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Abstract

Kaolin particles are usually ¯aky in shape. In the present study, kaolin powder compacts were prepared by applying the die-

pressing technique. The kaolin ¯akes tend to lie down on the plane which is perpendicular to the die-pressing direction. The powder
compact thus shows anisotropic shrinkage after ®ring. A series of phase transformations take place as the kaolin is ®red at elevated
temperature. Mullite is ®rst formed at a temperature as low as 1100�C. If the ®ring temperature is higher than 1400�C, needle-
shaped mullite grains are formed. The size and the aspect ratio of the mullite grains increase with the increase of ®ring temperature.
Furthermore, the long axes of the mullite needles tend to be perpendicular to the die-pressing direction. # 2000 Elsevier Science
Ltd and Techna S.r.l. All rights reserved.
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1. Introduction

Kaolin, a relatively pure clay, has been widely used in
ceramic industries for centuries [1]. Kaolin is, therefore,
one of the most important raw materials for ceramic
industries. Though kaolin has been used for many years,
to explore the complexities involved in its phase trans-
formation and microstructural evolution at elevated
temperature is still a challenging task [2]. The main
product phase after ®ring kaolin at high temperature is
mullite. Mullite is, thus, an important constituent in
refractories, whitewares and structural clay products for
kaolin is frequently used as the raw material.
Mullite itself is very stable at high temperature. Fur-

thermore, its thermal expansion coe�cient and dielec-
tric loss are low; mullite is, therefore, widely used as
thermal and electrical insulation components. Many
approaches have been used to prepare mullite. How-
ever, the interdi�usion rates of Si4+ and Al+3 within
the mullite lattice are relatively slow [3], the kinetics of
mullite formation by reaction thus depend strongly on
the precursor mixing. For example, the mullitization

temperature for the solid state reaction between Al2O3

and SiO2 particles can be higher than 1650�C [3]. By
coating amorphous SiO2 onto the surface of g-Al2O3

particles, the mullite can form at a temperature lower
than 1300�C [4]. As Al, Si and O are mixed at atomic
level such as that prepared by a sol±gel technique, mul-
lite is formed at a temperature around 1150�C [5].
Among the available approaches, to prepare mullite by
using kaolin as starting material is an important one for
its economic potential. Later, we are going to demon-
strate that apart from the economic reason, the
approach of using kaolin as starting material o�ers
many bene®ts such as low processing temperature and
unique microstructure.

2. Experimental procedures

A Malaysian kaolin powder was used in the present
study. The constituents in the as-received powder as
reported by the manufacturer were SiO2 (48.5 wt%),
Al2O3 (35.5 wt%), K2O(1.5 wt%), Fe2O3 (1.0 wt%),
TiO2 (0.4 wt%), MgO (0.35 wt%), Na2O (0.07 wt%),
CaO (0.05 wt%) and an ignition loss of 12.6 wt%. The
powder compacts were prepared by a die-pressing
technique. The ®ring was carried out at a temperature
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varied from 400 to 1600�C for 1 h. The sintering kinetics
of the powder compacts were also measured with a dif-
ferential dilatometer (Theta Co., USA). The phase
identi®cation was performed by X-ray di�ractometry
(Philips PW1710, Philips Co., Netherlands) with CuKa

radiation. The ®nal density was determined by Archi-
medes' method. The ¯exural strength of the rectangular
specimens was determined by the three-point bending
technique at ambient, room-temperature condition. The
lower span for the ¯exural testing ®xture was 30 mm.
The loading rate was 0.5 mm/min. The fracture tough-
ness was determined by the 3-point single-edge-notched-
beam (SENB) technique. The notch was generated by
cutting with a diamond saw. The width of the notch was
around 0.45 mm. The microstructure was observed by
scanning electron microscopy (SEM). The morphology
of mullite grains in the sintered specimens was also
observed with SEM. To reveal the morphology of
mullite grains, an etching solution, concentrated hydro-
¯oride acid, was used to remove the glassy phase
around the mullite grains in the sintered specimens.

3. Results and discussion

Fig. 1 shows the morphology of the kaolin particles.
The kaolin particles are ¯aky in shape, Fig. 1(a). Some
large kaolin ¯akes are stacked together to form
agglomerates, Fig. 1(b). The XRD pattern of the kaolin
powder is shown in Fig. 2(a). Apart from the kaolinite
phase, a small amount of quartz is detected by the XRD
analysis. The chemical composition of kaolinite is Al2O3

2SiO2 2H2O. The amount of SiO2 for the above formula
is 46.5 wt%. However, there is 48.5 wt% SiO2 presented
in the as-received powder. The excess SiO2 found in the
as-received powder is in the form of quartz. Further-
more, there is also a small amount of muscovite(mica)
detected in the XRD pattern. The nominal composition
of the mica is (K, Na)(Al, Mg, Fe)2 (Si3.1, Al0.9) O10

(OH)2. The XRD patterns of the planes perpendicular
and parallel to the die-pressing direction are shown
in Fig. 2(b) and (c), respectively. The intensity of the
{001} planes on the plane perpendicular to the die-
pressing direction is higher than that of the powder and
of the plane parallel to the die-pressing direction. It
indicates that most kaolin ¯akes tend to lie down on
the plane which is perpendicular to the die-pressing
direction.
The XRD patterns of the powder compacts heat

treated at various temperatures are shown in Fig. 3.
From the patterns and the previous studies [2,6±9], the
kaolin powder compacts underwent a series of phase
transformations as the temperature was raised from
room temperature to 1600�C. These phase transforma-
tions are
when T=400±500�C,

2SiO2 �Al2O3 �2H2O �kaolinite�

� 2SiO2 �Al2O3 �metakaolinite� � 2H2O

when T�980�C,

2SiO2 �Al2O3 �metakaolinite� � SiAl2O4 �spinel�

� SiO2 �amorphous�

or

2SiO2 �Al2O3 �metakaolinite� � Al2O3 �g-alumina�

� 2SiO2 �amorphous�
when T>1100�C,

SiAl2O4 �spinel� � SiO2 �amorphous�

� 1=3 �3Al2O3 �2SiO2� �mullite� � 4=3 SiO2 �amorphous�

Fig. 1. The morphology of the kaolin particles.
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or

Al2O3 �g-alumina� � 2SiO2 �amorphous�

� 1=3 �3Al2O3 �2SiO2� �mullite� � 4=3 SiO2 �amorphous�

when T>1200�C,

3Al2O3 �2SiO2 �mullite� � 4SiO2 �amorphous�

� 3Al2O3 �2SiO2 �mullite� � 4SiO2 �cristobalite�

when T>1500�C,

3Al2O3 �2SiO2 �mullite� � 4SiO2 �cristobalite�

� 3Al2O3 �2SiO2 �mullite� � 4SiO2 �amorphous�

The phase transformations are expressed in the form
of chemical reactions for the ease of explanation. How-
ever, the above equations are not exactly balanced for
many ceramic products and are more or less non-stoi-
chiometric. Furthermore, the impurities in the starting
powder can induce a liquid phase during ®ring. The
presence of the liquid phase can shift slightly the for-
mation temperature of each phase and its amount.
The kaolinite transforms to metakaolinite by remov-

ing the hydroxyl groups above the temperature of
400�C. The metakaolinite then transforms to a spinel
structure or a Si-containing g-Al2O3 and amorphous
silica at a temperature around 980�C [6,10,11]. At that
temperature, whether a spinel or a silicon-containing g-
Al2O3 is formed is still under debate. Mullite phase ®rst
appears at a temperature around 1100�C, its amount
increases with the increase of temperature. The amor-
phous SiO2 changes to cristobalite above 1200�C, then
changes to amorphous glass again above 1500�C.
Fig. 4 shows the linear shrinkage of the compacts as

a function of sintering temperature. The thickness
shrinkage is larger than the diameter shrinkage; the
powder compact shows anisotropic shrinkage after sin-
tering. It mainly results from the preferred orientation

Fig. 2. The XRD patterns of (a) the kaolin powder and (b), (c) the

powder compact. In (b) and (c) the plane taken is perpendicular and

parallel to the die-pressing direction, respectively.

Fig. 3. The XRD patterns of the kaolin powder compacts after ®ring

at various temperatures. The compact was kept at the indicated tem-

peratures for 1 h.

Fig. 4. The linear shrinkage of the powder compacts as a function of

sintering temperature.
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of the kaolin ¯akes within the powder compacts. The
sintering kinetic curve of kaolin powder compact is
shown in Fig. 5. The dimension measured was the
thickness of the powder compact. The compact shrinks
®rst at a temperature around 500�C. At that tempera-
ture, the hydroxyl groups are removed from the inter-
layer between the Si±O and Al±O layers in the kaolinite
crystals. The formation of ®ne spinel or 
-Al2O3 crystals
further shrinks the kaolin compact. The compact then
undergoes considerable shrinkage above the tempera-
ture of 1100�C. At that temperature, mullite grains are
formed. A liquid phase is likely ®rst formed at a tem-
perature of 985�C in the presence of K2O [12]. Densi®-
cation of the compact can, therefore, take place through
viscous ¯ow. The presence of nearly spherical pores in
the sintered specimens, Fig. 6, shows evidences the
existence of the viscous ¯ow mechanism [13]. The ®red
density and water absorption of the compacts are
shown as a function of ®ring temperature in Fig. 7. The
density increases with the increase of ®ring temperature
until 1500�C. The density drops above 1500�C, it is due
to the presence of Fe2O3 in the starting powder. The
Fe2O3 changes to Fe3O4 and generates O2 at elevated
temperature [14], large pores are formed within the ®red
compact, the density is, therefore, decreased.
Fig. 8 shows the XRD patterns of the powder com-

pact sintered at 1600�C for 1 h. Only mullite is detected
at this temperature. The intensity of the (001) plane on
the plane which parallel to the die-pressing direction is
higher than that on the plane which is perpendicular to
the die-pressing direction. Fig. 9 shows the morphology
of mullite grains on the perpendicular planes. The glassy
phase was removed by etching the sintered specimens
with concentrated HF acid. The size of mullite grains in
the specimen sintered at 1400�C is very small; nevertheless,

Fig. 5. The sintering kinetics curve of the kaolin powder compact. The

heating rate is 5�C/min.

Fig. 7. The ®red density and the water absorption of the specimens as

a function of sintering temperature.

Fig. 6. Fracture surface of the specimen sintered at 1500�C for 1 h.

Fig. 8. The XRD patterns of the specimen sintered at 1600�C for 1 h.

In (a) and (b), the plane taken is perpendicular and parallel to the die-

pressing direction, respectively.
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the mullite grains are needles in shape. The aspect ratio
of the mullite needles is 3, 5 and 10 in the powder com-
pact sintered at 1400, 1500 and 1600�C, respectively.
The aspect ratio increases with the increase of ®ring
temperature. From Fig. 9, most mullite needles tend to
lie down on the plane which is perpendicular to the die-
pressing direction. Previous study suggested that mullite

grains tend to form on the surface of kaolinite particles
[15]. Comparing the XRD patterns before and after
sintering, Figs. 2 and 8, and the microstructure, Fig. 9,
the nuclei of mullite grains most likely to have origi-
nated from the edge of the kaolinite ¯akes, then tend
to grow along the ¯at surfaces of the ¯akes. For the
kaolin powder compact which shows preferred orienta-
tion, the sintered mullite specimen also shows preferred
orientation.
The kaolinite crystal is composed of (Si2O5)

ÿ2 layer
and [Al2(OH)4]

+2 layer. The Si and Al ions are stacked
sequentially in the direction of c-axis, the Si and Al ions
are thus ``arranged'' in atomic order within the kaolinite
lattice. The mullitization temperature of the process of
using kaolin as starting material is therefore low. The
temperature is very close to that of the specimens pre-
pared by a sol±gel technique [5] for which the atomic
mixing is achieved. However, mullite needles are formed
by using kaolin as the starting material. It may be due
to the presence of a large amount of liquid phase. The
existence of liquid phase encourages the exposure of
low-energy crystallographic faces. Needles which exhibit
low-energy faces are, therefore, formed. This unique
microstructure is not likely to be found in the specimens
prepared by using sol±gel techniques.
The strength of the specimens sintered at 1500 and

1600�C are 138�24 and 126�16 MPa, respectively.
The strength of the specimens sintered at 1600�C is
lower than that of the specimens sintered at 1500�C for
their lower density, Fig. 7. The strength of the speci-
mens is lower than that of the pure mullite specimens
due to the presence of a large amount of the glassy
phase. The toughness of the specimens sintered at 1500
and 1600�C is 1.5�0.1 and 1.4�0.1 MPa m0.5, respec-
tively. The toughness of the specimens sintered at 1500
and 1600�C shows similar results.

4. Conclusions

In the present study, a kaolin powder was used to
prepare mullite. The mullite can be formed at a tem-
perature as low as 1100�C. Furthermore, the mullite
grains show a needle shape. The mullite needles are
formed in-situ within the powder compacts during sin-
tering. The mullite needles show preferred orientation,
being related to the preferred orientation in the kaolin
powder compact. Therefore, the advantages of using
kaolinite powder as the starting material for mullite
preparation are low mullitization temperature and
unique microstructure.
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