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Porous mullite and mullite-based composites have been prepared from a chemical processing route starting
from a precursor obtained using an aqueous suspension of kaolinite and aluminium hydroxide. This was
coprecipitated with kaolinite using ammonium hydroxide or hexamethylenediamine (HMDA), and a solution of
aluminium chloride prepared from dissolved recycled wastes of aluminium metallic powders. Raw and ball-
milled kaolinite during 30 minutes have been employed. The precursors and the obtained materials were
characterized by X-ray diffraction (XRD) and thermal diffractometry, simultaneous differential thermal
analysis (DTA) and thermal gravimetric analysis (TGA), scanning electron microscopy (SEM), flexural strength
test at room temperature and Hg intrusion porosimetry. The feasibility of using HMDA as a precipitating
agent in the proposed chemical processing route for mullite preparation has been demonstrated. The
advantageous use of HMDA, as compared with ammonium hydroxide, and ground kaolinite, as compared with
raw kaolinite, produced single-phase mullite materials and enhanced the flexural strength of the resultant
ceramic porous bodies by firing at 1550-1600 °C (porosity 5045 vol%). These materials would have application

as refractories, substrates, filters and thermal isolating materials.

Mullite (nominal composition 3A1,05 2Si05) is the only stable
crystalline phase, at normal pressure, in the SiO,-Al,O;
system. It is produced after the thermal decomposition of
aluminosilicates, such as kaolinite or pyrophyllite, and clay-
based materials' ™ and obtained by reaction sintering mixtures
of kaolinite and alumina.®!'" Mullite is one of the most
commonly found phases in industrial ceramics. However,
according to Aksay et al’ the importance of mullite as a
ceramic phase in materials was only recognized during this
century when the first binary phase diagram was proposed.!?
Its excellent properties, such as high-temperature strength,
creep resistance, low thermal expansion coefficient, good
dielectric properties, very high transmittance in the mid-IR
range, good chemical and thermal stability, with retention of
mechanical properties to elevated temperature and stability in
oxidative atmospheres, make this ceramic and its composites
important candidates for electronic, optical and high-tempera-
ture structural applications as advanced materials.””’ Due to
the low relative permittivity of mullite and its thermal
expansion, which is close to that of silicon, this material is
also being considered as a potential candidate for substituting
the alumina substrates in the new generation of fast
computers.®>7-10:11

The preparation of pure mullite powders has been exten-
sively reviewed in the literature.>®!* Thus, different combina-
tions of precursors for silicon and aluminium have been used
for mullite preparation, including aluminium and silicon sols
from inorganic salts or alkoxides in aqueous and non-aqueous
media, but the experimental conditions have to be carefully
controlled.>*!? Single and diphasic gels have been prepared to
fabricate mullite ceramics.

On the other hand, the reaction series of kaolinite or
metakaolinite yields mullite,' being similar to that of silica—
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alumina diphasic precursors (with a scale of homogeneity from
1 to 100 nm). Initially, a transient alumina or alumina-type
spinel forms at 980 °C with an exothermic thermal effect, and
mullite crystallization follows at higher temperatures, often
with a distinct second weak exotherm at ca. 1200 °C, which
could be also due to the formation of a metastable eutectic
liquid.*'® Kaolinite is an atomically layered structure of
(Si,05)*" and [Al,(OH),** molecular sheets, but the level of
mixing of Si and Al is not sufficient to prevent the segregation
of alumina and amorphous silica, which crystallizes as
a-cristobalite at high temperatures.*> However, mullitization
can be produced at high temperatures by reaction sintering
mixtures of kaolinite and alumina with an overall composition
3AL0O;5 2Si0, (72 wt% alumina and 28 wt% silica).!®!! In
recent papers, mullite-alumina functionally gradient ceramics'®
and mullite-aluminosilicate glassy matrix substrates, obtained
by reactive coating,'! have been prepared by this processing
route. Another processing route involves the milling of
aluminium or Al/Si alloys and alumina powders with additives,
and subsequent oxidation to give reaction-bonded binary metal
oxide ceramics.'* There are even processing routes via the so-
called “transient viscous sintering” process, due to Sacks et
al.'® More recently, a new processing route has been proposed,
named the “oxide one-pot synthesis”, for mullite and other
ceramics. '®

The present investigation deals with the preparation of
mullite and mullite-based composites based on a chemical
processing route. Porous mullite and mullite-based composites
have been prepared starting from a precursor prepared using
kaolinite and aluminium hydroxide. The amorphous alumi-
nium hydroxide has been coprecipitated with kaolinite using
ammonium hydroxide (ammonia) or hexamethylenediamine
(HMDA), a low-cost chemical used in the manufacture of
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synthetic textile fibres, and a solution of aluminium as its
chloride salt, resulting from dissolution in HCI of aluminium
metal shavings coming from the recycled wastes of aluminium
metal manufacturing. This processing route may be considered
a cheap and promising process for recovery of aluminium metal
wastes as an alternative process to recycling by remelting, thus
avoiding the problem of other by-products. The precursors and
the obtained mullite materials have been characterized mainly
by X-ray diffraction (XRD), thermal methods, Hg intrusion
porosimetry and scanning electron microscopy (SEM).

Experimental
Preparation of mullite-based precursors

A raw kaolinite from Caobar (Poveda, Guadalajara, Spain)
with kaolinite content >90 wt%, and quartz (ca. 10 wt%) and
some mica, was used. The chemical composition (in wt%) is:
SiO, 47.98, Al,O5 38.10, Fe,O; 0.57, TiO, 0.16, CaO 0.07,
MgO 0.20, Na,O 0.04, K,0 0.43 and a weight loss after heating
at 1000 °C amounting to 12.26 wt%. Raw (Kaolinite sample A,
particle size <2 um 45.4 wt% determined by sedimentation)
and ball-milled kaolinite for 30 minutes (Kaolinite sample B,
particle size <2 pm 96.4 wt%) were used. Fig. 1 shows the
X-ray powder diffraction (XRD) patterns corresponding to
these samples, where some structural disorder is produced after
grinding for 30 min the original kaolinite sample. The BET
surface area (measured by nitrogen adsorption) increases from
6.8 to 8.6m? g~ ! after grinding.

Fig. 2 shows the processing flow-chart used for the prepara-
tion of mullite-based precursors starting from kaolinite and
aluminium alloys.

Several aluminium alloys used in the manufacture of
aeronautics were selected as raw materials to perform this
research. In the present study, waste shavings of a particular
aluminium alloy, with chemical composition (in wt%) Al 92.25,
Cu 4.50, Mg 1.50, Fe 0.50, Si 0.50, Mn 0.50 and Zn 0.25, were
dissolved using an aqueous solution of HCI (35 vol%). After
reaction, the resultant solution was filtered, the aluminium in
solution was determined by atomic absorption, and the
solution was thoroughly mixed with the kaolinite aqueous
suspensions prepared with samples corresponding to samples A
and B in proportions such that the resulting ceramic materials
after firing would be the stoichiometric mullite (72 wt%
alumina and 28 wt% silica). The hydroxide was precipitated
from the aluminium salt in solution using concentrated

30 min
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Fig. 1 XRD of original kaolinite (0 min), sample A, and after grinding
for 30 minutes (30 min), sample B. Q =Quartz.

1410 J. Mater. Chem., 2000, 10, 1409-1414

Al shavings
HCI
Dissolution

| KADLINITE |

Dispersion

NH4OH

or
NHz-{CHg)g-NHz

[PI’BI:ile.aliDﬂ H Washing H Dirying |—>

Fig. 2 Processing flow-chart.
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ammonia (ammonium hydroxide) solution or hexamethylene-
diamine (HMDA, a low-cost chemical used in the manufacture
of synthetic textile fibres) under adequate precipitation
conditions. Control of the pH of the slurry (6.5-7.2, as the
precipitation pH of the hydroxides is less than 8), and
consequently of the metal impurities in solution, was necessary
in order to avoid the presence of impurities and to achieve
complete precipitation under these conditions. Cu and Zn were
complexed and remained in solution, being interesting from the
point of view of Al recovery and purification of the raw
solution. This was checked using chemical analytical methods
(atomic absorption).

After vigorous stirring and sedimentation, the coprecipitated
solid (kaolinite with aluminium hydroxide obtained by
reaction) was washed to eliminate the impurities and alkaline
mother liquors. With subsequent drying, a portion of the solid
cake was examined by XRD, showing only kaolinite and
quartz as crystalline phases. The product obtained using
HMDA as precipitant was thermally pretreated at 300 °C over
90 minutes under nitrogen flow to eliminate this diamine,
which was not completely eliminated by simple washing as
compared to when ammonia solution is employed in the
precipitation.

Characterisation

Samples were studied using dynamic thermal conditions (DTA-
TGA) with a heating rate of 10°C min~ ' using a Setaram
apparatus, model 92-16,18. These studies were performed in air
with calcined alumina as reference material and Pt-Rh
crucibles. Thermal treatments of cold-pressed powdered
samples at 500 MPa were performed in air using a furnace at
a heating rate of 10 °C min~! over 30 minutes to a maximum of
1600 °C.

X-Ray powder diffraction (XRD) patterns were obtained
using oriented aggregates of ground powders on a Siemens
XRD D-5000 diffractometer, using Cu-Ko radiation with a
scan rate of 1 degmin~! and were compared to the JCPDS
files. A temperature controlled device was also used to study
some samples by thermal diffractometry from room tempera-
ture up to 1000 °C. ?’ Al Solid-state nuclear magnetic resonance
(NMR) spectroscopy using magic angle (54° 44’) spinning
(MAS) was performed using a high-resolution Bruker DRX400
spectrometer and an external reference of AlICl;-6H,O in 1 M
solution at 104.24 MHz and a spinning rate of 12 KHz.
Scanning electron microscopy (SEM) pictures were taken on a
JEOL JSM-5400 scanning electron microscope equipped with
an energy dispersive X-rays analysis (EDX) Link system for
qualitative chemical analysis. Fractured samples were depos-
ited on copper supports and covered by a thin film of gold.
TEM was also used to study some samples, in particular to
differentiate mullite from other crystalline phases using selected
area electron diffraction patterns.

Mechanical properties and porosities of selected fired
samples were studied. The flexural strength measurements at
room-temperature were performed by four point bending test
using an Instrom machine, model 8501. The porosity was



measured by mercury intrusion porosimetry at a maximum of
400 MPa using a Fisons apparatus.

Results and discussion

The precipitated solid of raw kaolinite and aluminium
hydroxide, produced by the reaction between the aluminium
salt and the base (ammonium hydroxide or HMDA), was
examined by XRD after washing and drying. Results showed
only kaolinite and quartz as having crystalline structure, and
an amorphous phase. The last likely contains aluminium oxy-
hydroxides produced in the precipitation stage (Fig. 2) using
HMDA or ammonia. Results from an on-going study are
helping to elucidate the reaction of HMDA and its interaction
with kaolinite layers and aluminium oxy-hydroxide coming
from the aqueous solution of the aluminium salt. It is a key
aspect of this processing chemical route for the preparation of
mullite powders.

For a more detailed study and to investigate further the
nature of this solid product, >’ A1 MAS-NMR spectroscopy was
used. This technique showed that the NMR spectrum had only
a signal at 8.5 ppm. This is associated with the octahedral
aluminium coordination present in the resultant product which
contains kaolinite and the amorphous phase formed in the
presence of HMDA. The aluminium ions are incorporated into
the coprecipitated solid in octahedral sites. In this sense, it is
interesting to note that Jaymes er al!” suggested that
hydroxylated aluminium atoms link to a mullite gel precursor,
which is obtained from aluminium nitrate and tetraethyl
orthosilicate (TEOS) via aqueous homogeneous precipitation
using urea. Hydrolysis produces aluminium atoms which
remain preferentially in an octahedral coordination (0 ppm),
since the relative amount of six-fold coordinated atoms
increases. Sanz er al* studied a sample of kaolinite of the
same origin as used in this research, and found a signal of
—2 ppm in their original kaolinite sample. The difference of
signal and the broadening of the peak may be attributed to the
existence of an amorphous phase containing Al (aluminium
oxy-hydroxide) and HMDA possibly bonded to a kaolinite
layer, with all aluminium present in octahedral coordination.

Thermal treatments of the precipitates in air using dynamic
heating conditions (DTA-TGA) are shown in Fig. 3. The first
derivative of the TGA curve is also included (DTG) to show the
thermal evolution. The TGA results of the mullite precursor
obtained using ammonia indicate a continuous weight loss
from low temperatures, which is attributed to dehydration and
dehydroxylation of amorphous aluminium hydroxide. From
400 to ca. 600°C, the kaolinite is dehydroxylated with the
formation of metakaolinite, an amorphous phase to X-rays.'*
When the corresponding mullite precursor obtained using
HMDA is examined by DTA-TGA, thermal events are shown
to overlap with HMDA oxidation in air, i.e. loss of organic
species, with gas evolution. In connection with these features,
several DTA effects associated with dehydroxylation
(endotherm) and thermal oxidation (exotherm) of HMDA
are observed. In the same way, the first derivative curve of
TGA (DTG diagram) is illustrative of the thermal evolution,
with maximum decomposition rates close to the DTA thermal
events.

Characteristic of metakaolinite is the sharp exothermic DTA
peak, with no weight loss observed at 995 °C (using ammonia)
and 994 °C (using HMDA) in the samples.!™ The cause of this
exothermic DTA peak has been controversial in the litera-
ture.!> It has been attributed to the formation of either mullite
nuclei or spinel (y-Al,Oj3 solid solution) or both, since at DTA
heating rates, both mullite and spinel have the possibility of
forming concurrently.® In the present case, after dynamic
heating below 1100 °C, X-ray reflections of aluminium oxide
(according to JCPDS No. 29-0063), as a nanocrystalline
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Fig. 3 Thermal analysis by DTA and TGA of the mullite precursor
samples prepared using (a) HMDA and (b) ammonium hydroxide as
base precipitating agents. Heating rate: 10°Cmin~'. The first
derivative of the TGA or DTG diagram is also included.

material, quartz, and an amorphous phase were observed.
Impurities present in kaolinite influence the size and tempera-
ture of the exothermic DTA effects at high temperatures.”'®
However, in the present case it is considered that the presence
of impurities would have little or no effect, given the low
proportion present in the kaolinite used coupled with the
elimination of impurities coming from the aluminium alloys,
which was checked using chemical analytical methods. It is
worth noting here that the formation of such exothermic DTA
peaks (mullite nuclei and/or spinel) is most likely due to the
release of energy associated with the Al ions transforming to a
more stable sixfold coordination, facilitating the formation of
mullite, as proposed previously by Sanz et al* and more
recently by Sanchez-Soto et al. ' using other mullite precursors.

Further investigation on the formation of mullite under
dynamic heating conditions was performed using a tempera-
ture controlled device from room temperature up to a
maximum of 1000°C by XRD (thermal diffractograms).
These results proved useful in comparison to those previous
obtained by DTA-TGA. The most interesting was when
HMDA was employed in the chemical processing of mullite
precursors. These results can be seen in Fig. 4. The XRD
patterns at room temperature (original) and 300 °C show some
kaolinite, quartz and an amorphous phase. Kaolinite patterns
disappear after further dynamic heating, which is accounted for
in the weight loss shown in the TGA-DTG diagrams and the
associated endothermic DTA effect (Fig. 3). There is also a
large volume change attributed with the conversion of the
powder with the organic compound to a ceramic powder. Low-
crystalline mullite X-ray patterns can be detected after dynamic
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Fig. 4 XRD thermal diffractograms of mullite precursor sample
obtained using HMDA. K =Kaolinite; Q =Quartz; M =Mullite.

heating at 975°C (Fig.4), ie. when the characteristic
exothermic DTA effect is observed with no weight loss (Fig. 3).

Thermal treatments of the pressed powders in air were
performed to produce mullite from the reaction between
amorphous silica, produced from metakaolinite decomposi-
tion, and aluminium oxide. This formation of mullite is
accompanied by (meta)kaolinite decomposition. It is assumed
that a similar reaction pathway, as proposed in the litera-
ture,”'%!" accounts for the mullite formation using (meta)-
kaolinite-alumina mixtures by reaction sintering. This process
involves the formation of primary mullite from (meta)kaolinite
decomposition at temperatures close to 1300 °C, and at higher
temperatures, the formation of secondary mullite by a
solution—precipitation mechanism.

Fig. 5 shows selected XRD diagrams which correspond to
samples obtained using ammonium hydroxide or HMDA in

M
M
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(B) M
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M M
A M
M MAM
0 20 0 20
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Fig. 5 XRD patterns of the precursor samples after thermal treatment
in air at 1600 °C for 30 minutes: (A) sample processed using HMDA
and (B) sample processed using ammonium hydroxide. M = Mullite
(JCPDS card 15-776) and A =a-alumina (JCPDS card 10-173).
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the precipitation processing step, as described above, and fired
at a temperature of 1600 °C for 30 minutes. The formation of
mullite is achieved, with o-alumina (corundum) remaining,
which is indicative of using ammonia as a precipitating agent.
The formation of a-alumina is produced from the solid-state
transformation of y-Al,Os. Thus, it is remarkable that mullite
is produced in higher yield when HMDA was employed to
produce the precipitation of aluminium hydroxide from
aluminium salts than when ammonium hydroxide was used.
Firstly, we could explain this result by taking into account the
nature of HMDA, an organic compound which is able, in
certain arrangements, to intercalate into the interlayer space of
aluminosilicates,”®?' and thus participate in solid-state reac-
tions favoured by thermal treatment and temperature increase
until complete loss by oxidation at 600°C. An alternative
explanation is the formation of some kind of bond between the
kaolinite layer, the amorphous phase containing aluminium
oxide, and HMDA as coupling agent. According to the
literature,”>* despite the wide abundance of kaolinite in
nature, it has been investigated significantly less than, for
example, smectite clays as a precursor mineral for new
organomineral materials. This is presumably due to the
difficulty in expanding the interlayers of kaolinite as compared
to other expandable layered materials. However, studies of
chemically modified kaolinite*® show that it is possible to
modify the interlayers of this silicate with methanol by first
expanding the interlayers with chemical agents, such as DMSO
or NMF, and then treating them at high temperatures
(>200°C). Thus, the grafting of organic groups onto the
interlayer aluminol surface of kaolinite is made possible. A
previous paper reported results under adequate conditions
using other aluminosilicates and alkylamines.”® However,
intercalation was produced in an indirect chemical way. This
demonstrates the feasibility of intercalation reactions and
grafting of organic groups under certain conditions.?>?¢

In the present case, organic groups could be attached to the
hydroxide surface of kaolinite (interlayer aluminol surface)
through a condensation reaction whereby Al-O-C and/or Al-
O-N bonds are involved. To some extent these could also be
formed or favoured by thermal treatment. This is not the case,
however, when ammonium hydroxide is employed in the
precipitation step of aluminium hydroxide (Fig. 1). It is also
suggested in this particular case that the diamine HMDA could
also bond with reactive aluminium oxy-hydroxide which is
precipitated in the kaolinite aqueous suspension. The reaction
would also involve a simple dispersion effect of this organic
chemical on the surface of kaolinite particles. The effect of the
first stages of grinding kaolinite which induced random
translations along the b-axis of the silicate layer may also
favour all these processes.

It is also assumed that the formation of a secondary mullite,
i.e. the reaction o-alumina—(meta)kaolinite, is produced at
lower temperatures, being accelerated by the effect of eutectic
liquid formation in the SiO,-Al,O; binary system at ca.
1587°C.'° In this respect, it is reported!® that the reaction of
a-alumina with kaolinite initiated at about 1250 °C, increases in
speed from 1600 °C and beyond. This indicates the strong effect
of the eutectic liquid formation in this system at ca.
1587 °C. Consequently, both effects are favourable using
HMDA as a precipitating agent and as a coupling agent;
they compare very favourable to using ammonium hydroxide.
In relation to this, under slightly different conditions, the
attack of a silicate network by aluminium cations was
reported.!” The use of chemical agents (urea)!” as base
generators, instead of sodium or ammonium hydroxide,
should simplify the synthesis of reactive mullite precursors
because it (a) avoids local excess base, and (b) increases the
yield of hexacoordinated aluminium atoms in local structures
similar to those present in kaolinite. This seems in accordance
with the present results. Thus, as compared with ammonium



hydroxide used in the precipitation step, the advantageous
effects of HMDA can be observed, and therefore mullite is
formed as a single phase (Fig. 5).

SEM has been applied to study the mullite and mullite-based
composites obtained during this chemical processing route.
Fig. 6 shows the fine porous microstructure of the mullite body,
obtained using HMDA as precipitating agent. It has the typical
elongated morphology of mullite crystals, which was revealed
after HF chemical etching. On the other hand, the presence of
corundum (a-alumina) grains and mullite crystals was observed
in the sample obtained using ammonium hydroxide in the
precipitation processing step. This is in agreement with the
phase analysis by XRD (Fig. 5). The presence of o-alumina
grains and elongated mullite crystals was studied using energy
dispersive X-ray spectroscopy and confirmed using electron
diffraction. These microstructures, the development of crystal-
line phases, and the thermal evolution all suggest that
mullitization occured via a similar characteristic mechanism,
as stated previously in the literature.>-!%!!

Flexural strength measurements of fired samples were
performed at room temperature using the four points bending
test. Table 1 shows some selected results of mullite samples
obtained by this wet processing method. These results showed
relatively low values with a minimum of 16.45 MPa after firing
at 1550 °C in air using ammonium hydroxide as precipitating
agent, and a maximum of 48.68 MPa after firing at 1600 °C
using HMDA. The increased porosity, as will be shown later,
could be the main cause of these low strength values. The
flexural strength increases with the sintering temperature of the
samples, and the use of kaolinite sample B [indicated as K(B) in
Table 1] of lower particle size than A [indicated in Table 1 as
K(A)] of relatively higher surface area. Moreover, the present
results suggest that: (1) the use of HMDA results in samples
with higher flexural strength, as compared with the use of
ammonium hydroxide in the processing step of precipitation, at
the same firing temperature; (2) the use of kaolinite samples
with lower particle sizes (sample B) and higher surface area
leads to materials with better strength, and furthermore (3) the
presence of minority metal components in the Al alloy and/or
the kaolinite sample does not seem to have a significant
influence on the formation of mullite and on the mechanical
properties of the fired materials.

The Hg intrusion porosimetry tests indicated that the
materials obtained after firing are porous. The mullite materials
obtained using HMDA (Fig. 6) show a drop in porosity values
from 51.73 vol% after firing at 1550 °C in air to 44.98 vol%
after firing at 1600 °C in air. This difference is assumed to be
due to a firing effect of progressive sintering. The porosity
values of mullite materials obtained using ammonia were
similar to those obtained using HMDA, but the respective pore
size distributions were distinct. According to all these results,
the fired materials could have potential applications as ceramic
substrates, catalytic supports, filters and isolating materials
used at high temperatures as thermal barriers.

Conclusions

From these results the feasibility of using HMDA as a
precipitating agent, in the proposed chemical processing route

Table 1 Flexural strength (oy) results of fired samples in air

Sample” Firing temperature/°C a/MPa
K(B)HMDA 1600 48.68
K(B)HMDA 1550 21.63
K(A)HMDA 1600 40.21
K(B)NH,OH 1600 34.72
K(B)NH,OH 1550 16.45

“Obtained as described in experimental section (see the text).

Fig. 6 SEM micrograph of a porous mullite body obtained after firing
at 1600 °C the precursor obtained using HMDA, after HF chemical
etching. Bar=1 um.

for mullite preparation, has been demonstrated. The use of
HMDA as a base precipitating agent as compared to
ammonium hydroxide has desirable consequences as described
in this work. The preparation of mullite as a single phase with a
characteristic microstructure and enhanced flexural strength
results in ceramic porous bodies (porosity ca. 45-50 vol%) by
firing at 1550-1600 °C for 30 minutes, and is very favourable.
The action of HMDA as an organic coupling chemical agent to
modify the kaolinite layers and aluminium hydroxide is not
clear, and is a matter for further research. On the other hand,
the use of ammonium hydroxide as base precipitating agent
produces a composite o-alumina—mullite by firing the pre-
cursor for 30 minutes at 1600°C. This suggests a higher
refractory tendency than for single-phase mullite alone. The
resultant mullite materials as described in this paper could have
potential applications as refractories, substrates, filters and
isolating materials.

It is also to be pointed out that this route has implications for
the recycling of aluminium metal wastes, and is a possible
alternative to remelting. This may prove interesting in ceramic
engineering and materials science. However, additional inves-
tigation into the above processing route is necessary, and is
now in progress. The results will be a matter for future reports.
Research may prove interesting and useful in stablishing the
apropriate relationships between processing variables, micro-
structure and properties.
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