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bulk density (gcm®)
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Abstract

In the present study, mullite was synthesized through reaction sintering of Algerian kaolinite and high purity alumina. The raw
powders were wet ball milled in a planetary ball mill. Powders’ morphology and the microstructure of the sintered samples were
characterized by means of a scanning electron microscope. An X-ray diffractometer equipped with a heating facility and a
differential thermal analyzer were used to follow mullite formation. Cylindrical specimens were produced by uniaxial cold
compaction at a pressure of 75 MPa and sintered at different sintering temperatures for different sintering times. The heating rate
was 10 °C/min. It was found that Algerian kaolinite was suitable for mullite production through reaction sintering with pure Al,Os.
Formation of complete mullite occurred at 1550 °C. A relative density of 94% (of the theoretical density) was achieved at a
relatively low sintering temperature of 1600 °C and a sintering time of 4 h.

© 2007 Elsevier B.V. All rights reserved.

Keywords: Algerian kaolinite; Alumina; Mullite; Reaction sintering

1. Introduction

The properties of mullite (3A1,05-2Si0,), a stable
compound in the Al,03;—SiO, system (Schneider and
Komarneni, 2006), made it an attractive material for
structural and functional applications. Although mullite is
synthesized through different methods its preparation
from clay remains the most economical way (Chakra-
borthy and Ghosh, 1978, Gualtieri and Bertolani, 1992,
Faieta-Boada and McColm, 1993, Liu and Thomas, 1994,
Dubois et al., 1995, Rezaie et al., 1997, Viswabaskaran
et al., 2002, 2003a,b, 2004, Aras, 2004). Raw kaolinite

* Corresponding author.
E-mail address: nouari@iiu.edu.my (N. Saheb).

0169-1317/$ - see front matter © 2007 Elsevier B.V. All rights reserved.

doi:10.1016/j.clay.2007.04.013

from different countries such as Malaysia (Yung-Feng
Chen et al., 2004a), France (Castelein et al., 2001), Japan
(Okada et. al., 2003), Burkina-Faso (Traore et al., 2003),
Georgia (Pask and Tomsia 1991), or commercial kaolinite
supplied by international suppliers such as clay minerals
society of the University of Missouri (Soro et al., 2003),
Caobar S.A. Spain (Liu and Thomas, 1994), Engelhard
C.O. Ltd. USA (Nikaido et al., 1996), were used in the
production of mullite. Kaolinite undergoes a series of
reactions and finally forms mullite. The reaction of
kaolinite with alumina is of interest in the production of
mullite by reaction sintering (Liu and Thomas 1994,
Schneider et al., 1994, Ebadzadeh 2003, Kong et al.,
2004, Chen et al., 2005); the rate of mullite formation
depends on the temperature of the reaction (Chakraborthy
and Ghosh 1978, Liu and Thomas 1994, Kuo-Chung
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Table 1

Chemical composition of metakaolinite as determined by XRF
Component  Al,O; SiO, MnO P,Os SO; K,O
wt.% 44405 53.05 1.54  0.027  0.020 0.02
Component  Co30;  NiO ZnO As,0O3  CaO Fe,O5
wt.% 0.13 0.09 0.08  0.371 0.170  0.06

et al., 1994, Rezaie et al., 1997). The objective of the
present study is to explore the utilization of Algerian
kaolinite combined with Al,O5 to synthesize mullite.

(@)

100

2. Materials and experimental procedure

Algerian raw kaolinite (from Djabal Debagh) and Al,O3
powder (99.98 % purity, with average particle size of 0.5 pm)
supplied by Fulka were used in this investigation. The raw
kaolinite was calcined at 700 °C for 2 h to yield meta-
kaolinite, then Al,O; was added according to the ratio
2:1 mol. The powders were charged into cylindrical zirconia
vials (250 ml in volume) together with 15 zirconia balls
(10 mm in diameter).

Water was added to the mixture at a ratio of 2:1 w/w. The
ball-milling experiments were performed in a high-energy
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Fig. 1. Effect of milling time on particle size distribution (a) and average particle size (b) of kaolinite powder.
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planetary ball mill (Fritsch P6) and were carried out at room
temperature at a rotation speed of 250 rpm. The mixture was
ball milled for different milling times. Particles’ morphology
and the microstructure of the sintered samples were charac-
terized using JEOL scanning electron microscope model JSM
5600. Particle size distribution was analyzed using a Fritsch
Particle Size analyzer ‘analysette 22°. The slurry was dried at
150 °C. Thermal characterization of the powder was
performed using a Setaram differential thermal analyzer (TG/
DTA) model 92. The powder was compacted at a pressure of
75 MPa using a cold uniaxial press. Cylindrical specimens of
13 mm diameter were produced. The compacted samples were
sintered at 1500, 1550, 1600, 1650 and 1700 °C for 1, 4 and
8 h. The heating rate was 10 °C/min. The density of sintered
samples was measured using a densimeter model KERN ARS
220-4 and quantified according to the Archimede principle.
Phases formed were characterized through X-ray diffraction
using a Bruker X-ray diffractometer model D8 equipped with a
heating facility (Cu Ka radiation and a Ni-filter) operated at
40 kV, 40 mA. The mixture was heated to selected
temperatures and maintained for 15 min, then XRD experi-
ments were carried out at a speed of 1°/min.

3. Results and discussion

The raw kaolinite calcined at 700 °C for 2 h yielded
metakaolinite. Its chemical composition after calcinations
as determined by XRF is presented in Table 1. The SiO,
content in Algerian kaolinite is 53.1 wt.% compared to
62.1 wt.% in Malaysian kaolinite (Yung-Feng Chen et al.
2004a), 53.7 wt.% in French kaolinite (Castelein et al.,
2001), and 52.8 wt.% in American kaolinite (Nikaido
etal., 1996); and Al,O; content is 44.4 wt.% compared to
Malaysian kaolinite 36.8 wt.% (Yung-Feng Chen et al.,
2004a), French kaolinite 41.8 wt.% (Castelein et al.,
2001), and American kaolinite 44.7 wt.% (Nikaido et al.,
1996).

Fig. 1(a) shows the effect of milling on particle size
distribution of kaolinite and Al,O3 mixture. The average
particle size as a function of milling time as seen in
Fig. 1(b) was derived from the cumulative distribution
as a function of particle size. The rate of average particle
size decrease was very high at early stages of milling up
to 5 h then remained almost unchanged beyond it. Ball
milling for 5 h decreased the average particle size by
8 folds.

Scanning electron micrographs of kaolinite powder
before milling and kaolinite and Al,O; mixture ball
milled for 5 h are shown in Fig. 2. Before milling
particles of kaolinite have irregular shapes and large
particle size distribution. However, milling for 5 h
decreased the particle size, and yielded a homogeneous
powder mixture with particles having almost spherical

shape which would promote sintering. Fig. 3 shows TG/
DTA and DTG/DDTA curves of kaolinite (heating rate
of 20 °C/min). Two endothermic peaks at 105 °C and
508 °C and an exothermic one at 984 °C are present. The
first weight loss is due to the evaporation of adsorbed
water corresponding entirely to the first endothermic
peak; and the second weight loss in the temperature
range 350-840 °C is due to the dehydration of the
kaolinite correlating with the second endothermic peak
at 508 °C. The exothermic peak at 984 °C is believed to
be due to spinel formation or a Si-containing y-Al,O5
and amorphous silica as reported in other studies (Liu
and Thomas 1994, Schneider et al., 1994, Sainz et al.,
1997, Chen et al., 2000, Castelein et al., 2001, Yung-
Feng Chen et al., 2004b, Viswabaskaran et al., 2004).
X-ray powder diagrams of ball-milled kaolinite and
Al,O3 mixture maintained at different temperatures for
15 min are presented in Fig. 4. At ambient temperature,

Fig. 2. SEM micrographs of kaolinite powder before milling (a) and
kaolinite and Al,O; mixture ball milled for 5 h (b).
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only reflections of kaolinite and Al,O5 were present. At
700 °C complete transformation of kaolinite to meta-
kaolinite took place. At 1150 °C besides Al,O; the
quartz phase starts to appear. Also, the primary mullite
phase starts to form from the interaction of amorphous
SiO, either with Al,O5 of the kaolinite or the spinel
phase from the metakaolinite. At 1300 °C secondary
mullite starts to form through the interaction of the
added Al,O5 with SiO, remained from the transforma-
tion of the kaolinite. On the other hand, quartz

transforms to cristobalite and Al,O; peaks start to
decrease. At 1450 °C the formation of mullite is clear
but not complete; it coexists with small fraction of
Al,O3 and a trace of cristobalite. Further information on
phases present at higher temperatures can be obtained
from XRD spectra of samples sintered at different
temperatures for 4 h shown in Fig. 5. At 1450 °C Al,04
and mullite peaks are present, at 1500 °C there are traces
of Al,O3 and cristobalite. At 1550 °C mullite formation
is complete and only its peaks are present.
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Fig. 3. TG/DTA (a) and DTG/DDTA (b) curves of kaolinite (heating rate 20 °C/min).



308 F. Sahnoune et al. / Applied Clay Science 38 (2008) 304-310

The sintering time increased the bulk density at any
temperature (Fig. 6) but the density decreased between
1500 and 1550 °C and increased between 1550 and
1700 °C. The increase in density is usually attributed to
the elimination of pores during sintering. The decrease
of density between 1500 and 1550 °C is due to the
existing phases (mullite, alumina, and cristobalite). As
the temperature increases, the mullite fraction increases
until complete formation at 1550 °C. Because mullite
density is less of about 4% than the density of its
components, the density decreases between 1500 and
1550 °C (Yung-Feng Chen et al., 2004a). Sintering of
mullite powder to high densities normally requires
relatively high sintering temperatures because of the low
bulk and grain-boundary diffusion coefficients for

mullite. However, high relative density of 94% of the
theoretical density was reached at relatively lower
sintering temperature of 1600 °C and sintering time of
4 h. This is may be due to the fact that the initial powder
was ball milled for 5 h which led to the formation of a
homogeneous powder with fine particles that reduced
diffusion distances and increased the driving force for
sintering. It is known that densification is usually
enhanced in homogeneous powder compacts in which
particles are packed to high relative density and large
pores and powder agglomerates are absent (Nikaido
et al., 1996, Chen et al., 2000).

Typical SEM micrographs of fractured surfaces of
samples sintered at 1600 and 1700 °C for 4 h are shown in
Fig. 7. Sintering led to the formation of a homogeneous
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Fig. 4. XRD spectra showing the effect of temperature on mullite formation.
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Fig. 5. X-ray diffraction diagrams of samples sintered at different temperatures for 4 h.
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microstructure characterized by mullite grains with 2. Wet milling of the mixture for 5 h improved mixing,
whiskers’ shape having thickness of about 2 um and decreased particle size, and yielded a less agglomer-
length of more than 10 pm. ated mixture. As a result, a homogeneous fine powder

with an average particle size of 5 pm was obtained.
. Formation of mullite was complete at 1550 °C.
. A relative density of 94 % was achieved at a
1. Algerian kaolinite was suitable for mullite produc- relatively low sintering temperature of 1600 °C and a
tion through reaction sintering with pure Al,Os. sintering time of 4 h.

W

4. Conclusions

N
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Fig. 7. SEM micrographs of fractured surface of samples sintered for
4 hat 1700 °C (a) and at 1600 °C (b).
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Differential thermal analysis of mullite
formation from Algerian kaolin

F. Sahnoune®, M. Chegaar®, N. Saheb*?, P. Goeuriot® and F. Valdivieso®

In the present work, the kinetics of mullite (3A1,03.2Si0,) formation from Algerian kaolin was
investigated using differential thermal analysis (DTA). The raw kaolin was wet ball milled for 5 h
followed by attrition milling for 1 h. Differential thermal and thermogravimetric (DTA/TG)
experiments were carried out on samples between room temperature and 1350°C at heating
rates of 5, 10, 20 and 40°C min~'. The temperature of mullite crystallisation was found to be
~1005°C. The activation energies measured from isothermal and non-isothermal treatments were
around 1290 and 1260 kJ mol~' respectively. The growth morphology parameters n (Avrami
parameter which indicates the crystallisation mode) and m (a numerical factor which depends on
the dimensionality of crystal growth) were found to be almost equal to 1-5. Analysis of the results
showed that bulk nucleation was dominant in mullite crystallisation followed by three-dimensional
growth of mullite crystals with polyhedron-like morphology controlled by diffusion from a constant

number of nuclei.

Keywords: Mullite, Kaolin, Kinetics of formation, Ceramics, Differential thermal analysis

Introduction

Mullite (3A1,03.28i0;), a stable compound in the
ALO5-SiO5 system,’ is usually prepared through many
methods such as sintering,” sol-gel,® co-precipitation,®
hydrothermal,’ flash combustion® and chemical vapour
deposition.” However, synthesis of mullite from clay® '
remained an economical way to prepare mullite with
desired properties.'* Recently, there have been renewed
interest in the synthesis of mullite (3A1,05.2S8i0,) from
kaolin for the purpose of further understanding in the
preparation of technical ceramics for functional and
structural applications.!”> Raw kaolin from different
countries such as Malaysia,l(HS France,"” Japan,20
Burkina-Faso,?' Georgia,”® or commercial kaolin sup-
plied by international suppliers such as clay minerals
society of the university of Missouri,”> Caobar SA
Spain,24 Engelhard CO Ltd, USA,>* were used in the
production of mullite.

It is well known that kaolin undergoes a series of
reactions and finally forms mullite. The rate of
mullite formation depends on the temperature of the
reaction.®!* Many studies were reported on the kinetics
of mullite formation from kaolin ceramics,'®!>%°
aluminium silicate glass fibre,”” porcelain stoneware,?®
mixture of raw wastes with high contents of silica and
aluminium hydroxides.?’
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Chen and co-workers'” in their investigation on phase
transformation and growth of mullite in kaolin ceramics
reported that the non-isothermal activation energy of
mullite crystallisation was 1182-3 kJ mol ™', the growth
morphology parameters n and m were ~2-0,'> and the
activation energy for secondary mullite formation was
454-6 kJ mol~'.?® They concluded that the bulk nuclea-
tion was dominant in mullitisation and the crystal
growth was controlled by diffusion. Romero and co-
workers®® investigated the growth of mullite in a
porcelain stoneware body and reported isothermal and
non-isothermal activation energies of 599 and
622 kJ mol ™! respectively. Also they found that growth
morphology parameters n and m were ~ 1-5 and showed
that bulk nucleation is dominant in mullite crystal-
lisation followed by three-dimensional (3D) growth of
mullite crystals with polyhedron-like morphology con-
trolled by diffusion from a constant number of nuclei.
Mullitisation kinetics from silica and alumina rich
wastes was studied by Vieira and co-workers®® using
differential dilatometry. They reported non-isothermal
activation energies of 431 and 454 kJ mol~! for forma-
tion of primary and secondary mullite respectively.

The temperature of mullite formation, activation
energies and growth morphology parameters were found
to depend on the type of raw material used for mullite
synthesis. Furthermore, for the same raw material such
as kaolin, some discrepancies were reported,'> this was
attributed to different chemical composition or particle
size distribution due to different raw material sources. In
previous investigation,’®*' the authors investigated
mullite formation through reaction sintering Algerian
kaolin and pure Al,O3 and the effect of MgO addition
on the sintering behaviour. The objective of the present
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1 Images (SEM) of kaolin powder a ball milled 5 h and b
attrition milled for 1 h

study is to investigate the kinetics of mullite formation
from Algerian kaolin and evaluate the temperature of
formation, activation energies and growth morphology
parameters.

Materials and experimental procedure

Raw kaolin (DD3, from Guelma, Algeria) was used in
this investigation. Its chemical composition determined
by X-ray fluorescence (XRF) is 44-40A1,03-53-05S10,—
1-54MnO-0-03P,05-0-02SO5-0-02K,0-0-13C030,4-0-09NiO-
0-08Zn0-0-37As5,05-0-17Ca0O-0-06Fe,03 (wt-%), and
more information is reported elsewhere.*® The raw kaolin
was wet milled in planetary ball mill with alumina
grinding media for 5 h then attrition milled for 1 h using
ZrO, balls (diameter of 12 mm) at a speed of
1250 rev min~'. The slurry was dried at 150°C, pow-
dered and sieved through a 163 pm mesh. Differential
thermal and thermogravimetric analysis (DTA/TG)
was performed on the samples in a SETARAM
Labsys thermal analyser. The samples were heated
from room temperature up to 1350°C at heating
rates of 5, 10, 20 and 40°C min~'. The DTA scans
were conducted in flowing air using platinum crucibles.
The morphology of powders was characterised by
means of a JEOL scanning electron microscope (SEM)
model JMS 6400. Phases present and their transforma-
tions were characterised using a Bruker X-ray diffract-
ometer model D8 (Cu K, radiation and a Ni filter)
operated at 40 kV and 40 mA. The scanning rate was

0-3° min~ ..
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curves of kaolin powder heated at 20°C min'

Results and discussion

Scanning electron micrographs of kaolin powder ball
milled for 5 h are shown in Fig. 1. As it can be clearly
seen, the powder has large particle size distribution and
small particles were agglomerated and formed large
particles (Fig. 1a). This is due to the fact that, the ball
milling technique®** involves repeated welding, fractur-
ing and rewelding of powder particles. However,
attrition milling for 1 h (Fig. 1b) resulted in the break
down of the agglomerates leading to small particles with
almost spherical shape. These parameters (small particle
size and spherical shape) play an important role in the
compaction and sintering of the powder through
reduction of sintering time and sintering temperature.

Figure 2 shows DTA/TG curves of kaolin powder
heated from room temperature to 1350°C at a heating
rate of 20°C min~'. A two step weight loss is observed
on the TG curve. The weight loss in the first step (about
1-7 wt-%) is due to the evaporation of adsorbed water.
The weight loss in the second step (~ 13 wt-%) is due to
the dehydroxylation of kaolin and the formation of
metakaolin, this corresponds with the endothermic peak
at 530°C seen on the DTA curve. The weight loss
remained unchanged with heating above 800°C. The
exothermic peak at 1005°C corresponds to the forma-
tion of primary mullite. This is in good agreement with
the value of 1006-5°C reported by Chen and co-
workers.!”> Also, it is close to the value of 980°C
reported by Pask and Tomsia.?? The difference between
temperatures of mullite formation was attributed to
different chemical composition and particles size dis-
tribution of the starting kaolin.'?

Figure 3a shows XRD spectrum of raw kaolin, only
kaolin peaks are present. Figure 3b shows XRD
spectrum of kaolin sintered at 1300°C for 4 h, peaks
corresponding to mullite, quartz and cristobalite phases
are present. As a result of heating, kaolin has trans-
formed to metakaolin and finally to mullite. Also, the
remaining SiO, has transformed to a crystalline phase
compared to its non-crystalline state during the first
stage of mullite formation.'®!>"'® However, after 4 h of
sintering the quartz remains present because the energy
is not sufficient for its complete transformation.
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Differential thermal analysis curves for kaolin heated
at different heating rates are presented in Fig. 4. It can
be seen that the temperature of the maximum of the
exothermic peak position, 7}, shifts to higher tempera-
ture from 1263 to 1285 K, as the heating rate increases
from 5 to 40°C min~".

Figure 5 shows the variation of the -crystallised
fraction of mullite with temperature under different
heating rates. The crystallised fraction x was determined
from the DTA results (Fig. 4) by the ratio of the area of
the exothermic peak in the DTA curve at temperature
T(A7) and the total area under the peak (A).

Figure 6 shows the rate of mullite formation with time
for different heating rates. It is clearly seen that, the rate
of crystallisation increases with increasing heating rate.

The crystallised fraction of mullite under isothermal
condition was evaluated using the Johnson-Mehl-Avrami

1285.44
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4 Differential thermal analysis curves for kaolin heated
at different heating rates
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5 Variation of crystallised fraction of mullite with tem-
perature for kaolin powder under different heating
rates

(JMA) theory?**
x=1—exp[— (kt)"] ()

where x is the volume fraction crystallised versus time ¢,
n is the Avrami exponent and k is the reaction rate
constant, given by the Arrhenian type equation

k=k, exp(— %) 2)

where ko is the frequency factor, E is the apparent
activation energy, R is the ideal gas constant and 7 is the
isothermal temperature in Kelvin.

Equations (1) and (2) lead to®®

d n—1
ln(d—);) —In [kon (—In(1—x) (1—x)} _ %

= Infko /(9] ~ 3)

Ligero et al.>® proposed a mathematical method through
non-isothermal techniques. If the authors select the same
value of x in every experiment at different heating rates
and plot for a given x, the function In (dx/d¢) versus 1/7,
according to Refs. 28 and 35 the activation energy can

40 K/min

S
1

dx/dt (s™) .100

N
1

20 K/min
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5 K/min

(i 2t o WENEENEE.
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6 Rate of mullite formation at different heating rates

Advances in Applied Ceramics 2008 voL 107 NO 1

Differential thermal analysis of mullite formation from Algerian kaolin

11



Sahnoune et al.

12

-3,0 4

AN

-6,0 -

—=—x=0.1

In(dx/dt)(s™)

-6,5

T - T 7T T T 1T 17 1T V1T 77 LI
7,74 7,76 7,78 7,80 7,82 7,84 7,86 7,88 7,90 7,92 7,94 7,96 7,98 8,00
10%T (K™)
7 Plot of In (dx/df) versus 1/T at same value of crystal-

lised fraction x from experiments at different heating
rates

be deduced from the slope of equation (3). Figure 7
shows that the plot of In (dx/d¢) versus 1/T at the same
value of crystallised fraction, x, at different heating
rates, is linear. The activation energy E for different
crystallised fraction, which were calculated by the
average of the slopes of the lines (equation (3)) are
listed in Table 1. The correlation coefficient r is greater
than 0-99 for the different x values. The average
activation energy of mullite crystallisation in kaolin
powder is 1290+ 13 kJ mol .

Knowing the activation energy, the value of In [kq
f(x)] is calculated for different heating rates and plotted
versus crystallisation fraction x. Figure 8 shows the
results for kaolin powder heated at a heating rate of
20°C min~'. Similar curves were obtained for the other
heating rates.

The Avrami parameter which indicates the crystal-
lisation mode, n, was determined by the selection of
many pairs of x; and x, that satisfied the condition In [k,
f(x1)]=In [ko f(x,)] and using equation (3), the following
equation is derived

. Infln (1 —x;)/In (1 —xy)] @

In[(1—x)In(1—x1)/(1 —x2) In(1—x3)]
The average values of n for each heating rate are listed in
Table 2 and the average Avrami parameter is 1-33. This
value is close to 1-5, which suggests, that the crystal-
lisation process of mullite in metakaolinite should be
controlled by a diffusion growth.'>28:3

The morphology of the crystal growth can be
obtained from the ratio of times for two fixed degrees

Table 1 Values of activation energy E and correlation
coefficient for different crystallised fractions

X r E, kJ mol™"
01 0-99903 1278
02 0-99972 1283
03 0-99969 1291
04 0-99979 1300
05 0-99978 1292
06 0-99957 1293
07 0-99913 1303
0-8 0-99920 1297
09 0-99709 1277

Differential thermal analysis of mullite formation from Algerian kaolin
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kaolin powder heated at heating rate of 20°C min~""
of transformation.”®** A convenient representative
index is the ratio of times for 75 and 25% transformation
in such a way that 2:20<fg.75/t9.o5<4-82 for one-
dimensional growth (needles), 1:69< #.75/fp.25<2-20
for two-dimensional growth (plates) and 1-48 <?y.7s/
1025 < 169 for 3D growth (polyhedron).*®

The average values of #.7s/ty.,5 for each heating rate
are listed in Table 2. The average value is 1-68 for all the
heating rates. This suggests a 3D growth of mullite
crystals. However, it can be seen that the shape of
mullite crystals is very dependent on the heating rate,
going from a two-dimensional growth for low heating
rate (5°C min ') to a 3D growth when the heating rate
increases from 10°C min ™',

For a non-isothermal DTA experiment, the tempera-
ture is changed linearly with time at a known scan rate ¢
(=dT7dr). According to Kissinger method?®

¢ E
In|-&5|=——++C (5)
(Tg RT,
where T, is the temperature at the maximum of
crystallisation peak and ¢ is the DTA heating rate. A

plot of In (;i) versus 1/T, should be a straight line,
p
whose slope yields the activation energy for crystal-
lisation E.

Matusita and coworkers
equation as

¢"\ _ mE

where n is the Avrami parameter which indicates the
crystallisation mode and m is a numerical factor which
depends on the dimensionality of crystal growth.

373 modified the Kissinger

Table 2 Values of Avrami parameter n and fy,5/fy.25
values for different heating rates

Heating rate, °C min™" n to.75/t0.25
5 1-28 1-797
10 1-34 1-685
20 1-35 1-667
40 1-33 1-605
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9 Plots of In [¢/(T,)’] and In [¢"/(T,)?] versus 1/T, accord-
ing to Kissinger and Matusita equations respectively

Figure 9 shows the plots of In [¢/(Tp)2] and In [¢"/
(Tp)z] versus 1/T, (rate of transformation is maximum at
the DTA curve peak, then T=T,,) according to Kissinger
and Matusita equations respectively.’’° The activation
energy calculated from the slope of the equation (5)
(Kissinger method) is 1260-80 kJ mol~'. This is in good
agreement with that of 1290 kJ mol ! estimated by the
Ligero et al. method as shown above. According to
Matusita equation (equation (6)), the value of the
parameter m is 1-:26 for mullite formation in kaolin
powder. The Avrami parameter n and the numerical
factor m are both close to 1-5. This is an indication of a
3D growth of mullite crystals with polyhedron-like
morphology.** These results also indicate that the bulk
nucleation is the dominant mechanism in mullite
crystallisation and the crystal growth is controlled by
diffusion from a constant number of nuclei as is usual in
mullite ceramics.*

Conclusions

From the present investigation the authors concluded
the following.

1. The temperature of mullite crystallisation in the
kaolin powder was found to be ~1005°C.

2. The activation energies of mullite crystallisation
calculated using Ligero method (isothermal method
using non-isothermal data) and Kissinger method (non-
isothermal) were 1290 and 1260 kJ mol ! respectively.

3. Growth morphology parameters n and m were
found to be almost equal to 1-5.

4. Bulk nucleation was dominant in mullite crystal-
lisation followed by 3D growth of mullite crystals with
polyhedron-like morphology controlled by diffusion
from a constant number of nuclei.
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Resumé :

Le but de ce travail est la préparation du mullite et du composite mullite-zirconia et ’étude
de leurs propriétés physiques en utilisant comme matiére premicre le kaolin algérien. Le
probléme posé est comment réduire la température du frittage. Pour le résoudre, on a réduit
la taille des grains jusqu’a quelques dizaines de nanometres en utilisant de nouvelles
techniques de broyage. On a réussi a ¢laborer des échantillons d’excellentes propriétés
physiques a de faibles températures. On a aussi étudié les transformations de phases du
kaolin et du kaolin-alumina en fonction de la température et du temps. A partir des courbes
des traitements thermiques, on a calculé 1’énergie de formation du mullite primaire et
identifi¢ le mécanisme de formation et de croissance du mullite. On a aussi étudi¢ 1’effet de
la température et du temps du frittage ainsi que la concentration du zirconia sur la densité et
la diminution des pores ouverts et fermés. En fin on a étudié I’effet des parametres de
frittage sur la microstructure et les Propriétés physiques.

Mots clés : Elaboration, Caractérisation, Kaolin, Alumina, Zirconia, Frittage, Mullite-
Zirconia composites, Propriétés physiques.

Abstract :

The aim of this thesis is the preparation of the mullite and the mullite —zirconia composite
and the analysis of their physical properties using an Algerian kaolin as initial matter. The
faced problem is how to decrease the sintring temperature. To resolve the problem we have
reduced the particles size till few nanometers using new milling techniques. We have
elaborated samples with excellent physical properties within low temperatures. We have
analysed phases transformations of the kaolin and the kaolin-alumina versus temperature
and time. Using the thermal treatments plots, we have calculated the formation energy and
identified the mecanism of formation and growth of mullite. We have also dealt with the
effect of temperature and time of sintering and concentration of zirconia on the density and
the decrease of the rate of the open and closed pores. At the end we have studied the effects
of sintering parameters on the microstructure and the Physical properties.

Key words: Elaboration, Characterization, Kaolin, Alumina, Zirconia, Sintering, Mullite-
Zirconia composites, Physical properties.
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