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Shrinkage behavior and crack formation during firing have
been investigated for Al2O3/Ce-TZP composites that have
been fabricated by colloidal rolling and folding. These com-
posites show improved sinterability and sinter isotropically
after repeated rolling. Interface instability in rolling creates
corrugated interfaces with large layer waviness; therefore,
rolling can substantially alleviate the in-plane sintering
constraints, which leads to improved sinterability. A loss of
sintering anisotropy also is observed and is directly corre-
lated to the microstructure instability, which is coincident
with the laminate–cellular transition. Sintering cracks dur-
ing heating and thermal cracks during cooling both are
limited to the thick Ce-TZP layers in the composites. The
critical layer thickness and the normalized crack spacing of
the thermal cracks follow the predicted behavior of elastic-
ity theory. Thus, crack-free, high-density Al2O3/Ce-TZP
composites with either a laminate or cellular microstruc-
ture can be obtained, with a layer thickness of 4–60 µm, via
pressureless sintering.

I. Introduction

COMPOSITESthat consist of materials with different sintering
behaviors and green densities experience differential

shrinkage internally during firing.1,2 This difference may lead
to internal stresses and residual porosity in the composites.3–12

Laminate composites, in particular, have anisotropic sintering
behavior in the directions parallel and perpendicular to the
layers. Raj and co-workers1,2 studied the in-plane and out-of-
plane sintering behavior of various multilayered ceramics.
They found that the in-plane constraint retarded the sintering
rate of the constituent layers. Thus, many researchers have used
hot pressing to densify laminate composites. Alternatively, liq-
uid-phase sintering is used, as in the commercial processing of
multilayer electronic packages. Furthermore, even monolithic
tape may exhibit anisotropic sintering behavior. For example,
Nahasset al.3 observed such phenomenon in tapes that were
cast from aqueous and nonaqueous alumina systems. They at-
tributed the anisotropy to the texturing of alumina powders
during the casting process.

Recently, Caiet al.4,5 conducted extensive investigations

into the development of processing defects in laminates of
Al2O3 and Ce-TZP (CeO2-stabilized tetragonal zirconia poly-
crystals) that were due to sintering constraints and thermal
stresses. They concluded that the majority of the defects
formed at the beginning of the processing cycle and could be
eliminated using slower heating/cooling rates and blended
compositions. For Al2O3/Ce-TZP composites, Ce-TZP is the
faster-sintering phase and is under a tensile stress. Therefore,
efforts to sinter unblended Al2O3/Ce-TZP laminates usually
result in some cracking in the Ce-TZP layers.4,6 On the other
hand, a blended composition of Al2O3/Ce-TZP powders in-
stead of pure Ce-TZP reduces the differential shrinkage be-
tween Al2O3 and the blended phase, hence reducing the tensile
stresses and avoiding cracking.4–10 This remedy also can par-
tially alleviate the mismatch in the thermal contraction of dif-
ferent phases.8,9,11–13 In Al2O3/Ce-TZP composites, the Ce-
TZP phase has the higher thermal expansion coefficient.
Therefore, Ce-TZP will experience a tensile stress during cool-
ing, causing cracking.8,9,11–13In theory,14 cracking that is due
to thermal stresses can be eliminated by reducing the thickness
of the laminate layer. This phenomenon has been observed in
Al2O3/Ce-TZP composites by several researchers.8–11

In the previous paper (hereafter referenced as paper I),15 we
described a new family of laminate composites that were fab-
ricated using colloidal rolling techniques. These composites
differ from a typical laminate composite in that their phase
interface has a tendency to be wavy. Moreover, when the am-
plitude of the waviness reaches the layer thickness, the lami-
nate transforms to a cellular composite, with one phase en-
closed in the other phase. In this paper, the sintering behavior
of the laminate and cellular composites is studied and com-
pared with that of a traditional laminate. Shrinkage measure-
ments have been performed on samples of unblended Al2O3/
Ce-TZP compositions parallel and perpendicular to the rolling
direction to evaluate the sintering anisotropy as a function of
the composite microstructure. The sinterability was much im-
proved, compared to traditional laminates with flat interfaces.
In laminates with thicker layers, where the crack formation in
the Ce-TZP layers due to sintering and thermal mismatch did
occur, these cracks also were characterized and compared with
theoretical predictions. The mechanical properties of these sin-
tered composites will be described in a later publication (ref-
erenced hereafter as paper III).16

II. Experimental Procedure

(1) Materials
The materials studied here are unblended Al2O3/Ce-TZP

composites that were made from colloidal rolling techniques
that have been described in paper I.15 The phase fractions of
Al2O3 and Ce-TZP are generally the same, and their layer
thicknesses vary from 1 mm to 4mm, depending on the number
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of foldings (N) between colloidal rolling. By adjusting the
NH4NO3 salt concentration in the slurry, three sets of samples
with different pathways of microstructure evolution have been
prepared. Sample A is composed of Al2O3 and Ce-TZP with
comparable rheological flow stress and maintains a planar in-
terface untilN 4 8–9; after that point, Ce-TZP has a tendency
to be entrapped in an Al2O3 matrix. Sample B has a rheologi-
cally harder Al2O3 phase, and its planar interface breaks down
after N 4 6–7 and the Al2O3 is entrapped in the Ce-TZP.
Sample C has a rheologically harder Ce-TZP phase, and its
planar interface breaks down afterN 4 7–8 and the Ce-TZP is
entrapped in an Al2O3 matrix. The interface instability and
microstructure characteristics have been described in paper I.15

(2) Shrinkage and Density Measurements
A dilatometer (Theta Industries, Port Washington, NY) was

used to measure shrinkage in the directions parallel (x) and
perpendicular (y) to the rolling direction (along and across the
layers respectively), as a function ofN for sample sets A, B,
and C. The coordinate system referenced previously is the
same as that in paper I15 (see Fig. 1 therein). Green samples 2
mm thick were cut from the rolled and dried composites and
were ground flat and parallel, using SiC paper (600 grit), before
being loaded in the dilatometer. The samples were heated to
1500°C at a rate of 5°C/min. The shrinkage and the tempera-
ture were monitored using a chart recorder (Cole–Parmer In-
strument Co., Chicago, IL). The shrinkage strain and the
shrinkage rates were later calculated from the shrinkage–
temperature curve after accounting for the initial thickness and
the constant heating rate. The shrinkage behavior of rolled
Al2O3 and rolled Ce-ZTP tapes, parallel and perpendicular to
the rolling direction, also were characterized, for comparison
with the composites.

(3) Density
The rolled composites were sintered in air at 1600°C for 3 h,

with a heating/cooling rate of 5°C/min. The density of the
sintered samples then was measured using the Archimedes
principle in distilled water. The scatter of the density data was
primarily due to sample-to-sample variation and was on the
order of 0.5%.

(4) Crack Measurements
The microstructures of sintered composites were examined

using scanning electron microscopy (SEM), as described in
paper I.15 Cracks were characterized by measuring the average
distance between the neighboring cracks. (Cracks were as-
sumed to be parallel.) The average crack spacing (L) was
obtained from at least ten neighboring cracks in the same
layer. ThenL values were compared, as a function of the layer
thickness.

Cracks that are formed during sintering can be readily iden-
tified and distinguished from those formed during cooling, be-
cause of the very large difference in their crack opening. This
point will become clear later in this paper. Therefore, the sta-
tistics of these two groups of cracks were evaluated separately.

III. Results

(1) Shrinkage
(A) Al2O3 and Ce-TZP, Single Phase:The shrinkage

curves of the rolled Al2O3 and Ce-TZP tapes are plotted in Fig.
1. The shrinkage is smaller in thex-direction (parallel to the
rolling direction). This anisotropy is more severe in Al2O3 than
in the Ce-TZP tapes. The Ce-TZP tapes are easier to sinter than
the Al2O3 tapes, because both the sintering curve reaches satu-
ration and the shrinkage rate reaches a maximum at lower
temperatures than that for Al2O3.

(B) Al2O3/Ce-TZP Composites:The shrinkage curves for
sample A are compared at variousN values in Fig. 2. The total
volumetric shrinkage, estimated by the sum of the linear

shrinkage in all the three directions (ex + ey + ez 4 ey + 2ex,
assumingez 4 ex, wheree represents shrinkage strain), was
approximately what was expected from the green density
(64%). The shrinkage curve for the tapes in thex-direction
(rolling) is shifted to a relatively higher temperature than for
they-direction (normal to the tape). The final shrinkage values
for the two directions also are different (the shrinkage is greater
in they-direction). However, the anisotropy systematically de-
creases asN increases. Similar trends were observed for
samples B and C. Ultimately (e.g., after ten foldings), all the
shrinkage curves are similar for different samples, although
they have different colloidal chemistries and microstructures.

The shrinkage rates for sample A are plotted as a function of
temperature for variousN values in Fig. 3. These curves con-
firm the above-noted trend. AsN gets smaller, the temperature
for the peak shrinkage rate in thex-direction becomes consid-
erably higher than that in they-direction. AsN increases, the
peak temperature in they-direction increases and the anisotro-
py decreases. Similar behavior has been observed in samples B
and C.

The ratio of the shrinkage strain in thex-direction (ex) to that
in the y-direction (ey) provides a measure of the shrinkage
anisotropy after densification, as shown in Fig. 4(a). The tem-
perature at which the shrinkage rate is maximum for both the
x- andy-directions (Tx andTy, respectively) also is compared as
a function of N for samples A, B, and C in Fig. 4(b). This
relationship is an indication of the shrinkage anisotropy at the
intermediate densities.

As shown in paper I,15 the colloidal chemistry affects the
microstructure transition, from a layered to a cellular architec-

Fig. 1. Shrinkage curves for rolled (a) Al2O3 and (b) Ce-TZP tapes,
showing anisotropic behavior due to rolling operation.
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ture. Sample A maintains the layered microstructure up to the
largest strain (N 4 8–9), and sample B maintains the layer
microstructure up to the lowest strain (N 4 6–7). Sample C is
intermediate (N 4 7–8) between samples A and B, in regard to
its rheological properties and resulting microstructure. System-
atic differences in the shrinkage behavior also are observed.
These differences are best illustrated by Figs. 4(a) and (b), in
which the anisotropy persists at higherN (in the order B, C, A),
which is the same number of foldings that are required for the
layer-to-cellular transition. Moreover, at the respectiveN val-
ues for this transition, each sample undergoes a rapid reduction
of sintering anisotropy in Figs. 4(a) and (b). Thus, a close
correlation between sintering behavior and microstructure is
established.

(2) Density
Figure 5 shows the density of the composites as a function of

N for samples A, B, and C. At 1600°C, all the composites are
sintered to almost full density afterN ≈ 3. (The layer thickness
was∼450mm atN 4 3 and∼220mm atN 4 4 (see Fig. 5 in
paper I).) This observation also is supported by the fact that very
little porosity was observed in any of the micrographs reported
in paper I.15 Note that these composites have unblended Al2O3/
Ce-TZP compositions for which difficulties in densification
have been reported in the literature.4,6 Nevertheless, high den-
sity has been achieved in our composites. This observation
suggests that, although there is different shrinkage behavior
between Al2O3 and Ce-TZP and the composite does experience
some internal stresses (as evident from its shrinkage anisotro-
py), the sintering stress apparently is alleviated to some extent
by the microstructure changes that result from repeated folding.
This result leads to improved sintering behavior and, eventu-
ally, the disappearance of shrinkage anisotropy. (The green den-
sities of the two phases were matched at 64 vol%, so there should
be no difference in the final shrinkage between the two phases.)

(3) Cracks
Figure 6(a) shows the microstructure of sample A folded five

times; some cracks in the Ce-TZP layer (brighter phase) are
visible. No cracks were observed in the Al2O3 layers. Two
types of cracks were present in the Ce-TZP layers: one has a
large crack-opening displacement and sharp black and white
contrast, and the other has the appearance of hairline cracks
and a faint white contrast. The large crack opening and the
rounded edges of the wider cracks indicate that they were
formed during sintering. (Closer examination at higher magni-
fication also shows poor matching of the features on the two
mating surfaces, as expected for a sintering crack.) On the other
hand, the hairline cracks have small crack openings, which
indicate that they were formed while the samples were cooled
(thermal shock). An extreme case of sintering cracks is shown
in Fig. 6(b) for the microstructure of sample B folded once.
Notice that the crack-opening displacement of these sintering
cracks is as wide as several tens of micrometers. For sample C
folded five times (Fig. 6(c)), only thermal cracks are visible in
this region. After the samples were folded six or more times, all
these cracks disappeared (see the micrographs in paper I). Also,
except in relatively few cases (for example, Fig. 6(a)), the
layers that have sintering cracks do not have thermal cracks,
and vice versa. This observation means that, after a layer
cracked during sintering, it did not crack during cooling. Thus,
in very thick layers, typically only sintering cracks were ob-
served. Lastly, because both sintering and thermal cracks
largely seem to have tunneled through the Ce-TZP layers with-
out entering the Al2O3 layers, they will be called “multiple
tunneling cracks,” following the terminology of thin-film
cracking.16

To quantify the cracking statistics, Fig. 7(a) shows the mean
crack spacing (L), as a function of the layer thickness for sin-
tering cracks. The mean spacing between the cracks decreases
(i.e., the crack density increases) as the layer thickness de-

Fig. 2. Shrinkage curves for sample A, as a function of the number of foldingsN; the anisotropy largely disappears after nine foldings.
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creases. However, the cracks disappear below a critical layer
thickness of∼60 mm. The propensity for cracking was much
higher for samples that were folded three times or fewer and
decreases in samples with higherN values.

Figure 7(b) showsL as a function of the layer thickness
for thermal cracks. Again, no crack was observed below a
critical thickness. This critical layer thickness for crack forma-
tion was∼50 mm and was achievable with six foldings for all
samples. For thicker layers, unlike sintering cracks, the crack
spacing of the thermal cracks decreases to an asymptotic value
of ∼170 mm.

IV. Discussion

(1) Shrinkage Behavior and Densification
Given the rather different sintering behavior of rolled Al2O3

and Ce-TZP tapes, one would expect the sintering of rolled
composites using these tapes to be very difficult. Usually, the
solution to this problem is to use blended compositions, which
relieves the differential shrinkage problem to a large extent.
This technique was used by many researchers who make
Al2O3/Ce-TZP laminates.4,6–12 Nevertheless, all the compos-
ites in this study, regardless of the number of foldings, were
able to attain almost full density using pressureless sintering
without blended compositions.

As we described in paper I,15 colloidal rolling introduces an
instability that leads to corrugation of the flat interface between
the Al2O3 and Ce-TZP layers (see schematic in Fig. 8). This
interface can be considered to be a blended composition, i.e., a
transition layer that is composed of two phases. Within this
layer, the differential sintering stress is intermediate between
those in the unblended Al2O3 and Ce-TZP layers (Fig. 8(b)).
This condition results in easier sintering of the transition layer.
Nevertheless, in the unblended regions outside the transition
layers, the layer that has a higher sinterability (Ce-TZP) still

experiences the same sintering tensile stress as that previously
encountered. This observation can be easily verified from a
stress analysis of Fig. 8(b), after strain compatibility between
the Ce-TZP layer and the Al2O3 layer is imposed. Thus, the
presence of a blended layer (due to small corrugation of the flat
interface) between the unblended Ce-TZP layer and the Al2O3
layer cannot ensure the good sinterability that is observed.

In addition to small corrugation, the layers in our composites
are unique in that they are wavy (Fig. 8(c)). Any straight ref-
erence line always intercepts both the alumina and zirconia
phases after it travels a certain distance. (See micrographs in
paper I.15) Thus, over a distance that is on the order of the
wavelength, the microstructure can be considered to be a
blended composite, even if it consists of continuous layers of
two materials, and, during sintering, the shrinkage strain along
any straight reference line is the sum of the shrinkage strains of
two phases. Therefore, while the continuous nature of the layer
makes the composite behave as a layered composite, in regard
to crack propagation (see paper III16), the in-plane sintering
stress in the wavy layer is much less than that in a flat layer.
Improved sinterability then can be expected in thex-direction.
Meanwhile, there obviously is very little sintering stress in the
y-direction in both the wavy composite and the flat composite.
The planar connectivity is lost as the layered material breaks
down into cellular material (Fig. 8(d)). In the direction perpen-
dicular to the rolling direction, the faster-sintering Ce-TZP
phase is not free to shrink anymore and is constrained on all
sides by the slower-sintering Al2O3 phase. This increase in
constraint makes the composites more difficult to sinter in the
y-direction. Indeed, our data show that the maximum shrink-
age temperature in they-direction increases asN increases (see
Fig. 4(b)).

We can use elasticity theory to estimate the different con-
straints, especially in the two extreme cases that are shown in
Figs. 8(a) and (d). (Sintering is actually a viscoelastic problem,
but the basic mechanics are similar.) For the sake of simplicity,

Fig. 3. Shrinkage rate for sample A calculated from Fig. 3, as a function of the number of foldingsN.
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we consider the dilute phase limit, i.e., a thin film on a thick
substrate for Fig. 8(a) and a spherical inclusion in an infinite
matrix for Fig. 8(d). We also assume that the two phases have
the same elastic moduli. The in-plane stress in a thin layer due
to shrinkage strainD is given by17

s =
ED

1 − n
(1)

The misfit stress in a spherical inclusion due to shrinkage mis-
match in Fig. 8(b) is given by17

s =
2

3S ED

1 − nD (2)

Here, D is the misfit strain (given by the difference in the
shrinkage of the two phases), andE and n are the Young’s
modulus and Poisson’s ratio, respectively. It is obvious that the
spherical inclusion has a lower stress than that of a constrained
film. Similar comparisons also can be made for two phases of
equal volume fraction but different configurations, such as that
in Figs. 8(c) and (d), with the conclusion that the constraint is
reduced by replacing the laminate microstructure with the cel-

lular microstructure. Our data indicates that the constraint
stress decreases gradually as the corrugation and waviness de-
velop and finally decreases abruptly when the phase connec-
tivity breaks down.

(2) Sintering and Thermal Cracks
As discussed in the previous section, the Ce-TZP phase in

the composite sinters faster than the Al2O3 phase, which leads
to the development of tensile stresses in the Ce-TZP. These
stresses can cause the pre-existing flaws to grow into cracks.
Figure 7(a) shows that the crack spacing decreases as the layer
thickness decreases, albeit with a high degree of scatter in the
data. Comparison of the crack-opening displacements of the
sintering cracks in Fig. 6(a), folded five times, and Fig. 6(b),
folded once, indicates that cracks form earlier in the samples
that have fewer foldings. These results can be explained quan-
titatively as follows. These cracks typically span the entire
thickness of the Ce-TZP layers. As will be discussed in more
detail later, thicker layers are able to store more strain energy
for a tunneling crack to propagate. As these cracks develop in
a layer that exceeds the critical thickness for a given misfit
strain, they eventually reach a saturation spacing that scales
with the critical thickness after most of the strain energy has
been exhausted. As sintering misfit strain develops, the thicker
layers reach the critical state of having sufficient strain energy
first. Therefore, they develop cracks in the early parts of sin-
tering, with a crack spacing that is commensurate with their
thickness. These cracks collectively absorb the sintering strain
of the thicker layer, so that no further cracking develops during
additional sintering. Meanwhile, thinner layers do not crack
until larger sintering mismatch strains develop. This phenom-
enon generally requires higher temperatures. After the critical
condition is met, they also develop a closer crack spacing that
is commensurate with their thinner layers.

Nevertheless, thinner Ce-TZP layers that are free of sintering
cracks can develop thermal cracks, which have very narrow
crack openings and exhibit a faint white contrast in Fig. 6(c).
At the end of the sintering, which was conducted at 1600°C for
3 h, all the remaining sintering stresses are expected to be
relieved via diffusional smoothing; thus, the stress that is re-
sponsible for such fine cracks must originate from the thermal
expansion (shrinkage) mismatch during cooling. Ce-TZP is un-
der biaxial tensile stress when cooled, because it has a higher
thermal expansion coefficient. This tensile stress, for a sym-
metric multilayer composite, is given by11,13

s =
~a1 − a2!DT

1 − n1

E1
+

1 − n2

E2

(3)

Fig. 4. Shrinkage anisotropy, evaluated using (a) the ratio of final
shrinkage strains in parallel (x) and perpendicular (y) directions to the
rolling (lx/ ly) and (b) the ratio of maximum shrinkage-rate tempera-
tures in thex- and y-directions (Tx/Ty). When these ratios approach
unity, anisotropy disappears. Note that the anisotropy decreases with
the number of foldingsN but increases from samples B to C to A.

Fig. 5. Density of samples A, B, and C, plotted as a function of the
number of foldingsN.
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where the subscripts 1 and 2 represent the Al2O3 Ce-TZP lay-
ers, respectively;a is the thermal expansion coefficient, and
DT is the temperature range over which the misfit thermal
strains are frozen into the material. From the literature,18 for
Al2O3 and Ce-TZP,a 4 8.2 × 10−6 and 11.3 × 10−6/K, E 4
395 and 195 GPa, andn 4 0.24 and 0.32, respectively. These
values give a stress of 450 MPa forDT 4 800°C. This thermal
mismatch stress monotonically increases during cooling, which
causes pre-existing flaws to propagate through the layers, cre-
ating tunneling cracks. Similar tunneling cracks have been ob-
served in layered ceramic composites,6,8,9,11,12fiber-reinforced
laminates,19 ceramic/metal intermetallic laminates,20 and dur-
ing the drying of thin films.21

The small-strain, elastic-loading nature of these cracks al-
lows us to analyze the thermal-crack data more rigorously. The
crack-spacing problem of layered composites has been ana-
lyzed by Suo and co-workers.14,22 Similar problems of thin-
film cracking also have been studied by Thouless.23 According
to this analysis, the critical thicknesshc of a stressed (s) layer
at which a crack can tunnel through is given by the expression14

sS hc

EGc
D = 1.128 (4)

where Gc is equivalent to the toughness of the material (the
critical energy release rate) andK2

IC 4 EGc (whereKIC is the
critical stress intensity factor for fracture). Note that the value
on the right-hand side of Eq. (4) is not a universal constant, but
rather is dependent on the elastic modulus and other boundary
conditions. At higher stresses, the crack spacing also can be
predicted using a graph of reciprocal normalized crack spacing,
h/L (L is the crack spacing andh is the layer thickness), versus
normalized stress,sh1/2/KIC. The crack spacing eventually
saturates at an asymptotic value that is∼4 times greater than the
critical layer spacing.23

Without the exact values of the constant in Eq. (4) and
knowledge of the residual stress and the fracture toughness, we
use the experimentally observed critical thickness, 50mm, to
fix the constant, givings/KIC 4 160 m−1/2. Using this value,
we have processed our data in the form ofh/L versussh1/2/KIC,
with h and L taken directly from Fig. 7(b), and compared it
with the Hutchinson and Suo analysis.14 This comparison is
shown in Fig. 9, in which Suo’s prediction is drawn as a solid
curve; the agreement is very good. We also note that, in Fig.
7(b), the crack spacing saturates at∼150mm, which is triple the
critical layer thickness (50mm) for initial cracking. This ob-
servation also is in reasonable agreement with the theoretical
prediction.23

The observations of the critical thickness that is required for
tunneling cracks have been made by researchers in various
fields. For example, Parviziet al.24 and Laws and Dvorak25

Fig. 6. Microstructures for (a) sample A folded five times, showing sintering cracks (dark and wide cracks) and cooling cracks due to thermal
mismatch (thin and white lines), (b) sample B folded once, showing very wide sintering cracks, and (c) sample C folded five times, showing multiple
tunneling cracks.

Fig. 7. (a) Sintering crack spacing as a function of layer thickness;
no sintering cracks were observed below a critical layer thickness of
60 mm. (b) Thermal crack spacing as a function of layer thickness; no
cracks were observed below a critical layer thickness of 50mm.
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determined a critical applied stress to grow multiple tunnels in
fiber-reinforced epoxy crossply laminates. Sbaizero and Luc-
chini11 observed this phenomena in Al2O3/ZrO2 laminates.
Kuhn-Spearinget al.26 observed similar failure modes in
Strombus Gigas conch shells.

V. Conclusions

(1) Unblended Al2O3/Ce-TZP laminates that are obtained
using colloidal rolling techniques can be sintered to almost full
density, regardless of the number of foldings and the process-
ing history. This improved sinterability is believed to be caused
by the corrugated interface and the large layer waviness, which
reduces the long-range sintering stresses. Such interface fea-
tures are a result of rolling instability, which is unique to these
composites.

(2) The shrinkage anisotropy diminishes as the layer thick-
ness decreases, disappearing rapidly after the laminate/cellular
microstructural transition. The sintering behavior of samples
with different processing histories is due to the difference in the
rolling strains that is required for this transition.

(3) Sintering cracks form in the Ce-TZP layers, because
of differential sintering stresses. The crack spacing increases as

the layer thickness increases, and cracks form earlier in the
thicker layers. No cracks form when the layer thickness is <60
mm.

(4) The thermal expansion coefficient mismatch leads to
the formation of multiple tunneling cracks within the Ce-TZP
layers. The crack spacing increases as the layer thickness de-
creases, and no cracks form when the layer thickness is <50
mm. This behavior has been analyzed and is consistent with the
theory of Hutchinson and Suo.14
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