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Abstract

Al-rich sludge produced from industrial anodising and surface treatment processes has been tested in the fabrication of mullite/alumina-based
refractory/electrical insulating materials, by dry pressing and extrusion. Different compositions were prepared by using sub-products or
common natural silica-containing materials, like ball clay, kaolin and/or diatomite. Ultimate properties are dependent on the shaping method
and sintering schedule, since both steps strongly affect the microstructural evolution and crystalline phase formation, which in turn determine
the performance of the sintered bodies. The response of sintered bodies to impedance spectroscopy was studied and revealed interesting
microstructure–electrical relationships, enabling the use of this technique to predict the processing-sintering-related properties.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

In traditional ceramic production, the shaping process
adopted varies according to practical reasons: the geometry
and shape complexity of the desired product, the facili-
ties and equipment available, or the scale of productivity.
It is known that different shaping techniques influence
microstructural development during sintering and lead to
different ultimate material properties.1

The most common shaping processes used for traditional
ceramic products are: (i)Dry pressing (both unidirectional
and isostatic); (ii)Plastic forming (extrusion, manual press-
ing, jiggering, usually from previously de-aired and extruded
ceramic pastes); (iii)Slip casting (using mostly porous plas-
ter moulds); (iv)Pressure casting (using plaster moulds or
preferably polymeric moulds).

Normally, natural and pre-treated raw materials are used
but in recent years growing efforts have been made in or-
der to reuse industrial wastes, not only as minor additives
but also as major components in traditional or technical
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ceramics.2–4 As an example, the recycling of Al-rich ano-
dising sludge as a major component for mullite or alumina
refractory bodies has been studied.5–7 Full characterisa-
tion and specification of the pre-treatment needs of Al-rich
sludge, and its mixture with natural components, such as
clays and kaolin has been examined, in order to obtain
sintered compositions.8,9 The refractoriness and electrical
insulating characteristics of mullite-based materials are
well-documented and several types of applications have
been implemented.10,11

In addition to the preparation/shaping conditions, the sin-
tering process is significant in determining the microstruc-
tural evolution and the final properties of the sintered
bodies.12 The sintering process is normally studied by using
dilatometry or microscopy, but electrical impedance spec-
troscopy has also been recently tried for the same purpose,
since the contributions of grains, grain boundaries, pores
and other morphological aspects can be discriminated.13,14

Accordingly, impedance spectroscopy has been used as an
important tool in several different situations: (i) sintering
and characterisation of clay-based dry-pressed bodies;15,16

(ii) crack formation in materials, such as TZP;13,14 (iii)
corrosion caused by glass penetration into the YSZ-based
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oxygen sensors used in glass-making furnaces;17,18 (iv)
curing of cements;19 and (v) devitrification of glazes.20

In the current work, impedance spectroscopy is used for
the electrical characterisation of mullite-based materials
constituted mainly by Al-anodising sludge in an attempt to
correlate the processing and sintering-induced morphologi-
cal changes with electrical behaviour.

2. Experimental procedure

The formulations used in the present work include an
Al-rich sludge derived from the wastewater treatment unit
of an aluminium anodising or surface coating industrial
plant (Extrusal S.A., Aveiro, Portugal), as the main compo-
nent; a plastic ball clay (BM-8, Barracão-Leiria, Portugal);
a kaolin (Mibal-B, Barqueiros, Portugal); and pre-calcined
(600◦C) diatomite (Sociedade Anglo-Portuguesa de Di-
atomites, Óbidos, Portugal). The Al-rich sludge was used
as received (water content≈ 85 wt.%), or after calcination
(1400◦C, 2 h). The full characterization of the raw materi-
als is given elsewhere.5,6 Two different formulations were
prepared (seeTable 1) in order to produce mullite (42Al-S)
or alumina-based materials (100Al-S).

Two different processing routes were used: (i) dry press-
ing, (ii) extrusion. The adjustment and control of processing
conditions is described elsewhere.7 Samples were sintered at
different temperatures (1250–1650◦C) and microstructural

Table 1
Tested batch formulations (wt.%)

Composition Al-sludge Kaolin Ball clay Diatomite

42Al-S 42a 15 15 28
100Al-S 100b – – –

a Calcined (1400◦C for 2 h)
b Mixture (50:50 wt.%) of wet (as-received) and calcined sludge.

Fig. 1. Schematic view of impedance spectroscopy apparatus.

changes were evaluated by SEM/EDS (Hitachi, S4100) after
etching with a 5 (v/v) HF solution for 2–5 min. Stereologi-
cal measurements21 were conducted in order to evaluate the
average grain size and the volumetric ratio between mullite
and glassy phases. The main mineralogical phases present
were detected by XRD (Rigaku Denk Co.). Real and appar-
ent densities were also estimated, by H2O pycnometer and
Hg-immersion Archimedes method, respectively.

Samples were electroded with porous Pt and their elec-
trical behaviour was studied by impedance spectroscopy.
Measurements were conducted between 200 and 1250◦C
in the experimental setup represented inFig. 1, 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 specific routine program.22 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

Table 2shows the evolution of the real and apparent densi-
ties of samples with sintering temperature. The main phases
detected are also reported. The results clearly show that
densification of 42Al-S composition starts earlier than that
of 100Al-S, as expected from the comparison of the major
phases in each system, respectively, mullite and alumina. It
can be seen that although the apparent density shows an in-
creasing trend with increasing temperature, particularly in
the case of the 100Al-S composition, the maximum values
of real density are achieved at 1250◦C, followed by a fall
and then rise at higher temperatures. In the lower tempera-
ture range (1250–1350◦C) the denser precursors (e.g. alu-
mina, quartz) are still present, which then transform to pro-
duce less dense phases such as mullite and crystoballite (in
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Table 2
Real and apparent densities of samples processed by different methods and sintered at different temperatures

Composition Temperature (◦C) Shaping method Apparent density (g/cm3) Real density (g/cm3) Main phases

42Al-S 1250 Dry pressing 2.05 –a a, q, c, m
1350 2.17 –a a, q, c, m
1450 2.13 –a m
1550 2.23 –a m
1650 2.50 –a m
1250 Extrusion 2.36 3.16 a, q, c, m
1350 2.46 2.96 a, q, c, m
1450 2.20 2.66 m
1550 2.37 2.77 m
1650 2.57 2.78 m

100Al-S 1250 Dry pressing 1.03 –a s, a
1350 1.39 –a s, a
1450 1.95 –a a, b
1550 2.70 –a a, b
1650 3.29 –a a, b
1250 Extrusion 1.04 3.70 s, a
1350 1.32 3.71 s, a
1450 1.96 3.66 a, b
1550 2.72 3.59 a, b
1650 3.34 3.61 a, b

Main phases are also given: a:�-alumina; q: quartz; c: cristoballite; m: mullite; b:�-alumina; s: MgAl2O4.
a These values are equal to those of the extruded samples.

the case of 42Al-S), and�-alumina (for 100Al-S). The ef-
fects of shaping method on green density and on sintering
ability have been already discussed in a previous work.7 The
presence of salts gives rise to the occurrence of short range
hydration forces among particles in the extruding pastes that
act as a lubricant, enhancing the packing efficiency.23 How-
ever, differences are not very strong, especially in the case of
the 100Al-S composition. The evolution of phase formation
seems also to be independent of the processing technique.

Fig. 2shows typical impedance spectra for 42Al-S pressed
samples that were sintered at different temperatures. Typical
values of relaxation frequency (fr) of the response arc might
give a good indication of the nature of the main contribu-
tion, e.g. from the grains or grain boundaries/intergranular
phases.17,18 In general, high values are ascribed to the in-
tragranular contribution. Despite the presence of two domi-
nant phases (crystalline mullite and glass), all samples show
a single-arc response very slightly depressed (n > 0.97,
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Fig. 3. Evolution of typical relaxation frequency of response arcs with measuring temperature of 42Al-S pressed samples sintered at different temperatures.
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Fig. 2. Impedance spectra of 42Al-S pressed bodies sintered at different
temperatures obtained at 400◦C.

while a centred semicircle showsn = 1) attributed to dom-
inant contribution of intragranular phenomena, as denoted
by the high relaxation frequency values (seeFig. 3). As ex-
pected, resistivity tends to decrease with increasing sintering
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Fig. 4. Microstructures of 42Al-S pressed samples sintered at different temperatures: (A) 1350◦C; (B) 1450◦C; (C) 1550◦C; (D) 1650◦C. Pores
correspond to larger voids, while the intergranular region is covered by the glassy phase, being mostly removed by chemical etching.

temperature as a consequence of the common densification
process and pores’ suppression (seeFig. 4). This evolution
is intensified for samples that were fired between 1350 and
1450◦C, where the sintering process is more intense. Sig-
nificant changes in the main crystalline phases formed also
occur at this stage, with complete elimination of precur-
sors, such as alumina, cristoballite, and quartz.7,24 Above
1550◦C, the resistivity evolution tends to be reversed, with
samples sintered at 1650◦C being relatively less conductive.
At this temperature, the densification process is almost com-
plete (seeFig. 4) and further heating will mainly cause the
grain size enlargement. The percolation pathways through
the glassy phase tend to decrease and an improvement of the
volumetric solids (mullite) fraction might also occur, which
constitutes the most resistive component if compared with
the glassy phase.

Fig. 5 shows typical impedance spectra for 100Al-S
pressed samples that were sintered at different tempera-
tures. Due to its higher electrical resistance, curves were
determined at higher temperatures (above 700◦C). Appar-
ently, one single arc is again visible that tends to be more
depressed than in 42Al-S composition despite the lower
relative amount of glassy phase (seeFig. 6). This higher re-
sponse dispersion is related with the presence of impurities
or secondary phases, such as�-alumina.5 The simultaneous

presence of this phase tends to give another arc, but prob-
ably its typical relaxation frequency is similar to that of
�-Al2O3 and then deconvolution by common fitting routines
is difficult. From 1250 to 1350◦C, densification by pores
suppression is responsible for the decreasing resistivity. At
this stage, the formation of alumina is very incipient and de-
composition reactions are still occurring.6 Above this point,
�-alumina formation and its grain growth clearly dominates
the conductivity evolution that continuously decreases from
1450 to 1650◦C. The strong jump is from 1550 to 1650◦C,
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Fig. 5. Impedance spectra measured at 900◦C of 100Al-S pressed bodies
sintered at different temperatures.
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Fig. 6. Microstructures of 100Al-S pressed samples sintered at different
temperatures: (A) 1450◦C; (B) 1550◦C; (C) 1650◦C. Pores correspond
to larger voids, while the intergranular region was covered by the glassy
phase, which was mostly removed by chemical etching.

as shown in the Arrhenius-type representation ofFig. 7.
Since no abundant glassy phase formation is observed (esti-
mated under 5 vol.%), the volume ratio between grains and
grain boundaries or voids is the key microstructural influent
parameter, being the grains the more resistive component.
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Fig. 7. Arrhenius-type plots of 42Al-S and 100Al-S pressed samples fired
at different temperatures.

Fig. 8 shows the evolution of the relaxation frequency with
the measuring temperature for 100Al-S samples sintered
at different temperatures. The evolution is somewhat con-
cordant with resistivity changes (ωr = 1/(RC), being C
almost constant with temperature changes) in the sense
that after an increase from 1250 to 1350 ◦C a monotonous
decrease is then observed with increasing sintering temper-
ature. Similar observations were noticed for pure alumina
commercial samples (Alcoa CT3000), also tested for com-
parison purposes. In the composition 42Al-S, the most
significant change occurs from 1350 to 1450 ◦C, in ac-
cordance with previous microstructural and compositional
transitions.

Fig. 7 also compares the electrical conductivity of sin-
tered 42Al-S and 100Al-S samples. For 42Al-S samples
the activation energy (EA) is slightly higher than 1.2 eV,
which is typical of mullite-based materials.25 The effect of
the processing technique was found irrelevant. Values for
100Al-S bodies are expectably higher (around 1.7 eV) than
for 42Al-S, but still clearly lower than typical values for pure
alumina (around 3 eV). This difference is a clear indication
of the relevant role of impurities. The presence of the ionic
conductor, �-alumina as a minor phase (EA ≈ 0.15 eV) also
accounts for these results.

Microstructural changes with time at high temperatures
were also evaluated by impedance measurements of samples
fired at 1650 and 1550 ◦C, for 42Al-S and 100Al-S, respec-
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Fig. 8. Evolution of the relaxation frequency with the measuring temper-
ature for 100Al-S pressed samples sintered at different temperatures.
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Fig. 9. Arrhenius-type plots of the conductivity of pressed samples sintered during different (dwell) times: (A) 42Al-S, 1650 ◦C; (B) 100Al-S, 1550 ◦C.

tively, during different periods. Fig. 9 shows the evolution
of conductivity in Arrhenius-type plots. For 42Al-S samples
(Fig. 9A) the increasing of conductivity with dwell time
was somewhat unexpected taking into account the predicted
increasing of grain size with time. Stereological determi-
nations of the relevant morphological features were then
evaluated as an attempt to clarify this apparent contradiction
(Table 3). As can be seen, the mean grain size of mullite
tends to increase with increasing exposure time, from 1.75
to 5.43 �m, for 1 and 80 h, respectively. However, the volu-
metric fraction of mullite (and the ratio crystalline/vitreous

Table 3
Microstructural relevant parameters for 42Al-S pressed samples fired at 1650 ◦C during different (dwell) times

Time at 1650 ◦C (h) Percent mullite Vol.% vitreous phase Mullite/vitreous phase Average grain size (�m) fr at 300 ◦C (Hz)

1 78.1 21.9 3.56 1.75 2.63 × 104

10 68.4 31.6 2.16 2.22 7.90 × 104

20 66.7 33.3 2.00 2.64 1.12 × 105

40 64.4 35.6 1.81 3.56 1.29 × 105

60 62.7 37.3 1.68 4.51 2.59 × 105

80 60.5 39.5 1.53 5.43 3.73 × 105

100 60.2 39.8 1.51 6.33 3.40 × 105

Typical relaxation frequency of the impedance response arc at 300 ◦C is also given.

phase) tends to decrease as well for longer dwell times
and have the dominant role in the electrical behaviour.
We should remind that in this system the crystalline phase
(mullite) is expectably more resistive than the glassy phase,
which tends to concentrate fluxing/active elements such as
alkalines. Easy pathways for charge transport are obtained
when a complete interconnection of the vitreous phase is ob-
tained, corresponding to a microstructure in which grains are
completed surrounded by the glassy material without direct
contacts between them. In that sense, fr increasing is again
coherent. For 100Al-S samples (Fig. 10B), the evolution of
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Fig. 10. Electrical response of sintered samples processed by different techniques (pressing vs. extrusion): (A) 42Al-S, 1650 ◦C measured at 500 ◦C; (B)
100Al-S, 1550 ◦C measured at 900 ◦C.

conductivity with increasing dwell time is the opposite, and
now a monotonous decrease is observed. This behaviour
is certainly related with the grain size enlargement of the
alumina (resistive) phase, which is the dominant microstruc-
tural feature, and with the minoritary presence of a glassy
phase.

Fig. 10 compares the electrical response of samples pro-
cessed by different techniques. 42Al-S extruded bodies are

Fig. 11. Typical microstructures of samples processed by extrusion: (A) 42Al-S sintered at 1650 ◦C; (B) 100Al-S sintered at 1650 ◦C.

clearly more resistive (Fig. 10A), as a consequence of the
larger average size of grains and lower relative amount
of glassy phase (compare Figs. 4 and 11A). Differences
are expectably less pronounced for 100Al-S composition
(Fig. 10B) since the amount of liquid phase formed is much
smaller (Fig. 11B) and the densification degree of samples
is very similar (see Table 2), irrespectively to the processing
technique.
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4. Conclusions

Recycled Al-sludge containing formulations present in-
teresting insulating characteristics, somewhat comparable
to those of mullite or alumina-based materials obtained
from natural or chemical reagents. The estimated values of
the activation energy for the electrical conductivity of each
waste-based composition also agree reasonably well with
those of corresponding pure materials. The impedance spec-
troscopy also proved to be a useful auxiliary technique to
study the sintering process enabling to better understand the
relationships between electrical behaviour and microstruc-
tural details, at least from a qualitative point of view.
Changes of the average grain size and crystalline/glassy vol-
umetric ratio during sintering were found to be the relevant
morphological parameters that affect the ultimate electrical
behaviour of the samples. Despite the manipulation of sev-
eral variables, the role of the dominant ones was evidenced
by the evaluation of impedance arcs. Further analyses
should be conducted on the role of each specific variable,
as an attempt to quantify some of the revealed tendencies.
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