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Abstract: Positron annihilation spectroscopy (PAS), indentation, nanoindentation experiments and scanning electron microscopy (SEM)
obser vations were performed on Al203 ZrQ2 laminates samples to assess the effect of residual stresses on their mechanical and
microstructural properties. Layered samples were implemented by slip casting, constituted by two thin Al203 external layers and an
intermediate thick one, consisting of a mixture of Al203 and monoclinic ZrO?2 in the range 0 30 vol.%. In these systems residual tensile
stresses fields were generated inside the external layers during cooling from the sintering temperature, by the expansion of the adjacent
Zr07 containing layer. SEM observations showed the microstructural effects due to the level of tension related to the zirconia content. A
correlation between the PAS parameters and the microstructural changes caused by the presence of residual stresses was found.
Nanoindentation measurements were used to trace the sign and magnitude of the residual stress gradient across the interface between the

layers.
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1. Introduction

Residual stresses play an important role in many techno-
logical applications. In layered ceramics, the presence of
compressive residual stresses can delay the propagation of
cracks and increase all the associated properties such as
hardness, fracture toughness and reliability [1]. The effect of
compressive stresses affects not only running cracks, but
also the fracture strength by the mechanism of surface
strengthening [2,3]. However, the presence of tensile
residual stresses usually promotes crack advance through
the mate-rial and, consequently, reduces the mechanical
response. Furthermore, tensile stresses sufficiently strong
can break the material [4]. If there is a metallic phase present
in the
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composition, residual stresses can cause its plastic deforma-
tion. Hence, the control of the magnitude of residual stresses
in the design and processing of layered ceramic components
is an important task [5,6].

Laminar ceramics are a suitable system for generating
different levels and distribution of residual stresses. The
combination of materials with different coefficients of ther-
mal expansion (CTE, or «) leads to a distribution of com-
pressive and tensile stresses in the layers of the different
materials. The magnitude and sign of the stress in each
layer depend on the precise selection of the material, and
on the structure design and thickness of the layers. After
cooling, the layers of the laminate with the higher CTE
(o) remain under tensile stress, while those with the lower
expansion coeflicient remain under compression.

One of the most used laminated systems is ALO; ZrO,
(stabilized or not stabilized ZrQ,). This system is very



versatile, since composite layers containing different
amounts of these oxides can be combined to give rise to
the desired signs and levels of residual stresses. When
Y,0s-stabilized ZrO» is used, it is found that o Al,O3) <
o(t-ZrQ,), but if the zirconia is not stabilized, a(Al1,05) >
o(m-ZrO,) because of the expansion associated with the
tetragonal to monoclinic transformation. When this
transformation has been employed in alumina zirconia
laminates, alumina layers are under tensile stress, while
zirconia-containing layers are under compression [7,8].
The expansion of the zirconia-containing layers, and conse-
quently the residual stresses, is controlled by changing the
amount of zirconia in the layers [9,10].

Residual stresses can be evaluated by classical elastic
theory or the finite element method (FEM) [11,12], employ-
ing the data of monolithic samples with the composition of
the layers. But these methods do not correspond to the real
final residual stresses, as some data can be missed in the ini-
tial considerations (porosity, lack of adhesion, etc.). Some
methods have been developed to perform direct measure-
ments of the residual stresses. Indentation is the most
extended mechanical method for direct determination on
coatings and multilayers of both traditional and advanced
ceramics and glasses, owing to the simplicity and ease of this
test [13 15]. Its unreliability is due to the difficulty of
measuring the effects of the combination of the residual
stresses generated, and of precisely quantifying the residual
surface stresses [16].

Piezo-spectroscopic methods based on the analysis of
photo-stimulated fluorescence or Raman bands [17,18] are
also largely employed, but these techniques use a probe of
only ~10 ym diameter with a penetration depth ~5 pm
from the surface [19] so they are applied to local stress
measurements [20]. Diffraction techniques have also been
employed to determine the magnitude of the residual stres-
ses of ceramics, giving low angle X-ray diffraction clear
information about the residual stresses on the surface [21]
In contrast, the neutron diffraction technique per-forms
measurements inside the material, but neutrons sources are
not easy to achieve or to handle [21,22].

Positron annihilation spectroscopy (PAS) is a non-
destructive analytical technique used to study the presence
of defects in a material and their nature [23]. It gives infor-
mation on a relatively thick region down to ~100 um from
the surface, related to the mean positron penetration depth
in the sample [23]. In particular, the positron annihilation
lifetime spectroscopy (PALS) technique is sensitive to elec-
tron density at the defect, and the coincidence Doppler
broadening (CDB) technique to the momentum distribu-
tion of the electron annihilating with a positron. The com-
bination of these two techniques provides information
about the nature of the defects where the positron annihi-
lates, and their surrounding ions.

In the present work, PAS techniques were used to
characterize the microstructural features and residual stres-
ses of alumina external layers of symmetrical three-layer
Al,O3; m-ZrO, laminates. Nanoindentation measurements

were performed in a cross section of the laminates in order
to demonstrate the effect of residual stresses at the interface
of the layers.

The combined results of PALS, CDB, indentation and
nanoindentation measurements allowed the effect of resid-
ual stresses induced during sintering to be established.

2. Experimental procedure

Symmetrical laminates were prepared by sequential slip
casting, a versatile forming technique already used to
fabricate similar structures [24 27]. The layered structure
consisted of a central layer of Al,O; with different amounts
of ZrO, and ~4000 pm thick, sandwiched between two lay-
ers of AlLO3; ~400 pm thick; Fig. 1 shows a micrograph of
the three-layered structure. The thickness of the external
layers was designed large enough to ensure the complete
annihilation of the positrons in the alumina layers to be
investigated, avoiding any significant contribution of the
interface and of the inner layer. The layered samples were
named A A(MZ)y,10,, Where X, the amount of zirconia,
was 5, 10, 15, 20 or 30.

o-Al,O; powder with an average grain size of 0.25 um
(Condea HPA 0.5, USA), and monoclinic ZrO, powder
with an average grain size of 0.3 pm (TZ-O TOSOH,
Japan) were used as raw ceramic materials. Both powders
were characterized by a purity of 99.9 wt.%.

Suspensions containing 38 vol.% of solid in deionized
water and 0.8 wt.% of an acrylic-based polyelectrolyte
(Duramax D-3005, Rohm & Haas, USA) as dispersant,
were prepared by ultrasonic dispersion and magnetic stir-
ring. Plates 70 x 70 mm? were obtained by slip casting on a
plaster mold. An Al,O; monolith and five laminates with
the internal layer having the different compositions previ-
ously indicated were prepared. The thickness of the layers
was controlled from the measurement of the wall thickness
as a function of the casting time for each suspension,
according to previously established kinetics [9].

The green bodies were pre-sintered at 900 °C for 1 h, cut
into square samples ~10 x 10 mm? and then sintered at
1500 °C for 2 h, with a thermal cycle of 5 °C min ' for the
heating and cooling steps. The density of the sintered sam-
ples, measured by both the Archimedes and the helium pyc-
nometry method was found to be ~98% theoretical density.

The crystal phases present in the sintered samples were
determined by X-ray diffraction analysis, carried out in a

Fig. 1. Micrograph of the three layered structure.
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Philips PW 3830 NL diffractometer using Cu Ka, , radia-
tion. X-ray patterns revealed that only «-Al,O; and m-
ZrO, were present.

The microstructure of the sintered samples was observed
by both light microscopy (Carl Zeiss H-P1, Germany) and
scanning electron microscopy (SEM) (Zeiss DSM-950,
Germany) on polished and thermally etched surfaces.
Because the sintered samples presented rounded and equi-
axed grains, the diameter of the circle with the same area of
grain was used as the characteristic grain size D. The med-
ian of the grain size distribution curves was calculated ana-
lyzing, for each laminate, a minimum of 750 grains for each
phase.

Microhardness measurements were performed at room
temperature, applying a load of 49 N with a semi-auto-
matic Vickers hardness tester (Zwick 3212, Germany). The
Vickers indentation fracture (VIF) resistance was eval-uated
by the Anstis et al. equation as a measurement of the crack
growth resistance [28]. Nanoindentation experiments were
conducted with a Nanoindenter IIs (MTS Systems, USA),
using a Berkovich indenter. The tests were per-formed at
room temperature, using the continuous stiffness
measurement technique [29,30]. Series of 12 indentations,
with an interval of 25 pm between each one, were per-
formed on the cross sections of the layered samples along a
direction perpendicular to the interface between the alu-
mina and alumina zirconia layers, in areas free of cracks.
The indentation position was measured as a function of the
distance to the interface (d), in such a way that it has a
negative value for indentations in the Al,O; layer, and it is
positive in the central composite Al,O; ZrO, layer. The
maximum applied load was 700 mN.

PALS and CDB techniques were applied in order to
reveal the nature and concentration variations of the
microstructural defects present in the alumina external lay-
ers. Positron annihilation measurements were performed at
room temperature using a *>Na positron source of ~10 pCi
sealed between two kapton foils (10 pm thick). For each
measurement, the positron source was sandwiched between
the outer Al,O; surfaces of two like laminates.

Positron lifetime spectroscopy measurements were per-
formed with a conventional fast fast coincidence spectrom-
eter equipped with two NEI111 plastic scintillators placed
face to face and each in contact with the pair of samples
enclosing the **Na positron source. The pulses from the
detectors that correspond to positron emission and annihi-
lation signals were used as the start and stop of a time to
amplitude converter (TAC), which measures the time inter-
val between the two signals and generates a pulse of inten-
sity proportional to the interval and then to the positron
lifetime. The corresponding digital pulses were analyzed by
a multichannel analyzer (MCA), which displayed them in a
graph representing the channels corresponding to fixed time
intervals on the x axis, and the number of annihilation
events corresponding to the channels on the y axis. The
cumulative spectra had >1 x 10° counts. The time resolu-

tion of the system, measured for >’Na energy settings was
240 ps (full width at half maximum).

The CDB spectra were recorded using two HP Ge detec-
tors in timing coincidence, placed face to face and sepa-
rated 40 cm from each other. The pair of samples,
enclosing a ??Na positron source, were positioned just at
the half-way point between the detectors. The pulses from
each detector were connected to an ORTEC-572 amplifier
with a shaping time of 2 ps. The gain of each amplifier was
adjusted to have exactly the same calibration factor for
both detectors (81.1 eV channel ). Signals from the ampli-
fiers were fed into a two-dimensional multichannel analyzer
(2D-MCA). Two analogue digital converters were used
with a conversion range of 16 K, and the 2D-MCA was
adjusted to focus the peak of 511 keV at the center of a
512 x 512 matrix. The CDB curves analyzed were cumula-
tive spectra formed by addition of 20 spectra that did not
exhibit electronic drift, each with >10° counts in the
512 x 512 coincidence matrix. The cumulative spectra
had ~107 counts in the strip centered on the matrix diago-
nal that fulfilled the condition 2mgc> — 1.6 keV < E, +
E, < 2myc® + 1.6 keV; where E; and E, denote the energy
of the annihilating gamma-ray pairs, m1, is the electron rest
mass, and c is the light speed. To accentuate the difference
between the CDB spectra, and to visualize the defect effect
on the intensity of the peaks, the spectra were normalized,
dividing the counts at a given y energy by that correspond-
ing to the pure Al sample. Previously, the areas under the
CDB spectra were normalized to unity and smoothed.

3. Results and discussion
3.1. Microstructural characterization

The SEM observation of the sintered monolithic alu-
mina compacts shows a fine and homogeneous microstruc-
ture, with an average grain size ~2.5 um (see Fig. 2a). In
layered samples, ZrO, grains appear homogeneously dis-
tributed among larger Al,O; grains, as the SEM micro-
graph of the A(MZ),sy0., intermediate layer shows (Fig.
2b). The measured average sizes of Al,O; and ZrO, grains
for each laminate are shown in Table 1. For all the layered
materials, the outer a-Al,O; layers present a larger grain
size of 2.4 um, similar to that in the alumina monolith. The
presence of zirconia inhibits alumina grain coarsening. As a
result, the dimension of the alumina grains decreases in the
central layer. Additionally, the pres-ence of ZrO, promotes
densification, reducing the porosity [31].

SEM images of polished and thermally attached sections
of the A A(MZ) 010, samples show a well-defined inter-
face between the layers. Laminates prepared with a ZrO,
content in the central layer <20 vol.% do not show signs of
delamination (see Fig. 3a). With a greater amount of zir-

conia, evident delamination phenomena occur, as shown in
Fig. 3b.



Fig. 2. SEM BE micrographs of: (a) the cross section of the Al,O; monolithic and (b) the central layer of sample A A(MZ), 5,1,. Zirconia grains (white)
appear to be well homogeneously distributed among the alumina grains (gray).

Table 1
Grain size of ALLO; and ZrO, grains in the central layers of the laminates.

Dsp (um) m ZrO, content (vol.%)

5 10 15 20 30
Zr0, 0.24 0.28 0.30 0.30 0.40
AL O, 0.94 0.70 0.74 0.57 0.61

The delamination phenomenon for this class of lami-
nates arises from the release of residual stresses at the layer
interfaces due to the tetragonal to monoclinic transforma-
tion of the ZrO, in the central layer during the cooling of the
sintering step. This phase transformation causes a vol-ume
expansion of ~4%, which results in biaxial compres-sive
stresses produced in the central A A(MZ) yyq1 05layer, while
tensile stresses are generated in the external Al,O; layer. The
level of these stresses depends on the thickness, elastic
constant and compressive strain of each layer [7,10,32]
Using the data reported in the literature and the classical
residual stress equation [9,10], the residual tensile stresses
inside the alumina outer layers were evalu-ated as 850, 550,
300 and 30 MPa for samples with 30, 20, 10 and 5 vol.%
MZ, respectively. However, the com-pressive stresses for the
central layer have been evaluated as —170, —110, —61 and
—7 MPa for 30, 20, 10 and 5 vol.% MZ. SEM observations
showed that the presence of cracks, induced by residual
stresses, is related to the zir-conia content. In particular, for
contents of ZrO, > 10 vol.%, cracks originating at the
alumina surface were

A( MZ) 10%vol

A( M Z)ZO%VO!

Fig. 4. SEM SE micrograph of the cross section of sample A A(MZ)sgy124-
Showing the propagation and bifurcation of a crack. Detail of the crack in
the internal layer.

observed. They propagate through the laminate, enter in
the central layer, and bifurcate at a characteristic length,
as observed in Fig. 4 for sample A A(MZ)xovo1.%. Deeper
detail of the fracture reveals that the propagation mode
of the crack is essentially intergranular. These observations
are in agreement with the development of compressive
stresses in the central layer. For ZrO, contents <10
vol.%, the tensile stress developed in the surface is not
intense enough to generate cracks.

3.2. Indentation measurements

Table 2 reports the Vickers hardness, HV, and the VIF
resistance, for the alumina monolith and for the central

Fig. 3. SEM SE micrographs of the cross sections showing: (a) the good adherence between the layers of sample A A(MZ),4,,15, and (b) a partial
delamination at the interface between the alumina and alumina zirconia layers of sample A A(MZ)3py01.5-



layer of each laminate sample. The hardness value decreases
with increasing ZrO, content, while the VIF resistance or
crack growth resistance value increases with ZrO, content.
This inverse relationship between hardness and crack
growth resistance was found previously [33]. The hardness
value obeys a linear mixture law, since the hardness of pure
zirconia is lower than the alumina hard-ness. The low value
of the hardness of the alumina mono-lith compared with the
A AMZ)s, 0, value is due to the fact that the alumina
grain size in the alumina monolith is twice the alumina size
in the composite layer, and the hardness is inversely
correlated with the grain size [34). The enhancement of the
crack growth resistance of the composite with increasing
zirconia is mostly attributed to the tetragonal to monoclinic
transformation, which occurs with a zirconia volume
expansion that leads to the forma-tion of grain boundary
microcracks, which interact with the propagating crack tip
to lower the tensile stress in the crack and inhibit crack
growth [35,36] In addition, the crack growth resistance
increases with the amount of zirco-nia, owing to the higher
compressive stress intensity gener-ated by a larger thermal
expansion coefficient mismatch between the pure alumina
layer and the mixture layer. For X < 20, the fracture
toughness of the alumina monolith is higher than that
corresponding to the composite. This behavior is also due to
the greater size of the alumina grain in the monolith.
Nevertheless, it is convenient to remark that crack growth
resistance values may be overestimated because the VIF test
generates a complex crack system with substantial
deformation residual stresses around the cracks that is
difficult to describe and quantify.

3.3. Nanoindentation measurements

Fig. 5a and b shows the load penetration depth curves
for selected nanoindentations performed on the cross-sec-
tional area of the Al,O; layers for the two laminate samples
A AMZ)sy1. and A A(MZ)rpvoro respectively. The
curves evidence the effect of the residual stresses on the
indentation load displacement behavior. At a given inden-
tation depth, the indentation load for the compressive
stressed areas is higher than that for the unstressed area, but
the load for the tensile stressed areas is lower [11,37]. For
the laminate sample A A(MZ)20vo1%, the effect of residual
stress in the Al,O; layer is evident, changing the type of
residual stress from compressive to tensile, depend-ing on
the distance to the interface. The residual stresses generated
in the laminate sample A A(MZ)syo19 are not enough to
observe any effect. Fig. 6 shows the load pene-
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Fig. 5. Nanoindentation load penetration curves for selected indentations
in the ALO; layers of (a) sample A A(MZ)s,, 2, and (b) sample A
A(MZ)20vo1.%- The term d denotes the distance from the interface.

tration depth curves as a function of the distance to the
interface (d) in the central layer of the laminate samples
A AMZ)sgy012. Far away from the interface, i.e.,
d 143 pm, the behavior matches that corresponding to
a stress-free area. Moving towards the interface, the
observed behavior is compatible with areas with more
and more compressive residual stresses. This trend changes
for a short distance from the interface, in this case
d 18 pym, where the load penetration depth curve is con-
sistent with a region with lower residual stresses.

The effect of residual stresses on the hardness value is a
question extensively discussed. It was found that hardness
decreases with internal tensile stresses and increases with
internal compressive stresses [11]. Several theoretical
approaches for elucidating the dependence of the nanoh-
ardness on the residual stresses were proposed [37 40], some
of them revealing the important role of pile-up or sink-in
deformations around the indentation in the deter-mination
of the nanohardness values.

In Fig. 7, the nanohardness values determined at a con-
tact depth of 800 nm through the alumina/alumina zirco-
nia interface of the cross-sectional area of the laminate
are reported. At distances far away from the interface,

Vickers hardness (HV) and VIF resistance, measured in the middle of the central layer of the samples.

m ZrO, content (vol.%)

0 5 10 15 20 30
HV (GPa) 156 +£0.5 15.7+04 145+ 0.6 14.8 +0.5 138 +04 10.9+0.5
VIF resistance (MPa ,/m) 46+1.3 33102 3.8+02 31+02 49403 58+0.5
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Fig. 6. Nanoindentation load penetration curves performed in the central
layer of sample A A(MZ)gy01., at the distance d from the interface.

the nanohardness value of the AL O; ZrO, layer agrees
with the value for corresponding composition: the hardness
value decreases as the ZrO, content increases. The behav-
ior of the nanohardness near the interface is compatible
with the load penetration curves, which is related to the
type and magnitude of the internal residual stresses in the
laminates: compressive in the central A(MZ)xor% layer,
and tensile in the outer Al,Os layer. Microscopic distribu-
tions of residual stresses in multilayered systems have been
evaluated by Raman and fluorescence piezo-spectroscopy,
and a parabolic stress profile near the interface between
layers has been found [18]. This could be the reason for the
nanohardness behavior observed close to the interface.

For a system composed of n layers of composition A and
thickness ¢4, and (n — 1) layers of composition B and
thickness tg, the biaxial residual stress inside one layer is
related to the stress inside the adjacent one by [9];

nia
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In the present work n 2, A corresponds to Al,O; with
ta 400 pm, and B is A(MZ)yyo o, With g 4000 pm.
Therefore, 6(A(MZ)xvor%s) —0.2 a(ALO3), i.e., the mag-
nitude of compressive stresses in the internal layer of each
laminate is lower than the magnitude of tensile stresses in
the external layer. This relation should be taken as a good
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Fig. 7. Nanohardness values at a contact depth of 800 nm across the cross
sections of the laminates studied.

estimation of the stress relation between adjacent layers at
the surface of the laminates. According to this result, and
taking into account that the effect of compressive stresses
in nanohardness values is smaller than that of the tensile
stresses [11], the dependence of the residual stresses on the
nanohardness values should be stronger in the AlLO; layer
than in the composite layer, as the experimental mea-
surements confirmed (see Fig. 7).

3.4. Positron measurements

In order to determine the nature of defects induced by
the presence of residual stresses, positron lifetime measure-
ments (PALS) were carried out in the external Al,O3 sur-
face layers of the whole set of sintered laminates and of
the monolith alumina sample.

As the characteristic lifetimes of intrinsic and micro-
structural defects induced in such materials are very similar
[41], all positron lifetime spectra were properly fit to only
one component. The average lifetime was then taken as a
statistically accurate parameter, adequate to monitor
changes in the lifetime spectra, as indicated by the small
value of y” (always <1.2) obtained when analyzing the life-
time spectra with the POSITRONFIT program [42].

In Fig. 8, the average positron lifetime measured for
samples A A(MZ)xvo1% as a function of zirconia content
in the central layer was reported. The mean positron life-
time for a single crystal of high purity Al,O; was also mea-
sured as a reference; its value, equal to 161 £+ 1 ps, is in
good agreement with the reported values [43]. This lifetime
value would be an unequivocal signature for positron anni-
hilation in the bulk of Al,O;. The mean positron lifetime
measured for the monolithic Al,O; sample is 7= 170
+ 2 ps. Fig. 8 shows that the addition of ZrO, in the
central layer results in the increase in the average positron
lifetime, which value scales with the presence of defects in
the sin-tered material. Indeed, for the laminate with the
highest zirconia content, i.e, X 30, <t reaches a
value of 190 £+ 2 ps. This increase is linked to the
reduction in the electron density [23] due to both the
deformation of the

190

180 |

170 |

Mean Positron Lifetime (ps)

160 - ¢ ALO, single crystal

0 5 10 15 20 25 30
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Fig. 8. Mean positron lifetime as a function of the ZrO, content in the
central layer.
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crystal lattice associated with the most intense state of ten-
sion to which the alumina layer is subjected, and the posi-
tron trapping in structural defects. All t~ values are
higher compared with those reported in other studies on
Al Os single crystal vacancies [44,45]. For these materials,
there-fore, besides positron trapping in aluminum mono-
vacan-cies Fpj, trapping in more complex defects
such as bivacancies (Va; Vai), (Vo Va)) or complex
vacancies impurities also occurs, all contributing to the
increase in average lifetime. No lifetime components
associated with other cavities and defects were found.

CDB measurements were performed to obtain informa-
tion about the ions surrounding the positron trapping sites
in the Al,Oj3layers for each sample of the laminates set (Fig.
9). In the same figure, the CDB ratio spectra of the Al,O3
monolith and of an ALOj; single crystal, considered as a
reference, are also reported. All spectra show a peak
centered at ~14.8 x 10 3 mye, which is characteristic of
positron annihilations with the valence electrons of O
ions. It can be observed that, in the low-momentum region,
no meaningful differences among the different CDB ratio
spectra exist, and their intensity is <1. The peak intensity
slightly increases with the ZrO, content in the central layer,
and remains above the corresponding value for the Al,O;
single crystal.

These CDB results, and the corresponding increase in
the mean positron lifetime from 170 to 190 ps with an
increasing amount of zirconia, unambiguously indicate an
increase in concentration of structural defects associated
with O ions. They cannot be attributed to positron anni-
hilation in either anionic vacancies or anionic vacancy
agglomerates, because positron annihilations in these types
of defects should induce a strong intensity decrease in the
peak centered at 14.8 x 10 *myc, and a subsequent increase
in the intensity in the low-momentum region (p = 0),
compared with the intensity of the spectrum of Al,Oj3 single
crystal [46]. Also these results cannot be attributed to
positron annihilation in vacancy clusters, because the
lifetime spectra would present a large compo-nent of 300
400 ps, typical of this type of defects [44],

which was not observed. Thus, the results obtained can
be attributed to positron annihilation in cationic vacancies
or at dislocations induced by the residual stress generated
by the phase transformation of the unstabilized zirconia
[43]

4. Conclusions

Al,O; ZrO, laminates with ZrO, content ranging from
0 to 30 vol.% were produced by slip casting. Compressive
stresses were generated in the central A(MZ) 10, layer,
whereas tensile stresses appeared in the outer layer.

Nanoindentation measurements performed across the
interface demonstrated the effect of residual stress gradient
on the load displacement curves and nanohardness. PALS
and CDB techniques provided information concerning the
effect of residual stresses at a microstructural level. Corre-
lation was found between the increase in the positron mean
lifetime values and intensity of Doppler peaks with zirconia
content. The results obtained were attributed to positron
annihilation in cationic vacancies and dislocations associ-
ated with O ions, induced by residual stresses. The reli-
ability of changes in spectroscopic parameters related to
residual stresses was confirmed by the results of the SEM
observations and nanoindentation measurements.
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