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Abstract

This work focuses on the elastic properties and damping behaviour of alumina—alumina/zirconia laminates and their constituent layers as a function
of temperature. The laminates were made by warm pressing and sintering tape-casted layers of alumina and alumina/zirconia (60/40 vol.%). The
laminate stacking sequence and thickness of the constituent layers were tailored so as to have compressive residual stresses on the laminate surface,
improving thus the laminate wear resistance. The temperature dependence of the elastic properties and damping behaviour of the laminates was
determined using the impulse excitation technique (IET). Furthermore, the measured elastic properties were validated with the help of a finite

element model (FE-model).
© 2006 Elsevier Ltd. All rights reserved.

Keywords: Tape casting; Al,O3; ZrO,; Mechanical properties; Spectroscopy

1. Introduction

Ceramics are excellent wear-resistant materials, since they
combine high hardness, low density, and chemical inertness with
the ability to operate under extreme conditions (e.g. high tem-
peratures, aggressive environments, etc.), but their performance
is limited by their brittleness. Since the performance of wear-
resistant materials is related to the properties of thin surface
layers, improving the surface toughness is a promising way to
ameliorate the tribological behaviour of ceramics. An effective
method to improve the surface toughness of a material is to pro-
duce laminated structures, which are tailored so as to induce
compressive residual stresses at the surface, based on the ther-
mophysical properties (i.e. coefficient of thermal expansion, and
shrinkage upon sintering) of the constituent materials.'

Laminated composites made by warm pressing and sinter-
ing alternating layers of alumina (Al,O3) and alumina/zirconia
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(AlL03/ZrO,, 60/40vol.%) produced by tape casting have
shown to possess a promising wear-resistance.! The con-
stituent materials of these laminates exhibit different shrinkages
during sintering, and different thermal expansion coefficients
(@9 x 107°C~! for pure Al,O3, and ¢~ 10 x 1076 °C~!
for 60/40vol.% Al,O3/ZrO; in the 25-1400°C temper-
ature range). The described differences are sufficient to
induce residual stresses without exceeding the values that
lead to spontaneous cracking during the processing of
alumina—alumina/zirconia (AZA) laminates.! Since the perfor-
mance of AZA laminates relies on residual stresses, it is chal-
lenging to be able to predict the evolution of these stresses as
a function of temperature. Predicting the temperature depen-
dence of the residual stresses in AZA laminates can be done
with finite element modelling, provided that the thermal expan-
sion coefficient, shrinkage upon sintering, and elastic properties
(as a function of temperature) are known for each of the laminate
constituent materials (i.e. the pure alumina, and the 60/40 vol.%
alumina/zirconia). This study focused on determining the elas-
tic properties and damping behaviour of alumina (A) and alu-
mina/zirconia (AZ) laminates as a function of temperature. In the
next step of this investigation, the determined elastic properties
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will be introduced in a finite element model (FE-model) of the
AZA laminates to calculate the residual stresses, and to predict,
in this way, the performance of these wear-resistant laminates
as a function of temperature.

2. Work methodology
2.1. Preparation of laminates

For the needs of the present study, two types of sheets were
prepared by tape casting: alumina (A), and alumina/zirconia
(AZ). The starting materials used for the manufacturing of the
tapes were a high purity (99.7%) alumina powder (Alcoa A16-
SG, Alcoa Aluminium Co., NY, USA), and a zirconia powder
doped with 3mol.% Y03 (Zirconia TZ-3YS, Tosoh Corp.,
Tokyo, Japan); both powders had an average particle size of
0.30 pm. The two powders were mixed with the appropriate sol-
vents, binder, dispersant and plasticizer to obtain alumina and
alumina/zirconia slips suitable for tape casting. The tapes were
dried, punched, and the produced sheets were stacked by thermo-
compression (30 min at 80 °C under a pressure of 30 MPa) in
the desired sequence to produce A (10 layers of pure alumina),
AZ (10 layers of alumina/zirconia, 60/40 vol.%), and AZA (9
layers: A/A/AZIA/AZIA/AZIA/A) laminates. The ‘green’ lam-
inates were first heated at 3 °C/h between 200 and 600 °C to
allow the burnout of the binder, and were subsequently sintered
to nearly full density (2—3% residual porosity) at 1550 °C for 1 h
(heating and cooling rate during sintering: 30 °C/h). Rectangu-
lar bars were cut out of the A, AZ and AZA laminates to make
the test specimens; the mass and dimensions of these bars are
given in Table 1.

2.2. Impulse excitation technique

The impulse excitation technique (IET) is a resonant-based,
non-destructive, standard test method for the determination of
the elastic properties of materials at ambient temperatures.’
With this technique, a beam-shaped test sample is excited by
a mechanical impulse, its vibration is captured, and the digitised
vibration signal is processed with the RFDA software (IMCE,
Diepenbeek, Belgium). This software assigns a vibration of the
form x(f) = xoe "X sin(27ft + $) to a predefined number of reso-
nant frequencies. An algorithm simulates the measured signal as
a sum of these transient sinusoidal signal components, optimis-
ing iteratively the initial amplitude (xp), the exponential decay
(k), the resonant frequency (f) and the phase (¢) of every signal
component. Having reached a predefined convergence criterion,
the software provides the resonant frequencies and associated

Table 1
Mass and dimensions of the A, AZ and AZA test specimens (rectangular bars)

Mass (g)  Thickness (mm)  Width (mm) Length (mm)
A laminate 0.808 1.758 2.767 42.344
AZ laminate 1.035 1.727 3.136 40.424
AZA laminate  0.953 1.788 3.019 41.988

k values of all the measured vibration modes. An internal fric-
tion (Q‘l) value is calculated from each k, based on relation
Q~ ! =k/nf. Finally, the elastic material properties are derived
from the resonant frequencies of the fundamental flexural and
torsional vibration modes, using the identification formulas of
the ASTM standard E 1876-99.3

The A, AZ and AZA laminates were first excited in both out-
of-plane flexural and torsional vibration at room temperature.
Subsequently, all three laminates were excited in out-of-plane
flexural vibration at high temperatures in nitrogen (N>); the
employed heating cycle — the aim of which was to simulate as
close as experimentally possible the laminate sintering cycle
— was the following: heat at 5°C/min to 1100 °C — heat at
1°C/min to 1550 °C — dwell for 5min at 1550 °C — cool at
1 °C/min to 600 °C — cool at 5 °C/min to room temperature.

2.3. Finite element modelling

As mentioned in Section 2.2, IET was used to identify the
properties of the A and AZ laminates: their Young’s modulus
(E) and internal friction were measured as a function of tem-
perature, while their shear modulus (G) and Poisson’s ratio (v)
were only measured at room temperature. Next, a finite element
model (FE-model) of the AZA laminate was constructed, where
the input elastic properties were the ones identified from the
pure A and AZ laminates. The FE-model was made using brick
elements with quadratic shape functions, and assumed a per-
fect bonding between the constituent layers. The mesh density
of the model was determined with a convergence analysis. This
analysis revealed that the computation of the fundamental flexu-
ral frequency of the sample required a model size of 15 x 1 x 9
elements. In order to validate this FE-model, the computed reso-
nant frequency of the fundamental flexural mode was compared
with the measured one; the validation of the FE-model was per-
formed over the temperature range of interest (i.e. from room
temperature to 1550 °C), at temperature intervals of 100 °C. It
must also be noted that the resonant frequencies of a beam-
shaped sample are not influenced by the residual stresses in the
material.

3. Results and discussion

Table 2 presents the room temperature elastic properties (E,
G and v) and internal friction (Q~!) of the A and AZ lami-
nates as determined by IET. Figs. 1-3 present the output of the
high-temperature IET tests for the A, AZ and AZA laminate,
respectively; obviously, the fundamental flexural frequency of
all three laminated specimens decreased with temperature, in

Table 2
Room temperature elastic properties and internal friction of the A and AZ
laminates

E (GPa) G (GPa) v 0!
A laminate 391.8 157.8 0.24 0.00005
AZ laminate 306.5 121.9 0.26 0.00023
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Fig. 1. Plot of the fundamental flexural frequency fand internal friction Q! of
the A laminate as a function of temperature.
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Fig. 2. Plot of the fundamental flexural frequency and internal friction of the
AZ laminate as a function of temperature.

contrast with the internal friction that increased abruptly above
~1200°C. The frequency values of Figs. 1 and 2 were used to
calculate the Young’s modulus of the A and AZ laminates as
a function of temperature; the results of these calculations are
presented in Fig. 4. As may be seen from Fig. 4, the exposure
of laminates A and AZ to high temperatures caused additional
sintering, which lead to an increase of 0.24% and 2.79% in the
room temperature E of the A and AZ laminate, respectively.
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Fig. 3. Plot of the fundamental flexural frequency and internal friction of the
AZA laminate as a function of temperature.
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Fig. 4. Plot of the Young’s modulus E of the A and AZ laminates as a function
of temperature.

Very interesting is the plot of the internal friction of the AZ
laminate as a function of temperature (Fig. 2). One may immedi-
ately notice the presence of two distinct internal friction peaks:
one that forms during cooling at ~970°C, and another that
forms both during heating and cooling at ~210 °C. These two
peaks may be related to phase transformations in the 3 mol%
yttria-stabilised zirconia ceramic (3Y-TZP), which represents
40vol.% of the AZ laminate; the peaks are also present but
less prominent in the internal friction curve of the AZA lam-
inate (Fig. 3) due to the smaller volume fraction (15.4 vol.%)
of the 3Y-TZP constituent material. The first 0~! peak may be
attributed to the transformation of tetragonal zirconia (¢) to mon-
oclinic (m) zirconia, which occurs during cooling at ~950 °C in
pure zirconia, being accompanied by a shear strain of ~0.16
and a volume expansion of ~4%.* It is already known that the
martensitic  — m phase transformation starts at ~1170 °C dur-
ing the cooling of pure zirconia,” so it is not surprising that the
related damping peak begins close to that temperature in the
case of the AZ laminate. The exact nature of this damping peak
has not yet been perfectly understood, but it has been attributed
to energy-dissipating grain boundary movements.> The onset
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Fig. 5. Comparison between the IET-measured (IET) and the FE-model-
predicted (FEM) fundamental flexural frequency of the AZA laminate as a
function of temperature. The inset drawing shows the FE-model of the AZA
laminate.
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Fig. 6. Residual stress maps constructed by a piezo-spectroscopy technique for two different AZA laminates.

of the r— m phase transformation is also accompanied by a
decrease in the fundamental flexural frequency of the AZ sam-
ple (Fig. 2), and, consequently, by a decrease in the material’s
E (Fig. 4). The deterioration of the material’s elastic modulus
might be related to the formation of microcracks within the 3Y-
TZP constituent of the AZ laminate; in fact, microcracking has
been reported to accompany invariably the volume-expanding
t — m phase transformation.>

The second Q~! peak that forms during the cooling of the
AZ laminate can be attributed to one of the following two
phenomena: (a) an elastic dipole relaxation that has also been
reported in 3Y-TZP ceramics by Roebben et al.,> and/or (b)
a degradation of the 3Y-TZP ceramic due to its exposure to
moist air.* The first phenomenon attributes the damping peak
to the movement of oxygen vacancies around immobile yttrium
substitutional cations, while the peak height (i.e. the maximum
damping value) is determined by the Y3* content of the zir-
conia lattice.> The oxygen vacancies and yttrium cations are
believed to form an elastic dipole that reacts to the applica-
tion of stress at ~200 °C in the following way: the thermally-
activated oxygen vacancies move to positions of minimum strain
energy. This relaxation effect has been reported to occur at
217°C in monolithic 3Y-TZP ceramics,? which is very close
to the temperature determined in this study for the 3Y-TZP-
containing AZ laminate. The second phenomenon attributes
the damping peak to the degradation of the YSZ ceramic
due to its exposure to moist air or hot water. This degrada-
tion has been reported to occur at 230°C and is related to
the leaching of Y03, which leads to the moisture-triggered
destabilisation of the 7 phase and the transformation of its sur-
face layers to the m phase.* Even though the high-temperature
IET test on the AZ laminate was performed in Nj, the pres-
ence of some moisture inside the IMCE furnace cannot be
excluded.

Fig. 5 compares the measured and computed resonant fre-
quencies of the AZA specimen as a function of temperature. It
is obvious that there is an excellent agreement between the IET-
measured flexural frequencies and the frequencies predicted by
the FE-model over the whole temperature range of interest. This

validates the input material parameters of the FE-model, which
will be used in the next step of this investigation to simulate
the development of residual stresses in the AZA laminate as a
function of temperature.

4. Future work

Preliminary residual stress measurements have been per-
formed on alumina—alumina/zirconia laminates comparable to
the ones addressed in this study: these laminates were produced
with the same starting materials and processing route, but had
different layer thicknesses and stacking sequence (Fig. 6). The
measurements were done using a piezo-spectroscopy technique
at the Research Institute of Nanoscience (RIN, Kyoto, Japan),
and will be compared to the residual stress values predicted
by finite element modelling. Moreover, high-temperature IET
tests will be performed on ‘green’ laminates, so as to investi-
gate whether it is possible to arrest the development of residual
stresses by following the changes in the internal friction of the
studied laminates.

5. Conclusions

This study determined the temperature dependence of the
elastic properties and damping behaviour of alumina (A) and
alumina/zirconia (AZ) laminates. The determined elastic prop-
erties are necessary for the calculation of residual stresses in
alumina—alumina/zirconia (AZA) laminates using finite ele-
ment modelling; these residual stresses will be computed as
a function of temperature in the next step of the investiga-
tion.
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