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Uniaxial Hot-Pressing of Fine-particle, Pure Barium
Titanate without Die*
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SUMMARY

The hot-forging of fine-particle, pure barium titanate was studied in the
temperature range 1050-1200°C at pressures of between 10 and 100 MPa. To
enable pressure sintering to be carried out without the use of a die, cold-
pressed green compacts of relatively small thickness were used. Test samples
of a very high density (D, > 0-96 ) were obtained at 1150 and 1200°C and at
medium pressures within about 15 min. There was little grain growth. The
kinetics of the hot-pressing of BaTiO, are reported and discussed.

1 INTRODUCTION

Uniaxial hot-pressing enables high-density ceramic bodies to be produced
without additional sintering aids, so that the desired purity of the finished
product is not impaired. By applying higher pressures it is possible to reduce
the sintering temperature appreciably and to shorten the sintering time
considerably. A further advantage compared with conventional sintering at
zero pressure is the small degree of grain growth.

Hot-pressing of barium titanate has been studied by several inves-
tigators! ~© using graphite, alumina or zirconia dies. With graphite, partial
chemical reduction of the specimens has to be taken into account.
Preliminary tests with alumina dies yielded only unsatisfactory results. For
these reasons, the present work aimed at hot-forging without dies. The
kinetics of densification were studied, and suitable process conditions for

* The experimental part of this study was carried out at the Aachen Research Laboratory of
Philips GmbH.
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producing non-porous dielectric ceramics were determined. Hot-forging
could possibly be employed for the production of multilayer capacitors,
without delamination of dielectric ceramic layers and metal electrodes.

2 HOT PRESSING EXPERIMENTS
2.1 Apparatus

The compressive force of the apparatus is applied via a controllable oil
hydraulic system, attaining a maximum value of 250kN. The pressing
pistons (60mm diameter) in contact with the sample consist of sintered
alumina cylinders which, to reduce heat conduction, are butted to
alumina tubes. A drilled hole in the upper piston enables a thermocouple to
be mounted close to the test sample. The test sample together with the
pistons are enclosed by a close-fitting ceramic protective tube so that, if
necessary, a desired atmosphere can be maintained.

An electric resistance furnace, which can generate temperatures up to a
maximum of 1240°C at the test sample, surrounds the protective tube. The
heating-up time to 1200°C is approximately 2 h. A control system ensures a
temperature stability of +3°C.

A dilatometer with an accuracy of 0-001 mm, which provides a measured
value every 10s, is used for monitoring the reduction in the thickness of the
test sample during hot-forging.

2.2 Preliminary tests

In hot-pressing it is customary to use dies. The technique described in this
paper was also tried with alumina dies, but without success: during hot-
pressing the test sample permanently stuck. Covering the dies with a
platinum film or smearing with a ZrO, suspension failed to solve this
problem. The usefulness of alumina dies® could not be confirmed.

For this reason, hot-forging without dies, i.e. without lateral support of
the sample, was attempted. This method proved feasible if predensified green
compacts were used. The adhesion of the sintered compacts to polished
alumina pistons could generally be avoided by means of a thin layer of ZrO,
powder suspended in an organic binder. With a sufficiently high diameter to
thickness ratio for the cylindrical test samples (tablets), the lateral strain was
surprisingly low; for example, only about 4% with a final ratio of 10:1.

2.3 Starting material

BaTiO; ‘HPB’(TAM Ceramics Inc., Niagara, USA) was used. The powder is
characterised by high purity (total impurity less than 300 ppm) and good
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stoichiometry (TiO,:BaO = 1-006). The average particle size was about
0-9 um. According to STEM tests, the average diameter of the crystallites
was about 0-4 um, which corresponds to the specific surface of 3-59m? g !
obtained by BET.

2.4 Production of the green compacts

Two major considerations determined the dimensions of the test samples.
For actual pressures of some 10 MPa the diameter had to be chosen such
that the hydraulic system used was in a reasonable working range. A
diameter of 40 mm for the green compacts was therefore appropriate. In
order to keep the lateral strain down to a negligible level, a thickness of just
under 2mm had to be used.

The starting powder was mixed with a 5% or 10% polyvinyl alcohol
solution and granulated. For each experiment approximately 8 g of granules
were compressed into a tablet in a steel die (40 mm diameter) using a hand-
operated press worked at approximately 200 MPa. The relative density of
each tablet was about 0-55. To burn out the binder, the tablets were heated
for some hours up to 600°C. The test samples prepared in this way were then
subjected to hot-forging.

2.5 Experiments and results

A slight contact pressure of approximately 0-5 MPa was applied during the
heating-up period in order to fix the position of the test sample and
thermocouple in the furnace. Once the desired sample temperature had been
attained, the working pressure was applied within 2 min, and the thickness
shrinkage of the test sample was subsequently measured with the
dilatometer.

Thermal equilibrium had to be ensured in order to avoid any errors in the
linear shrinkage due to the thermal expansion of the apparatus. A change in
working temperature of 1°C corresponded to a virtual elongation of the test
sample by +1-2 um.

The densification curves, i.e. relative density versus time, were calculated
from the dilatometer recordings, the final density and the final thickness of
the test sample. The lateral strain of (-5-1-5% was not taken into account,
especially since it could not be observed as a function of time. The curves
must be calculated back from the final data because the state of the samples
when starting dilatometry differed greatly from the green state. Because of
the method used it was not possible to register the initial phase of
densification during the heating-up period and also during the application
of pressure. This is shown in the density curves (Figs 1-4) by the marked
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variations in initial density. The total error of the relative densities of the
sintering curves is estimated to be + 1% for high values (closed porosity) and
+ 5% for low values (open porosity).

The hot-forging experiments covered temperatues of between 1050 and
1200°C and pressures of between 10 and 100 MPa. The experiments were
terminated when there was no longer any worthwhile densification, at the
latest after 60 min. The individual conditions are shown in summarised form
in a P-T diagram (Fig. 5).

As the diagrams (Fig. 5, and in detail Figs 1-4) show, the required high
relative density of at least 0-96 can be achieved within an hour or less in the
temperature range 1100-1200°C. With increasing temperature, the
appropriate pressure can be lowered. However, excessively high pressures
were destructive, regularly causing the test sample to break up. The range of
favourable conditions is indicated in Fig. 5 by the two curves. From this we
can derive, as standard parameters, temperatures of around 1150-1200°C
and medium pressures of between 30 and 60 MPa, which tallies with the
observations of Crayton and Price.”

The densification curves (Figs 1-4) were obtained as described above. For
convenience, the pressure was varied in 20 MPa steps. Where a curve was
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Fig. 5. P-T Diagram of the hot-forging experiments. O D,,, < 092; @ D,,, > 0:96. Above
the dashed line the samples were found to be broken. Time of applied pressure between 15 and
60 min.
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based on two tests, the average was taken. The densification curves show the
effect of temperature and pressure on sintering behaviour. An increase of
both parameters results in a higher final density or a shorter sintering time
for a fixed density. Given favourable P-T conditions approximately 15 min
is sufficient to ensure a high final density.

Owing to the higher pressures applied in the present experiments, dense
samples(D,,, > 0-96) were obtained at considerably lower temperatures than
those used by Mostaghaci and Brook.’

3 TESTS ON THE CERAMIC SAMPLES

Microscopic examinations of the test samples showed that porosity was
always highest in the peripheral zone, which is understandable because of
the radial pressure gradient. Occasionally, the pore distribution in the denser

Fig. 6. SEM micrograph of polished and etched BaTiO, specimen, obtained after 10 min at
1200°C and 60 MPa.
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core area was less homogeneous than expected. This corresponded with
fluctuations in the measured density of test samples if cut into several parts.
The cause of this may be that there was already a certain degree of
heterogeneity in the green compact. Completely dense areas could be
recognised with the naked eye by their glassy appearance.

The light-microscopic resolution was not sufficient for a microstructural
examination. However, examination with the scanning electron microscope
(Fig. 6) showed a very uniform structure with grain diameters of between 0-5
and 1'5 um (starting diameter approximately 0-4 um). Grain growth was thus
not very pronounced.

X-ray examination of the surface of the test sgamples by a diffractometer
did not indicate any preferential orientation of the grains.

4 DISCUSSION

The logarithmic time scale in Figs 1-4 illustrates the kinetics of hot-pressing.
The curves show, with the exception of that for 1100°C and 20 MPa, a
constant slope for relative densities <0-95; above a relative density of 0-95
the curves flatten. The linear part of the curves is described using the time law
given by Vieira and Brook®

D, ,=D,,+CxIn(y)

in which D, is the density for t=1, and C is a constant. Of course this
approach must fail close to D, = 1. Obviously, the slopes (C) increase with
increasing temperature and in a first approximation are independent of the
pressure (Figs 1-4). The values of D,,,, which account for the initial stage of

the pressure sintering, increase both with temperature and with pressure.
The densification rate is usually represented by the empirical relationship

D,., = K x P"exp(—Q/RT)

in which KX is a material constant containing amongst others the diffusion
coefficients, while P = pressure, n = pressure exponent and Q = activation
energy. As far as the constant K is concerned, a detailed discussion of the
mechanisms of hot-pressing only makes sense if one has sufficient
knowledge of the material constants involved. There is no difficulty,
however, in obtaining the pressure exponents and the activation energy from
the experimental data.

In order to estimate the activation energy, the logarithm of the
densification rate was plotted versus the reciprocal absolute temperature for
D, ., =085, P=_80MPa. As can be seen from Fig. 7, the activation energy
(Q) amounts to 486 kJ mol ~! which is in good agreement with the value of
506 kJ mol~! previously observed.!
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Fig. 7. Densification rate as a function of reciprocal temperature.

. -1
{n Drel
[s-1]
-9 i
) [ ) ..
. N
-7 0 O -
~Q
N
-6 L ! 1
2.2 2.7 32 37 L2 L7
InP [MPa]

Fig. 8. Densification rate at 1150°C as a function of pressure.
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If at a fixed temperature, InD,,, is plotted versus In P, the pressure
exponent (n) can be derived from the slope. This is depicted in Fig. 8 for
1150°C and the relative densities 0-80 and 0-95. The pressure exponent (n) is
equal to 1-65 for D, =0-80 and equal to 2:15 for D, =095, whereas
Mostaghaci and Brook! found that n was approximately equal to 1 for
D_., =048. From hot-pressing experiments as well as creep tests at high
temperatures and pressures,””!! exponents between 1-5 and 2-5 are
commonly reported for oxides. The stress exponent n =1 applies both to
Nabarro-Herring creep,!#''3 which is based on volume diffusion of
vacancies, and Coble creep** ™ 16 which is due to surface diffusion. A further
explanation for n» = 1 is the presence of a liquid boundary phase considered
by Mostaghaci and Brook! which, however, can be excluded here because of
the high purity and good stoichiometry of the starting material. On the other
hand, n =13 is characteristic of the dislocation models of Cannon and
Sherby.'® From the values of 1 <n <3 observed here, one is therefore
inclined to assume more than one mechanism.
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