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ABSTRACT
The excellent electrical, thermal and mechanical properties, and good
stability of mullite made it a candidate material to produce ceramics for
advanced applications such as catalyst supports, filters, optical devices,
heat exchangers and electronic packaging. In thiswork,monolithicmul-
lite was synthesized from kaolinite and boehmite and the kinetics of its
formation was investigated using dilamometry. The activation energies
for the transformation of kaolinite to metakaolinite, transformation of
metakaolinite to spinel, and transformation of the kaolinite-boehmite
powder to mullite were evaluated through non-isothermal treatment
following the Kissinger and Ozawa equations. The growth morphology
parameters were evaluated for the transformation of metakaolinite to
spinel, and for the transformation of the spinel to mullite.

Introduction

Mullite (3Al2O3·2SiO2), a stable compound in the SiO2–Al2O3 system, is one of the most
important phases found in traditional and technical ceramics [1]. Its excellent electrical, ther-
mal and mechanical properties, and good stability made it a candidate material to produce
ceramics for advanced applications such as catalyst supports, filters, optical devices, heat
exchangers and electronic packaging [2–4]. Many methods were used to synthesize mono-
lithicmullite ormaterials based onmullite [1, 5–11]. One way to synthesizemullite is through
firing kaolinite and boehmite. Kaolinite [Al2Si2O5(OH)4], is a layer silicate in the form of
micro-crystals with a crystal structure consisting of a single silica tetrahedral sheet and a sin-
gle alumina octahedral sheet [5]. Boehmite [12, 13] a partially dehydrated aluminum hydrox-
ide, can be produced from aluminum hydroxides by controlled calcinations [14–16]. Also,
thermal calcination in air can convert gibbsite to boehmite [17, 18] which is frequently used
as startingmaterial for the synthesis of alumina phases [12, 13]. In previous works, the authors
synthesized mullite through reaction sintering kaolinite with pure alumina [19], analyzed the
kinetics of the dehydroxylation of kaolinite through thermal analysis [20]; and investigated the
kinetics of mullite formation from kaolinite and pure alumina; and evaluated the temperature
of formation, activation energies and growth morphology parameters [21]. Also, the authors
synthesized Al2O3 containing mullite from kaolinite and boehmite [9], and characterized its
microstructure and properties. The objective of the present work is to investigate the kinet-
ics of monolithic mullite formation from kaolinite and boehmite through non-isothermal
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Figure . Linear shrinkage curve and its first derivative for kaolinite-boehmite mixture treated at heating
rate of °C/min.

treatment using dilatometry and evaluate the activation energy and Avrami parameter for the
different transformations that lead to the formation of mullite.

Materials and procedures

Comprehensive information and chemical composition of the kaolinite and Boehmite used
in this investigation were provided elsewhere [9]. A homogeneous mixture of kaolinite and
boehmite was prepared using ball milling technique. The boehmite was added to the kaolinite
according to the stoichiometry that only leads to the formation ofmullite (3Al2O3.2SiO2). Zir-
conia vials and balls with ball-to-powder weight ratio of 10:1 were used. Water was added to
the kaolinite and boehmite mixture at a ratio of 2:1. The mixture was milled at room temper-
ature, at a rotation speed of 250 rpm for 5 hours, in a high-energy planetary ball mill (Fritsch
P6). The milled mixture was dried at 100°C for 6 hours then cold compacted at 75MPa using
uniaxial press to produce specimens of 13 mm diameter. Dilatometry experiments were per-
formed on samples using aNETZSCH (Dil 402 C) dilatometer. The samples were heated from
room temperature to 1300°C, at heating rates of 5, 10 and 20°C/min. Details on the analysis of
the isothermal and non-isothermal treatments were reported elsewhere [20, 21] according to
procedures followed in [22–23] and are used in this work to evaluate the activation energies
and growth parameters.

Results and discussion

Figure 1 shows a typical linear shrinkage curve and its first derivative for kaolinite-boehmite
mixture treated at heating rate of 10°C/min. It can be clearly seen that there are four trans-
formations. The first transformation is a relative linear expansion at a temperature lower than
160°C due to the dehydroxylation of the raw kaolin and the formation of kaolinite where the
rate ismaximumat 94°C. The second transformation is a relative linear shrinkagewhich starts
at 500°C and ends at 670°C where the rate of shrinkage is maximum at 628°C; this shrinkage
is due to the evaporation of water in the kaolinite which transforms to metakaolinite. The
third transformation is a second relative linear shrinkage that corresponds to the change of
metakaolinite to spinel (Al-Si) and a none-crystalline SiO2 and the rate of transformation is
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Figure . First derivative shrinkage curves for the transformation of (a) kaolinite to metakaolinite, (b)
metakaolinite to spinel, (c) spinel to mullite, in kaolinite-boehmite mixture.

maximum at 965°C. The fourth transformation is a third relative linear shrinkage that cor-
responds to the change of spinel to silica in the form of cristobalite and primary mullite at
a temperature of 1192°C and this transformation ends at a temperature lower that 1300°C.
Similar linear shrinkage curves were recorded at heating rates of 5 and 20°C/min.

The linear relative shrinkage curves as function of temperature at heating rates of 5, 10, and
20°C/minwere used to calculate the activation energy for the formation of the different phases
following the Kissinger and Ozawa equations. The maximum temperature (Tm), at different
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Figure . Plots of ln(φ) and ln(φ/Tm
) versus /Tm for the transformation of (a) kaolinite to metakaolinite,

(b) metakaolinite to spinel, (c) spinel to mullite, in kaolinite-boehmite mixture.

heating rates, for the transformation of kaolinite to metakaolinite, figure 2(a), metakaolinite
to spinel, figure 2(b), and spinel to mullite, figure 2(c), was obtained from the derivative of the
linear shrinkage curves.

Figure 3(a) shows change of ln(φ/Tm
2) and ln(φ) as function of the inverse of temperature

1/Tm for the transformation of kaolinite to metakaolinite. The values of the activation energy
for the formation of metakaolinite are 154 kJ/mol and 169 kJ/mol following the Kissinger and
Ozawa equations, respectively. The obtained values are close to 177.75 kJ/mol reported by
Sahnoune and co-workers [20] using deferential thermal analysis (DTA). Figure 3(b) shows
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Figure . Variation of crystallised fraction of (a) spinel and (b) mullite, with temperature for kaolinite-
boehmite mixture under different heating rates.

change of ln(φ/Tm
2) and ln(φ) as function of the inverse of temperature 1/Tm for the trans-

formation of metakaolinite to spinel. The values of the activation energy for the formation of
spinel are 650 ± 18.92 kJ/mol and 671.16 ± 18.99 kJ/mol following the Kissinger and Ozawa
equations, respectively. Figure 3(c) shows change of ln(φ/Tm

2) and ln(φ) as function of the
inverse of temperature 1/Tm for the transformation of spinel to mullite. The values of the acti-
vation energy for the formation of mullite are 575.92 ± 28.97 kJ/mol and 600.25 ± 29 kJ/mol
following the Kissinger and Ozawa equations, respectively.

The activation energy for mullite formation were reported by many others [21, 24–26].
Gualtieri [24] reported activation energy of 523 kJ/mol for mullite formation from kaolin-
ite. Romero et al. [22] investigated the growth of mullite in a porcelain stoneware body and
reported non-isothermal activation energy of 622 kJ/mol, Vieira andRamos investigatedmul-
litisation kinetics from silica and alumina rich wastes [26] using differential dilatometry; they
reported non-isothermal activation energies of 431 and 454 kJ/mol for formation of primary
and secondary mullite, respectively. The discrepancies between the reported activation ener-
gies and growthmorphology parameters formullite formation were attributed to the different
types of raw materials used for mullite synthesis in addition to the different chemical compo-
sition and/or particle size distribution.
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Figure . Growth rate of (a) spinel and (b)mullitewith time for kaolinite-boehmite powder at different heat-
ing rates.

The variation of crystallised fraction of spinel and mullite with temperature under differ-
ent heating rates is presented in figure 4. The crystallised fraction, x, was determined from
dilatometry results as:

X =AT/A0

where AT is the area of the peak in the dilatometry curve at temperature T, and A0 is the total
area under the peak. The crystallised fraction, x, at a temperature T differs at different heating
rates and hence the curves of dx/dt versus time are also different as shown in figure 5, which
depicts the growth rate of spinel and mullite with time at different heating rates. The rate of
crystallisation increases with the increase in heating rate.

Figure 6 shows the plot of ln(dx/dt) versus 1/T at the same value of crystallised fraction,
x, from the experiments at different heating rates as proposed by Ligero et al [23]. The values
of the activation energy, E, for different crystallised fraction, which were calculated by the
average of the slopes of the lines, are presented in Table 1.The values of the activation energy
are 626.98 kJ/mol and 561.56 kJ/mol for the formation of spinel and mullite, respectively.

Figure 7 shows the plot of ln{k0f(x)} versus crystallised fraction, X, for a kaolinite-behomite
powder heated at a heating rate of 5°C/min. The Avrami parameter, n, was determined by the
selection of many pairs of X1, and X2 that satisfied the condition ln{k0f(x1)} = ln{k0f(x2)}.
The average values of n for each heating rate are presented in table 2. The average Avrami
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Figure . Plot of ln(dx/dt) versus /T at the same value of crystallised fraction, x, from the experiments at
different heating rates for (a) spinel, (b) mullite.

parameter is 1.30 for spinel formation and 1.16 for mullite formation. These values are close
to 1.5 for spinel formation and 1 for mullite formation, which suggests that the crystallisation
process, in kaolin-boehmite powder, is controlled by diffusion growth for spinel formation
and by interface reaction for mullite formation [22].

Sahnoune and co-workers [21] analyzed mullite formation from Algerian kaolinite using
DTA and reported an activation energy of around 1260 kJ/mol measured from non-
isothermal treatment, also, they reported a growth morphology parameter of 1.5. Chen and
co-workers [26] in their investigation on phase transformation and growth ofmullite in kaolin
ceramics reported that the non-isothermal activation energy of mullite crystallisation was
1182.3 kJ/mol, the growth morphology parameter n was 1.5 and the activation energy for
secondary mullite formation was 454.6 kJ/mol−1 [27.28].

Table . Values of the activation energy, E, for different crystallised fraction.

Formation of spinel Formation of mullite

X R E(KJmol−) R E(KJmol−)

. , , , .
. , , , .
. , , , .
. , , , .
. , , , .
. , , , .
. , , , .
. , , , .
. , , , .

Table . Values of the Avrami parameter, n, for different heating rate.

Spinel Mullite
Heating rate (°C/min) n n

 . .
 . .
 . .
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Figure . Plot of ln[kf(x)] versus crystallised fraction, x, for a kaolinite-boehmite powder heated at a heating
rate of °C/min.

Figure 8 shows the plots of ln(φ/Tm
2) and ln(φn/Tm

2) versus 1/Tm according to Kissinger
andMatusita equations [22, 29], respectively. The activation energy calculated from the slope
of the Kissinger plot is 650.58 kJ/mol for spinel formation, and 575.92 kJ/mol for mullite for-
mation, which is in good agreement with those of 626.98 and 561.56 kJ/mol, for spinel and

Figure . Plots of ln(φ/Tm
) and ln(φn/Tm

) versus /Tm, according to Kissinger and Matusita equations,
respectively, for (a) spinel, (b) mullite.
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mullite formation, respectively, estimated by the Ligero method. According toMatusita equa-
tion, the parametermwas found to be 1.31 for spinel and 1.17 formullite formation in kaolin-
boehmite powder. The parameters n and m are both close to 1.5 for spinel and 1 for mullite,
indicating a three-dimensional growth of spinel and mullite crystals.

Conclusion

Monolithicmullite was synthesized from kaolinite and boehmite and the kinetics of its forma-
tion was investigated. The values of the activation energy for the transformation of kaolinite
to metakaolinite were found to be 154 and 169 kJ/mol following the Kissinger and Ozawa
equations, respectively.

The same values were 650.58 and 671 kJ/mol for the transformation of metakaolinite to
spinel, and 577.92 and 600.25 kJ/mol for the formation of mullite.

The activation energy calculated by isothermal treatment is 626.98 ± 32 kJ/mol, for the
transformation of metakaolinite to spinel, and 561.56 ± 12.8 kJ/mol for the formation of
mullite.

The growth morphology parameters n and m are both found to be equal to 1.3 for the
transformation of metakaolinite to spinel, and 1.16 for the formation of mullite. These values
are close to 1.5 for spinel formation, and 1 for mullite formation, which suggests, that the
crystallisation process is controlled by diffusion growth for spinel and interface reaction for
mullite.
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