/

oxide laminate composites, mainly on alumina/zirconia
and several other systems.9 However, there are only
limited reports on mullite/zirconia laminate compo-
sites,10 even though a large number of studies have been
made on mullite/zirconia composites.11 Due to the high
di�usion coe�cient of atoms in oxides and the reactivity
of mullite with other oxides at high temperatures, there
exists a limited number of candidate materials compa-
tible with mullite. Zirconia is one of the most promising
candidates due to its chemical stability vs. mullite at
high temperature. The purpose of this study is to
describe the crack formations during the processing of
mullite/zirconia laminate composites with di�erent
types of zirconia, and to demonstrate crack de¯ection
behaviors at the interface of the laminate.

2. Experimental procedure

Starting powders were mullite precursors composed
of g-Al2O3 and SiO2 (Siral, Condea, FRG); and mono-
clinic zirconia (TZ-0, Tosho, Japan), tetragonal zirconia
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with 3 mol% Y2O3 (TZ-3Y, Tosho, Japan), cubic zir-
conia with 8 mol% Y2O3 (TZ-8Y, Tosho, Japan). The
mullite precursor was calcined at 1100�C for 5 h in air.
Each slip was prepared by planetary ball milling with 70
wt.% solid loading. For the preparation of stable aqu-
eous slip, total amount of 2.5 wt.% polyglycerin, cellu-
lose, and silicon emulsion were added in order to
enhance the powder dispersion. Green tapes with
dimensions of 60�60 mm were obtained by tape casting.
After tape casting, tapes were dried for 24 h at ambient
condition. For the binder burn-out, dried tapes were
placed in air at 700�C for 2 h with a slow heating rate of
2�C/min.
Three combinations of laminate composites (mM:

monoclinic ZrO2/mullite, tM: tetragonal ZrO2/mullite,
cM: cubic ZrO2/mullite) were formed by alternating layers
(7 layers of ZrO2 and 8 layers of mullite). Alternating
layers of mullite precursor/zirconia were hot-pressed at
1300�C, 15 MPa, for 15 min in air. After hot-pressing,
specimens were cooled down with 8�C/min to room
temperature without pressure. Hot-pressed specimens
were polished with a diamond paste of 3 mm, and then
Vickers indentation was carried out. Indention load
with 10 kg was enough to produce an observable crack.
X-ray di�ractormeter (Siemens D-5000, Germany) was
used for the phase identi®cation of specimen. Micro-
structure characterization of layered composites has
performed by SEM (Philips, 525M, Netherlands) on the
polished and the fracture surfaces of the specimens.
Dilatometer measurements have been carried out to
study the densi®cation behavior of each layer including
mullite precursor, mono-zirconia, tetra-zirconia, and
cubic zirconia. These measurements were carried out up

to 1300�C and 15 min holding time with controlled
heating and cooling rate. Thermal expansion coe�cients of
each layer were measured on a dilatometer (Bahr-thermo-
analyse, Germany) for temperatures up to 1300�C.

3. Results and discussion

Phase composition and microstructure of as-pro-
cessed laminate reveal that the tapes produced from the
calcined mullite precursor are fully crystallized into
mullite after hot-pressing at 1300�C for 15 min under 15
MPa in air, as shown in Fig. 1. The ZrO2 tapes pro-
duced from unstabilized ZrO2 powder yield purely
monoclinic phase, whereas partially stabilized ZrO2

with 3 mol% Y2O3 tapes retained mainly tetragonal
phase and partial content of monoclinic phase. Fully
stabilized ZrO2 with 8 mol% Y2O3 tapes retained only
cubic phase under the given condition.
Fig. 2 shows SEM micrographs of the laminate com-

posites, fabricated with an alternating layer of mullite
and monoclinic ZrO2 (a), tetragonal ZrO2 (b), cubic
ZrO2 (c). After hot-pressing, all samples display channel
cracks parallel to the hot pressing direction. In the
samples tM and cM, the channel cracks are in the ZrO2

layer, while in the sample mM the channel cracks are in
the mullite layer. Additionally, in the sample mM, edge
cracks perpendicular to hot-pressing direction are
observed in the ZrO2 layers.
Typical cracks originated from mismatch stress are

dependent on the several factors, such as di�erential
drying, di�erential densi®cation, and di�erent thermal
expansion coe�cients during cooling. During the drying

Fig. 1. X-ray di�raction patterns for (a) the sample hot-pressed at 1300oC, 15 MPa for 15 min in air and (b) mullite precursor powder.
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period, rapid drying rate or high content of binder can
be contributed to residual stress in the laminate. In this
study, however, such a di�erential stress due to drying
can be eliminated by the careful control of the drying
rate. When the layers have di�erent densi®cation rates
and thermal expansion coe�cients, thermal mismatch
stresses are generated during the densi®cation process or
cooling process. Hillman et al.12 reported that two classes
of cracks were observed in Al2O3/ZrO2 laminate com-
posites. Cracks with a large opening displacement are
originated from drying and subsequent densi®cation
period, whereas cracks with a small opening displacement
originated from thermal expansion mismatch during the
cooling period. However, it is somewhat di�cult to con-
clude which factor is more attributable to the crack forma-
tion either in the densi®cation period or the cooling period.

In order to investigate crack formations in the lami-
nates, dilatometer measurements of each layer were
carried out up to 1300�C for 15 min with a constant
heating rate (10�C/min). Dilatometer measurements
showed that mullite exhibited a high volume shrinkage
(66%) compared to monoclinic and cubic ZrO2 (50 and
56%, respectively). Thus, the crack formation in the
mullite layer is expected rather than in the ZrO2 layer
during the densi®cation of laminates. However, the
crack formation in the mullite layer was observed only
in the mM specimen, as shown in Fig. 2. Therefore, it is
believed that the di�erent densi®cation rate is not the
main reason for the crack formations in the laminates
during densi®cation.
Therefore, we explored other possibilities resulting in

crack formations, such as thermal expansion mismatch
during cooling. Thermal expansion coe�cients (�) were
measured individually on the samples that were pre-
sintered at 1300�C. These experiments demonstrate that
mullite shows the lowest � (5�10ÿ6/�C) at 1300�C,
while the � values of the tetragonal and cubic ZrO2 are
9�10ÿ6/�C, 10.5�10ÿ6/�C, respectively, as shown in
Fig. 3. However, the thermal expansion behavior of
monoclinic ZrO2 showing a rapid shrinkage at 1150�C
was quite di�erent compared to other zirconia. This
di�erent thermal behavior in monoclinic ZrO2 is closely
related to the phase transformation of ZrO2, i.e. mono-
tetra transformation (volume contraction) at 1150�C
during heating, and tetra-mono transformation (volume
expansion) at 930�C during cooling, as shown in Fig. 4.
Because the thermal expansion coe�cient of ZrO2 is

higher than that of mullite, it is believed that ZrO2 lay-
ers contain tensile stress and form channel cracks during
cooling from the hot pressing temperature, as schema-
tically shown in Fig. 5. The higher density of channel

Fig. 3. Thermal expansion coe�cient of specimens: mullite, mono-

ZrO2, tetra-ZrO2, and cubic-ZrO2.

Fig. 2. SEM micrographs of laminates composites: (a) mono-ZrO2,

(b) tetra-ZrO2, and (c) cubic-ZrO2.
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cracks in the cM specimen, in comparison to those in
the tM specimen, is due to the larger thermal mismatch
stress. Obviously, residual mismatch stresses in the mM
specimen are closely related to mono-tetra phase trans-
formation of ZrO2. Due to the volume increase during
tetragonal to monoclinic phase transformation of
unstabilized ZrO2 during cooling, the monoclinic ZrO2

layers in the mM specimen are constrained from
expansion at 933�C, producing residual compressive
stress in ZrO2 layers and tensile stress in mullite layers.
The polished and the fractured surfaces of the laminate
composites were investigated by SEM and as expected
no reaction zone was observed at the interface between
ZrO2 and mullite. Only a sharp interface between ZrO2

and mullite layers was observed in the whole samples.
Indentation was performed into the mullite layer

only. This appears straightforward since in our model
system, mullite layers to the matrix of ceramic matrix

Fig. 4. Schematic demonstration of cracks in mullite/ZrO2 laminate

composites: (a) mullite/mono-ZrO2, (b) mullite/tetra-ZrO2, and (c)

mullite/cubic-ZrO2. (�T, Tensile stress; �C, compressive stress; IF,

interface.)

Fig. 5. Dimension change in mono-ZrO2 during thermal cycle.

Fig. 6. SEM micrographs of crack propagation at the interface of

mullite/ZrO2 laminate composites: (a) mullite/mono-ZrO2, (b) mullite/

tetra-ZrO2, and (c) mullite/cubic-ZrO2.
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composites whereas ZrO2 refers to the coatin layer in
the mullite ®ber/mullite matrix system. Cracks, coming
from the mullite layer, in the mM system are related to
crack bifurcation in ZrO2 layers [Fig. 6(a)]. In this case,
the cracks are de¯ected along the edge crack path in
ZrO2 layer. Considering the stress distribution in the
laminates, it can be expected that the indentation cracks
at the mullite layer will propagate straight through the
mullite layer, since the mullite layer locates in biaxial
tensile stress. However, the cracks which enter to the
ZrO2 layer from the mullite layer propagate di�erently.
Recently Lange et al.13 observed the crack bifurcation in
Al2O3/ZrO2 laminate composites when cracks entered
into thin Al2O3 layers sandwiched between Zr(12Ce)O2

layers. Because the Al2O3 layer is subjected to a com-
pressive stress due to thermal contraction upon cooling,
cracks entering the Al2O3 layers showed a de¯ection
behavior along the interface without passing through
the matrix. This kind of crack propagation observed in
ZrO2 layers of the mM laminate composites, due to the
compressive stress, developed from tetra-mono trans-
formation during cooling.
Interestingly, crack propagation was di�erent in the

tM laminate composites. The cracks were de¯ected and
arrested at the interface between mullite and ZrO2 layers,

as shown in Fig. 6(b). XRD analysis of the ZrO2 layer
in the tM laminate composite shows mainly tetragonal
and a small content of monoclinic phase at the hot-
pressing condition. It might be expected that the tetra-
gonal ZrO2 located on the crack processing zone would
be transformed into monoclinic ZrO2 during the crack
propagation. In the case of the cM sample, however,
cracks propagate through the mullite layer into the
ZrO2 layer without any de¯ection behavior, as shown in
Fig. 6 (c). It means that the interface of mullite/cubic
ZrO2 was not e�ective for crack de¯ection.
Thermal shock resistance of mM, tM, and cM speci-

mens were investigated by cyclic heating and cooling
between room temperature and 1300�C. During the
cyclic test, 10 cycles were applied and specimens
annealed 1 h at 1300�C. After cyclic test, tM, cM speci-
mens were remained without any changes, while mM
specimen was catastrophically degraded due to the
repeated tetra-mono phase transformation including a
large volume expansion of mono-ZrO2 layer, as shown
in Fig. 7.

4. Conclusions

This study has demonstrated that thermal mismatch
stresses are closely related to the formation of cracks
and the crack de¯ection behavior in the mullite/zirconia
laminate composites. Two kinds of cracks were
observed in zirconia layers; one is the channel cracks in
layers subjected to tensile stress, another is the edge
cracks in layers subjected to compressive stress. Channel
cracks were formed during cooling due to high thermal
expansion coe�cients of zirconia, and edge crack was
formed due to the tetra-mono transformation of zirco-
nia during cooling. Among three forms of zirconia,
partially stabilized type (tetragonal phase) was e�ective
in de¯ecting the cracks at the interface due to the stress
induced tetra-mono phase transformation. According to
the Al2O3±SiO2±ZrO2 equilibrium phase diagram mul-
lite±ZrO2 are compatibles in solid state, therefore from
a thermodynamic point of view no reaction is possible
at the interface. The results obtained in this study sug-
gest that partially stabilized zirconia coating on mullite
®ber may provide damage tolerant for mullite/mullite
composites.
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Fig. 7. Mullite/ZrO2 laminate composites after thermal cycles: (a)

mullite/mono-ZrO2, (b) mullite/tetra-ZrO2, and (c) mullite/cubic-

ZrO2.
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