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Abstract

The kinetics of the reactive sintering process of the extrudate made of a kaolinite and aluminum hydroxide mixture is investigated
by means of stepwise isothermal dilatometry (SID) accompanied with XRD, SEM and other techniques. We find that the process

can be divided into three stages in total, and the isothermal shrinkage data can be well-fitted according to Makipirtti–Meng equa-
tion: dY/dt=nk(T)Y(1�Y)[(1�Y)/Y]1/n, where Y is the fractional densification function. The apparent activation energy Ea values
are obtained as 2972�461 kJ mol�1 for 950–1100 �C, 1056�74 kJ mol�1 for 1200–1300 �C, and 792.7�17.0 kJ mol�1 for 1300–
1450 �C. The sintering shrinkage mechanisms in different temperature ranges are discussed, with reference to phase, pore and

microstructure development. This study is helpful to control the microstructure and properties of the porous mullite-corundum
ceramics. # 2002 Elsevier Science Ltd and Techna S.r.l. All rights reserved.
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1. Introduction

Mullite is the only stable crystalline aluminosilicate
phase in the SiO2–Al2O3 binary system. The ceramic
materials based on it have a unique combination of
excellent properties such as low density, good high-
temperature strength and creep resistance, low thermal
expansion coefficient and thermal conductivity, low
dielectric constant, chemical inertness and thermal sta-
bility, and infrared transparency. All of these make
mullite envisage promising application as advanced
electrical, optical and structural ceramics [1–4].
The productions of high purity mullite by means of

wet chemical routes are usually rather costly, which can
only result in a small processing capacity product.
Using the natural clay such as kaolinite as a starting
material seems a cheaper option, but a high volume
fraction of glassy phase appears due to the release of
silica during heating as well as the impurities [5]. The
troublesome glassy phase content might be reduced by
adding an aluminous substance to kaolinite so as to

produce secondary mullite in addition to primary mul-
lite derived directly from kaolinite.
The preparations of mullite ceramics from kaolinite

was previously reported by others [5–9]. However, little
is known about the kinetics of their reactive sintering
processes. For a composite material such as mullite-
corundum ceramics, the sintering study is of momen-
tous current significance for the direction of practical
production. Thus, in the present work, we try to make
an investigation into these composite ceramics.

2. A survey on the kinetic study of mullite formation

The methods used to study mullitization kinetics were
generally based on dynamic X-ray diffraction (DXRD)
[10–12], non-isothermal DTA [13], time resolved energy-
dispersive powder diffraction [14] and differential scan-
ning calorimetry (DSC) [15]. The kinetic models with
specific experiential expression which have been used
are usually as follows:

(a) the nucleation and growth model by Avrami [16]:

x ¼ 1� exp �kAt
nð Þ ð1Þ
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where x is the volume fraction of crystallized mullite, kA
the rate constant, t the time, and n the time exponent;

(b) Johnson and Mehl model [17]:

x ¼ 1� 1þ Kð Þexp N
:
t

� �
ð2Þ

where K is a correction factor, N
:
is the nucleation rate,

N
:
¼ Aexp �

�GN þ�GD

kT

� �
ð3Þ

where �GN and �GD are the activation energies for
nucleus formation and diffusion across the phase
boundary, respectively;

(c) The bimodel Johnson–Mehl–Avrami (JMA) model
[15]:

dx

dt
¼ A: kn11 n1 t� �1ð Þ

n1�1ð Þ
� �

:exp �kn11 t� �1ð Þ
n1

� �� �
þ 1� Að Þ kn22 n2 t� �2ð Þ

n2�1ð Þ
� �

:exp �kn22 t� �2ð Þ
n2

� �� �
ð4Þ

where x is the volume fraction of crystallized mullite, A
is the ratio between enthalpy release attributed to the
first process and the total transformation enthalpy,
whereas (1�A) is the ratio between enthalpy change
during the second process and the total transformation
enthalpy at annealing temperature T.
The data collected from the experiments are plotted

and linearly-fitted according to above expressions, the
value of the rate constant k can be easily obtained,
which obeys the Arrhenius law:

k ¼ vexp
�Ea

RT

� �
ð5Þ

where � is the frequency factor, and Ea is the apparent
activation energy.
By means of above models, mullite formation kinetics

of the sol–gel process was widely studied. In general, the
monophasic gels (MGs) were accepted to be nucleation-
controlled with an apparent activation energy (Ea) of
283–362 kJ mol�1 [10,18–20]; while diphasic gels (DGs)
were dominated by a nucleation and growth mechanism
in the silica-rich matrix with Ea of 1070–1090 kJ mol�1

[21,22]. However, the latest study by Tkalcec [15]
showed that the apparent mullitization activation
energy for MGs was similar to those of DGs, which was
around 1028–1053 kJ mol�1. It is interesting that var-
ious results were reported even for a so-called ‘‘atomic-
or-molecular-level-mixed’’ alumina-silica system.

These studies are useful to clear the crystallization,
transformation or mullitization reaction mechanism,
but are not helpful to understand the sintering process
of a mullite ceramic material, especially green compact
made of kaolinite and aluminum hydroxide. The
understanding and control of the sintering process,
however, is very important for the appearance, micro-
structure and properties of mullite ceramics.
As a powerful new approach to investigate the kinet-

ics of the sintering procedure, stepwise isothermal dila-
tometry (SID) was successfully used and reported by
others [23–26]. Thus, it might be a solution for our
research. In the kinetic study of the sintering process by
dilatometry, the length shrinkage of a specimen is
recorded against time. In this way, SID was used to
investigate the three-dimensional isothermal sintering
process. Assuming isotropic sintering, the fractional
densification function Y can be expressed as:

Y ¼
Vo � Vt

Vo � Vf
¼

L3
o � L3

t

L3
o � L3

f

ð6Þ

where Vo (Lo), Vt (Lt), and Vf (Lf) are the initial
volume/length, volume/length at time t, and the fully-
dense volume/length of the specimen respectively. A
‘‘dynamic’’ relative volumetric shrinkage is inferred as
Makipirtti equation [23]:

Vo � Vt

Vt � Vf
¼

Y

1� Y
¼ k Tð Þ t� toð Þ½ 	

n
ð7Þ

where to is the beginning time of each isothermal step,
and k(T) is the specific rate constant which obeys the
Arrhenius law. Eq. (7) has been successfully used for
liquid-phase sintering of alloys [23] and solid state sin-
tering of some metals [24].
By eliminating the (t�to) from Eq. (7), a normalized

rate equation can be developed as the Makipirtti–Meng
equation [25]:

dY

dt
¼ nk Tð ÞY 1� Yð Þ

1� Y

Y

� �1
n

ð8Þ

where n is a parameter related to the process mechan-
ism. Eq. (8) has been employed successfully to describe
the kinetics of the sintering process for Y-TZP ceramics
[25] as well as pore-forming process of macroporous
alumina ceramics by extrusion [26].
All of the above applications of SID are only to be

used to investigate physical sintering procedure. Can it
be used for a case of reactive sintering of ceramics? In
this paper, we try to introduce it to the sintering kinetic
study of kaolinite and aluminum hydroxide extrudate.

480 Y.-F. Liu et al. / Ceramics International 28 (2002) 479–486



3. Experimental procedure

3.1. Preparation of specimens

High purity kaolinite (China Kaolinite Company),
aluminum hydroxide (Shandong Aluminum Industry
Company) were used and their chemical compositions
are listed in Table 1. The particle size distributions of
raw material powders used in this study were analyzed
by Coulter LS100 (USA), and the median diameters of
kaolinite and aluminum hydroxide are 12.06 and 6.14
mm while the specific surfaces of the two powders are
8019 and 10982 cm g�1 respectively. The mixture of
kaolinite and aluminum hydroxide with 75 wt.% Al2O3,
some pore-forming agent (e.g. carbon powder) and
organic additives (e.g. cellulose derivatives) were mixed
and pugged in a pug mill under vacuum to obtain a
paste, the latter was then extruded into cylindrical bars
through an extruder. After drying, the cylindrical green
body was cut into some small pieces and small bars with
dimensions of 1 
 6 
 30 mm which were used to study
the sintering shrinkage process. The sintering were per-
formed in a programmable HT furnace (Nabertherm,
Germany) in air at a ramping rate of 2 �C min�1 up to
600 �C, followed by 5 �C min�1 to various temperatures
(1000–1600 �C) where the specimens were soaked for 4 h
and cooled naturally. The porosity of the specimens was
measured according to Archimedes’s method and the
theoretical density of mullite-corundum ceramics was
taken as 3.54 g cm�3 from the theoretical calculation.
The average pore size and pore size distributions of the
fired specimens were obtained by the bubble-point
method.

3.2. Structural characterization of the specimens

XRD patterns of the sintered specimens were
obtained byKigaku D/MAz-gA rotating X-ray diffraction
unit. The microstructure of the specimens was examined
by Hitachi X-650 scanning electron microscope (Japan).

3.3. Shrinkage measurement

The sintering shrinkage measurement of the green
bars was carried out by a horizontal dilatometer
(Netsch type 402E, W-Germany). A special program
was operated to perform a stepwise isothermal dilato-
metry measurement, and time (s), temperature (�C), and

length shrinkage (mm) data were recorded. The SID
program can be described as follows: the temperature
holding steps are 900, 950, 1000, 1050, 1100, 1150, 1200,
1250, 1300, 1350, 1400 and 1450 �C for 60 min respec-
tively, and the ramping rate between the isothermal
holdings is 10.0 �C min�1.

4. Results and discussion

4.1. Phase identification by X-ray diffraction

XRD results of the fired specimens (Fig. 1) reveal that
after 4 h firing at 1000 �C, a big peak appears at
2�=67.2� (0.139 nm), which agrees with the JCPDS card
of g-Al2O3. According to Chakravorty [27] and McCon-
ville [5], the X-ray peak intensities and lattice constants for
g-Al2O3 are nearly equal to those of an Al–Si spinel phase,
in which some 4 coordinations of the Al ions are replaced
by Si ions. Thus, the 0.139 nm peak stands for the spinel
phase of not only g-Al2O3 derived from dehydroxylation
of aluminum hydroxide, but also the double-cation spinel
from decomposition of metakaolinite.
In order to have a clear recognition, we transfer the

related XRD results to Table 2. Comparing Fig. 1 with
Table 2, spinel, all kinds of silica and alumina reacted
and gradually formed orthorhombic mullite at above
1300 �C. The main phase above 1300 �C is orthorhom-
bic mullite, and its relative content increased when fired
at a higher temperature accompanied with a decrease of
a-Al2O3.

4.2. Microstructure development SEM

Fig. 2 shows the fracture surface SEM photographs of
specimens with different thermal histories. Organic
additives had been burned out below 600 �C according
to the thermal analysis. At 1000 �C, a glassy phase
formed due to the release of amorphous silica and
impurities in kaolinite, whose content increased when
heated at 1300 �C, and then reduced at higher tempera-
ture as 1500 �C, leaving a series of pores in the material
body.

4.3. Sintering shrinkage measurement

The initial length of the bar used for normal sintering
shrinkage measurement was 6126 mm. The ramping rate

Table 1

Chemical compositions of the kaolinite and aluminum hydroxide (wt.%)

SiO2 Al2O3 Fe2O3 TiO2 Na2O (K2O) CaO MgO Loss on ignition

Kaolinite 45.0 35.1 1.04 0.42 0.80 0.10 0.47 �17.0

Aluminum hydroxide 0.08 64.1 0.05 – – – – 34.6
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from 20 to 1450 �C was constantly 2 �C min�1. The
plots of the length shrinkage versus temperature are
shown in Fig. 3. There are about four steps before
1200 �C. The first step shrinkage appears at 200–250 �C,

where aluminum hydroxide decomposed into the alu-
mina, releasing the structural water (according to the
thermal analysis of aluminum hydroxide). The second
rapid shrinkage emerges at around 400–500 �C, where
the pore-forming agent and organic additives were oxi-
dized out of the system, and kaolinite began to dehy-
droxylated and transformed to metakaolinite [5]. The
third big shrinkage turns up at 850–950 �C, where
metakaolinite was partially replaced by a spinel phase
[28]. The fourth shrinkage took place at 1100–1200 �C,
where some transformations took place among the dif-
ferent kinds of alumina (corundum is the most stable
alumina and has the highest density), and a large quan-
tity of liquid glassy phase appeared and gradually filled
with the pores produced by pore-forming agent. Between
1200–1450 �C, the specimen underwent a nearly linear
shrinkage with temperature.
During the steep shrinkage in the high temperature

range (1200–1450 �C), the glass phase did not increase
but decreased according to the SEM photographs
(Fig. 2). It implies that the shrinkage might be related to
the formation of mullite. However, taking the densities
of corundum and glassy SiO2 for 3.99 and 2.21 g cm�3

respectively, we can easily calculate that the density of
their mixture with mullite component (Al2O3:SiO2=3:2)
is around 3.28 g cm�3, which is slightly larger than the
theoretical density of orthorhombic mullite (3.23 g
cm�3). Considering other kinds of silica have higher
densities than glassy SiO2, the sintering shrinkage
between 1300 and 1450 �C should not attribute to mul-
litization reaction, though the relative peak heights of
orthorhombic mullite strengthened steadily when the
specimens were fired at increasing temperature (Fig. 1).
On the other hand, because spinel, which still existed in
the reaction system between 1200 and 1300 �C, has a
lower density than corundum (for g-Al2O3, �=3.62 g
cm�3), the density of the mullite-component-mixture of
spinel and glassy silica is around 3.06 g cm�3. If the
mullite is transformed or reacted from spinel, it will be
possible to bring about 5.3% volume shrinkage (�1.8%

Fig. 1. The XRD patterns of the fired products of the kaolinite-alu-

minum hydroxide extrudate. M—Orthorhombic mullite; A—a-Al2O3

(corundum); C—b-SiO2 (cristobalite); S—spinel (Al–Si spinel or g-
Al2O3); K—k-Al2O3; Q—quartz.

Table 2

Phase compositions of the fired green body

Temperature

(�C)

Main phase Minor phase

(from more to less)

1000 Spinel k-Al2O3, quartz, y-Al2O3, a-SiO2,

i-Al2O3, d-Al2O3

1150 Mullite, spinel k-Al2O3, y-Al2O3, a-SiO2, i-Al2O3

1200 a-Al2O3, mullite k-Al2O3, spinel, a-SiO2

1300 Mullite, a-Al2O3 spinel, b-SiO2, y-Al2O3

1400 Mullite a-Al2O3

1500 Mullite a-Al2O3

1600 Mullite a-Al2O3

Fig. 2. The SEM photographs of the fired extrudate of the kaolinite-aluminum hydroxide: (a) 1000�C, (b) 1300�C, (c) 1500�C.
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length shrinkage) during the estimated temperature
range. This calculated value is slightly smaller than the
real relative length shrinkage from 1200 to1300 �C in
Fig. 3 (�2.2%). Therefore, mullitization reaction toge-
ther with other factors affects the shrinkage during the
reactive sintering.

4.4. Kinetics analysis based on SID measurement

The initial length of the green bar used for SID
measurement was 6296 mm. The plots of the specimen
shrinkage as well as operating temperature versus time
are shown in Fig. 4.
According to Eq. (8), the related data in Fig. 4 were

transferred to plots of ln{(dY/dt)[1/Y(1�Y)]} versus
ln[(1�Y)/Y] (Fig. 5) by using a computer. A very fine

linear relationship is found between them for every iso-
thermal holding, which proves that Makipirtti–Meng
equation agrees with the sintering shrinkage data very
well. From the slopes and intercepts of the lines, the
values of exponent n and lnk(T) can be calculated and
the results are listed in Table 3. In comparison with the
n values in Table 3, it is obvious that there are big
undulations for n between 900 and 1200 �C. Since n is a
parameter related to the process, its difference reflects
various sintering shrinkage mechanisms. The three big-
gest n values appear at 900, 1100 and 1150 �C and are
pertinent to the two big shrinkages at 850–950 �C and
1100–1200 �C in Fig. 3, where spinel formed and glassy
phase diffused or alumina transformed. According to
the n values, the results of linear fitting can be roughly
divided into three stages: (a) 1300–1450 �C, the n values
are nearly equal with each other and their average value
is 0.0841; (b) 1200–1300 �C, n rises with the increasing
temperature and their average value is 0.0689; (c) 950–
1100 �C, n rises with the increasing temperature and
their average value is 0.0760.
The specific rate constants k(T) for the sintering

shrinkage are assumed to follow the Arrhenius tem-
perature dependence [Eq.(5)], thus the apparent activa-
tion energy Ea can be derived from the slope. Fig. 6
presents plots of lnk(T) vs 1000/T based on the data in
Table 3. The experimental results can be fitted into three
straight lines according to the difference of n values. The
apparent activation energies of three temperature ranges
are obtained as 792.7�17.0 kJ mol�1 for 1300–1450 �C,
1056�74 kJ mol�1 for 1200–1300 �C, and 2972�461 kJ
mol�1 for 950–1100 �C by linear-fitting the related data.
The apparent activation energy represents energy

barriers for all processes necessary for the reactive sin-
tering of mullite-corundum ceramics. Among the calcu-
lated Ea, the value for 1200–1300 �C is in good
agreement with 1034�124 kJ mol�1 [21] and 1070�200
kJ mol�1 [22], which refer to the apparent activation
energy of mullitization in sol-gel process. Thus it suggests

Fig. 4. The SID shrinkage curve of the green extrudate of the kaoli-

nite-aluminum hydroxide.

Fig. 3. The sintering length shrinkage plot of the green extrudate of

the kaolinite-aluminum hydroxide.

Table 3

The results of linear fitting by Eq. (8)

T (�C) 103/T (K�1) Ln (nk) 1/n N Lnk R

900 0.8524 �22.71 8.519 0.1174 �20.57 0.948

950 0.8176 �46.64 32.43 0.0308 �43.16 0.913

1000 0.7854 �40.85 27.74 0.0360 �37.53 0.373

1050 0.7558 �22.60 11.90 0.0840 �20.12 0.688

1100 0.7283 �15.30 6.531 0.1531 �13.42 0.927

1150 0.7027 �15.12 12.08 0.1015 �12.83 0.979

1200 0.6788 �17.35 9.850 0.0494 �14.34 0.982

1250 0.6565 �13.86 20.25 0.0688 �11.18 0.960

1300 0.6357 �11.30 14.54 0.0884 �8.872 0.936

1350 0.6161 �9.491 11.31 0.0851 �7.027 0.977

1400 0.5977 �7.665 11.76 0.0801 �5.140 0.976

1450 0.5803 �6.134 12.49 0.0828 �3.643 0.966
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that the sintering shrinkage is dominated by mullitiza-
tion reaction in the range of 1200–1300 �C (c.f. the dis-
cussions in Section 4.3). Whereas the values for other
temperature ranges are either much larger or smaller
than 1000 kJ mol�1. Because the studied system is a
porous one, into which we introduce a pore-forming
agent on purpose, pore formation should be related to
the sintering shrinkage. The big Ea from 950 to 1100 �C
reflects the formation of glassy phase and spinel, the
glassy phase and grain-boundary diffusion related to
pore-formation as well as the transformation of various
alumina and silica. The small Ea from 1300 to 1450 �C,
however, tells mainly the diffusion related to the pore
formation.

4.5. Characterization of pore properties

The porosity of the extrudate specimens fired at var-
ious temperatures is represented in Fig. 7. The open por-
osity rises from 1150 to 1200 �C, then drops gradually
from 1200 to 1600 �C, while the closed porosity drops at
first and fluctuates with a small value later. The low open
porosity at 1150 �C is due to the glassy phase, which
blocked up and formed some closed pores. The total
porosity keeps on decreasing at all the temperature range,
agreeing with the sintering shrinkage change. The pore
size distributions of specimens fired at 1300 and 1500 �C
are shown in Fig. 8. The mean and maximum pore sizes
are 0.521 and 0.495 mm for 1300 �C, which are smaller

Fig. 5. Plots of ln{(dY/dt)[1/Y(1�Y)]} versus ln[(1�Y)/Y] according

to Eq. (8).

Fig. 6. Plots of lnk(T) versus 1000/T for the specimen.

Fig. 7. The porosity of the specimens fired at different temperatures.

Fig. 8. The pore size distributions of the specimens fired at 1300 and

1500 �C.
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than those for 1500 �C (0.675 and 0.626 mm). As a rule,
the pore size should reduce when heated at a higher tem-
perature, so it is an abnormal case in Fig. 8. As seen from
the fracture photographs of SEM in Fig. 2, the glassy
phase reduced from 1300 to 1500 �C. Thus the pore for-
mation here is partly because the glassy silica diffused and
reacted with corundum, forming crystalline orthorhom-
bic mullite (c.f. Fig. 1), and partly because the small pores
diffused, merged with each other, and finally disappeared.
As a result, the pore formation process dominated the
sintering shrinkage between 1300 and 1500 �C.

5. Conclusions

(1) The reactive sintering process for the mixture of
kaolinite and aluminum hydroxide by extrusion was
investigated by using XRD, SEM and stepwise iso-
thermal dilatometry (SID) techniques, and SID data
were analyzed by Makipirtti–Meng equation:

dY

dt
¼ nk Tð ÞY 1� Yð Þ

1� Y

Y

� �1
n

where Y is the fractional densification function.
(2) The isothermal shrinkage data agree with the Maki-

pirtti–Meng equation very well, thus proved this equa-
tion’s validity for the reactive sintering process. The
shrinkage process can be divided into three stages in
whole, their apparent activation energies and mean n
values are obtained as 2972�461 kJ mol�1 and 0.0760 for
950–1100 �C, 1056�74 kJ mol�1 and 0.0689 for 1200–
1300 �C, and 792.7�17.0 kJ mol�1 and 0.0841 for 1300–
1450 �C. In the first stage (950–1100 �C), the Ea based on
SID is ascribed to the comprehensive effects including dif-
fusion of glassy phase and grain-boundary, transforma-
tion of various alumina and silica, and formation of spinel.
In the second stage (1200–1300 �C),Ea attributesmainly to
the mullitization reaction from spinel and glassy silica. In
the third stage (1300–1450 �C), Ea is dominated by the
pore formation process, in which crystalline orthorhombic
mullite was formed by glassy silica diffusing and reacting
with corundum, and some big pores were obtained by
small pores diffusing, merging and disappearing.
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