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a b s t r a c t

Mullite precursors were prepared using kaolin waste, sericite clay containing kaolinite and industrial
kaolin with addition of alumina in a wet medium to synthesize mullite (72 wt% Al2O3 and 28 wt%
SiO2). Uniaxial pressed bars of the powdered mullite precursors were fired in the range 1400–1600 �C
with soaking times 30–120 min. The resultant materials were studied by XRD and SEM-EDX. Bulk densi-
ties, apparent porosities and flexural strengths in four points were determined in the fired bars at 1500,
1550 and 1600 �C. It was concluded that the thermal behaviour of these mullite precursors was influ-
enced by the presence of impurities in the raw materials. These impurities originate a liquid phase form-
ing a glassy phase which produces a progressive and enhanced densification of the mullite materials by
reaction sintering at 1500–1600 �C. The technical properties were also influenced by the relative propor-
tion of vitreous phase. The microstructure of characteristic mullite crystals was revealed by SEM. It was
emphasized the use of kaolin waste by-products of mining and sericite clays as valuable rawmaterials for
mullite preparation.

� 2018 Elsevier B.V. All rights reserved.

1. Introduction

Mullite is one of the most common crystalline phases in ceram-
ics having nominal composition 3Al2O3�2SiO2 (72 wt% Al2O3 and
28 wt% SiO2) [1–12]. It is the only stable crystalline phase, at nor-
mal pressure, in the binary Al2O3-SiO2 system. This material shows
excellent properties: high-temperature strength, creep resistance,
low thermal expansion coefficient, good chemical and thermal sta-
bility, with retention of mechanical properties to elevated temper-
ature and stability in oxidative atmospheres. This ceramic material
and their composites are important for high-temperature engi-
neering applications as structural advanced materials, besides
electronic and optic applications [2,4–9]. Mullite can be found only
as scarce mineral at the Mull Island (Scotland), the origin of its
name [2,9]. However, it can be produced by thermal decomposition
of aluminosilicates (for instance, kyanite, kaolinite, pyrophyllite,

etc.) [1,2,4–11], raw clays containing mixtures of these silicates
and clay minerals [1,4–7,9–12], and by thermal reaction of mix-
tures of SiO2 and Al2O3 [8,9,13]. In the last case, a very high tem-
perature (1700 �C) and long periods of heating are required for
obtaining dense sintered mullite materials because the high activa-
tion energy for Aluminium and Silicon bulk diffusion in the mullite
lattice [1,13]. The use of clays containing Silicon and Aluminium is
the most attractive way for mullite preparation at relatively low
cost. Kaolinite (2SiO2�Al2O3�2H2O) has a layered structure of (Si2-
O5)2� and [Al2(OH)4]2+ molecular sheets and produces mullite by
heating, being similar to that of silica-alumina diphasic precursors
[1]. Mullite and cristobalite are produced by kaolinite thermal
decomposition (>1200 �C), although leading to incomplete mulliti-
zation because there is not enough proportion of Al2O3. Amor-
phous silica segregated from kaolinite thermal decomposition
originates cristobalite [1,5,7,10]. However, a complete mullitiza-
tion can be produced at higher temperatures (>1300 �C) by
reaction-sintering of mixtures of kaolinite and alumina in a 3Al2-
O3�2SiO2 proportion, i.e., 72 wt% Al2O3. Mullite and mullite-based
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composites have been prepared by this processing route [5,9]. High
porosity mullite-corundum [11] and high porosity mullite ceram-
ics, in that case using sericite, have been of recent interest [12].
The present paper is a part of a wide investigation on processing
of mullite and mullite-based ceramics from silico-aluminous raw
materials, wastes with high Aluminium content and by-products
of mining with high kaolinite content. It is focused on the prepara-
tion of mullite and mullite-based ceramic composites from a kao-
linitic waste as by-product of mining, a sericite clay containing
kaolinite and an industrial kaolin with high content of kaolinite.
It is examined and compared the effect of impurities from these
raw materials because they will produce liquid phases, which will
form glassy or vitreous phase by firing.

2. Experimental

2.1. Materials and procedures

Several samples as raw materials were considered. Sample W: A
waste solid by-product of mining granitic tin-bearing alluvial
sands by washing was used [14]. The kaolinite content was 60 wt
%, with potassium mica 15 wt%, potassium feldspar 10 wt% and
quartz 15 wt%. The chemical composition (in wt%) was 48.30
SiO2, 32.00 Al2O3, 5.13 Fe2O3, 0.52 TiO2, 0.42 CaO, 0.85 MgO, 0.10
Na2O, 2.43 K2O, and 10.30 wt% of weight loss after heating at
1000 �C (LOI). This sample shows a particle size < 2 mm, 74.75 wt
% with <1.12 mm, 30.45 wt%. Sample S: A sericite clay (Garlitos,
Badajoz, Spain) was also used. The sericite (potassium mica, illite)
content was 35 wt%, with 45 wt% kaolinite, 10 wt% potassium feld-
spar (microcline) and 10 wt% quartz. The oxide chemical composi-
tion (in wt%) was 58.53 SiO2, 29.46 Al2O3, 1.14 Fe2O3, 0.94 TiO2,
0.11 CaO, 0.23 MgO, 0.60 Na2O, 2.40 K2O, and 6.70 wt% of LOI.
The particle size was <2 mm of 45 wt%. Sample P: Kaolin powder,
(Caobar S.A., Poveda, Guadalajara, Spain), with kaolinite content
>90 wt% and quartz (�10 wt%) was also used. The chemical com-
position (in wt%) was 47.98 SiO2, 38.10 Al2O3, 0.57 Fe2O3, 0.16
TiO2, 0.05 CaO, 0.20 MgO, 0.04 Na2O, 0.43 K2O, and 12.26 wt% of
LOI. This sample shows 45.4 wt% of particle size <2 mm. Sample A:
Powdered alumina (corundum, a-Al2O3), with particle size <63
mm, used in the fabrication of commercial high-alumina refracto-
ries (from the Company Alfran, Sevilla, Spain) was selected for this
study. The chemical composition (in wt%) was 98.9 Al2O3, with
0.08 Fe2O3, 0.25 TiO2, 0.55 Na2O and 0.16 of LOI. After ball milling,
the powder shows 90 wt% of particle size <63 mm.

For the preparation of mullite precursors separate aqueous sus-
pensions, using deionized water, of samples W and S were
obtained and pH adjusted by addition of HCl (35 vol%). After vigor-
ous mixing by mechanical stirring during 3 h with powdered alu-
mina A in the stoichiometric molar ratio of mullite (Al2O3/SiO2 =
1.5 M ratio), the wet solid products were dried at 110 �C. The resul-
tant powders were the mullite precursors sample WA and sample
SA, respectively. To compare all the results, kaolin powder, sample
P, was also mixed with alumina A under the same conditions as
above, yielding the mullite precursor sample PA. Other mullite pre-
cursors were processed by a chemical method but using the same
kaolin sample P and wastes of Aluminium metal dissolved with
HCl (35 wt%) and the hydroxide precipitated using basic chemical
agents [15,16]. They were designed here as sample PAD, processed
using hexamethylenediamine (HMDA), and sample PAM, processed
using ammonia.

2.2. Methods

Thermal treatments of uniaxial cold-pressed prismatic bars
(100 � 10 � 10 mm), prepared using the powders with 5 wt%

humidity, at 150 MPa, were performed in air using a furnace at
10 �C/min, from 1400 to 1600 �C, with 120–30 min of soaking time
and natural cooling. X-ray powder diffraction (XRD) diagrams of
fired ground samples were obtained with a Siemens D-501 diffrac-
tometer using Ni-filtered CuKa radiation and graphite
monochromator.

Bulk density and apparent porosity were measured by Archi-
medes’ method using deionized water. Flexural strength was per-
formed by a four-point bending test using an Instron machine,
Model 8501. Scanning electron microscopy (SEM) observations of
the fired samples were carried out using a JEOL JSM-5400 micro-
scope equipped with an energy dispersive X-ray spectroscopy
(EDS) analyzer Oxford Link system. Chemical treatment with HF
aqueous solution (20 wt%) revealed the mullite crystals.

3. Results and discussion

3.1. Phase evolution

XRD was used to follow the formation and development of mul-
lite by firing the precursors WA, SA and PA. Fig. 1 shows, as an
example, the thermal sequence of the mullite precursor WA stud-
ied from 1425 �C to 1600 �C. It is evidenced the disappearance of a-
alumina and quartz and the development of well-developed mul-
lite crystals formed at temperature lower than 1400 �C. Further
heating produced the disappearance of quartz and cristobalite, a
decrease of a-alumina by reaction and an increase of mullite for-
mation, as deduced from XRD peak intensities. Table 1a shows a
summary of the phase composition of all the samples from 1500
to 1600 �C, as deduced from the XRD study. Mullite, quartz and
unreacted a-alumina are observed in all the samples at 1500 �C
for 120 min. Quartz appears in samples WA and PA because was
originally present. In samples WA and PA sintered at 1600 �C for
30 min, single-phase mullite was obtained. A mixture of mullite
and unreacted a-alumina was found in sample SA. On the other
hand, amorphous silica from kaolinite thermal decomposition pro-
duced cristobalite after heating from 1300 �C, being only observed
in sample PA, the sample with higher content of kaolinite (see
Experimental section). These results can be compared with those
previous obtained using two mullite precursors (PAD and PAM),
prepared by chemical methods but using the same kaolin sample
P [15,16], where mullite and a large relative proportion of a-
alumina were found at 1500 �C. At 1600 �C mullite is a single phase
in all the samples with relicts of a-alumina in sample SA (Table 1a).

The reaction of mullite formation from kaolinite and a-alumina
mixtures during the sintering of the precursors is:

2SiO2�Al2O3�2H2O+2Al2O3!3Al2O3�2SiO2+2H2O ðReaction1Þ
First of all, the thermal decomposition of kaolinite produces

mullite and a segregation of amorphous silica:

3(2SiO2�Al2O3�2H2O)!3Al2O3�2SiO2+4SiO2+6H2O ðReaction2Þ
The formation of this primary mullite, from kaolinite thermal

decomposition, can be observed by XRD after heating the precur-
sors and further heating produces additional mullite, i.e., a sec-
ondary mullite, by reaction between segregated silica and alumina:

3Al2O3+2SiO2!3Al2O3�2SiO2 ðReaction3Þ
The evidence of liquid phase sintering, the rapid kinetics of sec-

ondary mullite formation according the literature [5], and the char-
acteristics of the coexisting glassy phase, strongly suggests that a
solution-precipitation via a transitory liquid phase is the major
mechanism for secondary mullite formation: solution of alumina
particles and precipitation of mullite grains. It is assumed that a
similar reaction pathway, as previously observed [5], accounts in
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