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High temperature mullite dissolution in ceramic bodies
derived from Al-rich sludge
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Abstract

Mullite-based refractory ceramic materials were produced from an industrial Al-rich sludge derived from wastewater treatment of aluminium
anodising or surface coating industrial processes, and other low cost raw materials (ball clay, kaolin and diatomite). Cylindrical samples
processed by uniaxial dry pressing (32 MPa) were sintered at various temperatures (1250–1650◦C) to study the mullitisation process. The
performance of the materials at high temperature (1650◦C) was evaluated through different techniques (XRD, SEM/EDS, optical microscopy,
and impedance spectroscopy) to access the microstructural changes occurring under prolonged tests (dwell times up to 100 h). For dwell times
<80 h, a preferential dissolution of the smaller mullite grains in the glassy phase and its partial re-precipitation onto the coarser ones, leading
to an overall coarsening of the mullite crystals. For dwell times >80 h, coarse�-alumina and Cr-doped alumina developed at the surface
of the specimens, being accompanied by the formation of pores in the vicinity of alumina grains. Near alumina grains, additional relevant
features include the increase of surface roughness, the appearance of concentration gradients within the glassy phase, which became almost
depleted in Al and enriched in alkalines. The continuity of the glassy phase and its enrichment in alkaline species enhanced the electrical
conductivity of the material, enabling the use of impedance spectroscopy to access the microstructural changes occurring during prolonged
heat treatment.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

In the past few decades, a great deal of research work
has been devoted to mullite ceramics as a high temperature
engineering material, including different techniques used to
obtain this crystalline phase.1–4 Most of the kinetic stud-
ies on mullite formation usually appear associated to the
decomposition reactions of kaolinite (the predominant clay
mineral in kaolins) on heating, and to the sintering ability
of porcelains.5–12

Chen et al.9 have shown that the phase evolution of a
kaolin on heating up to 1600◦C was as follows:

1. At T ≈ 400–600◦C: 2SiO2 ·Al2O3 ·2H2O(kaolinite) →
2SiO2 · Al2O3 (metakaolinite) + 2H2O;
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2. At T ≈ 980◦C: 2SiO2 · Al2O3 (metakaolinite) →
SiAl2O5 (spinel) + SiO2 (amorphous); or 2SiO2 ·
Al2O3 (metakaolinite) → Al2O3 (�-alumina) + 2SiO2
(amorphous);

3. ForT > 1100◦C: SiAl2O4 (spinel) + SiO2 (amorphous)
→ 1/3(3Al2O3·2SiO2) (mullite)+4/3SiO2 (amorphous);
or Al2O3 (�-alumina) + 2SiO2 (amorphous) → 1/3
(3Al2O3 · 2SiO2) (mullite) + 4/3SiO2 (amorphous);

4. ForT > 1200◦C: amorphous silica gradually transforms
into crystoballite, while forT > 1500◦C, crystoballite
transforms again into amorphous silica.9

Other authors8,11–14 also refer to the formation of pri-
mary mullite, Al2O3·SiO2 (mullite 1:1) at around 1100◦C
from the Si–O–Al linkages existing in metakaolinite. As the
temperature increases (T > 1200◦C) the primary mullite
crystals start to grow by reacting with the amorphous alu-
minosilicate phase forming the so called secondary mullite,
3Al2O3·2SiO2 (mullite 3:2). This phase usually exhibits
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acicular shaped crystals that exert a beneficial strengthening
effect in the firing porcelain bodies in order to minimise
warpage.

Besides primary and secondary mullites, Lee and
Iqbal8,11,12 also identified a third type of more elongated
mullite crystals, tertiary mullite, formed within the liquid
phase where the composition was richer in alumina. Re-
cently, Olhero et al.13 used different porcelain formulations,
some including kaolin, and one in which this component
was replaced by a kaolinitic stoichiometric mixture of silica
and alumina, pseudo kaolin. It was showed that instead of
the secondary mullite crystals observed in the fired samples
containing kaolinite, very fine and long tertiary mullite crys-
tals have been formed in the vicinity of corundum grains.

Baud́ın and Villar15 studied the influence of the thermal
treatment within the temperature range of 900–1630◦C, on
the microstructure of the 3:2 mullite in the presence of low
content of alkaline oxides. They concluded that the pres-
ence of 0.28 wt.% (Na2O + K2O + CaO), as main impu-
rities, enables a microstructural development, which com-
prises three main steps: dissolution of mullite grains; forma-
tion of a liquid phase; and the grain growth from the liquid
phase. As temperature increases, the grain growth from the
liquid phase overlaps the dissolution of mullite grains and
a bimodal microstructure develops, with an increasing frac-
tion of large tabular grains.

The starting composition, and especially the alu-
mina/silica ratio, determine the evolution of mulite crystals
growth.13,16 Furthermore, the mullitisation reaction process
is accomplished at lower temperatures if the proportion of
alumina in the sample is above the stoichiometric compo-
sition of mullite. On the other hand, if the alumina content
is too high, the excess alumina might undergo structural
rearrangements and give rise to the formation of�-alumina.
Since in the silica–alumina system mullite is thermodynam-
ically more stable than�-alumina, the growth of�-alumina
is not expected to occur at the expense of the mullite already
formed.17,18

However, the reverse transformation of mullite into
�-alumina and glassy phase (GP) that might occur at high
temperatures, especially in the presence of alkalis, is poorly
described in the literature. In the present work the mulliti-
sation process of an already tested composition19,20 based
on Al-rich sludge and other low cost raw materials was first
studied in the temperature range of 1250–1650◦C. Then,
the microstructural evolution over prolonged heat treatment
at 1650◦C (dwell time up to 100 h) was studied, as an at-
tempt to evaluate the performance of the material under high
temperature environments. The microstructural changes in-
cluded mullite dissolution and re-precipitation, coarsening
of microstructure, and the subsequent alumina crystallisa-
tion, preferentially at the surface of the specimens. Studies
involving recycling of Al-rich sludges might have high eco-
nomic, social and environmental impacts if one considers
that only in EU countries, about 100,000 metric tonnes per
year of this sludge are currently generated21 and that no

interesting applications were implemented up to now. More-
over, the general characteristics of this kind of sludge were
found to be reasonably constant, irrespective of its origin.22

2. Experimental procedure

The formulation used in the present work include
an Al-rich sludge as the main component (42 wt.%),
15 wt.% of a plastic ball clay (BM-8, Barracão-Leiria,
PT), 15 wt.% of kaolin (Mibal-B, Barqueiros, PT), and
28 wt.% of a pre-calcined (600◦C) diatomite (Sociedade
Anglo-Portuguesa de Diatomites, Óbidos, PT). The Al-rich
sludge derived from the wastewater treatment unit of an
aluminium anodising or surface coating industrial plant
(Extrusal S.A., Aveiro, PT) and was used after calcination
(1400◦C, 2 h). The full characterisation of the raw materials
is given elsewhere.19,20

Cylindrical samples (φ = 25 mm, with 3 mm thick)
were processed by uniaxial dry pressing at about 32 MPa,
and sintered at different temperatures (1250–1650◦C). For
the samples fired at 1650◦C, seven different dwell times
were used: 1, 10, 20, 40, 60, 80 and 100 h. The crystalline
phases developed along the heat treatments were detected
by XRD (Rigaku Denk Co.). The microstructural and chem-
ical changes were evaluated by SEM/EDS (Hitachi, S4100)
after polishing and etching with a 5 (v/v) HF solution for
2–4 min. Stereological measurements were also conducted
(a mesh with 120 lines was made containing 6–15 grains) in
order to evaluate the average grain size and the volumetric
ratio between mullite, alumina and glassy phases, according
to the methodology described elsewhere.23

Samples were electroded with porous Pt and their elec-
trical behaviour was studied by impedance spectroscopy.
Measurements were conducted between 340 and 1020◦C
in a experimental set-up, using an Hewlett Packard 4284A
bridge and changing the frequency between 20 and 106 Hz.
Fitting and interpretation of curves was done by using a spe-
cific routine program based on NLLS analysis.24 The elec-
trical response of sintered bodies was then correlated with
microstructural and crystalline phase evolutions in order to
evaluate the ability of impedance spectroscopy to predict
processing–sintering-related properties.

3. Results and discussion

The evolution of crystalline phases along the mullitisation
process in the temperature range from 1250 to 1650◦C can
be observed inFig. 1. At 1250◦C, mullite has already been
formed, being one of the main crystalline phases, co-existing
with cristoballite, alumina and small amounts of�-quartz.
With temperature increasing, the intensity of XRD peaks of
mullite increases while those of the other crystalline phases
tend to vanish. Accordingly, although all of these crystalline
phases are still present at 1350◦C, only a residual amount
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Fig. 1. XRD patterns of powdered samples fired at five different temper-
atures for 1 h.

of alumina still remains in the sample fired at 1450◦C. For
T > 1450◦C, mullite is the only crystalline phase detected,
the XRD peaks of which always increase with increasing
temperature. These differences might be accompanied by a
microstructural evolution of the samples. Another determi-
nant factor of the final microstructures is the dwell time.
Therefore, the highest temperature (1650◦C) was selected
in order to study the microstructural evolution over sintering
time, which was varied from 1 to 100 h.

Fig. 2 shows that the visual aspect of the samples practi-
cally did not change along the first 60 h of sintering (these en-
tire samples exhibit a beige colour), while significant colour
changes occurred for higher sintering times. For 80 h sinter-
ing, the sample still shows a central beige coloured region,
but the periphery changed to pink, while the entire sample
sintered for 100 h exhibits a pink colour. Furthermore, such
colour change was accompanied by an increase in surface
roughness, also detectable visually, due to well developed
crystals.

In order to better understand these microstructural
changes, XRD analyses were performed. The results pre-
sented inFig. 3 indicate that mullite is the only crystalline
phase present in the samples sintered for times up to 60 h.
Some alumina was detected in the sample sintered for 80 h.
The amount of alumina re-crystallised from the glassy phase
further increased with dwell increasing to 100 h. However,
its distribution in the whole sample is not homogeneous as
can be concluded from the comparison of the XRD spec-
tra of the powdered sample and of the external surface of
the same sample. This last spectrum shows that the sur-
face of the sample is practically composed of alumina and

Fig. 2. Cylindrical samples fired at 1650◦C for different dwell times (10, 20, 40, 60, 80 and 100 h).
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Fig. 3. XRD patterns of powdered and solid samples fired at 1650◦C for
different dwell times (10, 20, 40, 60, 80 and 100 h).

Cr-doped alumina (Al1.98Cr0.02O3). Chromium comes from
the Al-rich sludge and is responsible for the pink colour of
the Cr-doped alumina crystals.

The SEM micrographs of chemically etched fracture sur-
faces of the samples sintered for shorter times (10 and
40 h) are shown inFig. 4a and b, respectively. They con-
firm that the microstructure of these samples consists of a
network of mullite crystals embedded into a glassy phase.
The coarsening of the mullite needles with sintering time is
the only detectable difference. However, completely differ-
ent microstructures could be detected for the samples with
longer sintering times.Fig. 5a and brefer to samples sin-
tered for 80 h, whileFig. 5c refers to a sample sintered for
100 h.Fig. 5ashows how the enrichment of the sample sur-
face in alumina is accompanied by the increase of surface
roughness and porosity.Fig. 5bshows a large alumina crys-
tal near the surface, and an inner region rich in mullite crys-
tals (≈60%) embedded in≈40% glassy phase. In between
there is an intermediate region where the concentration of
mullite is significantly lower (≈28%) embedded in an abun-
dant (≈72%) glassy phase.Fig. 5cgives an overview of the
microstructure obtained after 100 h sintering, in which the
mullite rich regions are confined to small domains located
in the inner part of the sample. Large pores can be seen ad-
jacent to�-alumina crystals. These pores arisen from vol-
ume changes due to the transformation of a relatively lower
dense mullite into a denser�-alumina.

The stereological data gathered from several SEM mi-
crographs are reported inTable 1. From these results, it
can be concluded that there is a decrease of the amount of
mullite and a concomitant increase of the amount of glassy
phase as the dwell time increases. Accordingly, the ratio of
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Fig. 4. SEM microstructures of bodies sintered at 1650◦C for 10 h (a) and 40 h (b).

mullite/glassy phase decreases. As expected, the average
grain size also increases with the elapsed time at 1650◦C.
These results indicate that the smaller mullite crystals will
tend to continuously dissolve into the glassy phase and then
will re-precipitate in order to feed the coarser ones, accord-
ing to the Oswald ripening effect.25 This can be clearly
seen by comparing theFig. 4a (finer mullite needles) and
b (coarser mullite crystals). However, the dissolution seems
to be fast when passing from 1 to 10 h sintering at 1650◦C
and then continues to progress more slowly, being almost
complete at the end of 80 h.

Since the total amount of mullite decreases with sintering
time increasing, the excess alumina derived from mullite
dissolution would remain either in the glassy phase or be
used to nucleate the alumina crystals detected in the samples
with longer sintering times. However, the results of EDS
analyses made on the glassy phase in the middle of the
sample (Fig. 6 andTable 2) show a continuous decrease of
the Al2O3 content (≈15.4%) along the whole sintering time
scale, while crystalline alumina was only detected after 80 h
sintering (Fig. 3). This discrepancy might be due to the fact
that alumina starts to form at the periphery of the sample,
while the EDS analysis was made in the middle of the same.
The apparent preferential migration of alumina species to
the surface of the sample where the alumina crystals fairly
grow needs to be further explained.

Table 1
Microstructural relevant parameters of samples fired at 1650◦C during different dwell times

Sintering dwell time at 1650◦C (h) Mullite (M) (%) Glassy phase (GP) (%) M/GP ratio Average grain size (�m)a

1 78.1 21.9 3.56 1.75 (± 0.65)
10 68.4 31.6 2.16 2.22 (± 0.53)
20 66.7 33.3 2.00 2.64 (± 0.74)
40 64.4 35.6 1.81 3.56 (± 1.29)
60 62.7 37.3 1.68 4.51 (± 2.40)
80 60.5 39.5 1.53 5.43 (± 1.45)

100 60.2 39.8 1.51 6.33 (± 1.79)

a The values in parenthesis correspond to the standard deviation.

Table 2
Chemical compositions of glassy phase of samples fired at 1650◦C during
different dwell times

1 h 10 h 20 h 40 h 60 h 80 h 100 h

Fe2O3 1.3 1.62 3.15 2.15 2.08 1.29 1.45
Na2O 0.75 1.07 2.33 2.59 3.1 4.64 4.37
Al2O3 41.61 39.48 34.6 31.55 31.8 29.95 26.2
SiO2 53.6 54.9 54.16 58.27 58 58.61 62.94
K2O 0.95 0.9 2.01 1.92 1.92 2.11 1.92
CaO 0.8 0.96 1.7 1.62 1.43 1.47 1.3
MgO 1 1.07 1.1 1.13 0.94 1.21 1.23
TiO2 – – 0.95 0.77 0.72 0.72 0.77

Fig. 6 andTable 2also show that the content of silica in
the glassy phase (middle of the sample) steadily increases
(≈9.3%) along the whole sintering time scale, accompanied
by an increase (≈3.9%) of the Na2O content. The content
of the glassy phase (middle of the sample) in other oxides
(MgO, K2O, TiO2 and CaO) is almost unaffected after 20 h
of sintering.

The re-crystallisation process of alumina seems to be de-
scribed by the following equation:

3Al2O3 · 2SiO2 (mullite) → 3Al2O3 (alumina) + 2SiO2

(amorphous) (at 1650◦C, after 80 h sintering)
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Fig. 5. SEM microstructures of bodies sintered at 1650◦C for 80 h (a
and b) and 100 h (c). A, M, P and GP stand, respectively, for�-alumina,
mullite, pores and glassy phase.

In order to better understand the re-crystallisation process
of alumina, stereological data was gathered from SEM mi-
crographs of samples sintered for 80 h. The results presented
in Table 3 show that the average size of alumina grains,
located at, or near the samples’ surface, is about 10-times
greater in comparison with that of mullite grains located in
the inner part of the samples. This explains why the surface
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Fig. 6. Evolution of the chemical composition of vitreous phase with
dwell time, for samples sintered at 1650◦C. The results are given as
percent of different oxides as analysed by EDS.

roughness, as well as the porosity among the alumina grains
increase, as shown inFig. 5a. Table 3 also confirms the
abundance (≈72%) of glassy phase near the alumina grains
(GP zone inFig. 5b) when compared with that in the inner
mullite rich zone (≈40%).

The results of EDS analyses made to the glassy phase in
different regions of the sample sintered for 100 h are plotted
in Fig. 7. These results clearly show that the contents of
SiO2 and Na2O are higher, and that of alumina is lower, near
the alumina grains in comparison with the inner mullite rich
zone. This suggests that the reactivity of the glassy phase
would be higher near the alumina grains, while its viscosity
should be lower in comparison with the glass embedding the
mullite rich zone.26

However, why this re-crystallisation process of alumina
occurs preferentially at the surface of the samples is still
an open question. It seems reasonable to assume that the
most volatile components (alkaline oxides) of the glassy
phase will tend to evaporate from the surface of the samples,
therefore, originating a concentration gradient that might be
favourable to the nucleation of alumina in this region. Some
other authors2,27 refer to the occurrence of silica evaporation
and the concomitant increase of relative amount of alumina
that might start to crystallise on the surface of mullite grains.
After the occurrence of the nucleation events, the alumina

Fig. 7. Chemical compositions of vitreous phase near the mullite and
alumina grains for the sample sintered at 1650◦C for 100 h. The results
are given as percent of different oxides as analysed by EDS.
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Table 3
Microstructural relevant parameters measured in different zones of the samples fired at 1650◦C for 80 h

Zone Mullite (M) (%) Alumina (A) (%) Glassy phase (GP) (%) (M or A)/GP ratio Average grain size (�m)a

Near the Al2O3 grains 27.7 – 72.3 0.38 4.74 (± 1.45)
Near the mullite grains 60.5 – 39.5 1.53 5.43 (± 1.45)
In Al2O3 grains – 71.1 28.9 2.46 96.9 (± 14.65)

a The values in parenthesis correspond to the standard deviation.
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species will tend to migrate to this region to feed the forming
�-alumina crystals. The increasing number of alumina crys-
tals formed at the surface of the sample will act as a barrier
that will tend to oppose to the further evaporation process
of the most volatile components that will concentrate near
the alumina grains. The expected decrease of viscosity of
the glassy phase in this region26 will enhance the diffusion
of alumina species from the inner region to the outer region.
This interpretation is consistent with the faster development
of alumina crystals observed after 80 h of sintering.

The transformation of mullite into alumina and glassy
phase is apparently intriguing, since in the silica–alumina

Fig. 9. Optical microscopy view of sample sintered at 1650◦C for 100 h, showing a mullite central region of about 200�m.

system, mullite formation is thermodynamically favoured.
From the JANAF Thermochemical Tables,18 the Gibbs en-
ergy variation for the mullite formation at, for example,
1227◦C is 
G = −4899 kJ mol−1 compared with that for
alumina (
G = −1196 kJ mol−1). This explains why mul-
lite is readily formed even at lower temperatures (<1200◦C).
According to Chiang et al.28 for the same silica–alumina ra-
tio used in our samples, the silica–alumina phase diagram
predicts the possibility of precipitation of alumina from the
glassy phase at about 1828◦C. Obviously, the presence of
other oxides (alkaline, alkaline-hearth, etc.) in our compo-
sition will displace the equilibrium conditions to lower tem-
peratures. In fact, Baudı́n and Villar15 already reported mul-
lite dissolution at temperatures as low as 1620◦C in the
presence of alkalis, even for short dwell times.

Fig. 8presents the Arrhenius plots of the impedance spec-
troscopy measurements, which was used to gather comple-
mentary data to better understand the microstructutal anal-
yses. The most salient features of the electrical behaviour
curves are as follows:

1. The electrical conductivity gradually increases with in-
creasing the sintering time. This might be explained by
the progressive dissolution of the most resistive mullite
phase and the concomitant increasing amount of glassy
phase, which is predictably more conductive. It is worth-
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while to note that the more drastic change in terms of
electrical conductivity occurred within the time interval
between 1 and 10 h, therefore, confirming the stereolog-
ical data gathered from the SEM microstructures.

2. The curves corresponding to 60 and 80 h are very close
to each other indicating that the system is approaching
an equilibrium situation in terms of the relevance of the
different factors that account for the electrical behaviour.

3. After 80 h sintering the electrical conductivity stills in-
crease, despite the strong formation of alumina crystals
near the surface, which are very resistive. However, those
grains are not completely connected to form an insulat-
ing barrier and the progressive increase of glassy phase,
predictably less viscous (enriched in alkalis, especially
sodium oxide), enhances the number of easy pathways
for the ionic transport. At the same time the thickness of
insulated mullite central region progressively diminishes
for longer dwell time.Fig. 5a and bclearly show that
after 80 h this layer still corresponds to the total sample
thickness while sample exposed for 100 h shows an aver-
age thickness of about 200�m (Fig. 9). Fig. 10confirms
the close relationship between the electrical resistivity of
the sample and the Na2O content in the glassy phase.

The comparison of the results obtained by impedance
spectroscopy with the EDS analysis and stereological data
enable to conclude that there is a good consistency, and that
impedance spectroscopy is a good complementary technique
to access the microstructural development during sintering
of the samples used in the present work.

4. Conclusions

Mullite-based refractory ceramics could be produced from
an industrial Al-rich sludge and other low cost natural raw
materials. However, the impurities incorporated with the
batch components prevent their use at very high temper-
atures. The main structural changes that might occur at
1650◦C are as follows: (i) a preferential dissolution of the
smaller mullite grains in the glassy phase and its partial
re-precipitation onto the coarser ones, according to the Ost-

wald ripening effect, for dwell times<80 h; (ii) the devel-
opment of large�-alumina and Cr-doped alumina grains at
the surface of the specimens, accompanied by pores’ for-
mation in the vicinity of alumina grains, an overall increase
of surface roughness for dwell times >80 h; and (iii), a con-
comitant generation of concentration gradients within the
glassy phase, enriched in alkalines and almost depleted in
Al near alumina grains. The dissolution of mullite and the
enrichment of the matrix glassy phase in alkaline species
enhanced the electrical conductivity of the material, en-
abling a close relationship to be observed between the mi-
crostructural changes accessed by various characterisation
techniques and by impedance spectroscopy.
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