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Abstract

Two sizes of symmetrical, five-layered ceramic composites with alumina surface layers and alumina—zirconia inner layers were produced. Each
composite had the same sequence and composition of individual layers; however, the measured strength of the large-sized sample was only 76 MPa
to 115 MPa. This is due to the presence of tunnelling cracks that appear as a consequence of the tensile thermal residual stresses in the inner
layers that develop during the cooling of the samples from the sintering temperature. The small-sized composite, with the slightly smaller layer
thicknesses, had a higher strength: 317-378 MPa. The number and the position of the tunnelling cracks in the large-sized composite was not
uniform through the depth of the sample, indicating the presence of crack splitting. The main reason for the different strengths of the small- and
large-sized samples seems to be the different thicknesses of the innermost layers. Analytical calculations confirmed that tunnelling cracks can
occur in the large-sized composite, providing that typical values of the material parameters from the literature are taken into account. According

to these calculations, a thinner innermost layer in the large-sized composite would result in a crack-free material.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Layered ceramic composites with compressive surface layers
have received a lot of attention lately because of their supe-
rior mechanical properties. Frequently, alumina and zirconia,
together or separately with other materials, were used to pro-
duce ceramics with compressive surface layers.' This kind of
composite should have a higher strength and a higher tough-
ness, but the problem of defects (as a consequence of residual
stresses that are the result of having two materials with dif-
ferent thermal expansion coefficients), like tunnelling cracks,
can occur. A composite with good mechanical properties can be
prepared when the composite has a high surface-compressive
stress. This can be achieved by having the appropriate thick-
nesses and composition.7’9 Therefore, it is clear that the stress
distribution in the composite has an important role. In addition to
bulk stresses in such composites, macroscopic and microscopic
stress fields in the boundary between the layers and between
the alumina and alumina-zirconia grains, respectively, can be
present, which affect the appearance of the cracks.” To avoid
such defects, continuously or step-graded ceramics with many
layers (with smaller compositional changes between neighbour-
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ing layers) are prepared. One of the methods for fabricating
composites with compressive surface layers is slip-casting.'”
This is a relatively low-cost technique that can produce complex
product shapes and a more complete dispersion of the powder
in a relatively low-viscosity liquid. The disadvantages are lower
production rates and a lower dimensional precision.

In this study we report on the fabrication of five-layered com-
posites with two different sizes. The appearance of tunnelling
cracks and their depth profiles in the composite were studied,
and some analytical calculations of the marginal conditions for
the appearance of cracks were made.

2. Experimental

The powders used in this study were alumina (A-16SG,
Alcoa, USA, average particle size 0.7 um, and specific sur-
face area 6.3 m?/g) and yttria partially stabilized zirconia (TZ-
3Y, Tosoh, Japan, average particle size 0.3 um, and specific
surface area 16 m?/g). The aqueous suspensions (75 wt.% of
powder) were prepared by homogenizing the powders in an
attritor mill with the addition of the deflocculant Dolapix
CE-64 (Zschimmer & Schwarz, Germany). The homogeneous
alumina (A) and alumina-zirconia suspensions with 20 wt.%
(AZ0.8) and 40 wt.% (AZ0.6) of zirconia were used to form
the alumina/alumina—zirconia layered composites. The sintered
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compacts, with geometries 4.9cm x 4.9cm x 3.4mm (large-
sized sample) and 3.7 cm x 3.7 cm x 2.6 mm (small-sized sam-
ple), were prepared by casting the slurry into a porous
mould made of plaster of paris. The symmetrical composites
A/AZ0.8/AZ0.6/AZ0.8/A were made by casting one layer after
another and drying the layers between castings so that the com-
position was not mixed during the processing. The composites
were dried at room temperature and then sintered at 1550 °C for
2h in air.

The ceramic plates were cut with a diamond saw to 3-mm
wide bars (with the cutting direction perpendicular to the lay-
ers, as shown in Fig. 3), polished and observed with an opti-
cal microscope. The strength of the bars was measured using
the four-point-bending method (20/10-mm span), the bending
forces being perpendicular to the layers. For representative sam-
ples we measured the bending strength for both sides of the
alumina layers as tensile layers; this was important to check
because we could not expect the composites to be completely
symmetrical.

3. Results and discussion

The layer compositions and the thicknesses of the small-sized
and large-sized composite samples are presented in Table 1 and
the corresponding material parameters are given in Table 2. The
designations “top” and “bottom” indicate which of the alumina
layers was exposed to the atmosphere and which was in contact
with the porous mould during the slip-cast processing, respec-
tively. The innermost layer containing the largest amount of
zirconia, AZ0.6, was thinner than the other layers. The standard
deviation of the layers’ thicknesses is relatively high. This can be
explained by the non-uniform physical properties of the porous

Table 1
Layer composition and thickness of the small- and large-sized composites

Layer composition Thicknesses

Small-sized Large-sized

d; (um) 4D (%) d; (um) D (%)
A (top)? 507 £102 19.34 707 £41 20.55
AZ0.8 675+73 25.74 646 4+ 130 18.77
AZ0.6 341 £52 13.00 488 104 14.18
AZ0.8 41077 15.64 712+ 66 20.69
A (bott()m)b 689 £72 26.28 888 + 121 25.81

Thicknesses d; are written in absolute values and relative to the thickness D of
the composite.

2 Top: the alumina layer exposed to the atmosphere.

b Bottom: the alumina layer at the porous mould.

Table 2
Material parameters for A, AZ0.8 and AZ0.6 layer compositions: elastic mod-
ulus E, Poisson’s number v and linear thermal expansion coefficient o

Layer composition E (GPa) v a (100K~
A 397 0.238 8.43
AZ0.8 356 0.255 8.85
AZ0.6 315 0.273 9.34

The data were taken from Ref. 7.

mould, such as moisture soaking and ageing. The measured
strengths for the small-sized sample were 317 MPa (bottom alu-
mina layer loaded in tension) and 378 MPa (top alumina layer
loaded in tension). The average strength value is comparable to
the value of homogeneous slip-cast alumina reported in litera-
ture 11. The slight strength enhancement can be attributed to the
compressive thermal residual stresses in the alumina layers of
the five-layered composite resulting from the cooling process
because of the different thermal expansion coefficients of the
different layers. However, the expected strength enhancement
should be higher than that observed experimentally. One of the
possible explanations for this discrepancy is the problems of pro-
cessing, such as non-uniform draining of water from the porous
mould, and surface effects, such as trapped air bubbles, which
were not released with grinding and polishing of the surface. In
the small-sized composite no tunnelling cracks were observed.

In contrast, the large-sized sample exhibited tunnelling
cracks, even though the fabrication process was similar. The
cracks are spread from the innermost layer out toward the sur-
face alumina layers, but they do not extend to the very surface
(Fig. 1) because of the compressive stresses in the outer alu-
mina surface layers. We assumed that the different behaviours
of the small- and large-sized samples in terms of the tunnelling
cracks were mainly a consequence of the different thicknesses
of the innermost layer. In addition, the phenomenon of vary-
ing the shrinkage during sintering could create extra stresses,
which could also be the reason for the appearance of tunnelling
cracks.!? In any case, the tunnelling cracks strongly decrease the
strength of the large-sized samples in comparison to the small-
sized samples, as shown in Table 3.

The strength value of the large-sized composite depends on
the undamaged parts of the alumina layers (the thickness of the
alumina layers from the end of the tunnelling crack to the surface
of the composite), so when the thickness of the undamaged layer

Fig. 1. Optical micrograph of the polished surface of a tunnelling crack in the
large-sized sample, showing side (parallel) branching and bifurcations.
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Table 3
The thickness of damaged and undamaged parts of outer alumina layers in the
large-sized sample and the corresponding bending strength

Layer loaded in tension Alumina layer (um) Strength (MPa)
Damaged® Undamaged®

Top© 149 £+ 61 558 £ 75 76 £ 13

Bottom*® 137 £ 75 751 £ 141 115 £+ 14

2 Part of the crack length extending into the outermost layer.
b Distance from the end of the tunnelling crack to the surface.
¢ See the comment below Table 1.

was larger, a higher strength was measured, although the part of
the length of the tunnelling cracks extending into the alumina
layer was not changed.

Further examination of the large-sized composites cut per-
pendicular to the layers revealed a crack bifurcation in some
cases (Fig. 1). SEM microscopy was used to study the frac-
tured surface around the tunnelling cracks at the section in the
innermost layer where we expected their origin to be (Fig. 2).
Fig. 2a shows predominantly intergranular fracture with some
of its grains fractured in the transgranular mode. The thickness
of the tunnelling crack is 0.7 wm, as shown in Fig. 2b. An SEM
examination of the fracture surfaces along the crack did not
reveal the origin of the crack. However, based on the fact that
the fracture is partly transgranular, we assume that the cracks
initiated during cooling.

The tunnelling cracks in the large-sized composite were
observed with an optical microscope. The number of tunnelling
cracks and the inter-crack distances differed from one cross-
section to another, as presented in Fig. 3. This fact suggested
that the individual cracks merged or split through the depth of
the composite. To check this assumption, the top surface of the
composite was ground to remove the alumina layer, so that the
tunnelling cracks were visible from the top view, and the so-
prepared surface was polished. The top view of the tunnelling
cracks in the large-sized composite, which is parallel to the lay-
ers, reveals the crack splitting (see Fig. 4).

The composites were cut in just one lateral direction. But
because of the symmetry of the composite in both lateral direc-
tions, we expect a similar picture in the perpendicular direction.
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Fig. 3. The experimentally obtained positions of the tunnelling cracks through
the depth of the large-sized sample. The number of tunnelling cracks from front
to back: 11, 11, 9 and 8. The coordinate system representing the orientation of
the layered sample is also shown.

As seen from Fig. 4b, neither of the lateral directions is privi-
leged.

3.1. Analytical examination

We checked theoretically the appearance/non-appearance of
tunnelling cracks for the two cases of the five-layered compos-
ites considered above (the small- and large-sized samples). It
is important to note that we are not studying the appearance of
cracks due to applied stresses (for instance in the bending test),
but we are interested in the cracks that appear during the material
processing. The appearance of tunnelling cracks in the sample
depends on the compositions and thicknesses of the individual
layers. We neglected the edge effects and assumed a uniform,
biaxial stress within each layer, which allows for an analyti-
cal evaluation of the stresses in the composite. We followed
the approach given in Ref. 7, which was developed for sym-
metrical three-layered composites, although we generalized the
formulas for the application to non-symmetrical multilayer com-
posites. Because of the different thermal expansion coefficients
of the different layers after sintering, residual thermal stresses
are developed in the material after cooling to room temperature.
These stresses can be calculated if the values for AT, «;, E;, v;
(Table 2) and d; are known. Here, the index i labels the different
layers, AT is the temperature span upon cooling the samples, «;

(b)

Fig. 2. SEM micrographs of the fracture surface surrounding the tunnelling crack: (a) fracture surfaces and (b) the width of the tunnelling crack. The micrograph is

taken from the section of the crack in Fig. 1 in the innermost layer.
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(b)

Fig. 4. Top view of the tunnelling cracks in the large-sized composite after the removal of the top surface alumina layer at two different places: (a) near the lateral
sample edge and (b) away from the edge. The layers are stacked one above another, so that the top view shows the interior of one of the inner AZ layers.

are the thermal expansion coefficients (averaged over the whole
temperature interval), E; are the elastic moduli, v; are the Pois-
son’s ratios and d; are the thicknesses of the individual layers.
For AT we chose the value 1300 °C, as suggested in Ref. 7, for a
typical sintering condition. The authors in Ref. 7 actually stud-
ied the system of alumina and cubic zirconia, but in the literature
it was shown that the above-mentioned parameters are similar
for the alumina and the tetragonal stabilized zirconia.? It should
be pointed out that the lateral dimensions of the sample play no
role in the calculation. The composition of the layers is such as
to obtain lower thermal expansion coefficients for outer layers in
comparison to the inner layers, causing compressive and tensile
residual stresses in the outer and inner layers, respectively. This
choice is appropriate for enhancing the bending strength of the
composite. In the layers under tensile stress, tunnelling cracks
can occur and propagate, especially in the innermost (i = 3) layer,

provided that the stress—intensity factor”!3

2d
Ky =/ o3 (1)
T

exceeds the fracture toughness Kjc of the (innermost) layer.
Actually, there are two steps in the development of long tun-
nelling cracks: crack initiation and steady-state growth of the
crack through the middle layer. In the crack-initiation process
the crack is assumed to be penny shaped, with its diameter being
smaller than the thickness of the middle layer. Eq. (1) describes
the threshold condition where the diameter of the penny-shaped
crack becomes equal to the middle-layer thickness. In this stage,
in the case of a three-layered composite with outer layers under
compression, the penny-shaped crack starts to extend more eas-
ily inside the middle layer and becomes elongated. There is
another condition for the steady-state propagation of the tun-
nelling crack, when its length becomes much greater than the
thickness of the middle layer.'? But it has been shown that once
the condition for crack initiation is fulfilled the crack always
develops into a long tunnelling crack.

The values of the material parameters for the different
compositions are obtained by using fitting parameters from
literature.”'415 For instance, we take a fracture toughness
of 6.15MPam!? for AZ0.6."5 For this composition we got

Table 4

Calculation of the stress—intensity factor in the innermost layer for the large-
sized sample, with varying layer thicknesses (changed thicknesses with respect
to experimental values are written in bold)

Sample composition d (pum)

Exp.? Ch1P Ch2? Ch3P
A 707 707 707 353
AZ0.8 646 646 969 646
AZ0.6 488 244 488 488
AZ0.8 712 712 1068 712
A 888 888 888 444
Total thickness 3441 3323 4935 2963
K3 (MPam'?) 6.16 4.65 5.93 5.29

% Experimental values of layer thicknesses.
b Examples of changed thicknesses (the thicknesses ds in d4 in column Ch2
and the thicknesses dj and ds in column Ch3 are changed proportionally).

a similar result, 6.3 MPam!/2, with the Vickers indentation
technique.!! For experimentally obtained samples (columns
“Exp.” in Tables 4 and 5) we calculated the following values
for the residual thermal tensile stress, and based on Eq. (1),
the corresponding stress—intensity factor in the layer AZ0.6,
respectively: o3 =350 MPa, K3 =6.16 MPam!/? for the large-
sized sample, and 03 =350 MPa, K3 =5.16 MPa m!”2 for small-

Table 5
Calculation of the critical thicknesses for the appearance of tunnelling cracks in
the small-sized sample (varying bold thicknesses)

Sample composition d (wm)

Exp.? Call® Cal2b Cal3®
A 507 507 507 1369
AZ0.8 675 675 = 675
AZ0.6 341 558 341 341
AZ0.8 410 410 < 410
A 689 689 689 1860
Total thickness 2622 2836 - 4655

2 Experimental values of layer thicknesses.

b Calculated marginal thicknesses for crack appearance (the thicknesses d;
and ds in column Cal3 are changed proportionally).

¢ With decreasing the thicknesses of AZ0.8 layers toward zero value, we do
not reach the threshold.
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sized sample. Thus, the calculated values of the stress—intensity
factor compared to the fracture toughness of the AZ0.6 confirm
the observation that the cracks are present in the large-sized
sample, but not in the small-sized one. For large-sized samples,
where the experimental values of the layer thicknesses are just
on the margin of crack appearance we can prevent cracks in
different ways, for instance, if the thickness of the innermost
layer is reduced. Table 4 shows the calculated values of K3 for
comparison. We also made calculations to show how the thick-
nesses of the individual layers for smaller samples should be
changed so that we come to the margin of the condition for the
appearance of tunnelling cracks: K= Kjc (in the middle layer).
The results are shown in Table 5. For instance, the middle layer
should be thicker: 558 wm instead of 341 wm. We see that the
experimental middle-layer thickness for the small-sized sample
is well below the threshold. It should also be noted that although
in the set of investigated layer thicknesses the tensile stresses
appear in the second and fourth layers as well as in the inner
layer, the stress—intensity factor in the second and fourth layers
is well below the fracture toughness for AZ0.8. It should also
be noted that the data for the material parameters from the lit-
erature should be treated with some caution, because the data
differ according to the different starting powders (i.e., how much
yttria is in the stabilized zirconia), microstructure, porosity, etc.
But, for instance, in Ref. 3, the values of most of the material
parameters are similar to the ones used in our calculations.

4. Conclusions

Tunnelling cracks were observed in a large-sized five-layered
A/AZ0.8/AZ0.6/AZ0.8/A composite. In contrast, in a small-
sized composite with the same sequence and composition of
individual layers no such defects were present. The geometrical
position of the tunnelling cracks through the composite revealed
the non-uniform position of the cracks, and this observation was
confirmed using a top view of the tunnelling cracks in the com-
posite where many crack splits were observed. The SEM analysis
of the fracture surface surrounding the crack revealed that the
fracture is partly transgranular. The bending strength of such a
composite was low (76 MPa and 115 MPa) compared to a com-
posite without tunnelling cracks (317 MPa and 378 MPa). An
analytical examination confirmed the appearance of tunnelling

cracks in the large-sized sample and no cracks in the small-sized
sample. A non-cracked large-sized sample could be fabricated
when, for instance, the thickness of the inner AZ0.6 layer was
decreased. In contrast, in the small-sized composite the tun-
nelling cracks would appear if, for instance, we significantly
increased the thickness of the AZ0.6 layer.
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