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Abstract

Alumina-zirconia composite ceramics (AZ composites) have been prepared in the whole range of compositions from pure alumina to zirconia
(in steps of 10 vol.%) by slip casting, followed by sintering at 1350 °C and microstructural characterization via the Archimedes method (relative
densities 0.93-0.99). Young’s modulus has been measured at room temperature via the impulse excitation technique (IET) and, after appropriate
porosity correction (linear, power-law, exponential), found to be in good agreement with the Hashin—Shtrikman bounds. The damping factor
(internal friction), which has been measured for dense AZ composites (also via IET at room temperature), is found to increase with increasing
zirconia content. Damping factors measured for porous AZ composites with porosities 25-71%, prepared with corn starch as a pore former, have
been found to depend only slightly on porosity, unless the porosities are extremely high (>70%). At these porosities, however, where the Young’s

moduli approach zero, the damping factors exhibit a steep increase.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Alumina—zirconia composites are widely used in many
fields of application due to their outstanding mechanical
properties, in particular high strength and fracture toughness
[1-3]. Therefore the elastic properties of alumina—zirconia
composites have been of general interest for more than three
decades now. In spite of many elastic modulus data scattered in
the literature, however, there seems to be no work available in
which these data have been measured systematically in the
whole range of compositions and analyzed in terms of the
rigorous micromechanical bounds [4]. This paper intends to fill
this gap, at least for the Young’s modulus. Moreover, internal
friction is investigated in terms of the damping factor Q'
(specific damping), measured via the impulse excitation
technique [5,6]. In contrast to the elastic constants, the internal
friction is a measure of energy dissipation during vibration or
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impact and can provide important additional information on
material performance, especially for strongly dissipative
materials and in damage-related processes. While the
temperature dependence of damping has been reported for
several ceramics, including alumina [5], zirconia [5,7], silicon
carbide [8,9], silicon nitride [9], zinc oxide [10], lead
zirconate—titanate [11], ternary carbides (MAX phases) [12]
and certain alumina-zirconia composites and laminates
[13,14], a systematic work covering the whole range of
alumina—zirconia composite compositions at room temperature
is not available so far. In particular, not much is known
concerning the dependence of damping or internal friction in
composite ceramics on composition and porosity. In this paper
we present broad evidence for the view that — despite the fact
that internal friction and damping is principally dependent on
the porosity and possibly other microstructural details (pore
size, pore shape and pore space characteristics) [15—17] — the
influence of porosity is comparatively low, unless a critical
porosity level is approached. Although external causes and
singular defects inside the material, such as cracks, may
occasionally lead to unusually high damping factors (usually
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accompanied by very low elastic moduli), Q~' data corre-
sponding to undamaged samples without external friction
sources are shown to exhibit a clear and distinct dependence on
composition in the case of alumina—zirconia composites. After
presenting theoretical and experimental preliminaries, Young’s
modulus and damping data will be presented, and the
correlation between the porosity dependence of these two
quantities will be highlighted.

2. Theoretical

The elastic moduli of two-phase composites are bounded
from above and below by the Paul bounds [18] (the upper and
lower Paul bounds are also called Voigt and Reuss bounds,
respectively) [19]. For the shear and bulk moduli G and K these
upper and lower bounds are represented by the volume-
weighted arithmetic and harmonic mean, respectively:

My = oMy + Mo, 6]
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where M} and M} denote the upper and Paul bounds, respec-
tively, of the modulus in question, ¢; the volume fractions of the
two phases and M; the phase moduli. For the Young’s modulus
(tensile modulus) E, only the lower bound is strictly given by
Eq. (2), while the upper bound must principally be calculated
using the (upper bounds of the) bulk and shear moduli via the
elasticity standard relation [20]
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Only in the special case of equal Poisson ratios of both
phases the upper bound for the Young’s modulus is rigorously
given by the (volume-weighted) arithmetic mean, Eq. (1). Note
in passing that for the effective Poisson ratio no rigorous
bounds are known, except for the universally valid thermo-
dynamic stability bound —1 <v < 0.5 [21].

While the Paul bounds are valid for arbitrary microstruc-
tures, more restrictive bounds can be given in the case of
isotropic microstructures, the Hashin—Shtrikman bounds [22].
For the shear and bulk moduli of two-phase composites with
K| > K; and G| > G, the Hashin—Shtrikman upper bounds are
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and the corresponding lower bounds are obtained by switching
the indices [4,23]. As before, the Hashin—Shtrikman bounds for
the Young’s modulus can be calculated using the elasticity
standard relation (Eq. (3)), and its equivalent for the lower
bounds.

Porous materials can be considered as a special case of two-
phase composites, for which the elastic moduli of one phase

(the void phase) are zero, e.g. E; = 0. In this case it is common
practice to introduce relative elastic moduli M, via the relation

M, = ©)
r M0 il

where M is the effective modulus of the porous material and M

the modulus of the solid phase (or phase mixture). In particular,

in terms of the porosity (volume fraction of pores) ¢( = ¢, ) the

upper Paul and Hashin—Shtrikman bounds of the Young’s

modulus are [23]

E.=1-9¢ (N
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respectively (the lower bounds are identically zero in this case).
Any admissible relation for the porosity dependence of the
Young’s modulus must obey these bounds. The simplest of
these is the linear approximation (also called dilute or non-
interaction approximation) [24]

E, =1-2¢, )

which represents the exact solution for a spherical void in an
infinite medium and can be assumed to be valid for low
porosities. In the case of higher porosities nonlinear relations
have to be used. The most succesful of these are the power-law
relation [25]

E, = (1-¢), (10)
the exponential relation [26]
—2¢
E, = —, 11
(%) (1

and the sigmoidal average of the Hashin—Shtrikman bounds
[27]. These relations can be used to estimate the effective
Young’s modulus E of a porous material or to extrapolate
measured values of E in order to obtain the Young’s modulus
of the dense (i.e. pore-free) solid phase (or phase mixture). The
latter possibility will be exploited in this paper.

It is well known that the elastic constants of ceramics and
composites can be measured via static or dynamic measuring
techniques. The former provide isothermal elastic constants,
the latter adiabatic (isentropic) ones [23]. For reasons of
simplicity the latter, dynamic measuring techniques, especially
the resonant frequency technique [28,29] and the impulse
excitation technique [5-7,9,10], have become more and more
popular during the last 15 years. It should be emphasized,
however, that all aforementioned relations hold for both types
of elastic moduli. Moreover, in the case of alumina and zirconia
the difference between the isothermal (static) and adiabatic
(dynamic) elastic constants is very small: an estimate yields a
difference in the Young’s moduli of only 0.3% [23], which is
usually smaller than the precision of experimental measure-
ments and certainly negligible with respect to sample
preparation scatter.
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Apart from the elastic moduli, which are obtained via the
resonant frequencies, the impulse excitation technique allows
the determination of the damping behavior of materials
[5,7,9,10]. This feature is analyzed by evaluating the
exponential decay of the signal amplitude for freely vibrating
samples suspended exactly at the nodes (to ensure greatest
possible absence of external friction). Sufficiently small-
amplitude, damped flexural vibrations of a long beam or rod
with internal friction can be described via the equation

x(1) = xo - exp(—kt) - cos(wt + 0), (12)

where x is the displacement, ¢ time, x( the initial amplitude, k
the amplitude decay constant (inverse characteristic decay
time), o the angular frequency (related to the fundamental
resonant frequency f = w/2m) and 6 the phase lag. The
amplitude decay constant k is characteristic of the (freely
vibrating) body, while the damping factor Q~! (also called
specific damping, internal friction or simply damping
[9,10,14]), defined as

0'=— (13)

is a dimensionless quantity characterizing internal friction of
the material. Theory predicts enhanced internal friction and
thus damping in more defective structures, the main source
being elastic dipoles formed e.g. by the coupling of oxygen
vacancies and associated yttrium substitutional ions in doped
zirconia [30]. Therefore damping should be expected to be
more significant in doped zirconia than in pure alumina for
example.

3. Experimental

Widely used commercial submicron alumina (a-Al,O3) and
zirconia (t-ZrO, with 3 mol.% Y,0O3) powders have been used
in this work for the preparation of dense and porous alumina—
zirconia composites (AZ composites) by traditional slip casting
(in plaster molds) and starch consolidation casting (in metal
molds), respectively.

Dense AZ composites were prepared in the whole range of
compositions from pure alumina to zirconia in steps of
10 vol.% (assuming theoretical densities of 4.0 and 6.1 g/cm®
for alumina and zirconia, respectively) by traditional slip
casting using Taimicron TM-DAR alumina (Taimei Chemicals,
Japan; low-temperature sinterable alumina with a median
particle size of 0.1-0.2 wm and a specific surface of 14.5 m*/g)
and TZ-3YE zirconia (Tosoh, Japan; median particle size
approx. 0.2 wm, crystallite size 28—40 nm, specific surface area
approx. 16 m*/g). In the sequel the compositions labeled
A100Z0, A90Z10, A80Z20, etc. denote AZ composites with
zirconia volume fractions of 0, 0.1, 0.2, etc.

Porous AZ composites were prepared by starch consolida-
tion casting using AAO4 alumina (Sumitomo, Japan; median
particle size approx. 0.4 wm, specific surface area approx. 4 m?/
g) and TZ-3Y zirconia (Tosoh, Japan; median particle size
approx. 0.4 pm, crystallite size 28—-40 nm, specific surface area

approx. 16 m%/g). Corn starch (Gustin, Dr. Oetker, Czech
Republic) with a median diameter of 14 wm has been used as a
fugitive pore former (and consolidating agent). Four types of
composites were prepared, containing 10, 20, 30 and 40 wt.%
of zirconia (labeled A90Z10, A80Z20, A70Z30 and A60Z40).
Of each of these four compositions four variants with different
porosities were prepared from suspensions with nominal starch
contents in the range 10-50 vol.% (density of corn starch: 1.5 g/
cm?) [27].

Aqueous suspensions containing the ceramic powder mix,
distilled water and deflocculant (Dolapix CE64, Zschimmer &
Schwarz, Germany) in a concentration of 1 wt.% (related to the
ceramic powder), were prepared by 2 h homogenization in
polyethylene bottles with alumina balls on a laboratory shaker
(HS260, IKA, Germany), followed by ultrasonication
(UP200S, Dr. Hielscher, Germany). For the preparation of
porous composites cornstarch was added. The concentrations of
ceramic powders in the suspensions used were 70 wt.% for
traditional slip casting (dense AZ composites) and 73-75 wt.%
(lower for larger starch contents and vice versa) for starch
consolidation casting (porous AZ composites). The as-
prepared, ready-to-cast mixed slurries were cast into plaster
or brass molds with a cylindrical cavity of internal diameters
5mm and 7 mm and lengths of approx. 50 mm and 70 mm,
respectively. Further details of the preparation processes have
been given elsewhere [27]. After consolidation of the green
state (body formation) and demolding the samples were dried
under ambient conditions for 24 h, and then at 60, 80 and 105—
110 °C until mass constancy, with a 2 h dwell at the first two
temperatures. Dense AZ composites were prepared from green
bodies containing the low-temperature sinterable alumina TM-
DAR (without starch) by sintering at a temperature of 1350 °C,
in accordance with the producers’ data sheet recommendation.
Porous AZ composites (from starch-containing green bodies)
have been prepared by firing at 1530 °C (full sintering of the
matrix) and at 1100, 1200, 1300 and 1400 °C (partial sintering
of the matrix). Based on previous experience [31,32], the same
standard firing schedule has been used in all cases (heating rate
2 °C/min, 2 h dwell).

The as-fired samples were characterized with respect to
shrinkage by a slide caliper. Their bulk density and open
porosity were determined via the Archimedes technique after
2 h boiling in water and allowing a soaking time of 24 h. The
total porosity was determined based on the theoretical density
of each composition, taking the density values 4.0 g/cm’ and
6.1 g/em® for the pure alumina and zirconia end members,
respectively.

Young’s moduli were measured on cylindrical rods via the
impulse excitation technique in the flexural vibration mode
using an impulse excitation instrument (RFDA 23, IMCE,
Belgium) with fast Fourier transformation software. The
Young’s moduli were calculated via the RFDA-MF software
(according to the ASTM E 1259 standard) via the equation

3
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Fig. 1. Relative density of alumina—zirconia composites in the green state (full
squares) and after firing at 1350 °C; data for cylindrical samples prepared in this
work (full traingles) compared to data for disk-shaped samples (empty trian-
gles) prepared in previous work [35].

where L is the rod length, D the rod diameter, m the mass of the
rod, f the fundamental resonant frequency for flexural vibra-
tions and C a correction factor dependent on the aspect ratio of
the rod and the Poisson ratio of the material [6,33].

The damping factor (specific damping, internal friction) is
calculated from the measured resonant frequency and the
amplitude decay constant k (see Eq. (13)).

4. Results and discussion

Fig. 1 shows the relative density of alumina-zirconia
composites in the green state and after firing at 1350 °C in
dependence of the zirconia volume fraction. It is evident that
the relative green density decreases in an approximately linear
manner from a value of approx. 0.61-0.49 for the pure alumina
and zirconia end members, see Table 1. This behavior is typical
and is obviously related to the fact that the volume fraction of
zirconia in the 70 wt.% suspensions is much smaller
(27.7 vol.%) than for alumina (36.8 vol.%). As a consequence,
the packing fraction of alumina is close to that of random
packing (more precisely, between loose and dense random
packing [34]), whereas that of zirconia is much lower. The
reasons for this different behavior are of course quite complex
(particle shape, surface, size distributions, and interactions) and

Table 1
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Fig. 2. Porosity (triangles: total, squares: open) of alumina-zirconia compo-
sites after firing at 1350 °C; data for cylindrical samples prepared in this work
(full symbols) compared to data for disk-shaped samples (empty diamonds)
prepared in previous work [35].

a thorough discussion would be beyond the scope of this paper.
Anyway, irrespective of the reasons for this difference and its
tentative explanations, it is a fact that for the powders used here
this simple (approximately linear) dependence exists. After
firing, however, the relative density exhibits a characteristic
change: there is a minimum in the relative density (and a
corresponding maximum in the total porosity, see Fig. 2) for a
zirconia content of approx. 30 vol.% (corresponding to A70Z30
composites), a result that confirms previous findings with
differently shaped samples [35]. Evidently, this is a conse-
quence of constrained sintering of mixed powders [36], and it
may be hypothesized that the 30 vol.% value corresponds to the
percolation threshold of zirconia in the alumina matrix. During
cooling from the sintering temperature the zirconia grains,
which have at this concentration just attained the percolation
threshold and thus form a contact skeleton in the grainy alumina
matrix (made from easily sinterable alumina powder), tend to
shrink slightly more than the matrix (because of the higher
thermal expansion coefficient [37]), thereby loosing contact
and leaving void spaces in the composite. We emphasize,
however, that this thermal mismatch effect is not very large: the
relative density values range from 0.99 down to approx. 0.93
(corresponding to total porosities of maximally 7%). Higher
densities could of course be obtained by optimizing the

Microstructural characteristics of alumina—zirconia composites (Taimicron TM-DAR and Tosoh TZ-3YE) after firing at 1350 °C (rate 2 °C/min, 2 h dwell).

Composite type Theoretical Relative green Shrinkage Bulk density Relative density Total porosity Open porosity
density (g/cm®) density (%) (%) (g/em?) after firing (%) (%) (%)
A100Z0 4.00 61.4+ 1.7 14.4 £ 0.7 3.95 £0.02 98.9 1.1+04 0.23
A90Z10 421 60.2 + 2.1 142 +0.8 4.03 £0.01 95.7 44+04 0.26
A80Z20 442 57.44+0.8 14.6 £ 0.3 4.12+£0.03 93.3 6.7+ 0.6 0.22
A70Z30 4.63 551+ 1.0 157+ 0.5 4.30 £ 0.01 92.7 73+£03 0.32
A60Z40 4.84 56.7+ 1.8 150+ 0.5 4.53+£0.03 93.7 6.3+ 0.6 0.45
A50Z50 5.05 548 £ 1.8 156 £ 04 4.80 +0.01 95.0 50+02 0.31
A40Z60 5.26 523 4+0.8 172+ 0.3 4.85+0.05 92.3 77+1.0 0.02
A30Z70 5.47 50.4 +0.7 18.8 £ 0.1 5.28 +0.05 96.5 35+1.0 0
A20Z80 5.68 503 +£0.7 19.8 £ 0.2 5.54 £+ 0.06 97.5 25+1.0 0.11
A10Z90 5.89 50.24+0.8 203 £0.2 5.80 4+ 0.01 98.4 1.6+0.3 0.02
A0Z100 6.10 48.8 £ 1.1 20.7£0.2 5.98 £ 0.07 98.0 20£1.2 0.01
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Fig. 3. Shrinkage of alumina-zirconia composites after firing at 1350 °C; data
for cylindrical samples prepared in this work (full diamonds) compared to data
for disk-shaped samples (empty diamonds) prepared in previous work [35].

sintering schedule for each composition, but this was not
intended in the present paper; on the contrary, special care has
been taken to keep the processing conditions identical for all
composite samples prepared without pore-forming agents.
From Fig. 2 it is evident that for all compositions the porosity is
essentially closed (open porosities <0.5%, see Table 1). We
note in passing that the highest bulk densities measured for our
pure alumina and zirconia end members were 3.98 and 6.08 g/
cm®, respectively, indicating that the theoretical density values
of 4.00 and 6.10 g/cm® must be considered realistic. From
Fig. 3 it can be seen that shrinkage after firing is between
approx. 14% for alumina and approx. 21% for zirconia. All
composites exhibit shrinkage values in between these two
extremes, exhibiting a trend of increasing shrinkage with
increasing zirconia volume fraction.

Young’s moduli of dense alumina—zirconia composites can
be obtained by extrapolating the measured values (for
composites with up to 7-8% porosity), using one of the
aforementioned modulus—porosity relations. Table 2 shows the
extrapolated values obtained using the linear approximation
(Eq. (9)), the power law (Eq. (10)), and the exponential relation

Table 2

5935

(Eq. (11)). It is evident that — for the rather low porosities in
question — any of these corrections can be used. (For higher
porosities the exponential relation, which can be seen to be
intermediate between the linear and the power-law correction,
is usually preferred [38,39], because it has turned out to be the
most realistic relation for most microstructures [40,41]). Fig. 4
shows the extrapolated Young’s moduli in comparison to the
Paul (Voigt—Reuss) bounds and the Hashin—Shtrikman bounds.
For the construction of these bounds the extrapolated Young’s
moduli of the pure alumina and zirconia end members have
been used (i.e. 413.6 and 223.1 GPa from Table 2), the Poisson
ratios have been taken from the literature (0.23 and 0.29,
respectively [23]) and the shear and bulk moduli have been
calculated using elasticity standard relations [20], resulting in
shear moduli of 168.1 and 86.5 GPa and bulk moduli of 255.3
and 177.1 GPa for alumina and zirconia, respectively. As
expected, the effective Young’s moduli of the alumina-zirconia
composites come to lie nicely within the Paul bounds and are
rather precisely predicted via the Hashin—Shtrikman bounds.
Note that the extrapolated Young’s moduli reported here are
close to, but systematically slightly higher than, literature data
published for alumina—zirconia composites made from other
commercial powders [23,42,43]. This discrepancy cannot be
explained by the fact that other authors use other measuring
techniques because all these data were obtained by dynamical
techniques and a simple estimate has shown that in the
alumina—zirconia system even static measurements can account
only for decrease in the Young’s modulus of approx. 0.3% [23],
a value which would be completely negligible here. Therefore
we attribute the slight discrepancy to the literature data
primarily to the absence of a porosity correction in the previous
works cited. For practical purposes and later reference, and in
order to achieve highest precision in the interpolation of
Young’s modulus data for dense alumina—zirconia composites
in the whole range of compositions, the extrapolated values
have been fitted using a third-order polynomial. The resulting
practical interpolation formula is

Eo(¢;) =413.6 — 3149 ¢, +239.8 ¢ — 1160 ¢  (15)

Young’s moduli extrapolated to zero porosity according to the linear approximation, the power law and the exponential relation (averages of measured values for
samples with residual porosity are given only for reasons of comparison; note that porosity corrections have been performed for each of the 3—5 samples of each

composition type individually).

Composite type Average of measured

Young’s modulus of dense composites (GPa) obtained by extrapolation

Average of the three

Young’s moduli (GPa) according to the ... extrapolations
... linear relation ... power law ... exponential
A100Z0 397.1 413.6+3.5 4135435 413.6 +£3.5 413.6 £ 3.5
A90Z10 374.8 387.5+£6.9 386.7 £ 6.9 387.5+£69 387.2+6.9
A80Z20 336.1 3544 £ 14.4 3524 £ 14.0 3543+ 143 353.7+£14.2
A70Z30 314.1 3383+7.6 3362+ 7.4 3382475 337.6 £7.5
A60Z40 2722 321.4+7.6 3199+ 7.6 3213+7.6 3209 £7.6
A50Z50 273.7 304.8 + 8.0 301.9 £ 6.5 304.6 £ 7.8 303.8£7.3
A40Z60 251.0 285.0 £ 8.2 283.0+7.5 2849 £ 8.1 286.7 + 8.8
A30Z70 229.4 268.1 £5.7 267.7+£5.8 268.1 £5.7 268.0 £5.7
A20Z80 221.8 2558 £5.5 255.6 £5.3 2558 +5.5 2557+54
A10Z90 218.9 239.8 £5.2 239.8 +£5.2 239.8 £5.2 239.8 +£5.2
A0Z100 218.2 223.1 £ 122 223.0 £ 12.1 2231+ 122 223.1 £ 12.1
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Fig.4. Young’s modulus of alumina-zirconia composites after firing at 1350 °C
(full squares); compared to the Paul bounds (Voigt—Reuss bounds, full curve),
the Hashin—Shtrikman bounds and literature data (empty squares [42], empty
triangles [23], empty circles [43]).

(fitted by nonlinear regression with a correlation coefficient of
0.999), where ¢, is the zirconia volume fraction, see Fig. 5.
This interpolation formula is in reasonable agreement with
other similar formula, which have been published previously
[23], but it is clear that at this level of precision even powder-
specific influences may come into play.

Fig. 6 shows the damping factor (internal friction) of
alumina—zirconia composites, as measured. Notwithstanding
some scatter, there is a clear and distinct trend towards higher
damping with increasing zirconia content. Q~! values range
from approx. 250 x 10~° to approx. 770 x 10~°, arange that is
in good agreement with other authors’ results at room
temperature for alumina (120-700 x 10~° reported by Roeb-
ben et al. [5]) and is of the same order of magnitude as for
alumina-zirconia laminates [14] and other ceramics such as
silicon nitride [5], silicon carbide [8] and certain ternary
carbides (MAX phases) [8]. The damping factor of metallic
materials, e.g. porous or foamed aluminum, is typically higher
by one order of magnitude [15,16]. The increasing damping
with increasing zirconia content in Fig. 6 is not too surprising,
because the zirconia structure is a highly defective one and the
magnitude of damping is related to the amount of Y>* ions in
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Fig. 5. Young’s modulus of alumina-zirconia composites after firing at 1350 °C
(full squares) fitted by a third-order polynomial (correlation coefficient 0.999).
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Fig. 6. Damping factor (internal friction) of dense alumina-zirconia compo-
sites after firing at 1350 °C (full squares) fitted by linear regression (dotted line,
correlation coefficient 0.957) and an empirical power-law or exponential fit
relation (correlation coefficient 0.971).

the ZrO; lattice [7]. For alumina—zirconia composites prepared
in the way described above from the aforementioned powders
the depedence of the damping factor at room temperature can
be described via empirical fit relations, e.g. the linear relation

Q' =222+4553 ¢, (16)

(fitted with correlation coefficient 0.957) or the exponential or
power-law relation

Q' =252 -exp(1.05 ¢,) = 252 -2.849% (17)

(fitted with correlation coefficient 0.971). It is interesting that in
practice these fits yield good estimates of the damping factors
of alumina—zirconia composites up to remarkably high porosi-
ties. Although it is well known that the microstructure, in
particular porosity (and even pore size and shape as well as
the connectivity of the pore space), certainly does have an
influence on the damping behavior of ceramics [17], this
influence seems to be overestimated in the literature so far.
Fig. 7 shows the porosity dependence of the damping factor
for AZ composites containing from 10 to 40 vol.% zirconia (i.e.
A90Z10, A80Z20, A70Z30, A60Z40). Data points with
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porosities below 10% refer to AZ composites prepared without
pore formers (powders Taimicron TM-DAR and Tosoh TZ-
3YE), whereas data points with porosities from approx. 25% to
approx. 53% refer to AZ composites prepared with corn starch
as a pore former and points with porosities >59% refer to
partially sintered samples of the latter type (temperatures down
to 1100 °C, powders Sumitomo AA04 and Tosoh TZ-3Y) [27].
It is evident, that for porosities in the wide range from around
5% up to more than 60% (!) — although there seems to be a
slightly increasing trend — the influence of porosity is so small
that it almost vanishes in comparison to the scatter of
experimental data. At porosities >70%, however, the damping
factor exhibits a steep increase. It has to be noted that these
results cover a wide range of zirconia contents (1040 vol.%),
each with a very wide range of porosities (from approx. 5% to
more than 70%). Concomitantly with this steep increase of the
damping factor, the Young’s modulus tends to zero at porosities
just above 70%, see Fig. 8. It has to be emphasized the specific
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value of 70% is not universal, but must be interpreted as a
typical feature of porous ceramics prepared using pore-forming
agents [27,44-47]. Fig. 9 clearly documents the correlation
between the damping factor and the relative Young’s modulus.
It is evident that — with regard to experimental scatter — the
damping factor is essentially independent of the relative
Young’s modulus, unless very small relative Young’s moduli
are attained (below 0.05). Taking into account that the relative
Young’s modulus is related to the resonant frequency of the
material, the dependence of the damping factor on frequency
can be expected to be similar. Fig. 10 shows that obviously —
despite the principally hyperbolic dependence [17], cf. also
Eq. (13) — there is no significant dependence of the damping
factor on the resonant frequency for alumina-zirconia
composites at room temperature, unless low frequencies are
attained (below 3000 Hz).

5. Summary and conclusion

Alumina—zirconia composite ceramics (AZ composites)
have been prepared in the whole range of compositions from
pure alumina to zirconia (in steps of 10 vol.%) by slip casting
from mixed suspensions. It has been found that the relative
green density (packing fraction) exhibits an approximately
linear decrease from approx. 0.61 for alumina to 0.49 for
zirconia. After firing at 1350 °C, relative densities between 0.93
and 0.99 have been attained, with a minimum (corresponding to
a total porosity of approx. 7%) for a zirconia content of
30 vol.%. Open porosity is negligible throughout (<0.5% for
all compositions) and the shrinkage is between 14 and 21%,
with an increasing trend with increasing zirconia volume
fraction.

Young’s modulus measurements were performed at room
temperature via the impulse excitation technique. As expected,
after appropriate correction for the influence of porosity (using
the linear approximation, the power law or the exponential
relation), the extrapolated Young’s moduli are close to, but
slightly higher than, typical literature values reported pre-
viously for more or less dense AZ composite ceramics. Using
the values determined in this work for the pure alumina and
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zirconia end members (413.6 and 223.1 GPa, respectively), the
Young’s moduli for the AZ composites come to lie within the
Paul (Voigt—Reuss) bounds and are well predicted by any
average of the Hashin—Shtrikman bounds. For easy reference, a
third-order polynomial fit has been given for calculating
effective Young’s moduli of dense AZ composites prepared
from the powders used (Taimicron TM-DAR and Tosoh TZ-
3YE).

Also the damping factor (internal friction) has been
measured for AZ composites at room temperature via the
impulse excitation technique. It has been found that the
damping of dense AZ composites increases with increasing
zirconia content. Empirical fit equations (linear, power-law and
exponential) have been given to describe this dependence. In
addition to the dense samples, the damping factor was
measured for porous AZ composites with zirconia contents
of 10, 20, 30 and 40 vol.% prepared by starch consolidation
casting with corn starch as a fugitive pore former, applying
either full or partial sintering of the ceramic matrix, resulting in
porosities between 25 and 71%. It has been found that, in
contrast to common belief, the dependence of the damping
factor on porosity is not very significant unless the porosities
are extremely high (>70%). At these porosities, however, the
damping factor exhibits a steep increase. At the same time the
resonant frequency is low for such highly porous materials
(<3000 Hz) and, concomitantly with the divergence of the
damping factor, the Young’s moduli approach zero.
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