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Abstract

A layered ALO;-ZrO, ceramic composite has
been fabricated using a colloidal processing method.
The technique uses sequential centrifuging of
slurries containing suspended ceramic powders to
form a three-layered structure. The outer layers
have a high alumina content while the central layer
contains mainly stabilized zirconia. These laminae
are subjected to residual stresses due to their
different thermal expansion coefficients. These
stresses depend on the configuration of the system
as well as on the amount of the zirconia in the two
layers.

If the residual stresses exceed the strength of
the inner layer, periodic parallel cracks are pro-
duced. Such cracks of course adversely influence
the structural performance of the composite and
should be avoided. A model for this problem is
presented.

Vickers indentations were also placed into the
tensile layer with the intent to explore the crack
propagation in such system. Cracks were split after
they reached the compressive layer. The effects of
the layer thickness on the depth of the cracks
beneath the interface were systematically explored.

1 Introduction

The majority of attention in the production of
reliable ceramics for structural applications has
been paid to either the development of stronger
materials through processing and microstructural
refinements, in order to minimize the flaw size or
in the activation of an R-curve behaviour intro-
ducing toughening mechanisms using platelets,
whiskers or fibres to reinforce ceramic matrices.!”’

Concerns about both methods include the cor-
rect choice of the components, their availability
and price as well as the processing cost. It is in fact
difficult to imagine the market competitiveness of
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ceramics with a very high price. Besides, there are
applications in which structural ceramics must
exhibit above all high strength and hardness com-
bined with some degree of resistance to damage
introduced in service.

A well recognised and inexpensive method of
achieving the aforementioned results is the intro-
duction of surface compressive stress, an approach
normally used in glasses.®® In the ceramics this
goal can be obtained through the production of
laminate ceramic composites'®'* using the build-up
of residual stresses due to the thermal expansion
mismatch between the different layers to enhance
the mechanical properties.

The variable ‘layer composition’ as well as the
system’s geometry allows the designer to control
the magnitude of the residual stresses in such a
way that compressive stresses, in the outer layers
near the surface, increase strength, hardness, flaw
tolerance and probably also fatigue strength and
stress corrosion cracking.

During this investigation a three-layered structure has
been fabricated using colloidal techniques' com-
bined with sequential centrifuging of the slurries
to consolidate the layers.

The outer layers are made of alumina containing
different amounts of zirconia while the inner layer
contains mainly zirconia with a small amount of
alumina. This system was selected because both
oxides are mutually insoluble, there are no inter-
mediate phases and pressureless sintering produces
materials with near theoretical density. At high
temperature, all stresses relax due to thermally
activated processes. During cooling, the alumina
rich layers contract less than the zirconia rich
inner layer, since the outer layers’ thermal dilatation
is lower. As a consequence there will be a distribu-
tion of tensile and compressive residual stresses. A
symmetrical layered material, with zirconia as the
inner layer, is therefore expected to exhibit the
desired compressive stress near the surface. If the
system geometry is maintained constant, the residual
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Fig. 1. Schematic of an ideal layered material.

stress depends on the composition, In any case
the inner layer is under tensile residual stress while
the outer layers are subjected to compressive
stresses. Figure 1 shows a schematic of an ideal
specimen. The magnitude of these stresses can also
be tailored by varying the Al,O,/ZrO, ratio in the
layers.

The aim of the present study is to characterize
the mechanical properties of a trilayer laminate
composite as well as to compare crack path pre-
dictions with experimental observations.

2 Experimental Procedure

The layers were produced starting from aqueous
slurries containing 25 vol% powders: a-alumina
(Sumitomo Chemical Co. AKP-20) and zirco-
nia+3 mol% yttria (Dynamit Nobel); these pow-
ders were chosen because their particles have
comparable sizes. The slurries were prepared
by dispersing the powders with a blender (6000
rpm) in deionized water. The pH values of the
dense slurries were adjusted to = 4 using HNO; (1
M) to provide large electrostatic repulsive forces
between the particles, the slurry was also ultrason-
ically homogenized for 3 min at 300 W in order
to break down the aggregates. After ultrasonica-
tion, slurries were equilibrated for 4 h in a plane-
tary mixer and then NH,NO, was added to induce
strong short range repulsive forces between
the particles. The slurry in this situation is called
‘coagulated’® and the short range repulsive poten-
tial is able to induce a weakly attractive particle
network that allows particles to pack to a high
relative density by centrifugation preventing also
mass segregation.

Quantities of slurries enough to yield the desired
thickness of layer were placed in a Teflon cylindri-
cal container (diameter = 50 mm) and were
centrifuged for 60 min at 2000g. After that the
supernatant liquid was poured off, another
volume of suspension, containing a solid phase
with different composition, was placed in the con-
tainer in order to deposit the next layer. This pro-
cedure was repeated until multilaminar composites
with layer thickness ranging from 01 to 0-3 mm

were obtained. Consolidated bodies were air dried
for 24 h at 65°C and then cold isostatically
pressed at 100 MPa. The disk-shaped samples
were heated from room temperature to 200°C
over a 3 h period, after which the temperature
was raised to 1550°C at 10°C/min and ultimately
held at this temperature for 3 h after which it
was lowered to room temperature over the next
4 h.

The bending strength at room temperature was
measured with a universal testing machine, using a
4-point bending with outer and inner span of 40
and 20 mm respectively and a crosshead speed of
0-01 mm/min on 4 X 3 X 45 mm bars cut from the
disk-shaped samples produced by centrifuging.
These tests were also carried out on samples with
different outer/inner layer thickness with the total
thickness remaining constant in order to assess the
influence of the stress magnitude on the total
strength.

The assesment of the residual stresses requires
knowledge of Young’s modulus, Poisson’s ratio
and the thermal expansion coefficient for the
single layers; the former two data were derived
from the longitudinal and shear ultrasonic wave
velocities, the latter with a dilatometer up to
1450°C.

Vickers indentations were used to assess the
hardness and also when placed into the central
layer to explore the crack propagation in such
systems. Residual stresses were also emphasized
placing Vickers indentations in the different layers.
Polished sections of the samples were examined
before and after thermal etching. Secondary elec-
tron and back scattered images were obtained in a
scanning electron microscope.

3 Results

As far as the microstructure is concerned, in
bodies produced with coagulated slurries,
Al,O, and ZrO, were observed to be uniformly
mixed, see Fig. 2. Another observation is that
thermal expansion mismatch sometimes produced
periodic parallel cracks in the inner layer, see
Fig. 3. Such cracks of course adversely influence
the structural performance of the composite and
should be avoided.

As far as the indentations are concerned, the
compressive stress in the outer layers reduces
the crack propagation toward the interface with
the tensile layer, see Fig. 4, whereas if enough
load (> 60 kg) was applied in the inner layer,
a crack propagated through it, but after reaching
the interface with the layer in compression it
bifurcates, see Fig. 5.
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Fig. 2. Backscattered images of an interface between two
layers of different composition.

Fig. 3. Periodic cracks developed in an inner layer due to
residual stress.

4 Discussion

4.1 Matrix cracking

The residual thermal stress in a layer bonded
between two identical substrates (Fig. 1) is biaxial,
with the magnitude:'®
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Fig. 4. Vickers indentation in an inner layer.

Fig. S. Crack bifurcation during the propagation in outer
layer.

where v is Poisson’s ratio, E is Young’s modulus,
h the thickness of the inner layer and w/2 the
thickness of each outer layer, the subscripts o and
1 distinguish the outer and inner layer respectively.

€ is the thermal mismatch strain and is given
by:

€ = |70 (o - @) dT @)

where T, and T are the processing and the current
temperature and « is the thermal expansion coeffi-
cient. The two outer layer thickness being the
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same, the stressed sandwich remains flat, so that
the residual stresses are difficult to detect. When
these residual stresses, in the layer under tension,
exceed the strength of the material, transverse
cracks start to develop.

Previous investigations'”° have recognized that
a critical non-dimensional group of parameters R
exists, below which cracking does not occur. R is
defined as:

R= R (E,, Aa AT/ K, )* 3)

Where R is the reinforcement size, E,, the Young’s
modulus matrix, Aa the thermal expansion mis-
match, AT the processing temperature range and
K., the matrix toughness. The significance of this
coefficient is that cracking, in the matrix under
tension, is found to be suppressed when R is less
than a critical value, ®.. The magnitude of the
cracking coefficient, ®., depends on the volume
fraction of the reinforcement as well as the elastic
modulus and Poisson’s ratio between reinforce-
ment and matrix.

The model has been developed for cracking
around elastic inclusions®' but it has been used also
for ceramic matrix composites containing elastic
reinforcements? with periodic parallel cracks normal
to the fibre axis; the present study might extend
the aforementioned results for ceramic composites,
to include also sandwich structures. In this case
the ‘matrix’ will be the inner layer whereas the
‘reinforcements’ will be the outer layers, therefore
R is given by:

R = (w2) (E, Aa AT | K)? (4)

where (w/2) is the outer layer thickness, E; the
inner layer Young’s modulus, K; the outer layer
toughness, Aa and AT being, as before, the pro-
cessing temperature range and the difference in
thermal expansion coefficient.

For a well-bonded interface ®_ has the form:?'

R =VOB(L-v)(1 + )2/ f(1-f) (5)

where B is a coefficient between 0-8 and 1, f'is the
volume fraction of the reinforcement. The trend
for ®. in the case of a well bonded interface and
with B=0-8 is plotted in Fig. 6. The two dashed
lines highlight the sample geometry used in this
study. Transverse cracks are found to be sup-
pressed provided that ® <3-4, whereas profuse
cracking should be expected when R >5.

In order to compare the results of our observa-
tions with the calculations we focused our atten-
tion on several compositions. For every one we
assessed the thermal expansion coefficient as well
as Young’s modulus and toughness. Results are
reported in Table 1. Keeping constant the inner
layer composition (either ZrQ, + 15% ALO; or
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Fig. 6. Trend in the cracking coefficient, ®. with inner
layer/sample thickness ratio for materials with well-bonded
interfaces.

Table 1. Experimental results for the formation of the
periodic parallel cracks in the tensile layer

Outer layer composition — «a (10°K"') ®  Observation
Alumina 84 31 Cracks
A+20%Z 9-58 86 Cracks
A+35%Z 9-8 6 Cracks
A+50%Z 10-25 2 No cracks
A+70%Z 10-5 0-8  No cracks

Inner layer composition: ZrO,+15% Al,O;.

(E = 222 MPa, o = 109 X 10°K", K. = 49 MPa /m,
AT = 1550°C).

Outer layer thickness = 2000 um. Outer layer/sample thick-
ness = 0-3.

Outer layer composition a(lO*K') = Observation
Alumina 84 32 Cracks
A+20%Z 9-58 54 Cracks
A+30%Z 975 34 Cracks
A+40%Z 10 1-:3  No cracks
A+50%Z 10-25 0-18 No cracks
A+70%Z 10-5 0-08 No cracks

Inner layer composition: ZrO,+35% Al,O;.

(E = 260 MPa, a = 104 X 10°K", K;. = 45 MPa /m,
AT = 1550°C).

Outer layer thickness = 2000 um. Outer layer/sample thick-
ness = 0-5.

ZrO, + 35% AlLO,, the first set of observations
establishes the lack of matrix cracking in those
systems containing at least 50% of zirconia, the
residual stress is in fact depleted as the amount of
zirconia in outer layers is increased. Matrix cracks
could not be detected even at the ends of the
beams where edge effects are present; and in fact
R < R, is therefore consistent with the absence of
matrix cracks.
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Further confirmation of the analysis 1s provided
by results of the outer layer without zirconia (pure
alumina), in this case ® = 31 and profuse cracking
is present, in fact R >> §..

4.2 Crack bifurcation

Vickers indentations were placed into the tensile
layer with the intent to explore the crack propaga-
tion in our system. Cracks were split after they
reach the compressive layer. A simplified model
has been developed, see Fig. 7. Assuming that the
layers have different thermal expansion coefficients
but identical elastic constants as well as thickness,
after the propagation the material between the
bifurcated crack and the interface is stress free
and therefore the residual stress, is given by:

o[t +h/yl]=20x (6)

Where o} is the residual stress obtained using eqn
(1) while y/2 is the crack length propagation in the
outer layer (see Fig. 7). Upon loading, the energy
release rate is the same at every point of the crack
front and if the crack perpendicular to the inter-
face propagates straight into the outer layer, the
magnitude is given by:?

E

=(1+y/hZ
ok (1+y )2
4 . 1 :
= — }1 7
[wsm (l+y/h) ] @

Whereas if the crack after penetrating into the outer
layer bifurcates, the energy release rate magnitude is:>

EgL_ 1
Pl U (8)

Therefore the strain energy release rate varies
linearly with (y/h) in the case of bifurcated cracks
whereas there is a different behaviour for the
crack that propagates straight into the layer; see
Fig. 8. From this figure and from eqns (7) and (8)
it is possible to find out that G = G, at y/h = 0-09.

Practically the cracks propagate into the outer
layers for about 1/20 of ZrO, rich layer thickness

Oy
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Fig. 7. Schematic example for the crack propagation from
the inner layer and subsequent bifurcation.

before bifurcating. To account for this bifurcation
phenomenon, the concept of the T-stress* can also
be used. For a mode I crack the 7-stress is defined as:

oy, 0) = —i—fij(ﬂ) + T, 9)

J 2
where T is the stress acting parallel to the crack. A
crack in an isotropic, homogeneous, brittle solid,
selects a trajectory with mode I loading and accord-
ing with Cotterell and Rice” a mode I crack is stable
if T<0, but unstable if 7>0. The T-stress after a
crack penetrates into another layer was computed by
Suo and Evans, using finite elements.?® From their
calculation it appears that conditions exist near
the interface with 7>0 for value of y/A close to
that of our model. The observed bifurcation may
be plausibly explained by this effect. To confirm
our model we measured the crack penetration in
several samples (five for each system) with different
inner/outer layer thickness ratio and different com-
positions. The experimental results are reported in
Fig. 9. It is evident that a reasonable agreement
exists between the model and experimental results.

4.3. Mechanical properties
Strength was assessed on layered samples with
varying outer/inner thickness ratio, with the total

Fig. 8. Trend in the strain energy release rate versus (3/h) for
the crack that propagates straight into the layer and for the
crack that bifurcates.

20"
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Crack penetration length (%)

Fig. 9. Experimental results for the crack penetration length
before bifurcation.
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sample’s thickness remaining constant. Strength
data are reported in Fig. 10. Over the range of
thickness tested, the strength was found to increase
with increasing thickness of the inner layer, in fact,
for a given total thickness, the magnitude of the
predicted surface compressive stress increases with
increasing inner layer thickness. The presence of
such surface compressive stress makes it more
difficult to initiate a failure from flaws in the near
surface regions and therefore the material will be less
sensitive to degradation caused by surface damage
due to contact or abrasion. Fractured samples were
examined using scanning electron microscopy, in
every case examined the failure was observed to
have originated from pre-existing processing flaws.
It is evident therefore that much higher strengths
should be attainable by improving processing.

5 Conclusions

This work has shown that it is possible to produce,
by centrifuging, layered ceramic composites with
surface compressive stresses using materials with
different thermal expansion coefficients. Although
substantial increases in strength have been found,
it is clear that better results will occur when
processing flaws are reduced. The microstructure
obtained when coagulated slurries were sequen-
tially centrifuged was homogeneous. The residual
thermal stresses sometimes generate periodic par-
allel cracks in the tensile layer; a critical non-
dimensional parameter ® was used and experimental
results confirm that cracks will be suppressed
when R is less than a critical value ®_.

When a crack propagates from the inner towards
the outer layer it deviates just after it penetrates

1.6
oo,
1.4 4
12
outer layers composition: AZ50, thickness = h

(] inner layers composition: ZA 15, thickness =y

1.0 — T Y T Y
04 0.6 08 1.0 1.2 14 1.6
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Fig. 10. Bending strength results for a multilayer with fixed
layers composition but different thickness ratio (o is the
strength of the outer layer).

the layer under compression. A model was presented
taking into account the strain energy release rate
of the crack that penetrates straight into the layer
compared with that of the crack that bifurcates.
The model predicts that bifurcation should occur
after the crack propagates for about 1/20 of the
outer layer thickness. Experimental results are in
good agreement with the model.
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