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Abstract

Hydrothermal ageing experiments were performed
on a mullite suspension obtained by a coprecipitation
method to study its effects on the electrophoretic
behaviour and morphology of the particles in sus-
pension. The changes in hydration degree, and che-
mical environments of silicon ions and aluminium
ions were also studied. With the increase in the age-
ing time, the isoelectric point (IEP) of the particles
surface gradually decreased from pH 8-2, for the
freshly precipitated powder, to pH 5-8 after the sus-
pension has been refluxed at 100°C for 24 hours.
This shift in IEP was attributed to a depolymeriza-
tion and dissolution process of silicon-containing
species and its precipitation on the surface of
the particles present in the aged suspensions. The
hydration degree of the precursor was reduced as
shown by the weight changes in the TG analysis.
These phenomena were enhanced by autoclave age-
ing at 230°C which transformed all bayerite into
boehmite. These transformations were accompanied
by some replacement of =5i~0—Si= bonds by =Si-
O—-Al= bonds and smoothing of the particle surface.
© 1997 Elsevier Science Limited.

1 Introduction

Mullite has been studied for certain structural
applications because of its excellent phase stability,
low thermal conductivity, excellent creep resistance
and high temperature strength retention as com-
pared to other engineering ceramic materials.!>?
There are several ways to prepare mullite precur-
sor. One of them is the coprecipitation method by
which diphasic precursors with Al-components and
Si-components mixed in a nanometer scale could

1539

be derived. In our previous work,? freshly prepared
precursors exhibited a total weight loss of about
35%, which was due to its high degree of hydra-
tion. As a result, an attempt to prepare green
bodies by directly slip casting from the precipitated
and washed slurries obtained only a moderate
success.* It was also observed that the dispersion
ability of the slurries and the mixing degree of the
two components were influenced by the ageing
time at room temperature. Direct colloidal proces-
sing of ceramic material precursors obtained by
Sol-Gel methods are limited by strong agglomera-
tion, big weight losses and high shrinkage during
drying and the initial stages of the thermal treat-
ment of the green body, which would cause inevi-
table damage to the ceramic bodies, such as cracks
and deformation. Changing the morphology, the
state of aggregation and the hydration state of the
precursors, and improving the dispersion ability of
the particles in the suspension, are essential to obtain
green bodies that behave well during sintering.

In the present work, hydrothermal ageing, both
at 100 and 230°C, was carried out to study the
ageing effects on the hydration state of the precur-
sor, and also the electrophoretic behaviour, mor-
phology and size distribution of the particles in
suspension. The ageing effect on the chemical
environments of the aluminium ions and silicon
ions was also studied. The objective was to under-
stand how the properties of the precursor could be
modified, from the initial stage of its preparation,
in a way that would improve direct colloidal pro-
cessability of the obtained slurries.

2 Experimental

The suspensions with 10 vol% excess alumina over
stoichiometric mullite composition were prepared
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by the coprecipitation method reported earlier.34
The single alumina-containing suspension and sin-
gle silica-containing suspension were prepared by
adding an AICl; solution or a silica sol derived
from sodium metasilicate, respectively, to an
ammonium hydroxide (NH4OH) solution. The
cationic acidic solutions were sprayed with com-
pressed air (from a glass nozzle) into the diluted
NH4OH solution maintained at pH=28-5 under
strong mechanical agitation. The pH was controlled
and adjusted automatically by using a pH meter
(Cole-Palmer pH/ORP controller, model 5652-10)
coupled with a diaphragm-type pump (Cole-Palmer
metering pump, Series 7142) which drops NH,OH
solution onto the precipitating solution. The preci-
pitated suspensions were filtered and redispersed
into distilled water several times to remove the Cl~
and Na™. The ageing experiments were carried out
by refluxing at 100°C under 1atm pressure in air
for 3, 7, 12 and 24 h and by using an autoclave at
230°C for 72h. Some parts of the suspensions
(unaged, aged at 100 C for 24h and aged in auto-
clave at 230°C for 72h) were filtered and dried in
air at room temperature for 3 days and at 100°C
for 10 h. The dried powders were analysed by X-Ray
Diffraction (XRD) with an X-ray diffractometer
(Model XDMAX, Rigaku/USA, Inc., Danvers, Ma)
by using CuKa radiation in the 10—70° 26-range at
a scanning speed of 2° 2dmin~—!, and thermogravi-
metric analysis (TGA) (Model LINSEIS/THER-
MAL, LINSEIS, Inc., Princeton Junction, NJ) at a
heating rate of 10°Cmin~!, up to 1400°C.

A computer-controlled Malvern AZ-6004 Zeta-
sizer (Malvern Instruments, Malvern, UK) was
used for particle size distribution analysis and zeta-
potential measurements. The concentrated suspen-
sions were diluted and dispersed in 0-001 M NaCl
solution and the pH of the suspensions was adjus-
ted by adding 0-001 M HCI or NaOH solutions.*

The morphology of the particles in the unaged
and refluxed aged suspensions was observed by
Scanning Electron Microscopy (SEM) (Model
S4100-1, Hitachi, Ltd, Tokyo, Japan). Samples for
these observations were prepared by dropping the
dilute suspensions on the surface of thin glass pel-
lets and drying at room temperature, followed by
depositing a carbon film on them. The MAS NMR
spectra of the dried unaged and the autoclave aged
powders were recorded on a Bruker MSL 400P
spectrometer. Samples were spun at the magic-
angle in a zirconia rotor. 2°Si MAS NMR spectra
were recorded at 79-494 MHz using 45° radiofre-
quency pulses with an interpulse delays of 30s and
a spinning rate of 5kHz. 27A]1 MAS NMR spectra

were recorded at 104-26 MHz using very short, 10°
powerful radiofrequency pulse delays with an
interpulse delays of 0-5s and a spinning rate of
15kHz. The chemical shifts are quoted in ppm
from external TMS (tetrametilsilane) and
Al(H,0)¢>*, respectively.

3 Results and discussion

3.1 Characterisation of the particle suspensions

The dispersion ability of the precipitated powders
was evaluated by measuring the zeta potential as a
function of pH. The electrophoretic behaviours of
the silicon containing species and aluminium-
containing species precipitated separately at pH
8-25+0-25 have been reported earlier.* The iso-
electric points were located at pH values ~1-15
and &9-5, respectively.

Different values of IEP are cited in the literature
for alumina and silica, depending on the crystallo-
graphic form, hydration state and history of the
sample. The IEP of alumina may be contained in
the pH range from 5 to 9-25.°> However, a pH
around 9+0-2 is most commonly reported®®
which is very close to the measured value. The IEP
of silica has been variously reported to be from pH
0-5 to 3-75. Iler® reported that, in extensive studies
of silica polymerisation, ion-exchange, and elec-
trophoresis, an IEP between 1 and 1-5 was found,
and that condensation was slowest there. The
measured [EP for the silicon-containing species is
in good agreement with these findings. Zeta poten-
tial values greater than +25mV were registered for
alumina and silica components species at pH
values lower than 7 and higher than about $-5,
respectively. So, a strong mutual attractive inter-
action between the different particles of these two
components is expected to occur when both are
present in the suspensions.
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Fig. 1. The ageing effect on the electrophoretic behaviour of
the coprecipitated powder.
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The electrophoretic behaviours and the size
distributions of particles in the unaged and
aged suspensions for different times are shown in
Figs 2 and 3, respectively. It can be observed that,
at 100°C, increasing the ageing time leads to a
decrease in the isoelectric point, while the average
particle size shows only slight fluctuations. The
IEP was further decreased by the autoclave
treatment at 230°C for 72h, whereas the average
particle size continued almost unaffected. The shift
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Fig. 2. The effect of the ageing time on particle (agglomerate)
size distribution.

Fig. 3. The effect of the autoclave ageing on powder mor-
phology (a) unaged, (b) autoclave aged at 230°C (72 h).

in IEP of about 3 pH units can be interpreted as an
enrichment of the surface of the particles in silica
species* promoted by depolymerization and disso-
lution precipitation processes resulting from the
higher solubility of the silica species and from its
tendency to be strongly adsorbed onto the surface
of the hydrous aluminium oxides.! A decrease in the
hydrated state can also have a minor influence.!?

The pH of the coprecipitation medium when
making the mullite with 10 vol% excess Al,O3; was
almost coincident with the IEP of the alumina
component and, therefore, due to the attractive
van der Waals forces, primary particles readily
agglomerate, as can be observed in Fig. 3(a). So,
the values presented in Fig. 2 should represent the
size of the agglomerates. Figure 3(b) shows that the
interparticle connections were reinforced by the
dissolution precipitation process which occurred
during ageing. The observed smoother surface of
the aggregates can also result by a process of mass
migration from the regions with high surface cur-
vature to the regions with low or negative surface
curvature, i.e. in the necks between two neigh-
bouring particles,!! which results in a reduction of
surface area of the particles in the suspension. The
decrease in IEP and surface area of the particles
seem to be interesting features which will improve
the colloidal processing ability of the coprecipitated
powders by diminishing the tendency for particle
aggregation.

3.2 Characterisation of powders

XRD spectra of the powders obtained from the
freshly precipitated and from the refluxed suspen-
sions at 100°C were practically coincident, indicat-
ing that, although this treatment strongly affected
the surface properties of the particles, it did not
interfere with their internal crystallographic struc-
ture. XRD spectra of the powders obtained from
unaged and autoclave aged suspension are shown
in Fig. 4. It can be observed that all bayerite phase
present in the initial precursor was transformed
into boehmite by the autoclave ageing treatment.
This transformation was accompanied by a notice-
able change in weight loss from 35-6%, measured
for the unaged sample, to 22-4% for the autoclave
treated powder, as shown by TG analysis in Fig. 5.
The weight loss experienced by the powder aged at
100°C for 24h attained the intermediate value of
30-2%. Since the crystalline structure of this pow-
der was not substantially modified by the ageing
treatment, the weight loss observed should be
attributed to the condensation of the amorphous
phases. The condensation process continues during
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Fig. 4. XRD spectra of the precursors: (a) freshly prepared,
(b) autoclave aged at 230°C (72h).
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Fig. 5. TG curves of the precursors: (a) freshly prepared,
(b) refluxed at 100°C (24 h), (c) autoclave aged at 230°C (72 h).

thermal treatment and is responsible for a broad
exothermic peak, observed in the DTA curve of the
unaged precursor, extending from 300 to 1000°C
attributed to the crystallisation of the alumina and
the condensation of the amorphous phase.>!2-14
The 2’A1 MAS NMR spectra of the unaged and
aged precursors are shown in Fig. 6. Without age-
ing, the precursor shows two 2’Al resonances, one
at 56 ppm and another at about 8 ppm which can
be attributed to the tetrahedral and octahedral
coordination, respectively. The tetrahedral coordi-
nation of Al (very weak peak at 56 ppm) is due to
aluminium in the nearest neighbour environment
of silicon due to the atomic-scale mixing.!> The
27A1 resonance at ~8ppm represents Al in octa-
hedral coordination due to the presence of the
boehmite phase in the precursor which has all the
Al in octahedral coordination.!6 After autoclave
ageing, the two 27Al peaks shift to 69 ppm and
5ppm, respectively. This is attributed to the dehy-
dration and the changes of the polymerisation
states, and the relative intensity of the resonance at
69 ppm which corresponds to the tetrahedral coor-
dination is stronger than the resonance at 56 ppm
from the unaged precursor. The shifts observed
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Fig. 6. ¥’Al MAS NMR spectra of the precursors: (a) freshly
prepared, (b) autoclave aged at 230°C (72h).

suggest that the percentage of Al ions in the nearest
neighbour environment of silicon in the autoclave
aged precursor is higher than that in the unaged
precursor.

The 2°Si MAS NMR spectra of the unaged and
aged precursors are shown in Fig. 7. The spectrum
of the unaged precursor showed broad complex
peaks ranging from —80 ppm to —120 ppm. There-
fore, they were considered to consist of a number
of overlapped peaks. This indicates that there were
various polymerisation states in the SiO, tetrahe-
dra of this precursor. The two strongest peaks are
around —86ppm and —107ppm. The —86ppm
peak can be assigned to Q! or Q? for SiO4 which
could be Q*(3Al) or Q*2Al) structures and the
—107 ppm peak can be assigned to Q* or Q* struc-
tures, where Q!, Q? and so on refer to commonly
accepted notations.!” After autoclave ageing, the
peaks around —107 ppm which correspond to the
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Fig. 7. 2Si MAS N spectra of the precursors: (a) freshly
prepared, (b) autoclave aged at 230°C (72h).
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high polymerised silica disappear, all the resonan-
ces shift to lower fields around the strongest peak
—88 ppm, from —79 ppm to —98 ppm. Two differ-
ent phenomena may contribute to this shifting of
the resonance lines:!® (i) the depolymerization of
silica species (breaking of siloxane bonds, =Si-O—
Si=, and formation of silanol groups, =Si-OH)
which results in a shift of ca 10 ppm; (ii) replace-
ment of =Si-O-Si= bonds by =Si—-O-Al= bonds
resulting in a chemical shift of ca 5 ppm. Combin-
ing the information obtained from electrophoresis
and from the ?A1 MAS NMR and #Si MAS
NMR spectra it seems reasonable to conclude that
both phenomena should occur. In fact, the shift in
IEP of about 3pH units was attributed to an
enrichment of the surface of the particles in silica
species* promoted by depolymerization and disso-
lution precipitation processes resulting from the
higher solubility of the silica species and from its
tendency to be strongly adsorbed onto the surface
of the hydrous aluminium oxides.! On the other
hand, the Si MAS NMR spectra of the aged
precursor is characteristic of a crystallised sample
with well defined sites around —88 ppm. A peak at
—88ppm has been observed for homogeneous
samples prepared by slow hydrolysis of aluminium
and silicon alkoxides and was attributed to Q*(2Al)
or Q*(3Al).15 So, both 2’A]1 MAS NMR and »Si
MAS NMR spectra point out for an increasing
mixing degree at the molecular level of the alumina
and silica species in the autoclave aged sample.

The dehydration of the precursor, the displace-
ment of the IEP to lower pH values and the
increase of zeta potential in the alkaline region, the
smoothing of the particle surface in the suspension
with the concomitant reduction in the specific sur-
face area, rendering the particles less active towards
aggregation, constitute promising aspects for the
desired improvement in colloidal processability of
the slurries obtained by coprecipitation. On the
other hand, the replacement of siloxane bonds by
=Si-O-Al= bonds promoted by the autoclave
ageing treatment also improves the degree of mix-
ing of both components in the precursor.

4 Conclusions

The following conclusions can be drawn from the
data presented in this work:

1. With the increase in ageing time, the IEP of
the particles in the suspensions decreases. This
is interpreted as being mainly due to the

depolymerization and dissolution of the
polymeric silica units and its deposition at
particles surface. The mass migration from the
regions with high surface curvature to the
regions with low or negative surface curvature
leads to the smoothing of the particles surface
in the suspension and to a decrease of the
specific surface area of the suspended powder.

2. The autoclave treatment transforms all
bayerite phase present in the initial precursor
into boehmite. This transformation is consis-
tent with the observed change in weight loss of
the unaged and aged precursors. The infor-
mation obtained by MAS NMR spectra ana-
lysis reveals that the autoclave ageing involves
dehydration, depolymerization, and replace-
ment of =Si-O-Si= bonds by =Si-O-Al=
bonds. After autoclave ageing the precursor
becomes more homogeneous.
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