








EXOTHERMIC

TEMPERATURE °C

2720 e

ENDOTHERMIC

383°

FIGURE 1. DTA of as-received Bayer-process
gibbsite (heating rate: 12°C/min).

peak at 383°C corresponds to the decomposition of the
bulk of the gibbsite retained within the centre of the
aggregates. The high-temperature endotherm at 556°C
indicates the final dehydroxylation of the material,

It has been postulated 1 that gibbsite may dehy-
drate via two mechanisms. Surface material which is
free to lose water easily, may decompose to form anhy-
drous active alumina (chi- and, at higher temperature,
kappa-alumina). However, the bulk of the gibbsite
inside the aggregate may be subjected to a hydrothermal
environment and hence decompose initially to the mono-
hydrate (boehmite) which decomposes via a different
reaction path to form progressively gamma-, delta-,
theta- and finally alpha-alumina with increasing tem-
perature. This reaction scheme has been confirmed in
the present work. X-ray powder photographs were
obtained of all samples using a Guinier-De Wolff focus-
ing camera and were the basis for the data presented
in Figure 2. The identification of the intermediate
phases is made difficult by the basic similarity between
the diffraction patterns of the gamma-, delta-, theta-
and chi-forms and also by the diffuseness of the pat-
terns. For these reasons, the positive identification of
chi alumina was made difficult in the presence of
gamma-alumina and hence the chi-form is shown in
Figure 2 without any temperature limits for its stability
field.

The expected increase in the crystal size of alpha-
alumina, produced by calcination at 1100°C and above,
was indicated in Debye-Scherrer diffraction patterns by
a gradual increase in the sharpness of all diffraction
lines. Calcination of samples at 50-degree intervals
above 1000°C indicated that a relatively large diffract-
ing unit (> 350 X) of alpha-alumina is developed
directly this phase is formed: resolution of the Co K-
alpha doublet in the back-reflection region is observed
at all times.+
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FIGURE 2. Schematic representation of phases
formed during the calcination of gibbsite.

Debye-Scherrer powder patterns were obtained of
the 1200-1400°C calcines using an 11.46-cm diameter
camera and filtered Co radiation and were used to deter-
mine the unit-cell edges of the various calcines. Using
the Straumanis technique® a series of unit-cell edge
values was first obtained and then corrected for the
systematic errors of adsorption and divergence of the
beam using the Nelson and Riley function.® A least-
squares analysis was then obtained for a plot of this
correction function versus the unit-cell edge values
from which extrapolation gave the a, and ¢, values.
This analysis failed to show any significant variation in
the unit-cell edges of the various calcines from that of a
fully annealed sample. The values determined were ag:
4.7587 % 0.0002 A and ¢, : 12.9905 = 0.0006 A at
22°C which agree well with the reported ASTM values
of 4.758 A and 12.991 A respectively.
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FIGURE 3. Variation of surface area with tempera-
ture for as-received Bayer-process gibbsite.
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sample. The origin of this effect is not understood. The
inflection in the curve at 800°C coincides closely with
the transformation of gamma- to delta-alumina and also
with the development of the kappa-form from chi-
alumina. The final structural change to alpha-alumina
at 1100°C is not accompanied by any inflection in the
surface-area curve despite the coincident physical
change observed in the scanning electron micrographs
shown in Figure 4.

Optical microscopy

Optical examination of the calcines with a petro-
graphic microscope does not reveal any changes up to
1100°C. At higher temperatures, the aggregates become
darker in transmitted light and the birefringence
(kappa-alumina orthorhombic, theta-alumina mono-
clinic) under crossed polars decreases markedly. The
change is most marked between 1100° and 1200°C,
the temperature range in which the conversion of theta.
and kappa- to alpha-alumina occurs. This effect is due
to the development of an open pore system within the
aggregate which is effectively closed to the penetration
of immersion oil and hence the expected birefringence
of the hexagonal alpha-form is not observed: the light
is scattered at the many solid-to-air interfaces within
the aggregate.

The fact that these aggregates have a pore structure
completely open to a gaseous phase is shown by the
close agreement between the calculated and experimen-
tally determined surface-area data. It can be shown that
for a solid cylindrical prism having a diameter d and
aspect ratio* 1:4 the specific surface is given by 12/cd
where c is the density of the body. Assuming the corun-
dum produced at 1400°C consists of crystals with an
equivalent face diameter of 1 micron, and having a
density of 4 gm/cc, then for a monosize distribution,
the specific surface would be 3 m?/gm. This figure
compares favourably with the experimentally deter-
mined value of 2.9 m2/gm, showing that the assumption
that all surfaces of the crystals within the aggregate
are accessible to the gas is valid, i.e. a completely open-
pore system is formed.

Scanning electron microscopy

The scanning electron microscope (SEM) micro-
graphs of Figure 4 show that both the porosity and the
crystal size increase with increasing temperature
between 1200 and 1400°C. The crystals develop a
platy habit at all temperatures, but in this temperature
range no hexagonal outline is developed. The develop-
ment ‘of some alpha-alumina at 1100°C, shown by
X-ray diffraction, could not be distinguished even at
high magnification; only a tendency to develop lamina-
tions parallel to the hexagonal face of the original gibb-
site crystal was observed. At slightly higher tempera-

*Aspect ratio — the ratio of height to equivalent face diameter

for a plaiy crystal,

tures, these laminations open to form the open-pore
system shown clearly in the 1400°C calcine of Figure
4. It has been shown elsewhere? that the basis for the
pore and crystallite structure is laid at an early stage
during the dehydration of several hydroxides including
nordstrandite (a polymorph of gibbsite).

Particle-size distribution

The micrographs of Figure 4 confirm the smal
particle size of the alpha-alumina crystals as suggested
by the surface-area data. However, the free-flowing
nature of these calcines is due to the particle-size dis-
tribution of the aggregated gibbsite pseudomorphs, An
initial visual examination of these calcines with the
petrographic microscope indicated the mean aggregate
size lay between 50 and 80 microns. Little difference
in the size distribution of the aggregates was observed
between the as-received material and the various cal-
cines. This was confirmed by the size distributions
obtained using a Coulter Counter, Figure 5. The size
distribution curves lie sufficiently close to each other
that they can be represented by a single distribution,
Curve A, Figure 5. No tendency was found for a pro-
gressive decrease in particle size with increasing tem-
perature, which could be expected for the high-tem-
perature calcines. The mean size for the as-received
gibbsite is 62 microns. Both the mean size and the dis-
tribution remain essentially constant at temperatures up
to 1000°C, and SEM micrographs of the calcines show
no change in morphology of the aggregates or the com-
ponent pseudomorphs. At higher calcination tempera-
tures, the mean particle size is reduced slightly (to 56
microns) coincident with a change in morphology
shown in the micrographs of Figure 4. However, the
particle-size distribution remains essentially the same.

Milling

Before these calcined materials can be used in the
fabrication of high-alumina bodies, the aggregated
pseudomorphs must be broken down to the ultimate
crystals and thus reduce the porosity. The initial reduc-
tion of these aggregates does not require the expendi-
ture of a large amount of energy as is the case, for
example, during the ball-milling of coarsely crystalline
alumina to 5 microns or less. The ease with which these
aggregates break down is shown by the reduction in
mean particle size from 56 microns to 35 microns for a
1200°C calcine after exposure to an ultrasonic beam in
water for 15 seconds, cf Curve B, Figure 5.

Initially, these materials were broken down by wet
milling in a rubber-lined ball mill using steel balls. The
milling parameters such as time of milling, charge to
water ratio, concentration of surfactant, and grinding
medium geometry were varied independently and the
effect on the resulting size distribution of material cal-
cined at 1300°C was noted. The greatest effect occurred
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with the use of a surfactant (OT-13, American Cyana-
mid). Without this grinding aid, a broad-size distribu-
tion was produced after ball-milling for 2 hours, in
which the mean particle size (m) was 8 microns and
the standard deviation (s) was 2.8. Under similar con-
ditions, but with the use of OT-13, m was reduced to
just under 3 microns and the distribution narrowed
such that s was 1.6, Although this surfactant does aid
the milling process significantly, it should be noted that
it is a sodium-containing organic material and as used
in the present work would contribute 0.12% as Na,O
to the alumina. This could render the material unsuit-
able for the fabrication of electronic components be-
cause the dielectric strength in the fired body would be
lowered.

However, the development of a fine-milled alumina
having a similar mean size m and distribution s is possi-
ble without any grinding aids (surfactants). This is
achieved by wet milling using a paddle mill in which,
contrary to a normal ball-mill operation, the container
remains stationary and the balls are agitated by an im-
peller. This type of mill produces a smaller mean size
and a narrower distribution than a ball mill when opera-
ted under similar conditions. For example, the 1300°C
calcine developed a size distribution in which m was 8
microns and s 2.8 after milling for 2 hours without any
surfactant, whereas m is reduced to 2.5 microns and s
to 1.6 after paddle milling for 1 hour without any addi-
tive. In general, it was found that the paddle mill pro-
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FIGURE 5.  Particle-size distribution of
- calcined gibbsite. A —Size distribution of
material calcined between1000 and1400°C.
B — Size distribution range observed after
treating A with ultrasonics in water.

duces the same particle-size distribution in half the
time and without the use of any surfactant as that which
is developed in a ball mill with OT-13.

Typical particle-size distributions obtained after
milling the various calcines for 1 hour in a paddle mill
are shown in Figure 6. Comparison of the curves shows
that a wider distribution is developed by the lower-
temperature calcines (1100°C and 1200°C). The
presence of more coarse material is probably related to
the very small pore size developed within the pseudo-
morphs which allows the deformation during milling to
lie within the elastic limit of the material. As the cal-
cination temperature is increased, so a larger pore size
is developed (Figure 4) and the deformation during
milling may exceed the elastic limit of the material and
consequently less coarse material is retained.

Conclusions

With increasing temperature, alumina formed from
gibbsite passes through a scries of phase changes before
developing the stable alpha-form at approximately
1100°C. No change in morphology was observed up to
1100°C despite the formation of scveral metastable
intermediate phases.

At higher temperatures, the alpha-form is devcl-
oped initially as very small crystals still rctained within
the original gibbsite pseudomorph. All the high-tem-
perature calcines consisted of strain-frce alpha-alumi-
na; the unit-cell dimensions were found to be identical
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