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Abstract

The crystallization of mullite in amorphous diphasic gel aged for 6 months has been studied using non-isothermal differential scanning
calorimetry (DSC) and powder X-ray diffraction with Rietveld structure refinement analysis. The diphasic premullite gels undergo structural
changes by aging even when they are calcined at 700◦C. These changes imply segregation of the sample to Al2O3-rich and SiO2-rich regions.
From the Al2O3-rich region crystallizes poorly defined Al–Si spinel at 977◦C followed by two-step mullite crystallization in the temperature
interval of 1200–1300◦C. Two overlapped exothermic peaks on DSC scan of aged gel were observed; the first at 1233◦C and the second
at 1261◦C. The former is attributed to mullite crystallization by transformation of Al–Si spinel, by which excess alumina occurs, which in
the second step of mullitization reacts with amorphous SiO2-rich phase. The activation energy for mullite crystallization in the first step was
Ea = 935± 14 kJ mol−1 and the Avrami exponentn = 2.5. The valuesEa = 1119± 25 kJ mol−1 andn = 1.2 were obtained for mullite
formation in the second step. If amorphous SiO2-rich phase is extracted from the sample, the valueEa = 805± 26 kJ mol−1 is obtained.
Mullite crystallizing from Al–Si spinel (when SiO2-rich phase has been extracted) differentiates compositionally from that formed by both
reactions. Smaller unit cell parameters and higher amount of oxygen vacancies are incorporated into tetrahedral positions of mullite structure,
as was determined by Rietveld structure refinement method.
© 2004 Published by Elsevier Ltd.
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1. Introduction

Mullite, [Al VI
2 (Al IV

2+2XSi2−2X)O10−X, where 0.17 ≤ X ≤
0.58] has many favorable characteristics that make it an ex-
cellent prospect for engineering applications.1 High purity
and ultra fine mullite powders are important raw materi-
als for optical, structural and electronics applications.2 Ex-
tensive work has been done related to the processing and
characterization of sol–gel derived materials having mullite
composition. A complete understanding of crystallization
behavior and kinetics has not yet been fully achieved.

Premullite gels obtained by sol–gel procedure could be
classified according to system homogeneity into two types.3

Monophasic gels, with molecular homogeneity and direct
mullite crystallization from an amorphous phase at∼980◦C,
and diphasic gels, with nanometer level homogeneity, char-
acterized with spinel phase crystallization at∼980◦C and
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mullite formation at temperatures higher than 1150◦C. The
DTA curve of such diphasic gel is characterized by a strong
exotherm at∼980◦C and a weaker exotherm above 1150◦C.
There is limited number of papers, which reported that mul-
lite formation in diphasic gels proceeded by two exother-
mic events in high temperature interval (1200–1300◦C).
The appearance of two exotherms on DTA scans attributed
to mullite formation has been described by Chakraborty.4,5

He proposed that two mullitization reactions proceed by
two independent reaction pathways. The first exotherm at
∼1150◦C the author explained as being due to the forma-
tion of mullite from SiO2-rich amorphous phase, while the
second one at∼1250◦C was explained as a consequence
of spinel to mullite polymorphic transformation. Hsi et al.6

also observed two exotherms: the first at 1250◦C and the
second at 1300◦C. However, they proposed the former to be
the transformation of spinel to mullite, and the latter mullite
formation due to the reaction of transient alumina (�-Al2O3
and�-Al2O3) and amorphous SiO2.

The spinel phase that appears after the exothermic peak at
980◦C has poorly defined X-ray diffraction pattern, which
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exhibits broad peaks very similar to those of�-Al2O3. There-
fore, it is difficult to distinguish�-Al2O3 from Al–Si spinel
(a solid solution between�-Al2O3 and silica). Despite the
intensive investigations the spinel phase is not yet unani-
mously characterized. The basic disagreement is about the
composition of the spinel phase. Some authors consider it as
pure�-Al2O3,7–10 but majority agrees that certain amount
of SiO2 enters the spinel structure. Owing to spinel-type
structure the phase was called as Al–Si spinel. The dis-
crepancy about the exact quantity of SiO2 in Al–Si spinel
also arises. Okada and Otsuka11 proposed phase composi-
tion to be 6Al2O3·SiO2. Jin et al.12 also proposed similar
result. Schneider et al.13 showed that spinel phase might
contain up to 18 mol% of SiO2 incorporated in�-Al2O3.
Low and McPherson14 indicated that spinel composition
might be close to that of 2:1 mullite, i.e., 2Al2O3·SiO2, and
Chakraborty15 proposed the composition equal to stoichio-
metric 3:2 mullite, i.e., 3Al2O3·2SiO2. Srikrishna et al.16

confirmed that spinel is an aluminosilicate phase and deter-
mined its chemical composition to be close to 3:2 mullite.

Many authors using various methods and various precur-
sors have examined mullite crystallization kinetics too. Ex-
cept for the monophasic gels reported by Li and Thomson17

and kaolinites,18 the reportedEa values are in the range
of 800–1300 kJ mol−1 for various precursor types such
as diphasic gels,12,19–24 hybrid gels,25 glass fibers26 and
glasses.27,28 For the single-phase gels reported values are
about twice as smaller as for the former groups. Exception
is the paper reported by Tkalcec et al.,29 who obtained the
value Ea = 1053 kJ mol−1 for single-phase gel too. This
value is similar to the data for diphasic and hybrid gels, as
well as for glasses and glass fibers.

The data concerning the activation energy of Al–Si spinel
crystallization are missing in literature. According to Simp-
son et al.,30 the activation energy for transformation of amor-
phous alumina to pure�-Al2O3 is 435 kJ mol−1, and for�
to � transformation 502 kJ mol−1. For the latter, Steiner31

reported 482 kJ mol−1. Okada et al.22 reported the value
1092± 42 kJ mol−1 for the activation energy of simultane-
ous crystallization of mullite and�-Al2O3. (Al2O3/SiO2 ra-
tio of gel was 80:20).

The aim of this work was to provide information about
mullite evolution in diphasic sol–gel derived amorphous
premullite powders having DTA curve characterized with
two distinct exotherms in temperature interval between
1200 and 1300◦C. The activation energies for mullitization
were investigated using Kissinger equation to elucidate the
crystallization mechanism attributed to each of these two
exothermic events.

2. Experimental

The flow chart of investigation is shown inFig. 1. The
premullite gel was prepared by dissolving Al(NO3)3·9H2O
(analytical reagent, Kemika) in H2O, the nitrate/water mo-

Fig. 1. Flow chart of powder synthesis.

lar ratio was 1:28. The solution was stirred and refluxed at
60◦C for 1 day. Tetraethoxysilane, (98% purity, Merck) pre-
viously mixed with ethanol (TEOS/ethanol molar ratio 1:15)
and stirred at room temperature for 1 h, was added dropwise
to the nitrate solution. The mixture was stirred under reflux
conditions at 60◦C for 8 days. Gel was dried at 105◦C for 3
days, subsequently calcined at 700◦C for 2 h to decompose
the organics and remove the volatiles, milled to particles
smaller than 63�m and stored in a desiccator. So prepared
calcined powder was immediately performed to DSC anal-
ysis. The DSC analysis was repeated after the powder was
aged for 6 months in a desiccator. The aged powder was
heat-treated at 1000◦C for 2 h, by which Al–Si spinel was
formed. This sample is denoted as non-leached (NL) sam-
ple. A part of this non-leached powder was treated with 1 M
boiling NaOH for 30 min, subsequently filtered, washed
with distilled water, dried and re-heated to remove moisture.
For convenience, this powder was denoted as leached sam-
ple (L). All four samples (calcined, aged, non-leached and
leached sample) were characterized by differential scanning
calorimetry (DSC). Thermoanalyser NETZSCH 409 with
Pt crucibles and corundum as a standard was used.

To establish the path of mullite crystallization, the pow-
ders were heated to different temperatures and studied by



E. Tkalcec et al. / Journal of the European Ceramic Society 25 (2005) 613–626 615

X-ray diffraction analysis (XRD). Computer controlled
diffractometer SIEMENS D 500/PSC using Cu K� radia-
tion, with quartz single crystal monochromator and a curved
position sensitive detector was used. Data were collected be-
tween 5 and 70◦ (2θ) in a step scan mode with step of 0.02◦

Fig. 2. DSC scans of: (A) calcined and aged samples. (B) calcined, aged, non-leached and leached samples in temperature range of 1100 and 1350◦C.

and counting time of 3 s. For the purpose of the Rietveld
structure refinement of mullite,32 the change of its amount
and the lattice parameters with temperature, the XRD data
were collected using a Philips X’Pert diffractometer with
Cu K� radiation. The peak positions and integral intensities
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were collected by step-scanning mode in the range from 15
to 120◦ with a step size of 0.02◦ (2θ) and a counting time
of 30 s per step. The refinement of mullite structure was
started using the parameters reported by Ban and Okada33

and TOPAS234 program. The pseudo Voigt function was
used for the modeling of diffraction profiles. In the final
refinements the following parameters were refined: scale
factor, 2θ zero, seven coefficients of Chebyshev polyno-
mial to describe the background, peak profile parameters,
unit cell parameters determined using Si as a standard,x,
y, z atom positions, occupation factors and isotropic tem-
perature factors. The change of unit cell parameters with
temperature was evaluated on the samples containing Si as
a standard. The amount of alumina in mullite structure was
calculated using the Ban and Okada relation:33

Al2O3 (mol%) = 1433× (length ofa-axis) − 1028.06 (1)

The activation energies for nucleation and growth of Al–Si
spinel (in aged gel) and mullite in NL (non-leached) and L
(leached) samples were evaluated from the exothermic DSC
peaks at 977◦C, and the exothermic peaks in the range of
1200–1300◦C, using Kissinger equation35 as follows:

ln
β

T 2
p

= − Ea

RTp
+ C (2)

whereβ is the heating rate,Tp is the exothermic peak temper-
ature,Ea is the activation energy for nucleation and growth,
R is the universal gas constant andC is a constant. According

Fig. 3. XRD patterns of the aged gel heat treated to a various temperatures. (�) Al–Si spinel. Mullite lines are not marked.

to Augis and Bennet,36 the crystallization mechanism can be
determined from the Avrami exponent,n, of the exothermic
peak represented by:

n = 2.5T 2
p R

�TEa
(3)

where�T is full width at half maximum of exothermic peak
(FWHM). However, this method is not applicable for over-
lapped peaks, therefore, to determine the Avrami exponent
n for each of the two overlapped peaks of NL sample, the
separation of the peaks was made using computer resolv-
ing method,37 which enables simultaneous evaluation of the
sum of activation energy and Avrami exponent (Ea × n).
Knowing the activation energy from the Kissinger plot, the
Avrami exponent could be then calculated.

3. Results

DSC scans of calcined and aged powders are given in
Fig. 2A. The DSC scan of calcined powder (700◦C for 2 h)
is characterized by a dominant exotherm at 977◦C, and a
much smaller peak at 1247◦C with a shoulder on the left
side of the peak. On DSC scan of aged sample, in addi-
tion to the peak at 977◦C, two partially resolved peaks in
high temperature range were observed; the first at 1233◦C
and the second at 1261◦C. DSC scans of all four samples
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Fig. 4. XRD patterns of: (A) non-leached and (B) leached samples heat-treated to various temperatures: (a) 1250◦C; (b) 1290◦C; (c) 1350◦C; (d)
1450◦C; (e) 1600◦C. (�) Al-Si spinel in non-leached sample; (�) corundum in non-leached sample; (�) transient alumina (�-Al2O3 and �-Al2O3) in
leached sample; (�) corundum in leached sample; () cristobalite. Only non-overlapped lines of corundum are marked. Mullite lines are not marked.
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(calcined, aged, non-leached and leached samples) in tem-
perature range of 1100–1350◦C are given inFig. 2B. With
the sample heat treated at 1000◦C for 2 h (NL sample) the
peak at 977◦C is, of course, missing and the peak at 1233◦C
becomes somewhat greater and shifted to 1231◦C. Simulta-
neously, the peak at 1261◦C is shifted to 1256◦C. The DSC
scan of L sample in temperature range of 1200–1300◦C
exhibited only one exothermic peak at 1229◦C. That means
that the component related to the second exothermic peak
is extracted by the leaching. To confirm the identity of the
exothermic events, DSC analyses of aged gel, non-leached
(NL) and leached (L) powders were stopped at different
temperatures and the samples were quenched and per-
formed to XRD analysis. XRD patterns are shown inFigs. 3
and 4. The analyses reveal that the aged powder (Fig. 3) is
amorphous up to the first exotherm on DSC scan at 977◦C,
after this point the XRD pattern displays only weakly crys-
tallized Al–Si spinel, which transforms into orthorhombic
mullite between 1200 and 1300◦C. There is still somewhat
spinel phase at 1350◦C, but at 1600◦C mullite is the sole
phase determined. The comparison of XRD patterns of the
aged gel (Fig. 3) and NL sample (Fig. 4A) shows that there
is a difference in phase analyses only at 1600◦C. In the
aged gel mullite is the sole phase determined, whereas in
the NL powder small amount of corundum (�-Al2O3) and
traces of cristobalite were also observed. The XRD pattern
of L sample heated up to 1250◦C (Fig. 4B) shows much
smaller amount of mullite than that of NL sample at the
same temperature, and�-Al2O3 is already transformed into
�- and �-Al2O3, which further transforms into corundum
above 1300◦C. Traces of cristobalite are observed in L
sample heat-treated at 1600◦C.

The lattice parameters of mullite in NL and L samples
containing Si as a standard were compared and the data are
shown inFig. 5. Thea- andc-axes of mullite in both sam-
ples decrease with temperature and theb-axes show the ten-
dency to increase in a small extent. That is in accordance to
literature. However, the unit cell of mullite in L sample is
evidently smaller than in the NL sample in the whole tem-
perature interval studied. The amount of alumina in mul-
lite structure calculated by usingEq. (1)is shown inFig. 6.
Mullite at 1250◦C in the NL sample contains 65.7 mol%
Al2O3, and with the temperature increase it decreases ap-
proaching to the value of stoichiometrical 3:2 mullite, but
even at 1600◦C its composition does not fit the theoretical
value for 3.2 mullite. Mullite in L sample at 1250◦C con-
tains smaller amount of Al2O3 (64.4 mol%), which also de-
creases with temperature, at the beginning faster and above
1350◦C slower. Thus, it also does not reach the stoichio-
metric 3:2 composition up to 1600◦C.

In order to determine structure parameters of individual
phases (primarily the incorporation of alumina in tetrahe-
dral position in mullite structure) and the change of mullite
amount with heat-treated temperature, we fitted the exper-
imental powder diffraction patterns with the profile fitting
functions based on known crystal structure information33

Fig. 5. Unit cell parameters of non-leached and leached samples as a
function of firing temperature. Standard deviations are smaller than the
height of the marks.

Fig. 6. Alumina content in mullite at different temperatures of (�)
non-leached and (�) leached sample determined by Ban and Okada
relation (1). Lines are introduced as guides for the eye.
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Table 1
Wykoff sites, atomic fractional coordinates, the “names” of atom positions and occupancies in the average mullite structure given by Ref.33 space group
Pbam (No. 55)

Atoms Al Si, Al Al O O O O

Wykoff sites 2a 4h 4h 4h 4g 2d 4h
Coordinates 0, 0, 0 x, y, 1/2 x, y, 1/2 x, y, 1/2 x, y, 0 0.5, 0, 0.5 x, y, 0.5
“Names” of atom positions Al(1) T Al(2) O(1) O(2) O(3) O(4)
Occupancies 1 Al 0.5, Si (0.5− X) X 1 1 1 − 3X X

by Rietveld structure refinement method.32 Mullite the solid
solution of Al2O3 and SiO2 may be represented by general
formula: AlVI

2 (Al IV
2+2XSi2−2X)O10−X where Al in excess of

4 replaces Si atom in 4 h site (Table 1) resulting in an oxy-
gen vacancy at the tetrahedral corner sharing position O(3).
This leads to a local structural rearrangement shifting the
excess Al atom on to a new position Al(2) and the corre-
sponding next neighbor oxygen on to the shifted position
O(4). The difference between various mullites structurally

Table 2
Structural parameters of mullite in NL sample at different heat-treatment temperature

Temperature (◦C)

1250 1290 1350 1450 1600

a (nm) 0.75757(3) 0.75741(2) 0.75682(2) 0.75599(2) 0.75532(2)
b (nm) 0.76846(3) 0.76856(2) 0.76848(2) 0.76861(3) 0.76892(2)
c (nm) 0.288523(9) 0.288582(7) 0.288523(7) 0.288420(8) 0.288404(6)
x (Al 1) 0 0 0 0 0
y (Al 1) 0 0 0 0 0
z (Al 1) 0 0 0 0 0
Occ.(Al 1) 1 1 1 1 1
x (T) 0.15085(4) 0.15103(2) 0.1508(2) 0.1502(2) 0.1501(2)
y (T) 0.34315(4) 0.34150(2) 0.3414(2) 0.3414(3) 0.3413(2)
z (T) 1/2 1/2 1/2 1/2 1/2
Occ.(Al) 0.5 0.5 0.5 0.5 0.5
Occ.(Si) 0.337 0.353 0.3344 0.334 0.363
x (Al 2) 0.267(2) 0.264(1) 0.267(1) 0.267(1) 0.262(1)
y (Al 2) 0.216(2) 0.210(1) 0.214(1) 0.216(1) 0.216(1)
z (Al 2) 1/2 1/2 1/2 1/2 1/2
Occ.(Al 2) 0.162 0.147 0.156 0.156 0.139
x (O1) 0.3542(7) 0.3501(4) 0.3570(4) 0.3543(4) 0.3545(3)
y (O1) 0.4281(4) 0.4256(3) 0.4244(3) 0.4235(4) 0.4237(3)
z (O1) 1/2 1/2 1/2 1/2 1/2
Occ.(O1) 1 1 1 1 1
x O(2) 0.1312(7) 0.1289(3) 0.1271(4) 0.1274(4) 0.1268(3)
y (O2) 0.2215(4) 0.2212(2) 0.2203(3) 0.2232(3) 0.2218(3)
z (O2) 0 0 0 0 0
Occ.(O2) 1 1 1 1 1
x O(3) 1/2 1/2 1/2 1/2 1/2
y O(3) 0 0 0 0 0
z (O3) 1/2 1/2 1/2 1/2 1/2
Occ.(O3) 0.512 0.559 0.533 0.533 0.583
x O(4) 0.421(3) 0.429(2) 0.436(2) 0.445(2) 0.442(3)
y (O4) 0.079(4) 0.072(2) 0.071(3) 0.055(3) 0.062(3)
z (O4) 1/2 1/2 1/2 1/2 1/2
Occ.(O4) 0.162 0.147 0.156 0.156 0.139
Rwp 0.0945 0.0688 0.0932 0.1043 0.0900
RBragg 0.1222 0.0727 0.0744 0.0675 0.065
Temperature factor 2.14 1.91 1.10 1.20 1.55

Numbers in parentheses correspond to std. for last place quoted.

manifest itself by variations of the cell dimensions; and es-
sentially by variations of the positions and occupancies at
Al(2) and O(4) positions. The unit cell parameters, Wykoff
sites, the occupancy and the “names” of the atom positions
in the structure are given inTable 1. As shown fromTable 1,
there are 10 positional parameters in mullite structure, but
the occupancy parameter necessary for determination in the
structure refinement was only the parameterX. All other
occupancies have been given constraints to this parameter.



620 E. Tkalcec et al. / Journal of the European Ceramic Society 25 (2005) 613–626

Table 3
Structural parameters of mullite in L sample at different heat-treatment
temperature

Temperature (◦C)

1250 1290 1350 1600

a (nm) 0.75708(6) 0.75616(6) 0.75590(4) 0.75457(2)
b (nm) 0.76875(5) 0.76830(5) 0.76797(4) 0.76840(2)
c (nm) 0.28841(2) 0.28801(2) 0.288315(1) 0.288174(7)
x (Al 1) 0 0 0 0
y (Al 1) 0 0 0 0
z (Al 1) 0 0 0 0
Occ.(Al 1) 1 1 1 1
x (T) 0.1545(10) 0.1591(9) 0.1522(7) 0.1493(4)
y (T) 0.3401(9) 0.3368(9) 0.3401(7) 0.3418(4)
z (T) 1/2 1/2 1/2 1/2
Occ.(Al) 0.5 0.5 0.5 0.5
Occ.(Si) 0.333 0.350 0.354 0.363
x (Al 2) 0.263(4) 0.2629(4) 0.240(4) 0.2449(1)
y (Al 2) 0.213(4) 0.219(4) 0.245(4) 0.216(1)
z (Al 2) 1/2 1/2 1/2 1/2
Occ.(Al 2) 0.167 0.150 0.145 0.139
x (O1) 0.3479(15) 0.3505(10) 0.3523(9) 0.3577(5)
y (O1) 0.4233(10) 0.4290(10) 0.4250(9) 0.4251(5)
z (O1) 1/2 1/2 1/2 1/2
Occ.(O1) 1 1 1 1
x O(2) 0.1508(15) 0.1073(10) 0.1206(9) 0.1262(5)
y (O2) 0.2207(8) 0.2157(8) 0.2178(7) 0.2205(4)
z (O2) 0 0 0 0
Occ.(O2) 1 1 1 1
x O(3) 1/2 1/2 1/2 1/2
y O(3) 0 0 0 0
z (O3) 1/2 1/2 1/2 1/2
Occ.(O3) 0.499 0.550 0.565 0.591
x O(4) 0.487(9) 0.528(9) 0.439(6) 0.442(3)
y (O4) 0.086(9) 0.096(9) 0.070(8) 0.062(3)
z (O4) 1/2 1/2 1/2 1/2
Occ.(O4) 0.167 0.150 0.145 0.136
Rwp 0.0945 0.0623 0.0794 0.0687
RBragg 0.0154 0.021 0.0444 0.0383
Temperature

factor
2.4(2) 1.2(2) 1.0(3) 2.6(1)

Numbers in parentheses correspond to std. for last place quoted.

Table 4
Quantitative phase analysis of non-leached and leached sample obtained by Rietveld refinement

Sample Temperature (◦C) Phase analysis (wt.%)

Mullite �-Al2O3 Al–Si spinel or�-Al2O3 Transient alumina (�- and �-Al2O3)

Non-leached 1250a + – + –
1290a + – + –
1350a + – + –
1450 97.5 2.5 – –
1600b 94.0 6.0 – –

Leached at 1000◦Cc 1250 13.3 – – 86.7 (72.3+ 14.4)
1290 14.2 – – 85.8 (58.9+ 26.9)
1350 32.7 27.2 – 40.1 (0+ 40.1)
1600 46.1 53.9 – –

The amount of amorphous phase has not been taken into consideration.
a Al–Si spinel is not taken in evaluation by Rietveld refinement, since its structure is unknown. Amorphous phase present in the samples marked by

arrows is also not taken into procedure of structural refinement, therefore the obtained sample composition is not real and is not given in the table.
b It is assumed that the amount of amorphous (glassy) phase is very small at 1600◦C.
c The amorphous phase is leached out by treatment with NaOH.

Table 2summarizes the data obtained by Rietveld structure
refinements for NL sample heat treated at different temper-
atures, andTable 3the refinements data for L sample. The
changes of occupancies in Al(2) position with heat-treatment
temperature in the samples NL and L are shown inFig. 8.

Quantitative phase analyses performed on L sample
heat-treated at 1250, 1290, 1350 and 1600◦C, and on NL
sample heat-treated at 1450 and 1600◦C, i.e., on the speci-
mens where amorphous phase could be neglected and those
containing no Al–Si spinel, are given inFig. 7 andTable 4.
(For other specimens obtained by heat-treatment of NL
sample the analyses are not realistic, since by structure re-
finement the amount of amorphous phase, as well as Al–Si
spinel is not taken into consideration.)

To determine the chemical composition of spinel and
amorphous phase, aged sample was first thermally treated at
1000◦C for 2 h to promote spinel crystallization and after-
wards treated with boiling 1 M NaOH to extract the amor-
phous phase out of the sample. The composition of both
components: solid (denoted as leached sample) and liquid
(extracted amorphous phase) were determined by wet chem-
ical analyses. It was found that leached sample contains
21 mol% SiO2, which is incorporated in the structure of
�-Al2O3, and the composition of the extracted phase was:
76 mol% SiO2 and 24 mol% Al2O3.

Crystallization kinetics was conducted to provide some
additional information regarding the mechanisms of mullite
formation in two steps. The Kissinger plots of ln(β/Tp

2) ver-
sus 1/Tp

35 for exothermic peaks at 1231 and 1256◦C of NL
sample and for the peak at 1229◦C of the L sample attributed
to mullite formation are presented inFig. 9. The plot for the
peak at 977◦C observed on aged sample and attributed to
spinel formation is also shown in this figure. The activation
energies were calculated from the slopes of the linear fits to
the experimental data usingEq. (2)and presented inTable 5.
To calculate the Avrami exponent for each of the two over-
lapped peaks in non-leached sample, the peaks were first



E. Tkalcec et al. / Journal of the European Ceramic Society 25 (2005) 613–626 621

Fig. 7. Quantitative phase analysis of non-leached and leached samples, as a function of temperature. (�) Mullite in non-leached sample; (�) corundum
in non-leached sample; (�) mullite in leached sample; (�) corundum in leached sample; (�) transient alumina (�-Al2O3 and�-Al2O3) in leached sample.

resolved by the method described in our work,37 and then
the Avrami exponent was calculated. TEM micrograph of
the non-leached sample heat-treated at 1260◦C is shown in
Fig. 10. The possible sequential reactions of mullite forma-
tion in two steps are proposed by chart inFig. 11.

Fig. 8. The occupancy of aluminum in Al(2) position in mullite structure
for NL and L sample.

4. Discussion

4.1. DSC analyses and X-ray diffraction of non-leached
and leached samples

It is well documented in literature38–42 that the strong
exothermic peak at about 980◦C and smaller one between
1200 and 1300◦C on DSC scans of diphasic gels are due
to crystallization of�-Al2O3/or Al–Si spinel and mullite,
respectively. However, there is limited number of papers,
which reported that mullite crystallization proceeds by
two exothermic events in the high temperature interval.4–6

Chakraborty4,5 and Hsi et al.6 agree that two peaks in high
temperature region are due to the separation of amorphous
gel to Al2O3-rich and SiO2-rich regions. However, their
opinions which of the peaks should be attributed to spinel
transformation are mismatched. On the other hand, neither
Chakraborty nor Hsi et al. gave an explanation under which
experimental conditions two high-temperature peaks of
mullite crystallization occur. From our results it is clearly
seen (Fig. 2A and B) that diphasic gels undergo structural
changes by aging even if they are calcined at 700◦C. These
changes imply segregation of sample to Al2O3-rich and
SiO2-rich regions and mullite crystallizes from each sep-
arate region in a somewhat different temperature interval.
As a consequence, the exothermic peak on DSC scan be-
tween 1200 and 1300◦C splits by aging in two partially
overlapped peaks. This segregation is further intensified by
heat treatment at 1000◦C for 2 h; therefore a small amount
of corundum at 1600◦C determined only in non-leached
sample, could be attributed to the presence of pure�-Al2O3
in addition to Al–Si spinel at 980◦C.
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Fig. 9. Kissinger plots of ln(β/Tp
2) vs. 1/Tp. (�) Al–Si spinel; (�) mullite peak at 1231◦C; (�) mullite peak at 1256◦C; (�) mullite peak at 1229◦C

in the leached sample.

In order to resolve from which separated region mullite
started to crystallize first, we leached out the amorphous
SiO2-rich phase and separately conducted the transforma-
tion of Al–Si spinel to mullite. After extraction of an aged
gel with NaOH only the first peak on DSC scan remained
but shifted from 1233 to 1229◦C. Therefore, the peak at
1233◦C on DSC scan of aged sample (or the peak at 1231◦C
on DSC scan of NL sample) could be attributed to mullite
formation by transformation of spinel. This transformation
is accompanied by the release of excess alumina, which re-
acts with amorphous SiO2-rich phase forming mullite. When
amorphous SiO2-rich phase is missing, the excess of alu-
mina is transformed by further heat-treatment in�-Al2O3
and �-Al2O3. Therefore, on XRD pattern of the leached
sample at 1250◦C (Fig. 4B) mullite and transient alumina
(mixture of�-Al2O3 and�-Al2O3) were determined. Above
1300◦C, the transient alumina transforms into corundum.
Accordingly, only one peak on DSC scan of leached sample
(Fig. 2B) and formation of corundum above 1300◦C points
out the evidence that the first exotherm in temperature range
of 1200–1300◦C in the aged and non-leached sample is re-
lated to mullite formation from Al–Si spinel.

Under assumption that entire amorphous part of the sam-
ple was leached out the composition of spinel was found to

Table 5
Activation energies for mullite and Al–Si spinel crystallization obtained by Kissinger35 method

Non-leached sample Sample leached
at 1000◦C

DSC peak (◦C) 977 1231 1256 1229
Crystalline phase Al–Si spinel Mullite I Mullite II Mullite I
Activation energy (kJ mol−1) 1263± 53 937± 14 1119± 25 805± 26

contain 21 mol% (14 wt.%) SiO2. This value is somewhat
higher than that obtained by Schneider et al.,13 who showed
that spinel phase may contain up to 18 mol% SiO2 incorpo-
rated in�-Al2O3. However, the authors13 indicated that the
amount of silica in spinel is temperature dependent. Taking
into consideration that the as-prepared gel was first calcined
at 700◦C and afterwards aged for 6 months and addition-
ally heat treated at 1000◦C for 2 h before the leaching, the
higher amount obtained could be understood.

The smaller unit cell parameters of mullite crystallizing in
L sample at 1250◦C in comparison to mullite in non-leached
sample (Fig. 5) can be attributed to higher occupancies of
Al atoms in Al(2) positions (determined by Rietveld struc-
ture refinement), and consequently, to greater number of
oxygen vacancies in the structure of this mullite (seeFig. 8
and Table 3). Upon further heating the number of oxygen
vacancies decreases and is accompanied by a depopulation
of Al-atoms at the Al(2) positions in favor of an increase
of Si atoms at the “normal” tetrahedral (T) sites. Accord-
ingly, mullite progressively adjusts its composition to a ther-
modynamically stable 3:2 composition. Simultaneously the
dimension of unit cell decreases. The same continuous de-
crease of oxygen vacancies versus temperature was expected
also in NL sample. However, in this sample crystallization
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Fig. 10. TEM micrograph and corresponding diffraction pattern of aged sample heat-treated at 1260◦C for 2 h.

of mullite occurs in two steps, and during the second step
crystallizes mullite with higher amount of oxygen vacan-
cies, which brings about a discontinuity on the plot of Al(2)
occupancy versus temperature inFig. 8. It is in accordance
with results of Johnson et al.28 who found that mullite with
higher alumina content, consequently, with higher Al in
Al(2) position and higher O(3) vacancies has smaller lattice
energy.

Quantitative phase analyses obtained by Rietveld struc-
ture refinement (Fig. 7) for NL sample is realistic only for
specimens heat-treated at 1450 and 1600◦C, since they con-
tain no Al–Si spinel and the amount of amorphous (glassy)
phase could be neglected. The appearance of corundum at
1450◦C (2.5 wt.%) and 1600◦C (6.0 wt.%) could be un-
derstood that the separation can continue to larger area of
pure alumina. In L sample heated up to 1250◦C about
13.3 wt.% of mullite and 86.7 wt.% of transient alumina
(72.3 wt.% of�-Al2O3 and 14.4 wt.% of�-Al2O3) were de-

termined. Since the amorphous SiO2-rich phase was ex-
tracted in L sample, alumina becomes an excess in the sys-
tem and transforms itself first in�- and�-Al2O3 and above
1290◦C into corundum. At 1350◦C, the sample contains
32.7 wt.% of mullite and 27.2 wt.% of corundum, whereas
the amount of transient alumina (only�-Al2O3) is reduced
to 40.1 wt.%. At 1600◦C, 46.1 wt.% mullite and 53.9 wt.%
corundum are determined. Traces of cristobalite are also
detected.

The assumed processes, which occur in non-leached sam-
ple during the heat-treatment are scheduled inFig. 11. Seg-
regation of amorphous gel by aging brings about the crys-
tallization of mullite from Al–Si spinel, the composition of
which is changing in favor of silica increase in the struc-
ture. The second step mullite crystallization (by a reaction
of amorphous silica and excess of alumina) brings a tem-
porarily increase of alumina content in average composition
of mullite.
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Fig. 11. Proposed sequential reactions occurring during heating of aged
powder or non-leached sample.

4.2. Kinetics of spinel and mullite formation

As mentioned above, the data concerning the activation
energy of Al–Si spinel crystallization are missing in liter-
ature. The kinetic parameters for Al–Si spinel crystalliza-
tion at 977◦C obtained in this work were:Ea = 1263±
55 kJ mol−1 andn = 2.5. Okada et al.22 investigated the ki-
netics of simultaneous crystallization of mullite and�-Al2O3
from glasses by non-isothermal DTA and obtained the value
Ea = 1092± 42 kJ mol−1, and the Avrami parametern =
2.6. The authors22 proposed that mullitization processes in
diphasic and hybrid gels, as well as in glasses, glass fibers
and in single-phase gels are similar irrespective of their
mullitization routes and temperatures. According to Okada
et al.22 all these processes are considered to occur by a sim-
ilar diffusion-controlled mechanism. According to them the
differences in the crystallization temperature arise from dif-
ferences in the diffusion path length necessary to form mul-
lite.

The obtained activation energy and Avrami exponent
(Table 5) for mullite formation from Al–Si spinel (peak at
1231◦C), in the presence of segregated SiO2-rich phase,
were: Ea = 935± 14 kJ mol−1 and n = 2.5. Somewhat
smaller value (805± 26 kJ mol−1) is obtained when the
amorphous SiO2-rich phase is extracted. The valuesEa =
1119± 25 kJ mol−1 andn = 1.2 were obtained for mullite
formation by reaction of SiO2-rich phase and alumina, rep-
resented by the peak at 1256◦C. According to these results,
there exists small difference between the activation energy
of mullite formation from segregated Al–Si spinel (peak at

1231◦C) and SiO2-rich amorphous phase (peak at 1256◦C),
however, the Avrami exponentsn are unmistakable different
(2.5 and 1.2, respectively). Accordingly, it seems that in the
former process nucleation and three-dimensional growth
of mullite grains are operating, as proposed by the most
authors, however, in the latter previously formed mullites
serve as seeding for mullitization in amorphous SiO2-rich
region. That is in accordance with the microstructure of the
same mullite body sintered at 1260 and 1600◦C. Whereas
equiaxial mullite grains are characteristic for mullite sin-
tered at 1260◦C (Fig. 10), bimodal distribution of mul-
lite grains (long mullite grains embedded in the smaller
equiaxed mullite matrix) are characteristic for sample heated
up to 1600◦C (seeFig. 8A in our paper23). According to
Kanka and Schneider43 liquid-phase sintering produces the
latter microstructure, whereas the former microstructure
(equiaxed mullite grains) is a result of a solid-state sinter-
ing process. Furthermore, they believe, that the presence
of liquid SiO2-rich phase has a decisive influence on the
mode of mullite crystal growth and associated microstruc-
tural developments of sample specimens. Therefore, it is
reasonable to assume that different microstructures of the
same sample sintered at 1260 and 1600◦C could also be the
result of different mullite formation mechanism from Al–Si
spinel and from amorphous SiO2-rich phase. The small
difference in activation energies of mullite formation from
Al–Si spinel and amorphous phase can be caused by dif-
ferences in diffusion path length necessary to form mullite
crystals.

5. Conclusion

(i) The diphasic premullite gels undergo structural
changes by aging even when they are calcined at
700◦C. These changes imply segregation of the sam-
ple to Al2O3-rich and SiO2-rich regions. From the
Al2O3-rich region crystallizes poorly defined Al–Si
spinel at about 980◦C followed by mullite crystal-
lization at about 1233◦C. From SiO2-rich amorphous
phase mullite crystallizes directly at somewhat higher
temperature. As a consequence, the exothermic peak
on DSC scan between 1200 and 1300◦C attributed
to mullite formation splits in two partially overlapped
peaks.

(ii) Mullite crystallizing from Al–Si spinel (when
SiO2-rich phase has been extracted) differentiates also
compositionally from that formed by both reactions.
Smaller unit cell parameters, and higher amount of
oxygen vacancies incorporated into tetrahedral posi-
tions of mullite structure were determined by Rietveld
structure refinement method.

(iii) The activation energy of mullite formed by trans-
formation of Al–Si spinel is somewhat smaller than
the activation energy of mullite crystallizing in
amorphous SiO2-rich phase (937± 14 kJ mol−1 and
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1119± 25 kJ mol−1, respectively). The Avrami expo-
nents determined for each of the separate phases are:
n = 2.5 (transformation of Al–Si spinel into mul-
lite) and n = 1.2 for mullite formation by reaction
of transient alumina with amorphous SiO2-rich phase.
Accordingly, two different mechanisms are operat-
ing in mullite crystallization from these two separate
phases.

(iv) The kinetic parameters for Al–Si spinel formation
at 977◦C are: Ea = 1263± 55 kJ mol−1 and n =
2.5.
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