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Abstract Crack propagation through layered Al,03/ZrO,
composites was studied. The specimens were prepared via
electrophoretic deposition of alumina and zirconia powders
from suspensions with monochloroacetic acid and isopro-
panol. The kinetics of electrophoretic deposition could be
described fully if the electrophoretic mobility and con-
ductivity of suspensions were known. The conductivity of
suspensions increased in the course of deposition. Adjust-
ing to properly controlled kinetics of deposition and sin-
tering, deposits were prepared with strongly bonded layers
of different pre-defined thicknesses and, consequently, with
different magnitudes of residual stress. Cracks, produced
by an indentation technique, propagated askew towards
layer interfaces deflected towards the interface in the Al,O3
layers and away from the interface in the ZrO, layers.
Changes in the direction of crack propagation were
described for the whole range of angles of incidence
(0°-90°). The biggest change in the crack propagation was
observed for the angle of incidence 45° and was ca. 15°,
irrespective of the magnitude of residual stress in the
layers.
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Introduction

Much current research into new materials is based on the
desire to obtain materials with quite specific properties. In
connection with this trend the so-called tailored materials
or functionally gradient materials are mentioned in the
literature. The term ‘‘functionally gradient material’’ refers
to a heterogeneous material whose structural components
are of intentionally non-uniform distribution. In such
materials, a change in the composition results in a change
in physical and chemical properties in a certain direction.
The simplest functional gradation of material properties is
on the interface of two materials of different physical
properties. This happens in a range of applications, from
the simplest such as surface layers up to complicated lay-
ered systems. Today much attention is paid to examining
the effect of functional gradation of a material on its
mechanical properties, in particular crack propagation
through a layer interface.

Two basic types of layered ceramics are described in the
literature: composites with weakly bonded layers [1] and
composites with strongly bonded layers [2]. The physical
mechanisms of the transfer of stress across the layer
interface are different in the two types of composite, and so
are also the mechanisms of crack propagation through the
layer interface. In composites with weakly bonded layers
the deflection of a propagating crack on the interface of two
materials and multistage fracture in bending can be ob-
served; these lead to increased fracture toughness of
composites, accompanied by a decrease in their strength
and integrity. This prevents their use in structural appli-
cations. In composites with strongly bonded layers, how-
ever, the deflection or bifurcation of crack propagation
occurs when the extending crack passes through the
interface of two materials. This mechanism also causes an
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increase in fracture toughness but this time without any
decrease in the other mechanical properties. The above
deflection and bifurcation are usually explained by the
existence of residual stress in the interface of two phases
and by the mismatch of the elastic properties of the two
bonded materials.

One of the methods used to prepare layered material
with strongly bonded layers is electrophoretic deposition
[2-5]. If the kinetics of electrophoretic deposition is care-
fully adjusted, the thickness of layers in the composite can
be controlled and, at the same time, high final relative
densities and strong bonding of layers can be obtained [4].
Fracture behaviour of composite materials with strongly
bonded layers (prepared by electrophoretic deposition) was
the subject of studies, for example, by Hatton and Nich-
olson [2, 3] and Hadraba et al. [4]. When propagating
through the Al,03/ZrO, interface, a crack deflected in the
ZrO, layer away from the interface, and in the Al,O3 layer
towards the interface of these layers. Prakash et al. [2]
related this behaviour to the presence of thermal stress
arising in the composite because of the different properties
(different initial relative densities of Al,O; and ZrO,
deposits) and physical behaviour (different coefficients of
thermal expansion of Al,O; and ZrO,). The magnitude of
tensile stress in the ZrO; layer can be calculated according
to the relation (1) presented by Hillmann et al. [6]:

(CTEz0, — CTEAL0,) * AT - Ezo,

1 - VZr0,

. Ezo0,/(1 —vz0,) )1

. (1 erOz
faL0, Eano,/(1 —vano,)

O-VZIOQ =

(1)

where 7 (um) is the average layer thickness, CTE (K™) is
the coefficient of linear thermal expansion, AT(°C) is the
difference between the sintering and the current tempera-
ture, v(-) is Poisson’s ratio, and E (MPa) is the modulus of
elasticity. Stress in the Al,O3 (oal,0,) phase can be ob-
tained by interchanging the indices of quantities. The
directions of the compression (Al,03) and tensile (ZrO,)
residual thermal stresses in layers are parallel to the layer
interface.

In the tensile stress field of the ZrO, layer the crack
deflects away from the layers because its propagation is
made easier due to its opening out in the tension field. After
passing through the interface, the crack in the Al,O3 layer
deflects towards the layer interface in order to propagate in
parallel to the compressive stress in this layer. Oechsner [7]
suggested that the bifurcation of crack path in strongly
bonded laminates is caused mainly by the presence of
residual stresses in layers, but also the mismatch of elastic
moduli and fracture toughness of bonded materials plays a
significant role. Oechsner studied extension of macroscopic

cracks in specimens subjected to four-point bending. The
role of these two contributions has not been clearly ex-
plained in the case of deflection of surface indentation
cracks.

It is obvious from Eq. 1 that, by merely changing the
ratio of the Al,O3 and ZrO, thicknesses, a composite with a
different magnitude of residual stresses in the layers can be
prepared. Since these stresses are thought to be responsible
for the deflection in the direction of crack propagation,
perfect control of the process of applying a layer of defined
thickness is an important element in the preparation of
layered composites with desired properties. In the case of
electrophoretic deposition this involves an exact descrip-
tion of deposition kinetics.

These kinetics have been described by Zhang et al. [8],
who derived a relation for the deposited mass (m) as a
function of deposition time (¢#) during electrophoretic
deposition in the constant-current mode:

wU

m(t) = mo(l - efd_zt), (2)

where mg (kg) is the initial mass of particles in the
suspension, d (m) is the distance between electrodes, U (V)
is electric voltage, u (m* V™') is the electrophoretic
mobility of particles, and 7 (s) is the time of deposition.
Maca et al. [9] studied the kinetics of electrophoretic
deposition of Al,O3 in a medium containing isopropanol
and monochloroacetic acid. They fitted the dependence of
deposit thickness 4 (m) on time 7 (s) to the following
equation, which is based on that of Zhang cited above:

100 - w
W) = s——— (1—e75"), (3)
* Ptheor " Prel—g

where § (mz) is the electrode surface, p heor (kg m’3) is
the theoretical density of the ceramic under study, and
Prel.g (%) is the relative density of deposit subsequent to
annealing. They found that, for a non-sedimenting (stable)
suspension, Eq. 3 fitted well the growth of deposit thick-
ness with time, but the values mg or u calculated from
regression coefficients differed slightly from the actual
amount of Al,O3; powder in the suspension or from the
electrophoretic mobility measured with a Zetasizer.

One of the aims of the present work was to provide a
more exact model of the kinetics of electrophoretic depo-
sition such that the thickness of the deposited layers could
be predicted reliably, and then to prepare layered ceramic
composites Al,O3/ZrO, of different layer thicknesses.
Another aim was to describe the propagation of indentation
cracks through alumina/zirconia and zirconia/alumina
interfaces and consider the effect of different magnitudes
of residual stress in layers on indentation crack deflection.
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Experimental
Materials

For the preparation of composites, Al,O3; powder (type RC-
HP-DBM, Malakoff Ind., USA) with a mean particle size
of 470 nm and ZrO, stabilized with 3 mol% of Y,O3 (type
TZ-3YSE, Tosoh, Japan) with a mean particle size of
140 nm were used.

The dispersion medium used in the preparation of sus-
pensions of Al,O3 and ZrO, powders was isopropanol (p.a.,
Onex, Czech Republic). Monochloroacetic acid (99%,
Aldrich, Germany) was added to the suspensions to aid
stabilization and dispersion. The amount of water in the
ceramic powders was reduced to a minimum via drying at
100 °C for 40 min.

Electrophoretic deposition

The suspensions used for electrophoretic deposition were
prepared by mixing 15 wt.% of Al,O5 or ZrO, powder with
85 wt.% of liquid phase (12.75 wt.% monochloroacetic
acid in 72.25 wt.% isopropanol). This composition was
established as optimum for electrophoretic deposition of
these ceramic powders in previous work [9].
Electrophoretic deposition was performed in a hori-
zontal electrophoretic cell with two graphite electrodes.
The electrode distance d was 26 mm and the effective
electrode surface S (the surface actually immersed in the
suspension) was 18.7 cm®. The cell design (see Fig. 1)
made it practically impossible for any of the suspension to
flow into the space behind the electrodes. The voltage

power measuring graph
supply | transformer plotter
I=5mA ut
-
glass
electrophoretic \
cell
ceramic
graphite suspension
electrode Vsusp
deposit ssusp

Fig. 1 Cell cross-section and schematic of instrument connection in
electrophoretic deposition
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output from the source into the cell was registered by a
linear two-channel recorder via a measuring transformer
(Fig. 1).

Electrophoretic deposition proceeded in constant current
mode at 5 mA. The source of constant current was a
microcomputer-controlled stabilized source of dc voltage
(E815, Consort, Belgium). In order to prevent particles
from sedimenting the suspension was stirred repeatedly
during electrophoretic deposition. In the case of single-
phase deposit the deposition was interrupted every 5 min,
the electrodes were briefly removed and the suspension was
stirred. At the same time, a micrometre slide gauge was
used to measure the thickness of deposited layer at three
vertical levels: 18, 38, and 58 mm from the top of the
suspension.

Two-phase layered composites were prepared by 59
consecutive deposition steps alternatively in Al,O; and
ZrO, suspensions. In this case the suspensions were stirred
after the deposition of every single layer, i.e. after a period
of 8-72 s for Al,O3, and 47-183 s for ZrO, (depending on
the layer thickness). During the deposition, the specific
electric conductivity of the suspension was measured using
a conductometer (Accumet, Denver Instrument Comp.,
USA).

Table 1 gives the planned thickness ratios of individual
layers of layered composite materials. Each composite
deposit consisted of 30 Al,O3 and 29 ZrO, alternating
layers.

Treatment of deposits

The moist deposit was first dried on the electrode for a
period of 3 h at room temperature. During drying, all the
samples cracked into a few pieces which, however, were
still large enough for further treatment. They were removed
from the electrode and dried for another 12 h under the
same conditions. Subsequently, the deposit was annealed
(800°C/1 h; heating rate + 2 °C/min) and sintered
(1500 °C/2 h; heating rate + 2 °C/min) in air.

Table 1 Layer thickness ratios of prepared layered composite
materials

Designation Phase composition Thickness ratio 7
of Al,05:ZrO, layer

Al3/Zr1 Al,03/ZrO, 3:1

Al2/Zr1 Al,05/Z1O, 2:1

All/Zr1 Al 05/Zr0, 1:1

All/Zr2 AL, O3/ZrO, 1:2

All/Zr3.5 AL, O3/ZrO, 1:3.5

All/Zr10 AL, O3/ZrO, 1:10
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Evaluation of deposit properties

The density of the deposit was determined using Archi-
medes’ method (EN 623-2). Polished specimens of sintered
deposits were prepared by standard ceramographic meth-
ods. The microstructure of deposits was observed by means
of scanning electron microscopy (XL 30, Philips, the
Netherlands).

Cracks were produced in the polished specimens using a
Vickers indentor (hardness tester Wolpert diatestor 2Rc,
Germany). Indentations were performed at a loading force
of 98 N with a holding time of ca. 10 s. The distance be-
tween indentations was ca. five times the length of the
indentor diagonal. About 55 indentations were made on
each specimen.

Pictures of indentation cracks were taken on an optical
microscope (GX71 Olympus, Japan). The angles by which
crack propagation is described were measured via image
analysis using the Atlas software (Tescan, Czech Repub-
lic).

Results and discussion
Kinetics of electrophoretic deposition

Figure 2 gives the measured and calculated dependence of
layer thickness on deposition time for the Al,O3 suspen-
sion. The full line was constructed by Eq. 3, substituting
the wvalues: my=11.6g, d=26mm, S=18.7 cmz,
Ptheor = 3.99 g cm™, Prelg = 60%, U=1092V,
and y = 0.275 pm cm V~'s7', which is the electropho-
retic mobility of this suspension measured with a Zetasizer
[9]. As can be seen from Fig. 2, the experimentally mea-
sured thickness values of layers were lower than predicted
by model Eq. 3. In [9] a similar experimental dependence
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Fig. 2 Dependence of layer thickness on deposition time

was fitted with a regression function, and from its com-
parison with model Eq.3 the values myg=10¢g
and ;= 0475 yum cm V™' s' were calculated. The
deflections of these values from the experimental data were
explained by the authors claiming that part of the suspen-
sion during deposition was behind the electrodes and the
measurement of electrophoretic deposition was carried out
on a suspension with lower particle concentration.

In our experiment the possible effect of the suspension
running behind the electrodes was eliminated by using
electrodes of a suitable shape (Fig. 1). To explain the
remaining deviation of theory and experiment the voltage
on the electrodes was measured in the present work in the
course of the whole experiment. As can be seen from
Fig. 3, a voltage drop was recorded during deposition. In
[9] the voltage was not measured during deposition and so
in the calculation of the dependence of layer thickness on
time the electric voltage was considered to be constant. If,
in Eq. 3, we substitute the experimentally found time
dependence of voltage U(f) (Fig. 3), we have a very good
agreement of the theoretical model of growth kinetics of
deposited Al,O5 layer with experimentally measured data
(see Fig. 4). In view of this good agreement it is obvious
that electrophoretic mobility of Al,O5 in the suspension
used was u = 0.275 umem V' s~! . This value was thus
confirmed both by the measurement of growth kinetics of
deposited layer and by separate measurement on a Zeta-
sizer [9].

In the next section we will try to explain the drop in
electric voltage in the course of deposition. Since the
experiments proceeded at constant current / = 5 mA, it
follows from Ohm’s law that during deposition the electric
resistance R (€2) was decreasing. At the beginning of
deposition the electrical resistance of the system was only
given by the suspension resistance Ry, (€2). In the course
of the experiment the ceramic layer on the anode is
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Fig. 3 Dependence of electric voltage on deposition time
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Fig. 4 Dependence of experimentally established and theoretical
layer thicknesses on deposition time (with the actual electric voltage
included)

growing, and the total resistance of the system R is given
by the sum of the resistance of suspension Ry, and the
resistance of the deposited layer Rj,yer (€2). Since the sys-
tem’s total resistance R was decreasing, we will consider a
variant in which the resistance of deposited layer Rjyyer is
negligible (either because of its small thickness or because
of the high conductivity due to the liquid phase contained
in the pores of the layer). The drop in total resistance is
thus caused by the change in resistance of the suspension.
The electrical resistance of the suspension is given by the
relation:

1 . dsusp

ysusp S susp

; (4)

R susp —

where 7gsp (S m™}) is the conductivity of the suspension,
dgsp (m) and S (mz) describe the experimental
arrangement (see Fig. 1). All these quantities could con-
tribute to the decrease of Rgysp.

Measurements during the experiment showed an in-
crease in the conductivity of the suspension (Fig. 5). The
cause of this phenomenon is unknown: it could be due, for
example, to increased dissociation of monochloroacetic
acid, caused probably by the change of suspension com-
position, or by the action of electric field. But the increase
itself in the conductivity of suspension cannot explain the
actual drop in electric voltage fully (see Fig. 6). To do so, it
would be necessary to take into consideration the other
phenomena observed during deposition—for example, the
geometry change of the liquid phase.

The quantities dy,gp (M) and Sgyep (m?) (see Fig. 1) in
Eq. 4 are at the beginning of the experiment of the same
value as d and S in Eq. 3. The distance d, however,
decreases during deposition by the thickness of deposited
layer given by Eq. 3. Assuming that the volume of sus-
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Fig. 5 Dependence of suspension conductivity on deposition time
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Fig. 6 Dependence of electric voltage on deposition time, with the
effect of geometry and suspension conductivity included

pension remains constant (Vs = 48.62 cm?) during
experiment (i.e. neglecting the effects of isopropanol
evaporation and particle deposition), the electrode surface
Ssusp inCreases owing to the increased height of suspension
due to the deposit growing on the electrode. The temporal
change of the dgup/Ssusp ratio will thus be given by the
relation:

dsusp _d_h(t) _d_h(t) _ (d_h(t))z (5)
Ssusp I T 7
) dsusp d_h([) Susp

where A(f) (mm) is the time dependence of layer thickness
given by the Eq. 3. The possible effect of the change in
electric resistance of suspension (caused by the change in
suspension geometry) on electric voltage in the course of
deposition is illustrated in Fig. 6.

To explain the drop in the resistivity of the suspension it
was necessary to take into account the above two phe-
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nomena together—the increase in the suspension conduc-
tivity and the geometry change of the liquid phase (see
Fig. 6). The increase in suspension conductivity was the
more significant of these two phenomena. A relatively
large deviation of measured values of electric voltage from
the given theoretical calculation was observed at longer
deposition times. This could mean that, after a certain
period of time, some effects causing decelerating of elec-
tric resistance drop take place (e.g. decrease of Sy, due to
suspension evaporation,...).

It follows from the above findings that electrophoretic
deposition in the constant-current mode is in agreement
with the theoretical relation derived by Zhang et al. [8].
The growth rate of the layer being deposited can be pre-
dicted knowing the electrophoretic mobility of the particles
and the specific suspension conductivity.

Structure and properties of layered deposits

Apart from properly controlling the kinetics of electro-
phoretic deposition it is necessary, when preparing layered
deposits with exactly defined thicknesses of individual
layers, to consider also the different sintering kinetics of
individual materials. In our case, the green density pyej.g Of
Al,O3 and ZrO, layers was 60% and 40%, respectively,
which resulted in different shrinkages during sintering.
These differences in sintering could lead to the appearance
of so-called sintering stresses. Although these sintering
stresses are not very large [10], they might lead to the
appearance of cracks or cavities on layer interfaces. Such
microdefects can then have a influence on the strength of
layer bonds and, ultimately, they can affect the mechanical
properties of composites. As can be seen from Fig. 7 the
interface of the Al,O3/ZrO, layers in the composites we
had prepared did not contain any pronounced defects and
the layers were properly sintered. The final relative density
of layered composites was higher than 99.4%. From
Table 2 it is also evident that electrophoretic deposition

e ﬂ-‘b; -

s an

¥ "I"‘ - ZrOZ Ik

Fig. 7 Microphotograph of the interface of layered Al,O5/ZrO,
composite

Table 2 Relative densities of prepared layered composite materials

Designation Layer thickness 7 (um) Final density
rel- %
A1203 Zl‘Oz Pretf ( 0)

Al3/Zr1 40.0 13.0 99.93
Al2/Zr1 36.3 18.0 99.72
All/Zr1 43.0 43.0 99.78
All/Zx2 21.6 43.4 99.66
All/Zx3.5 12.7 46.4 99.45
All/Zr10 5.0 50.0

and sintering were controlled to such a degree that the
planned ratio of the thicknesses of individual layers was
achieved almost exactly (see also Table 1), and Fig. 7
documents good uniformity of the layers.

Of greater importance than the appearance of sintering
stresses in the composite is, however, the appearance of the
so-called cooling stresses, i.e. residual stresses due to the
different coefficients of linear thermal expansion of the two
phases in the composite. The appearance of these stresses
and the establishment of their magnitudes are described in
detail in the theoretical part of the present work.

Table 3 gives the values of Poisson’s ratio v, elasticity
modulus E, and coefficient of linear thermal expansion
CTE employed in the calculation of stresses in the com-
posites prepared.

Table 4 gives the magnitudes of residual stress in Al,O3
and ZrO, layers calculated according to Eq. 1 and with the
aid of the material constants given in Table 3.

Table 3 Material constants used in the calculation of residual stress

Quantity Al,O3 71O,

Poisson’s ratio v (-) 0.26 0.31

Modulus of elasticity £ (GPa) 380 210

Coefficient of thermal 9x107° 10.3 x 10°°
expansion CTE (K™

Theoretical density ppeor (g cm™) 3.99 6.08

Table 4 Calculated magnitudes of residual stresses

Designation ~ Layer thickness 7 (um) Calculated residual
stress g, (MPa)

Al203 ZI'Oz A1203 ZI'Oz
Al3/Zr1 40.0 13.0 -159.6 +491.0
Al2/Zr1 36.3 18.0 2242 +452.7
All/Zr1 43.0 43.0 -367.7 +367.7
All/Zr2 21.6 43.4 -537.4 +267.1
All/Zr3.5 12.7 46.4 —675.9 +185.0
All/Zr10 5.0 50.0 -845.4 +84.5
Sign convention: + = tension, — = compression
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It follows from the above findings that, using electro-
phoretic deposition, it is possible to prepare layered com-
posite materials with strongly bonded layers. The interface
between layers was properly sintered and there was no
increased concentration of microstructural defects on the
interface or in its neighbourhood. According to the calcu-
lations performed, there were residual compression stresses
from 160 to 845 MPa in the Al,Oj layers, and residual
tensile stresses from 85 to 490 MPa in the ZrO, layers.

Crack propagation through layer interface

To study crack propagation through layer interfaces the
cracks propagating from the corners of the Vickers in-
dentor (the so-called indentation cracks) were used. The
indentor orientation was chosen such that the cracks
propagated to the interface at different angles (see Fig. 8).
On each of the five composites, ca. 50 indentations with
four cracks were performed, i.e. a total of ca. 1,000 mea-
surements.

Angle o, at which the crack reached the interface of
layers will be called the angle of incidence, while angle f,
at which the crack refracted after passing through the
interface will be called the angle of refraction (see Fig. 8).
The change in crack propagation direction is designated as
Ao in Fig. 8:

Au=f—o. (6)

It can be seen from Fig. 8 that Ax is negative for crack
propagation from Al,O3 to ZrO,(faz < 0az, Acaz < 0)
and positive for crack propagation from ZrO, to
A1203(AO(ZA > 0)

The dependence of the angle of refraction f§ on the angle
of incidence o (including the 95% confidence interval),
irrespective of the magnitude of residual stress in the
layers, is shown in Fig. 9. There it can be seen that the biggest
change in crack propagation direction was observed for
the angle of incidence of about 45°Aoz, = + 15°
Aoaz = —15°. On the other hand, and in accordance with the

Fig. 8 Indentation cracks
propagating askew to the layer
interface in layered All/Zrl
composite (a) from Al,Oj3 into
71O, (b) from ZrO, into Al,O3
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Fig. 9 Dependence of deflection angle on incidence angle of a crack
propagating through interface in composites

previous work [4], the cracks propagating nearly parallel to
the interface (« — 90°) as well as cracks propagating nor-
mally (perpendicularly) to the interface (« — 0°) were not
deflected at the interface and thus a change in crack propa-
gation was not observed.

The behaviour of the crack passing through the width
of the whole layer can be seen in Fig. 10. The crack
propagating from alumina to zirconia and again to alu-
mina was propagating again in the same direction, but its
trajectory was shifted. It is was found that the angle in
which the crack approached alumina/zirconia interface
and angle in which it left the zirconia/alumina interface
were equivalent

aaz = Pza (7)

Resulting from geometrical analysis of the Fig. 10, the
magnitude of the crack shift depends on Ax and on layer
thickness and the change in crack propagation Ao,z and
Aoy are of the same magnitude but opposite sign:
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Fig. 10 Parallel shifting of a crack propagating through the whole
thickness of one layer

AOCAZ = —AOCZA. (8)

The observations described by Eqs. 7 and 8 explain the
symmetry of the experimentally obtained values of 57 and
Pza along the f = o graph diagonal.

In the composites we prepared, the magnitude of
residual stresses changed in the range from +491 to
+84.5 MPa for ZrO, and from —845.4 to —159.6 MPa for
Al,O5. The dependence of the change in crack propagation
Ao for the angle of incidence o = 45° on the magnitude of
residual stresses is shown in Fig. 11. The figure includes
the 95% confidence interval acquired by analysis of the
measured data with reference to the magnitude of residual
stress in the layers. It is evident from the figure that, within
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Fig. 11 Dependence of incidence angle difference on the magnitudes
of residual stresses in composite layers (angle of incidence o = 45°)

experimental error, the deflection of crack propagation did
not depend on the magnitude of introduced tensile (ZrO,)
and compression (Al,Oj3) residual stresses.

Conclusion

The subject of study was electrophoretic deposition of
Al,O3 and ZrO, layers deposited from suspensions with
monochloroacetic acid and isopropanol in the constant
electric current mode. The kinetics of electrophoretic
deposition corresponded to Zhang’s theoretical model, with
the mobility of electrophoretic particles corresponding to
the value established by measuring the zeta potential. In the
course of electrophoretic deposition the conductivity of the
suspension applied increased.

Alternating electrophoretic deposition of Al,O; and
ZrO, resulted in the preparation of two-phase layered
composite materials of high density (>99% t.d.) and
strongly bonded layers. Layer thicknesses were chosen
such that different theoretical residual stresses were ob-
tained in the layers. It was found that a crack (produced in
the samples by an indentation technique) propagating from
Al,Oj3 into ZrO, deflected from its trajectory away from the
layer interface (or to the interface if the crack propagated
from ZrO, into Al,Oj3), irrespective of the magnitude of
calculated residual stresses in the layers. Changes in the
direction of crack propagation were described for the
whole range of angles of incidence 0°-90°. The biggest
change in the crack propagation was observed for the angle
of incidence 45° and was ca 15°, irrespective of the mag-
nitude of residual stress in the layers.
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