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Piezo-spectroscopic characterization
of alumina-zirconia layered composites
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Ceramic monolithic and multilayered composites were produced by stacking water based
green ceramic cast tapes. Two different mixtures of composites within the Al,03/YTZP, system
were investigated. The difference in the coefficient of thermal expansion (CTE) between the
composites fabricated, resulted in the development of residual stresses when the same
compositions were combined in a multilayered structure. The magnitude and the distribution
of these residual stresses were assessed by the piezo-spectroscopic technique. The stress
within the layers varied with a parabolic trend, with the highest values at the interfaces and a
reduction toward the centre of the layers. The influence of symmetry of the multilayered
laminate on the magnitude and distribution of the residual stresses within the structure are
discussed. © 2006 Springer Science + Business Media, Inc.

1. Introduction

Ceramic multilayered composites may undergo residual
stresses of remarkable magnitude during sintering and
upon cooling from the sintering temperature, especially
if they consist of relatively thick layers with a differ-
ent phase composition. Residual stresses arise from mis-
matches in sintering rate, coefficient of thermal expansion
(CTE) and elastic constant between the constituent phases
and among neighbouring layers [1]. Compressive residual
stresses are generated, in the layer (or phase) with lower
CTE, while tensile residual stresses usually appear in the
layer (or phase) with higher CTE. In general, the mag-
nitude of the residual stresses developed in a composite
is proportional to the CTE mismatch between the con-
stituents. In a layered structure, the mismatch between
the CTE of layers of different composition determines
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the level of the residual stresses [1]. In order to avoid
cracking [2, 3] and delamination [4, 5], a precise control
of both magnitude and distribution of residual stresses is
mandatory.

As a first approach, residual stresses can be estimated
using the CTE and elastic properties of monolithic mate-
rials with the same composition of the constituent layers,
assuming that no interaction occurs at the interface be-
tween layers. In order to evaluate the validity of such
an approach and establish a general methodology for the
design of laminates, the residual stress profile has to be
determined in materials with a tailored stress profile. In
order to do so, laminated composites have been prepared
by tape-casting in organic solvents [6] and in water based
solution [7, 8] and stacking discrete layers having differ-
ent thickness and composition.
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In this work, we present measurements of the residual
stress and its dependence on geometry of multilayered
ceramics obtained in the system Al,O3;/YTZP, starting
from laminates obtained by water-based cast tapes, using
the technique of piezo-spectroscopy applied to the chro-
mopbhoric fluorescence of Al,Os. The piezo-spectroscopic
technique was first applied by Grabner in measuring of
residual stresses in Al,O3 [9] and has been applied to
laminated structures as well [10, 11]. In the present paper
the stress profile measured through the cross section of
the laminated structures was analyzed and related to the
layer composition.

2. Theoretical tools: Piezo-spectroscopic
measurements

The stress field distribution along the cross section
of infiltrated samples was determined by using piezo-
spectroscopy techniques related to the characteristic R1,
R2 doublet produced by chromophoric fluorescence of
Cr** impurities in Al,O3. The principle of relating an ob-
served line shift in a fluorescence spectrum to the state
of stress has been described previously by Grabner [9].
When polycrystalline Al,O3 (having a fine grained mi-
crostructure and no significant texture) is subjected to a
stress, the change in frequency Dn in luminescence line
is given by the tensorial relationship:

1
Av = § ITi; O_jj (1)

where Pj; is referred to as the piezo-spectroscopic coeffi-

cient (i.e., relating frequency to stress).

The overall residual stress field arises from differences
in sintering rate, thermal expansion and elastic mismatch
between the constituent ceramic phases of the laminated
Al,O3/YTZP composite. This stress consists of two sepa-
rate components: (i) a microscopic stress field originating
on the microstructural scale from grain-to-grain thermal
and elastic mismatches between Al,O3 and YTZP; and,
(i1) a macroscopic stress field, so that equilibrium con-
ditions between adjacent layers are established. The ap-
proach of measuring only the second contribution of the
stress has been previously suggested by the authors [11];
for this reason the frequencies used as a standard value for
unstressed material were obtained from monolithic bars
fabricated using the same processing route and having
the same composition of the constituent tapes as of the
laminate.

An important characteristic of the piezo-spectroscopic
techniques is that the average uniaxial piezo-
spectroscopic coefficients (PS), Py, characterizing the
linear dependence of the peak shift on stress, strongly de-
pends on many material parameters, and in particular in
processing derived parameters such as grain size, pres-
ence of other phases, porosity, etc. Hence, a preliminary
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calibration procedure is required in every case for deter-
mining the P,; value specific to each material.

3. Experimental procedures

3.1. Material preparation

Starting powders of «-Al,O3 (Condea HPA 0.5, USA),
with mean particle size of 0.35 um and specific surface
area of 9.5 mz/g, and ZrO, stabilised with 3 mol% Y,03,
YTZP, (TZ3YS, TOSOH, Japan), with a mean particle
size of 0.4 um and a specific surface area of 6.7 m?/g, were
employed. A polyelectrolyte (Dolapix CE 64, Zschimmer
& Schwarz, Germany) was used for powder dispersion in
deionised water as dispersing media. A water-based poly-
meric emulsion Mowilith DM 765 E (Celanese, Spain),
with a Tg of —-6°C and solid content 50 vol%, particle size
0.05-0.15 um was used as binder emulsion.

The processing route established previously [7, 8],
which involves the tape casting of individual tapes with
different compositions and further stacking them to form
monolithic composites and symmetrical laminates was
used in the present work. Water-based tape cast tapes
having compositions of 95 vol% «-Al,03—5 vol% YTZP
(named A-5YTZP, slurry with 47 vol% solids content) and
60 vol% a-Al,03—40 vol% YTZP (named A-40YTZP,
slurry with 50 vol% solids content) were prepared. The
stabilisation of the slurries with the dispersant (dispersant
with 0.8 and 0.7 wt% solids for A-5YTZP and A-40YTZP,
respectively) was performed by ball milling using alumina
balls for 4 h. 5 wt% binder, referred to solids content,
was added to the deflocculated suspensions and they were
mixed using a blade mixer for 30 min. The tape casting
was performed on stationary polypropylene film using a
moving tape casting device with two doctor blades (labo-
ratory developed device [7]). The final casting parameters
were 10 mmy/s of casting velocity and 500 um of gap
height between the blades and the carrier film. After dry-
ing in air for 24 h the green ceramic tapes were subjected to
further drying at 60°C degrees for 48 h. The final thickness
of the green tapes obtained varied between 480-520 um.
Round shaped tapes were used to avoid heterogeneous
stress distribution within the specimens during pressing
[7], for this purpose the final shaping by punching out
round shape (@ 60 mm) pieces of tape was performed.
Seven tapes were stacked consequentially to form the
symmetrical laminate and composite pieces as shown in
Fig. 1a, applying the gluing agent at the interfaces. The
pieces were cold uniaxially pressed under 18 MPa of pres-
sure. Full details of tape pre-treatment, gluing agent ap-
plication and the pressing procedure are given elsewhere
[7,8].

Two discs of each composition were left in their as
pressed shape (diameter @ 60 mm) and the others were
cut into bars (approximately 30 x 7 x 4.1 mm) for sin-
tering. Prior to sintering the surfaces of the green pieces
were smoothened using sandpaper. Binder burn out and
sintering were performed in a single thermal treatment
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Figure I Preparation of laminated structures by piling up individual green ceramic tapes. (a) Cross section of stacked symmetrical laminate and monolithic
composite pieces. (b) Final geometry of symmetrical laminate sample fabricated.

cycle. The binder burn out was carried out at a heating
rate of 1°C/min up to 600°C, with a dwell time of 30 min.
Sintering was carried out by increasing the temperature
(heating rate of 2°C/min) up to 1550°C with a dwell time
of 2 h. Sintered composite and laminate bars were grinded
to obtain the samples with the final geometry (Fig. 1b).
The longitudinal face (perpendicular to the constituent
tapes) used for residual stress assessment was polished
successively using 9, 6 and 1 um diamond paste and its
edges were rounded during the polishing operation.

3.2. Characterization of obtained composites
Sintered density was determined using Archimedes
method in distilled water. Relative sintered densities were
calculated as % of the calculated theoretical density for
each composition, using 3.99 gr/cm? for a—Al,03 (ASTM
42-1468) and 6.10 gr/cm? for YTZP (ASTM 83-113).
The Young’s modulus (E) and the shear modulus of
the composites were determined from the resonance fre-
quency of the as sintered discs tested by impact in flexural
and torsional modes (GrindoSonic MKS5, J.W. Lemmens-
Electronica N.V., Belgium). The average coefficient of
thermal expansion («) between 1200°C and room temper-
ature was calculated from the thermal expansion curves
recorded using bars (10 x 4 x 3 mm) in a dilatome-
ter with alumina support (Setaram, Setsys-16/18, France)
and corrected for alumina expansion.

Three samples were used for determination of density,
Young’s modulus and average thermal expansion coeffi-
cient of each composite; reported values are the average
of the obtained data and errors are the standard deviation.

3.3. Residual stress assessment

The level and sign of the expected residual stresses was
evaluated using the simplified model of a symmetric plate
constituted by alternate layers of the same thickness hav-
ing a uniform biaxial distribution of stresses across each

layer [1]. In this case, the stresses developed in a laminate
made by two kinds of layers, a and b, are given by:

AcE],
Oq = —W ()
E,;n;,t;,
ngt
op = _Ua_a_a (3)
npyty

where Acg is the thermal expansion mismatch between the
layers:

1200
Ae = / (ap — ay)dT 4)
20

and ng p, t, 5 and o, , are the number of layers, the thick-
ness and the CTE of each composition, and E,, ;, is the
reduced Young’s modulus:

E;
Ej = )
1-— V;

In the system examined (Fig. 1), a and b correspond to
the A-5SYTZP and A-40 YTZP layers, respectively, and
t,=t, =420 pum.

To collect fluorescence spectra, the spectrometer appa-
ratus (ISA, T 64000 Jovin-Yvon), as excitation source, an
argon-ion laser operating at a wavelength of 488 nm with
a power of 400 mW. For obtaining micron-scale mag-
nification, an optical microscope lens was used both to
focus the laser on the sample and to collect the scattered
signal. Scattered frequencies were analyzed on a triple
monochromator equipped with a charge coupled device
(CCD) camera. When focussed by an optical microscope,
the dimension of the laser spot on the samples was 5 mm
(i.e., using a x20 optical lens). Thermal and instrumental
fluctuations were compensated by monitoring the spec-
trum from a Hg/Ne discharge lamp. The recorded spectra
were analysed using commercial software (LabSpec 4.02,
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TABLE I Salient piezo-spectroscopic characteristics of the investigated composites
Unstressed peak

Peak Myni (cm™!/GPa) IMhydro (cm™!/GPa) R? position (cm™1)
A-5YTZP

R1 2.79 +£0.01 8.36 + 0.03 0.998 14406.96 £ 0.01

R2 2.94 £0.01 8.82 £ 0.03 0.999 14404.87 £ 0.01
A-40YTZP

R1 2.63 +0.01 7.89 +£0.03 0.997 14436.92 & 0.01

R2 2.67 £ 0.01 8.01 +0.03 0.999 14434.81 £+ 0.01

Horiba/Jobin-Ivon). The frequency shifts were obtained
by subtracting from the centre of the peak recorded under
stress the centre frequency of the peak in the unstressed
state.

Microscopic stress distributions were measured by col-
lecting linear profiles of spectra on the specimen cross-
sections. The automatically collected profiles of spectra
were 10 mm-spaced. Specimens were placed on a map-
ping device (lateral resolution of 0.1 mm), which was
connected to a personal computer to drive highly precise
displacements (along both X and Y axes) on the specimen
surface. Unstressed peak positions were obtained acquir-
ing an array of 100 spectra on the surface of unstressed
reference bars and averaging the values of the peak centre.

For the evaluation of PS coefficient the peak shift was
recorded as a function of known stresses. To do so, bend-
ing bars of both composites were mounted on a four-point
bending jig and loaded with a known load below fracture
stress; after the load was applied, the whole jig was moved
under the laser and spectra recorded every 40 mm from the
compressive towards the tensile side of the specimen. To
reduce the scattering of data hence improve PS coefficient
determination, the calibration was repeated 5 times and
the values obtained were averaged. The load was then con-
verted to stress, s, using the standard four-point-bending
elastic equation and the peak shift, Dn, plotted as a func-
tion of the applied stress. The average P,,; was obtained
from the slope of the s versus Dn plot. Table I summarizes
the values of salient piezo-spectroscopic characteristics of
the ceramic polycrystals studied in the present investiga-
tion.

Whereas sapphire has a different coefficient P;; for each
cristallographic axis [9], the Al,O3 present in the com-
posites is supposed to be polycrystalline and lacking any
significant texture, so that the uniaxial coefficient is one
of the three identical elements of the diagonal of piezo-
spectroscopic tensor Pj;. To calculate the mean hydrostatic
stress, the following assumption was made:

A Al
o = =
I hydro 311 uni

where Dn is the shift of pea.

For stress measurement R1 band was used to avoid
errors in fitting due to the superposition of a line of refer-
ence Hg/Ne lamp spectrum with R2 band. In relation to
the weak deviation from linearity of R1 calibration line
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Figure 2 Photo of the cross section segment for A-5YTZP/A-40YTZP
laminated structure. Darker layers A-5YTZP.

evidenced by He et al. [12], considering the high corre-
lation coefficient obtained by lines referred to laminated
material and the low stress measured, it was supposed to
be negligible.

4. Results and discussion

Using the processing route described above, dense (=99%
of the theoretical), homogeneous monolithic and multi-
layered composites within the A-SYTZP/A-40YTZP sys-
tem were obtained. The multilayered material presented
straight and well defined interfaces between the con-
stituent tapes, as shown in Fig. 2.

The properties of the compositions involved in the de-
velopment of residual stresses within the laminate struc-
ture during cooling are summarized in Table II. Using
Equations 2-5, maximum residual compressive stresses
of about 160 MPa in the A-5YTZP layers and tensile
stresses of about 220 MPa in the A-40YTZP layers are
predicted.

Fig. 3 shows the macroscopic residual stress profile
measured along the samples cross section. As mentioned,
each profile is the average of five profiles collected along
the cross section in order to reduce the scattering of data
and to verify the uniformity of the residual stress field.
The error relative to stress calculation is £3%.

Two different geometries were analyzed: (i) a sym-
metric laminate composed of 7 alternate layers of
A-5YTZP/A-40YTZP. As expected, A-5YTZP layers



TABLE II Properties of the investigated compositions involved in the development of residual stresses
Psintered

Composite Young’s modulus  Shear modulus CTE « (20-1200°C)

composition (gr/cm3) (th.%) (GPa) (GPa) Poisson coefficient (x10~%/K)

A-5YTZP 4.03 £0.02 98.7 £ 0.1 389 +4 1552 0251 8.5

A-40YTZP 4.79 £ 0.01 99.2 +0.1 309 +£2 121 £2 0.26 + 1 9.2

whereas layers with 40 vol% of YTZP underwent tensile
d': 200 - stresses. Moreover, within the layers stress varied with a
2 parabolic trend, the highest values being at the interfaces
oo between the layers. The influence of geometric asym-
§ . metry on the magnitude and the distribution of residual
= stresses within multilayered laminate structures was also
= 0 ' assessed. The lack of symmetry had a minor effect on the
:E ] g stress field, expressed in a form of asymmetric parabolic
§‘]00 1 \ distribution of stresses measured.
length along the cross section / pm

-200 -

Figure 3 Profiles of macroscopic residual stress along the profile. The white
dots refer to the symmetric sample, the grey dots to the asymmetric one. The
error bands for residual stress value (£3%) are as large as the diameter of
the dots. The labels A5Z and A40Z over each layer refer respectively to the
composite A-SYTZP and A-40YTZP. Dotted lines indicated the theoretical
streeses calculated for a biaxial system.

underwent compression, whereas A-40YTZP layers
tension. Within the layers the stress was not constant but
varied with a parabolic trend: the highest values were
measured at interfaces, and a release moving toward the
centre of the layer was observed. The values near the
interface are close to the maximum values estimated by
previous prediction. Moreover, a greater reduction could
be seen in the A-40YTZP layer (from 230 to 100 MPa),
compared to that seen in A-5YTZP layers (from —110 to
—75 MPa): this difference is probably due to the different
elastic modulus of the two composites (A-5YTZP being
stiffer than A-40YTZP, Table II). (ii) The second geome-
try analyzed was similar to the previous one (4 A-5YTZP
and 3 A-40YTZP alternated layers), but with one of
the superficial A-5YTZP layers thinner than the other.
The asymmetry affected the residual stress distribution
especially in the thinner A-5YTZP external layer, where
compressive stresses were higher than in the symmetric
sample. The rest of the layers appeared to be influenced to
a lesser degree, the stresses at the interfaces being system-
atically lower toward the direction of the thinner layer.

5. Conclusions

Ceramic multilayered Al,O3/YTZP composites were fab-
ricated by water-based tape casting. The difference in
thermal expansion coefficients induced a residual stress
field whose magnitude and distribution were assessed by
piezo-spectroscopy. Layers richer in Al O3, for which the
CTE is lower, were found to be under compressive stress,
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