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Abstract

The elastic modulus of tetragonal zirconia polycrystals doped with cerium (Ce-TZP) ceramics with a range ( ~ 5to ~ 35%) of porosity
was measured at room temperature by dynamic mechanical analysis (DMA). Bar-shaped specimens with varying pore volume fractions were
prepared using different processing procedures. The as-sintered bars without any surface finishing were used for measurement in the three-
point bending configuration. Results show that the elastic modulus decreases linearly with increasing porosity. The main conclusion is that
the dynamic mechanical analysis may be useful as an alternative technique for the study of elastic modulus—porosity relation in ceramic

materials.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Zirconia-based ceramics have been extensively investi-
gated due to their attractive mechanical, electrical, and
thermal properties. Tetragonal zirconia polycrystals doped
either with yttrium (Y-TZP) or cerium (Ce-TZP) have
received great attention because of their high thermome-
chanical properties. Ce-TZP ceramics have high fracture
toughness and high thermal stability compared to Y-TZP
ceramics [1].

The mechanical properties of engineering ceramics are
largely dependent upon their microstructures that are, by
their turn, determined by the specific processing routes
employed to fabricate these materials [2,3]. The presence
of small defects such as pores can lead to a drastic decrease
in strength value, in the elastic modulus, and in fracture
toughness [4].

Several studies have been carried out over the past years
to derive reliable equations that describe the relationship
between the relative density or porosity, and the elastic
modulus of sintered materials [5—11]. In these studies,
porous samples were prepared by sintering compacted
powders to controlled levels of density, and their elastic
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moduli were determined. Three basic methods are usually
utilised to measure the elastic modulus. The first involves
direct measurement of strain as a function of stress. The
second method is based on measurement of the resonance
frequency of the material. The last method is based on
ultrasonic techniques [12].

The main purpose of this work was to verify the use of
dynamic mechanical analysis (DMA) as an alternative
technique for the determination of the elastic modulus in
porous ceramics. The present work was also undertaken to
explore the relation between processing techniques and
porosity in the sintered ceramics. The zirconia—ceria solid
solution was selected for this study because of its inherent
difficulty to attain full density, allowing for a wide range of
densification in sintered compacts.

2. Experimental

In order to obtain sintered specimens with different
degrees of densification, mechanically mixed and high-
energy milled powders were used.

ZrO, (TZ0, Tosoh) and CeO, (99.9%) were used as
starting materials for preparing mixed and milled powders.
The cerium precursor was prepared at our Institute from a
cerium-rich concentrate by the ion exchange resin and



L.EC.P. Lima et al. / Materials Letters 58 (2003) 172—-175 173

fractional precipitation techniques. The nominal composi-
tion was set to 12 mol% CeO,.

The mechanical mixing of zirconia and ceria powders was
performed in a mixer (Turbula, model T2C) for 6 h using
zirconia balls, and with absolute ethanol as dispersing medi-
um. The high-energy milling was carried out in a vibratory
mill (Spex, model 8000) with stabilized zirconia vial and
balls for 4 h, and using a ball-to-powder mass ratio of 3:1.

Before compaction, a binder material (polyvinyl alcohol,
MW =72,000) was added (1-2 wt.%) to the powders. Bar-
shaped specimens (60 X 12 X 3 mm) were formed by uni-
axial compaction in a stainless steel die. The pressed bars
were heat treated at 700 °C for 1 h in air for binder burnout,
and then sintered at 1500 °C for times ranging from 1 to 4 h.

The apparent density of sintered specimens was deter-
mined by using the Archimedes principle in distilled water.
The volume fraction of pores (p), or porosity, is defined by
p=1—p/py, where pyis the theoretical density of the
material and p is the apparent sintered density. In the present
study, py, for zirconia—12 mol% ceria was taken as 6.22 g
cm™ *, which is an average of the several values reported for
this composition in the literature varying from 6.14 [13] to
6.29 [14]. The morphology of powder particles was observed
by scanning electron microscopy (SEM; Philips, model
XL30). The particle size distribution was measured by laser
scattering (Cilas granulometer, model 1064) using sodium
pyrophosphate as dispersing agent. Mercury porosimetry
(Micromeritics, Autopore III) was measured on selected
sintered specimens. The elastic modulus (E£) was measured
by dynamic mechanical analysis (Netzsch, model 242) in the
flexural (three-point bending) configuration at room temper-
ature. For this measurement, sintered bar-shaped specimens
were used without any further treatment such as cutting to
adjust linear dimensions or surface finishing.

3. Results and discussion

Particle size distribution of the two powders is shown in
Fig. 1. The powder prepared by mixing of the starting oxide
materials exhibits a typical sigmoid shape resulting from a
good dispersion of the powder particles. The average
particle size obtained at 50% mass finer is 0.95 pm. The
milled powder presents a distorted sigmoid-shaped distri-
bution curve. This is an indication that the powder particles
could not be suitably dispersed during the process of sample
preparation for this type of analysis. Considering that high-
energy milling should produce small size particles, the
actual average particle size may be smaller than the particle
size shown in this figure. However, this particle size
distribution does indicate the average degree of powder
agglomeration in the milled powder. The high-energy milled
powder exhibits a larger particle/agglomerate size and a
wider particle size distribution than the mixed powder.

Fig. 2 shows SEM micrographs of the starting oxide
materials (Fig. 2a and b) and those of mixed (Fig. 2¢) and
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Fig. 1. Particle size distribution of mixed and milled powders.

high-energy milled (Fig. 2d) powders. The zirconia and
ceria powders were dissimilar. They were constituted by
different-sized and different-shaped particles/agglomerates.
The mixed powder presents nanosized and agglomerated
particles, with uniform size. After milling, the degree of
agglomeration increased although the size of the powder
particles is more homogeneous. These SEM micrographs
offer direct evidence of the agglomerated microstructure of
the powders under consideration. The agglomeration is
expected to occur in nanosized brittle materials due to the
high intensity of adhesion forces acting on powder particles
[15]. However, one cannot ascertain on the strength of the
agglomerates only by means of these SEM micrographs. In
other words, the agglomerates formed during the mixing
and milling processes may either break up during the
compaction step or may retain their identities in the com-
pacted body.

Sintered bars prepared under different routes and differ-
ent processing conditions presented a range of sizes (from
40 to 52 mm long, 8—10 mm large, and 1.2-3.7 mm
thickness), and densification. The porosity varied from
~ 5% to ~ 35%. The most dense specimens were those
prepared by mixing the starting oxide materials.

Besides the fracture of particles, high-energy milling of
brittle materials may lead to phase transformation, crystallite
size reduction, solid solution formation, phase amorphiza-
tion, synthesis of new phases, and agglomeration. One
possible explanation for the observed agglomeration is that
it is due to the impacts of high-energy, which can compact
clusters of particles giving rise to hard agglomerates [16].
Sintering of powder compacts containing hard agglomerates
results in poor densification. In addition, the differential
shrinkage of the compact can give rise to large pores in the
sintered material.

A total of five sintered specimens prepared with the
milled powder were selected for mercury intrusion experi-
ments to obtain a better insight in the state of agglomeration
produced by the high-energy milling process. A typical
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Fig. 2. SEM micrographs of starting materials (a and b), mixed (c), and milled (d) powders.

curve of cumulative volume per mass of specimen as a
function of pore diameter is shown in Fig. 3. Two regions of
mercury penetration are clearly resolved. The first one gives
an average pore diameter of 1 um, whereas the second stage
has a maximum of about 0.01 pm. The shape of that curve is
an indication that the milled powder contained hard agglom-
erates.

Fig. 4 shows the variation of the elastic modulus with the
pore volume fraction measured by DMA on sintered com-
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Fig. 3. Typical distribution of pore sizes obtained by mercury porosimetry
in a sintered bar prepared from milled powder.

pacts. A linear decrease of the elastic modulus with increas-
ing porosity is observed in this figure. The elastic modulus
varied from 17.5 to 144 GPa in the porosity range of study.
Linear regression gives a correlation factor of 0.9685.
Extrapolation to zero porosity gives an elastic modulus
value equal to 162 GPa. This value is close to the literature
data [1] for Ce-TZP ceramics. The relatively low r* value
may result from the non-uniformization in the dimensions of
bars before measurements. Moreover, the mixing and mill-
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Fig. 4. Variation of the elastic modulus with porosity measured at room
temperature by DMA at a frequency of 1 Hz. Sintered bars prepared from
mixed (@) and milled (O) powders.
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ing processes produced specimens with different fractions of
open and closed porosities. The structure, size, and shape of
pores were not taken into account in this work.

These results show that the DMA technique, which is
most frequently used for the measurement of polymeric
materials, may be useful for the study of the elastic
modulus—porosity relation in ceramic materials.

4. Conclusions

Zirconia—ceria powders with different particle/agglom-
erate size distributions were prepared by mixing and high-
energy milling of the starting oxide materials. The agglom-
erates formed in these processes are composed of nanosized
particles. The high-energy milling gave rise to hard agglom-
erates resulting in poor densification of powder compacts.
The elastic modulus of sintered Ce-TZP bars decreases with
increasing pore volume fraction. These results suggest that
the dynamic mechanical analysis may be a useful, fast, and
low-cost technique for the study of the elastic modulus—
porosity relation in ceramic materials.
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