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Abstract

The effects of CeO2 doping of aluminosilicate on mullite formation and the morphology of mullite whiskers are evaluated herein. CeO2-doped
mullite precursors were generated by a sol–gel process. The introduction of CeO2 into the aluminosilicate precursor (3Al2O3 � 2SiO2) not only
lowered the mullite formation temperature, but also promoted the crystallization of mullite grains. The mullitization activation energies calculated
based on non-isothermal differential scanning calorimetry (DSC) were 473 and 722 kJ mol−1 for the 2 mol% CeO2-doped and undoped samples,
respectively.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Mullite is a non-stoichiometric compound with good
mechanical strength, excellent thermal shock and high creep
resistance, low thermal conductivity, and high temperature
stability, features that have been exploited in a variety of
applications and prompted intensive investigations over the
last few decades [1,2].

The mullite grain exhibits a strong tendency towards
anisotropic growth due to the anisotropic mullite structure.
Mullite whiskers may be used to reinforce mullite ceramics,
thus, techniques for fabrication of these whiskers are highly
desired [3]. Thus far, sol–gel, co-precipitation, and spray
pyrolysis have been utilized to synthesize mullite whiskers.
Okada and Otsuka [4] synthesized mullite whiskers by firing a
mixture of xerogel, silica gel, and aluminum fluoride in an
airtight crucible at 900–1600 1C. Mullite whiskers grown from
erbia-doped aluminum hydroxide-silica gel have been studied
by Souza et al. [5] by firing 3 mol% erbia-doped pellets
isostatically pressed at 1600 1C for 1–8 h. A high surface
concentration of mullite whiskers was obtained, according to
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their report, with a maximum whisker length of 50 μm, and a
maximum aspect ratio of 23. Investigation of the nucleation
and growth of mullite whiskers from lanthanum-doped alumi-
nosilicate melts by Regiani et al. [6] demonstrated that the
mullitization temperature decreased from 1350 1C to 1240 1C
in response to the rare earth dopant.
However, the growth of mullite whiskers doped with rare

earth oxide has been reported in several studies, with a
consistently positive effect on the mullitization behavior, the
phase evolution, and morphology of mullite whiskers after
doping has been analyzed in only a few studies. Mechnich and
co-workers [7] demonstrated the efficacy of the dopant CeO2

for lowering the reaction temperature in a study of CeO2-
doped reaction-bonded mullite. It was postulated that the
formation of transient, low-viscosity Ce–Al–Si–O liquids
accelerated Si oxidation and mullite formation. The present
study aims to further illuminate the phase evolution and
morphology of mullite whiskers formed from the CeO2-doped
aluminosilicate precursor via the sol–gel process.

2. Materials and methods

CeO2-doped mullite whiskers were prepared according to
the synthesis scheme illustrated in Fig. 1. Aluminum nitrate
ghts reserved.
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Fig. 1. Schematic of the preparation procedure of CeO2 doped mullite whiskers.
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Fig. 2. XRD patterns of the 1000 1C calcined samples doped with different
content of CeO2.
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(AN, AR grade, Xilong Chemical Co., Ltd., China), cerous
nitrate (CN, AR grade, Tianjin Fu Chen Chemical Reagents
Factory, China), and tetraethyl orthosilicate (TEOS, AR grade,
Xilong Chemical Co., Ltd., China) were used as the starting
materials for the aluminosilicate precursors (3Al2O3 � 2SiO2).
The as-prepared samples were denoted according to the
content of Ce3+ to Al3+ dopant as 0 mol% CeO2, 1 mol%
CeO2, 2 mol% CeO2, 3 mol% CeO2, and 5 mol% CeO2.

The aluminosilicate precursor was ground with fluoride via
ball milling, using corundum vials and balls. The pellets
(20 mm in diameter and 10 mm in thickness) were dry-
pressed uniaxially at 20 MPa. The green pellets were sintered
in air, for 3 h, at temperatures from 900 1C to 1100 1C, at a
heating rate of 5 1C/min, using an electrically heated muffle
furnace. Phase characterization was performed via X-ray
diffraction (XRD) (D'Max-Ra12 kW, Ouyatu, Japan) using
Cu-Kα radiation and a scanning rate of 8.01 (2θ) min−1.
Mullitization kinetics were studied between 0 and 1200 1C in
air using non-isothermal differential scanning calorimetry
(DSC) coupled with a Simultaneous Thermal Analyzer (SDT
Q600). The morphology of the whiskers was investigated by
means of scanning electron microscopy (SEM, S-4800, Hita-
chi, Japan).
3. Results and discussion

3.1. Phase evolution

Figs. 2–4 show the XRD patterns of the samples doped with
0–5 mol% CeO2 and calcined at various temperatures. The
precursor was amorphous at 900 1C, but after heating to
1000 1C, an almost single phase of mullite was obtained, as
shown in Fig. 2. In addition, the increased peak intensities
observed in the case of the 2 mol% CeO2-doped sample were
indicative of enhanced mullitization behavior. In contrast, the
peak intensities of the 1 mol% CeO2-doped sample were
almost the same as that of the undoped sample. However, at
dopant concentrations exceeding 2 mol%, the degree of
crystallinity was lessened and an impurity phase corresponding
to CeO2 was evident.
The XRD patterns of the precursors calcined at 1100 1C are

shown in Fig. 3. The diffraction peaks of the 0–2 mol% CeO2-
doped sample and of the precursor were similar when calcined
at 1000 1C, with the exception that CeO2 is a minor phase in
the 1 mol% CeO2 and 2 mol% CeO2-doped samples. However,
the peaks corresponding to CeO2 are distinctly enhanced in the
3 mol% CeO2 and 5 mol% CeO2-doped samples. It is believed
that excessive doping with CeO2 inhibits the mullitization
behavior, which is sensitive to the dopant content and
temperature.
In Fig. 4, the relatively strong overlapping diffraction peaks

ascribed to the (120) and (210) crystalline planes in the region
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2θ¼261 are utilized to illustrate the effect of 2 mol% CeO2

doping on mullitization of the precursor. The intensity of this
peak is enhanced in the case of the 2 mol% CeO2-doped
sample compared to the undoped and 5 mol% CeO2-doped
samples, indicative of enhanced mullitization by CeO2 doping
at this concentration. Thus, in conjunction with the results
presented in Figs. 2 and 3, these results indicate that the
optimum concentration of CeO2 to promote mullite formation
is ca. 2 mol%.
200 400 600 800 1000 1200

5 mol%CeO2

2
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Fig. 5. DSC curves of the aluminosilicate (3Al2O3 � 2SiO2) precursor doped
with different content of CeO2.
3.2. Activation energy

The activation energy of mullitization determined by iso-
thermal or non-isothermal methods has been reported in
various studies, the value of which was affected by the particle
size, particle distribution, packing state, etc. [8,9]. Non-
isothermal measurements provide a simpler means of
analyzing the data than isothermal measurements. The Kis-
singer equation [10] given below was used to calculate the
activation energy from the obtained data.

ln
φ

T2
p

 !
¼−

Ea

RTp
þ C ð1Þ

In this equation, Tp represents the maximum temperature of the
exothermic peak (crystallization temperature), φ is the heating
rate, Ea is the activation energy, and R is the universal gas
constant [11,12].
The mullitization kinetics were studied via DSC analysis

performed at different heating rates between 5 and 20 1C/min.
DSC scans of the 0 mol%, 2 mol%, and 5 mol% CeO2 samples
acquired at a heating rate of 20 1C/min are shown in Fig. 5.
The three endothermic peaks are assigned to dehydration of the
residual water and decomposition of hydroxides in the dried
xerogel. All of the three samples exhibited a sharp exothermic
peak around 1000 1C, attributed to mullite formation. Based on
the chemical homogeneity of the precursor and the resultant
crystallization behavior, the chemical homogeneity is on the
atomic level scale and mullitization is controlled by the
nucleation-growth [13]. The exothermic peak is observed to
shift toward lower temperature with increased CeO2 doping.
This behavior indicates that the activation energy for mullitiza-
tion decreases due to the addition of CeO2. Furthermore, all of
the samples exhibit a second exothermic peak above 1100 1C.
These peaks were assigned to crystallization of the excess
CeO2 [14–17].
The activation energies for mullite formation were calcu-

lated from an Arrhenius plot of lnðφ=T2
pÞ versus 1/Tp (Fig. 6).

An Ea of 722 kJ mol−1 was derived for the 0 mol% CeO2

sample and an Ea of 473 kJ mol−1 was obtained for the 2 mol
% CeO2-doped sample. Notably, the Ea value of the 2 mol%
CeO2-doped sample is much smaller than that of the undoped
sample.
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3.3. Morphology

SEM images of the untreated surface of the undoped and
2 mol% CeO2-doped samples calcined at various temperatures
are shown in Fig. 7. Fig. 7(a) shows that calcination of the
undoped sample at 1000 1C was ineffective for producing
mullite whiskers, whereas initiation of the formation of mullite
whiskers was evident for the 2 mol% CeO2-doped sample, as
shown in Fig. 7(d).

Fig. 7(b) shows that the undoped sample calcined at
1100 1C was composed of small anisotropic mullite grains
with a vermiform structure [18]. On the other hand, Fig. 7(e)
demonstrates that 2 mol% CeO2 doping promotes the growth
of whiskers significantly to give a length of around 2 μm and
an aspect ratio above 20. Several thick whiskers were observed
among the predominantly thin whiskers found in the matrix
(Fig. 7(c)). Increasing the sintering temperature to 1200 1C
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Fig. 6. DSC curves of the sample doped with 2 mol% CeO2 under different
heating rates. The inset shows the activation energy of mullitization plotted
based on Eq. (1).

Fig. 7. SEM images of the untreated surface of the undoped and the 2 mol% CeO2 d
at 1000 1C for 3 h, (b) no dopant samples calcined at 1100 1C for 3 h, (c) no dopant
at 1000 1C for 3 h, (e) 2 mol% CeO2 dopant samples calcined at 1100 1C for 3 h
resulted in a significant increase in the number of thick
whiskers, and fewer thin whiskers, which implies that the
former grows at the expense of the latter. However, with
increasing temperature, the 2 mol% CeO2-doped sample
(Fig. 7(f)) comprised smaller whiskers with lower aspect
ratios, along with a small amount of glass phase, and open
spaces between the whiskers, indicating that the higher
temperature had a negative impact on the mullite whisker
growth [19].
The effect of CeO2 on the mullitization temperature and the

morphology of the mullite whiskers can be explained by the
dissolution-precipitation mechanism. Regiani et al. [6] sug-
gested that rare earth elements in the aluminosilicate systems
produce a small volume of glass. It is thought that a layer of
liquid glass spreads over the mullite grains and percolates into
the grain boundaries of the mullite ceramic body. The
peculiarities of whisker formation in these systems are
associated with the rare-earth aluminosilicate glass melt during
liquid sintering. Similar behavior is observed in the samples
doped with 2 mol% CeO2 sintered at 1100 1C. We attribute
this effect to the formation of a low-viscosity liquid glassy
phase and an obstacle-free surface at this temperature. Eutectic
temperatures support this discussion and provide evidence of a
viscosity drop [20,21].
4. Conclusions

Mullite whiskers were obtained from an aluminosilicate
(3Al2O3 � 2SiO2) precursor via the sol–gel process. Mullite phase
formation was enhanced by 2 mol% doping with CeO2 at
temperatures below 1000 1C, whereas excessive CeO2 doping
inhibits mullitization at higher calcination temperatures. The
mullitization behavior varied with the ceria content and calcina-
tion temperature. The morphology of the whiskers is strongly
dependent on the presence of CeO2 and the calcination
temperature. The activation energy of mullitization for the
2 mol% CeO2-doped sample, determined by non-isothermal
oped samples sintered at different temperatures: (a) no dopant samples calcined
samples calcined at 1200 1C for 3 h, (d) 2 mol% CeO2 doped samples calcined
and (f) 2 mol% CeO2 dopant samples calcined at 1200 1C for 3 h.
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differential thermal analysis, was 473 kJ mol−1, which was much
smaller than the Ea of the undoped sample (Ea¼722 kJ mol−1).
The 2 mol% CeO2-doped samples exhibited a high degree of
anisotropic growth in comparison to the undoped sample at the
same calcination temperature. This effect is attributed to the
formation of a low-viscosity liquid glassy phase and an obstacle-
free surface in the CeO2–Al2O3–SiO2 system.
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