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bstract

he resonant beam technique (RBT) allows the simultaneous determination of the Young’s and the shear modulus. In the present paper this method is

xtended to materials covering an extremely wide range of porosities from nearly dense to the limit of stability, which is shown for ZrO2-toughened
eaction-bonded Al2O3 (RBAO) ceramics as an example. Additional characterisation of the pore structure and the material’s composition was
erformed to exclude an influence of structural parameters other than porosity.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

The demand for the saving of energy requires light-weight
nd highly porous materials with a significant strength and suf-
ciently high elastic moduli. Porous ceramics offer furthermore
igh temperature resistance, which is favourable for aerospace
pplications. For alumina, numerous works are therefore dealing
ith the porosity dependence of its elastic properties (see Ref.

1] for an overview). Most of the experimental methods reported
n the literature are restricted to the dependence of the Young’s

odulus on the porosity, but also few data on both Young’s
nd shear modulus are available.2,3 Both the Young’s and the
hear modulus can be obtained by the resonant beam technique
RBT),4–6 which uses the fundamental frequency and the higher
odes of resonance. In the present paper, this method is extended
o the measurement of the elastic moduli of materials covering
n extremely wide range of porosities from nearly dense to the
imit of stability, which is shown for ZrO2-toughened reaction-
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onded Al2O3 (RBAO) ceramics as an example. RBT has the
ame sample preparation and requirements as the resonant fre-
uency technique described in the ASTM-standard,7 but gives
oth the Young’s and the shear modulus in one step. This is
dvantageous, if the properties of the material are permanently
hanged during the measurement, e.g. by a phase transition in
he course of testing at elevated temperatures. The method is also
pplicable to determine anisotropic elastic properties,5,6 which
s difficult for torsion tests due to the complicated interaction of
ifferent shear moduli within the cross-section.

Among the different approaches to describe experimental
ata1,8–16 four different models were chosen, the self-consistent
cheme for two different pore geometries,11–14 the dilute-
istribution15 and the differential model.16 All four models are
ased on the so-called Eshelby tensor Sijkl,17 which describes
he effect of an ellipsoidal inclusion on the strain field of an
lastic body.

The goal of this work is thus two-fold: the first is to show

hat RBT can be used to determine the elastic moduli of highly
orous materials in one step and the second to document the
lastic properties of the specific material RBAO in dependence
n porosity.

mailto:herwig.peterlik@univie.ac.at
dx.doi.org/10.1016/j.jeurceramsoc.2006.04.181
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. Material and experimental

.1. Material and sample preparation

The material investigated in this work was a ZrO2-toughened
eaction bonded Al2O3 (RBAO). This material was originally
eveloped by Claussen18,19 and shows far better mechanical
roperties than pure Al2O3. The additional possibility to tailor
he shape of the green-body makes this technique very attrac-
ive. The basic idea of RBAO is to heat treat attrition-milled
l/Al2O3-powder-compacts in air, so that Al oxidises to new
l2O3 crystallites, which bond the Al2O3 ceramic-particles dur-

ng sintering. Reduced shrinkage and high strength are the main
eatures of this type of Al2O3-based ceramics. To investigate the
orosity dependence of the elastic moduli, specimens with dif-
erent porosities were prepared: a 50 vol.% Al, 30 vol.% Al2O3
nd 20 vol.% ZrO2 powder mixture was wet milled in acetone
n an attrition-mill for 7 h. The bowl of the attrition-mill con-
ists of Al2O3, the milling media, and ZrO2 spheres and discs.
he milled powder was then dried for 2 days and finally sieved

o remove agglomerates with diameters larger than 1 �m. The
ddition of ZrO2 to the powder mixture results in ceramics with
much higher strength than pure Al2O3.20

The green compaction is a two-step process: the samples are
rst pressed uniaxially into a mould and then pressed a second

ime in a cold isostatic press. After the compaction, the green
ody has a homogeneous texture with particles smaller than
�m together with microporosity.

The samples were heated in an oxidizing atmosphere to
emperatures above 350 ◦C and sintered at temperatures above
135 ◦C. The composition of the material after the reaction
onding is 82.5 vol.% Al2O3 and 17.5 vol.% ZrO2. After 10 min
he first sample was removed from the sintering process, and
very 5 min thereafter another sample was taken out of the
urnace. The first sample removed is the one with the high-
st porosity. The porosity decreases with the time spent in
he furnace, as the density increases in the course of the sin-
ering process. Samples with porosities ranging from 0.053
o 0.45 pore volume fraction were obtained. The porosity
as calculated from the ratio bulk density to theoretical den-

ity and additionally determined by the liquid displacement
ethod.

.2. Measurement of elastic moduli

For the dynamic method RBT,5,6 a specimen (a beam with
ectangular cross-section and an aspect ratio of approximately
0) is suspended in two carbon fibre loops. Both loops are
ttached to piezoelectric transducers. The specimen is excited

o flexural vibrations by one of the transducers, while the other
ecords the resonance frequencies via a network-analyser. The
quipment allows the detection of even very weak resonances
ue to the low noise level of about −140 dBm.a

a dBm (decibels/milliwatt), technical definition: 0 dBm is defined as 1 mW at
kHz of frequency at 600 � of impedance.
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The evaluation of RBT-measurements is based on Timo-
henko’s beam theory.21,22 The evaluation procedure numer-
cally solves an inverse problem, i.e., the elastic moduli are
etermined via minimising the difference between calculated
nd measured eigen frequencies.

The accuracy of the theory depends on the shear correc-
ion factor k, which takes the actual shear stress distribution
n the beam cross-section into account. This correction factor
as been audited experimentally23 and theoretically24 by com-
arison with results from resonant ultrasound spectroscopy.25

ith the appropriate choice for the shear correction factor, RBT
nd RUS give identical values for samples with the requirements
isted in Ref. [7].

.3. Material and pore characterisation

Wide-angle X-ray diffraction (WAXD) and small-angle scat-
ering (SAXS) were performed using a rotating anode generator,
pinhole camera (Cu K�-radiation) and an area detector (Bruker
XS Karlsruhe). The specimen to detector distances was 1.04

nd 0.2 m for the SAXS and 0.043 m for the WAXS mea-
urements, respectively. This allowed to cover a range of the
cattering angle 2θ from 0.15◦ to 48◦.

Nitrogen adsorption–desorption isotherms were determined
t −196 ◦C using an adsorption porosimeter (NOVA 4000e
uantachrome). Samples were outgassed for 6 h in the degas
nit at 200 ◦C prior to analysis. The BET surface area was
valuated using adsorption data in a relative pressure range
rom 0.05 to 0.2 (SBET). The total pore volume was esti-
ated from the amount adsorbed at a relative pressure of

bout 0.99.

.4. Models for comparison of theory and experiment

Four models were used for the prediction of theory and exper-
ment: (a) the self-consistent scheme, first used by Hill11 and
udiansky,12 estimates the overall elastic properties of a com-
osite material by embedding a single inhomogeneity with the
hape of an ellipsoid of revolution in an unbound homogeneous
olid, (b) the self-consistent scheme for ellipsoids of revolu-
ion with a random angle distribution and a specific aspect ratio
,13,14 (c) the dilute-distribution model15 and (d) the differen-

ial model.16 The models are quite elaborate and the reader is
eferred to the original papers for further information in the
odels. In this paper, fitting of the experimental data to Wu’s
odel13,14 was performed with Mathematica (Version 4.1, Wol-

ram Research) to obtain the porosity dependence of the Young’s
odulus, the shear modulus and the aspect ratio α. The zero

orosity values were then used to calculate the predictions from
he other theories.

. Results
The experimental results from the measurement of the
oung’s and the shear modulus are depicted in Figs. 1 and 2.
he Poisson ratio ν of the different samples in Fig. 3 was calcu-

ated from the Young’s and the shear modulus, ν = E/(2G) − 1.
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Fig. 1. The Young’s modulus vs. the pore volume fraction (error bars showing
the standard error of RBT). Dilute-distribution model (dotted line), differential
model (dashed-dotted line), spherical self-consistent scheme (solid line) and
Wu’s theory (bold solid line).
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Fig. 4. X-ray diffraction data: (a) WAXD and (b) SAXS. The indices α, m and
t denote the �-alumina, the monoclinic and tetragonal zirconia peaks, respec-
tively, and the lines in Fig. 4a are vertically shifted for better visualisation of
t
f
c

f
h

ig. 2. The shear modulus vs. the pore volume fraction (error bars showing the
tandard error of RBT). Symbols and lines are the same as in Fig. 1.

he prediction of the four theories for the respective mod-
li in dependence on the porosity is also included in all three

gures.

The fit for the theoretical values for the Young’s modulus,
he shear modulus and the pore aspect ratio α = a/c resulted in
he values EM = 334 GPa and GM = 142 GPa for pore volume

ig. 3. The Poisson ratio vs. the pore volume fraction. Symbols and lines are
he same as in Fig. 1.
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he data. (a) The intensity decrease of the monoclinic peaks shows a transition
rom monoclinic to tetragonal zirconia. (b) The oriented scattering in SAXS is
onsistent with lenticular and oriented pores.

raction 0 as well as α = 0.61 – lenticular pores, which are nearly
alf as high as they are wide.

Fig. 4 shows the wide-angle X-ray diffraction (Fig. 4a) and
mall-angle X-ray scattering data (Fig. 4b). For better visibility,
nly three specimens are shown in this figure. The peaks from �-
lumina, monoclinic and tetragonal zirconia are denoted by α, m
nd t, respectively. The decrease of the monoclinic zirconia peak
n Fig. 4a indicates a transition from monoclinic to tetragonal
irconia with increasing sintering time. The SAXS data, Fig. 4b,
how scattering from oriented pores. The integrated area of the
riented and the isotropic part of the scattering curves is consis-
ent with elliptic, lenticular pores with an aspect ratio of α = 0.66.

Nitrogen sorption data together with the porosity of the sam-
les are shown in Table 1. Only the first two specimens with the
owest density exhibit an open porosity, visible by the high value
f the BET-surface, whereas in all other specimens the porosity
s closed.
. Discussion

With the exception of the dilute-distribution model, which
s only valid if the pore volume fraction is small, the observed
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Table 1
Bulk density of specimens, porosity calculated from the theoretical and the
apparent densities, BET surface and pore volume, determined by nitrogen
sorption

Specimen Bulk density
(g/cm3)

Porosity BET (m2/g) Total pore volume
(cm3/g)

1 2.42 0.444 399 0.359
2 2.66 0.389 11.5 0.0169
3 2.74 0.370 5.43 0.0096
4 2.90 0.333 3.36 0.0075
5 3.22 0.260 2.17 0.0049
6 3.45 0.207 1.27 0.0024
7 3.56 0.182 2.70 0.0035
8 3.69 0.152 0.46 0.0012
9 4.06 0.0667 1.47 0.0021
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0 4.12 0.0529 2.98 0.0037

nly the first two specimens with the lowest bulk density have an open porosity.

ecrease in the elastic properties is consistent with the theoretical
redictions within the experimental error. For the Poisson ratio,
ig. 3, deviations between experiment and theory occur. This
an be attributed to the high relative uncertainty of the Poisson
atio, which depends on both the Young’s and the shear mod-
lus and is calculated by subtracting 1 from a number close to
, ν = E/(2G) − 1. Despite this large uncertainty, Fig. 3 seems to
onfirm Dean’s thesis3 that Wu’s theory overestimates the Pois-
on ratio for a pore volume fraction with a value higher than
.3.

The two self-consistent theories are nearly identical within
heir range of validity and also in good agreement with the exper-
mental values, whereas the differential model deviates at a much
arlier point. A possible reason could be that the different models
re differently sensitive to a distribution of pores, which is not
erfectly isotropic. Though all models assume such an isotropy,
he pores of our material exhibit a slightly preferred orientation
s shown by the SAXS results. This could be a consequence of
he uniaxial pressing procedure during processing. The value for
he aspect ratio of the pores from SAXS (α = 0.66) is in good
oincidence with the value from the fit of the elastic data with
u’s model (α = 0.61).
One of the basic assumptions of the different models is that

he structure of the material is not altered with increasing poros-
ty. A transition from monoclinic to tetragonal zirconia could
e observed in the X-ray diffraction data, but this transition has
nly a minor contribution to the elastic moduli: taking a vol-
me fraction of zirconia of νz = 0.175 and a Young’s modulus
f Em = 230 GPa for the monoclinic and Et = 211 GPa for the
etragonal phase into account,26 this transition has only a minor
ontribution to the Young’s modulus, νz(Em − Et) = 3.3 GPa.
his might only lead to a slightly higher value for the specimens
ith the highest amount of monoclinic zirconia, i.e., the speci-
ens with the highest porosity. Applying the rule of mixture to

he fitted Young’s modulus, νzEr + ν�E� = 334 GPa, the Young’s
odulus for the alumina phase is E� = 360 GPa, which is within
he range of data given in the literature,26 however, tends towards
he lower values given for dense alumina. A possible content of
-alumina would explain this low value, but a �-phase could
ot be detected in the WAXD data, Fig. 4a. Though it is gener-
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lly known that it is difficult to detect �-alumina due to the low
ntensity of the peaks,27 the more probable interpretation is that
he limited precision of the porosity measurements accounts for
he relatively low values for the Young’s modulus of the pure
lumina phase.

. Conclusion

The resonant beam technique allows the measurement of the
oung’s and the shear modulus of materials in an extremely
ide range of porosities, which is shown for ZrO2-toughened
BAO as an example. By removing the specimens from the

intering process at different times, porosities between nearly
ense up to the limit of stability could be realized. The data can
e best described with the self-consistent scheme and lenticular
ores. Accompanying structural investigations by SAXS support
his type of pore shape in RBAO. A transition from monoclinic
o tetragonal zirconia was also observed, but it cannot account
or a significant influence on the Young’s modulus. Therefore,
he decrease of the moduli is solely attributed to the increasing
mount of porosity.
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