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Abstract

Measurements of Young's modulus of green com-
pacts prepared from spray-dried alumina powders
containing two binders: polyvinyl alcohol or poly-
ethylene glycol are reported. The variations of
Young's modulus with forming pressure are com-
pared to those of mechanical strength and discussed
in terms of glass transition temperature (Tg). When
the Tg of the polymer is lower than the pressing
temperature (case of PEG and moisture-plasticized
PVA), the variation of the Young's modulus is rela-
ted to the evolution of the binder ®lm covering the
surface of primary particles inside the granules.
Microcracking of the brittle external polymer-rich
layer of granules seems to be responsible for a dif-
ferent evolution of Young's modulus of green com-
pact in the case of a binder with a Tg higher than the
forming temperature (dry PVA). # 1999 Elsevier
Science Limited. All rights reserved

Keywords: Al2O3, microstructure: pre®ring, press-
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1 Introduction

Compaction of spray-dried ceramic powders is
largely used in processing of ceramic parts. The
spherical granules with a typical diameter of 100±
200�m, obtained by spray-drying, confer a good
¯owability necessary to achieve reproducible (i)
®lling of the mould, (ii) compaction behaviour
during pressing and, (iii) microstructure of the
pressed green body. A hydrosoluble organic poly-
meric binder is generally added to the ceramic sus-
pension before spray-drying in order to improve the
strength of the granules and of the green products

during (ejection from die) and after (handling and
machining) the forming step.1±3 It has been pre-
viously reported that a polymer-rich layer forms at
the surface of the granules during drying in the
spray-drier.2 It has been suggested that the prop-
erties of this polymeric shell surrounding the gran-
ules is responsible for the mechanical strength of
the green parts which results from a compromise
between adhesive properties of the layers, which
are reinforced by interdi�usion when the Tg of the
binder is below the pressing temperature, and the
tensile strength of these layers.
The aim of this study is to investigate the varia-

tions of Young's modulus of pressed samples ver-
sus forming pressure for spray-dried powders with
di�erent organic compositions and to compare
with the variations of strength in order to establish
relations between the binder distribution in the
granules and the mechanical properties of pressed
samples.

2 Experimental

2.1 Starting materials and spray-drying of granules
The ceramic powder used in this study is an �-alu-
mina (P152SB, PeÂ chiney, France). The surface area
and the mean particle size were respectively
3m2 gÿ1 and 1.3�m. Aqueous suspensions con-
taining 60 wt% alumina were prepared using 0.16
wt% of ammonium polymethacrylate salt (PMAA-
NH4

+, MW=10000, Darvan C, Vanderbilt, UK)
as a dispersant and partially hydrolysed (88 mol%)
polyvinyl alcohol (PVA 4-88,MW=31000, Mowiol,
Hoechst, D) or polyethylene glycol (PEG 20M,
MW=20000, Union carbide, USA) as a binder.
The amounts of binder added are 3wt% for PEG
and 1 or 3 wt% for PVA (dry weight basis of alu-
mina). The slurries were then spray-dried in a pilot
plant equipment. The mean size of spray-dried
granules was about 200�m. Spray-drying condi-
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tions (¯ow rate and temperature of the inlet air)
were adjusted to get a residual moisture content of
0.6 wt% and of 0.25 wt% with respect to alumina
for powders containing 3 and 1 wt% binder,
respectively. Powders containing PVA and PEG
with 0.6 wt% moisture will be denoted PVA3-M (3
wt% PVA-Moisture) and PEG3-M, respectively.
The powder containing 1 wt% PVA with 0.25 wt%
moisture will be denoted PVA1-M. A part of PVA3-
M powder, was subsequently dried at 100�C for 2 h
in an oven to get moisture-free agglomerates (and
then moisture-free PVA binder). This powder will
be denoted PVA3-D (3 wt% PVA-Dry).
According to literature data, the glass transition

temperature (Tg) of the dry polymers are 79 and
ÿ60�C for PVA and PEG, respectively.4 These
glass transition temperatures of PVA and PEG are
respectively located above and below room tem-
perature at which pressing was performed. We
have to take into account the fact that water acts as
a plasticizer for the PVA binder. If we consider
the moisture only adsorbed in the organic phase, a
0.6 wt% moisture corresponds to 20 wt% water in
the PVA and the Tg of this moisture-plasticized
PVA should be somewhat slightly below room
temperature.5

2.2 Pressing
A hydraulic press was used to prepare samples to
perform Young's modulus measurements (50�4
�4mm3). The used speed was 4mmmnÿ1 until the
desired pressure was reached. The pressure was
released immediately and the sample was ejected.

2.3 Characterisation
Just after pressing, a low frequency (60 kHz) pulse-
echo method working in a longitudinal `long bar'
mode was used to determine the Young's mod-
ulus.6 In this `long bar' con®guration, for which
the cross-sectional dimension is small compared to
wavelength l, the ultrasonic compressional wave
propagates with a phase velocity VL given by:

VL � E=�� �1=2 �1�

where E is the Young's modulus and � the density
of the tested sample.
This technique has two main advantages, (i) the

attenuation of the low frequency ultrasonic wave is
su�ciently low to allow propagation in highly het-
erogeneous media like green materials and (ii) the
Young's modulus is obtained from only one mea-
surement of the ultrasonic velocity from eqn (1).
The parallelepipedic sample is glued on the end

of a wave guide, made of a tungsten wire, with a
phenyl salicilate cement (Salol) which allows

ultrasonic propagation. The ultrasonic velocity in
the sample is determined with an adequate electro-
nic equipment.6 From the measurement of the
round-trip time t between two echos corresponding
to the propagation in the sample of length L, the
velocity is obtained from:

VL � 2L=t �2�

The mechanical strength of green samples is
estimated on disk-shaped samples; just after press-
ing, by the so-called `Brazilian test'.7 Using a test-
ing machine, the load F is applied radially at a
speed rate of 0.5mmminÿ1 until the specimen
fractured. The strength of samples was calculated
through the formula:

� � 2Fmax=�De �3�

Fmax being the load at fracture, D and e denoting
the diameter and the thickness of the sample,
respectively.

3 Results

The variation of the Young's modulus of green
compacts prepared from PEG3-M and PVA3-M
powders versus forming pressure (Fig. 1) exhibits
the same evolution that of the mechanical strength
of pressed samples prepared from the same pow-
ders (Fig. 2). At low forming pressures, the
Young's modulus increases rapidly, and approxi-
mately linearly, until it reaches a plateau for simi-
lar pressures as do the variations of the strength.
The pressures at which the transitions are observed
are about 70 and 100MPa for PEG3-M and
PVA3-M powders, respectively, and correspond to
the complete elimination of the intergranular por-
osity (according to Hg porosimetry1) as shown in
Fig. 3 in the example of the PVA3-M powder.

Fig. 1. Variations of the Young's modulus of samples pre-
pared from PVA3-M and PEG3-M powders with the forming
pressure. Measurements were also done on samples containing

PEG at 80�C, beyond the melting point of the polymer.
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However, at a pressure higher than 100MPa, the
Young's modulus does not di�er to a large extent
for PEG and moisture-plasticized PVA samples
with values of 6±7 and 8GPa, respectively, while
the mechanical strength was larger by almost a
factor two for samples prepared from PVA3-M
powder.
The e�ect of the binder on the mechanical

strength is obvious with an increase by a factor 4,3

but its in¯uence on Young's modulus is not
known. It was not possible to obtain long bars,
suitable for Young's modulus measurements, by
pressing binder-free powders due to insu�cient
strength. Then, the importance of the organic bin-
der was evidenced through two ways:

1. by increasing the temperature of the samples,
prepared from PEG3-M powder, beyond the
melting point of the polymer (&70�C4).
Although the liquid likely still contributes to
the sti�ness of the compact, through capillary
forces,8 one observes that the Young's mod-
ulus drops by more than 50% of its original
value (Fig. 1). Furthermore, if the PEG binder
was removed from the PEG3-M pressed
samples by thermal treatment, the Young

modulus decreased down to a very low value
close to 0GPa.

2. by studying the evolution of the Young's
modulus for samples prepared from powder
containing only 1wt% PVA with respect to
alumina (PVA1-M). The Young's modulus
decreases markedly when the amount of the
binder decreases (Fig. 4).

Then one can conclude that the presence of bin-
der in a spray-dried ceramic powder, not only
in¯uences the densities of the green compact,1 and
improves their mechanical strength3 but also
increases their Young's modulus.

4 Discussion

As illustrated in Figs 1 and 4, the presence of
organic binder in a spray-dried powder increases
markedly the Young's modulus of green compact.
Using the model of Ravichadran,9 Baklouti

showed the low contribution of the external poly-
mer-rich layer of granules to the Young's modulus
values compared to its e�ect on mechanical
strength.10 Thus, the Young's modulus of pressed
samples mainly depends on the amount and on the
nature of the binder present within the granules.
In order to con®rm the main contribution of the

concentration of binder located within the granule
to the Young's modulus, smallest alumina
(P152SB) granules were spray-dried using a
laboratory equipment (BuÈ chi 190). These granules
of about 20�m mean size contained 3 wt% PVA
with respect to alumina and almost the same
moisture (�0.7 wt%) as PVA3-M powder. Then,
we can expect a parallel evolution of the Young's
modulus, versus forming pressure, of samples pre-
pared from the two sizes of granules because the
relative amount of binder segregated during drying
is likely similar in both cases even if the thickness
of the external polymeric layer is greatly reduced in

Fig. 2. Variations of strength with forming pressure for sam-
ples prepared from PVA3-M, PEG3-M and PVA3-D powders.

Fig. 3. Variations of the intergranule porosity and of the
Young's modulus with forming pressure for samples prepared

from PVA3-M powder.

Fig. 4. Variations of the Young's modulus with forming
pressure for samples prepared from PVA3-M and PVA1-M

powders.
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the case of 20�m diameter granules.2 That is in
agreement with Fig. 5. The more rapid increase of
the Young's modulus, at low forming pressure, for
the smallest granules is attributed to the larger
moisture (0.7 wt%) contained in this powder.
According to the minor contribution to the

Young's modulus of the binder segregated around
the granules, we will only consider, in the following
discussion, the granules constituted of primary
alumina particles covered by a polymeric shell.
Models proposed in the literature to calculate the
Young's modulus of two phase material11±13 can
not be applied here, because the pressed samples are
composed of three phases, i.e. alumina powder,
organic binder and porosity (intragranular). On the
other hand the binder and the porosity have oppo-
site e�ects on Young's modulus. The Young's mod-
ulus increases when the binder content increases or
when the porosity decreases. It is then not possible
to estimate the Young's modulus of pressed sam-
ples using Voigt and Reuss or Hashrin±Shtrikman
limits.13

Figure 3 shows that the increase of the Young's
modulus of pressed samples prepared from the
PVA3-M powder with forming pressure becomes
signi®cant when the intergranule porosity has
almost disappeared, i.e. when the pressure exceeds
about 20MPa. This suggests that the variation of
the Young's modulus during pressing can be cor-
related with the evolution of the organic bridges
between the alumina particles with increasing
forming pressure. On the assumption of a cubic
assembly of isodiametric alumina particles, covered
by a polymeric shell, constituting the granules,14

the evaluation of the Young's modulus of the
pressed compact may be based on Kendall stu-
dies.15 During pressing, the total surface of the
polymeric bridges increases by crushing progres-
sively the binder layer between alumina particles

(Fig. 6). We can likely expect an impression, in the
polymer, by the grain, proportional to the applied
stress. The pressure necessary to totally `crush' the
layer of the binder between two spherical alumina
particles and then to reach the contact between
particles can be estimated on the basis of the
hardness of the binder. According to Van Kreve-
len,4 hardness H of a polymer is related to its
Young's modulus Epol through the following
expression:

H � 10 Epol

ÿ �3=4 �3�

where H and Epol are expressed in MPa and GPa,
respectively.
In the case of PVA (Epol � 2�6 GPa10), eqn (3)

gives H � 110MPa. With PEG (Epol � 1�7GPa10),
eqn (3) gives H � 80MPa. These values of hard-
ness correspond approximately to the pressure
necessary to totally `crush' the layer of the binder
between two spherical alumina particles and are
similar to the pressure values at which Young's
modulus plateaus are observed in Fig. 1. The sur-
face of the bridge, formed between two grains,
increases linearly with forming pressure until the
grains come in contact (Fig. 6).10 Above this transi-
tion pressure, the contact surface and the Young's
modulus remain constant. This interpretation
allows one to understand the linear increase of the
Young's modulus at low forming pressures until it
reaches a plateau and the fact that the plateau of
pressed samples containing PEG binder was
reached at lower pressure than in the case of higher
Young's modulus PVA binder. We can conclude
that the plateau will be reached more rapidly when
the Young's modulus of the polymer is low.
It is interesting now to consider the similarity of

the variations of mechanical strength and Young's
modulus, with forming pressure, of green compacts
prepared with PEG3-M and PVA3-M powders
(Figs 1 and 2). The mechanical strength �r of a
brittle material (e.g. green compact) has been
expressed by Gri�th:16

�r � p2: R=�a� �1=2:E1=2 �4�

Fig. 5. E�ect of the mean size of spray-dried granules on the
evolution of Young's modulus of pressed samples from pow-
ders containing 3 wt% PVA and almost the same residual
moisture. The spray-dried powder prepared using the labora-
tory equipment (20�m) and the pilot plant (200�m) have a

moisture content of 0.7 and 0.6 wt%, respectively.

Fig. 6. The polymeric bridge surface, between two particles,
increases by crushing progressively the binder layer until the
grains come in contact. Above this pressure, the Young's

modulus remains constant.

1572 S. Baklouti et al.



where R is the fracture energy of the green compact
and a the critical defect size.
Suggested by the expression (4), the evolution of

the strength was plotted versus the square root of
the Young's modulus in Fig. 7. The proportion-
ality between �r and E1=2 indicated by eqn (4) was
respected but the ®tted lines did not extrapolate to
the origin point. Then, the ratio (R=a) can not be
considered as a constant. However, an estimation
of the fracture energy R from the slope of the lines,
which are roughly parallel, gives R � 375a. If
we consider that the critical defect size is almost
the granules size, i.e. 200�m, for the powders
spray-dried in the pilot equipment, we obtain
R � 75 mJ mÿ2.
According to the literature,4 the fracture energy

of polymers is generally in the range of 30±40mJ/
mÿ2. Without plastic or viscoplastic deformations,
the creation of two new surfaces during cracking
requires an energy comprised between 60 and
80mJmÿ2. Taking into account that the surface of
the polymer bridges between alumina particles
only represents a small fraction of the fracture
surface, these results suggest that fracture of
green compacts involves plastic binder deforma-
tion, as mentioned by Muller17 on silica samples
prepared by agglomeration of the powder with
polyvinylpyrrolidone.
Now, consider the particular case of samples

prepared with moisture-free PVA binder (PVA3-
D), with a glass transition temperature above
pressing room temperature. The evolution of the
Young's modulus of the samples prepared from
PVA3-D powder, containing dry PVA, is quite
di�erent from that observed for PEG3-M and
PVA3-M powders (Fig. 8). The Young's modulus
remains rather small at low forming pressures then
increases rapidly when the pressure exceeds about
100MPa. This behaviour is similar to that observed
for mechanical strength of samples prepared from
the same powder (Fig. 2). The fracture surface of
a sample prepared from PVA3-D powder and
pressed at 80MPa (Fig. 9) shows an intergranular

propagation with an important microcracking of
granules. These microcracks are related to the
elongation of the external layer containing a brittle
dry PVA polymer, with a glass transition tempera-
ture higher than the forming room temperature.
The Young's modulus is very sensitive to micro-
cracks18 and remains low until the forming pres-
sure reaches a high enough value to allow the
closure of these microcracks through densi®cation
of the whole assembly. Then, the Young's modulus
increases rapidly.

5 Conclusion

The variation of the Young's modulus of pressed
alumina compacts with forming pressure is similar

Fig. 7. Variations of the strength versus the Young's modulus
for samples prepared from PVA3-M and PEG3-M powders.

Fig. 9. SEM micrograph of fracture surface of sample pressed
at 80MPa from PVA3-D powder.

Fig. 8. E�ect of the moistutre on the variation of the Young's
modulus with forming pressure for samples prepared with 3

wt% PVA (PVA3-M and PVA3-D).
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to that of mechanical strength. The addition of
organic binder in spray-dried ceramic powder
increases markedly the Young's modulus of green
product.
When the binder is ductile (glass transition tem-

perature lower than forming temperature), the
Young's modulus increases rapidly and linearly
with forming pressure until it reaches a plateau
above a transition pressure. The major contribu-
tion of the binder to the Young's modulus is
attributed to the binder located inside the granules
with a low contribution of the organic-rich shell
around the granules. The evolution of the Young's
modulus probably results from an increase in the
contact surface of the polymer bridges between
primary alumina particles considered covered by a
binder ®lm. The estimation of the fracture energy
of the pressed green compacts suggests that a plas-
tic deformation takes place during failure.
When the glass transition temperature of the

binder is higher than the pressing temperature,
microcracking of the brittle polymer-rich shells
surrounding the granules seems to be responsible
for the low values of Young's modulus until the
forming pressure become large enough to close
these microcracks through densi®cation of the
whole assembly. Then, the Young's modulus
increases rapidly.
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