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Abstract
Diphasic mullite precursor gel was synthesized from inorganic salts of aluminum and silicon. The synthesized gel

was characterized by means of chemical analyses, FTIR spectroscopic studies as well as measurement of surface area
and bulk density. Manganese dioxide (MnO2) as an additive was mixed with the dried gel in different ratios (w/w)
by co-grinding followed by compaction. The compacted masses were sintered at different elevated temperatures. The
mullitization process was studied by performing differential thermal analysis (DTA) at four different heating rates
and the activation energy for mullitization was calculated in each case, using the Kissinger thermal analysis model.
MnO2 lowered the activation energy of the mullitization process. XRD and SEM techniques were used to study
the microstructures and phase development in the sintered masses. It was observed that in presence of MnO2, the
microstructure of the mullite ceramics was significantly modified, resulting in an enhancement of the mechanical
properties of mullite.
Keywords: Sol-gel method, ceramics, differential thermal analysis, scanning electron microscopy, x-ray diffraction

I. Introduction
Mullite is a non-stoichiometric aluminosilicate com-

pound and it is the only thermodynamically stable phase
in the SiO2-Al2O3 binary system 1. Its molecular formula
is Al2[Al2+2xSi2 – 2x]O10-x, where x denotes the number of
missing oxygen atoms per unit cell, varying between 0.17
and 0.59 2. Mullite is an important engineering material,
as it has some remarkable properties which include good
thermal and chemical stability, low creep rate, reasonable
toughness and strength, infrared transparency, 3 – 6 etc.
Owing to these important qualities, mullite is widely used
in making refractory materials, computer chips, 7, 8 etc.
The most advanced applications of mullite are in electron-
ic packaging, thin films, window material for the mid-
infrared wavelength range, 9 – 12 etc.

The sol-gel process is one of the most advanced process-
es for the synthesis of mullite with high purity and better
homogeneity. Based on the degree of homogeneity, the gel
can be divided into two types: monophasic having a parti-
cle size at the atomic level and diphasic with a homogeneity
scale in the nanometric range 13. In the diphasic gel system,
the heat of reaction of the different phases provides extra
energy for the densification process 14.

To improve the overall mullitization process, transi-
tion metal cations as dopants can be incorporated in the
mullite structure in different proportions 15. Different
experiments have been conducted on the sol-gel-derived
transition-metal-oxide-doped mullite. da Silva 16 synthe-
sized manganese-doped mullite by means of sol-gel and
observed a manganese-inducedmullitization process at
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a lower temperature. Tkalcec et al. 17 reported that up
to 9.60 wt% Cr2O3 could be incorporated in the mullite
structure. Again chromium doping increased the unit-
cell parameters of mullite with strongest expansion along
the c-axis. Bagchi et al. 18 observed that mullite can be
synthesized even at a temperature as low as 600 °C with
the sol-gel process in the presence of nickel and cobalt
ions at about 0.02 M concentration. Again the extent of
mullite formation decreased with the increase in the tran-
sition metal ion concentration. Roy et al. 19 synthesized
transition-metal-doped mullite ceramics with the sol-gel
technique and observed that up to a certain concentration,
mullite phase formation was accelerated in the presence of
transition metal ions. In our earlier works 20 – 25, inorgan-
ic salts of aluminium and silicon were used to synthesize
mullite by the sol-gel route and different 3d transition
metal oxides were doped into it. We have observed that
these transition metal cations help the mullitization pro-
cess positively. So in this present work, by determining the
activation energy of mullitization and analyzing the mi-
crostructure and mechanical properties of sintered prod-
ucts, we have studied the effect of manganese addition
during mullitization of diphasic aluminosilicate gel.

II. Experimental

(1) Synthesis of manganese-doped mullite
For the synthesis of mullite precursor gel, the start-

ing materials used were 5 % (w/v) aluminum nitrate
nonahydrate [Al(NO3)3⋅9H2O, alumina (Al2O3) con-
tent 12.98 % w/w] extra pure (MERCK, India) and 5 %
(w/v) liquid sodium silicate [sp. Gr. 1.6 and molar ratio
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of Na2O:SiO2 =1:3, silica (SiO2) content 29.75 % w/w]
(LOBA CHEMIE, India). Silicic acid was prepared by
passing liquid sodium silicate (7 % w/v) through an ion ex-
changer column packed with Dowex-50 cation exchang-
ing resin at a flow rate of 200 ml/min. During ultrasonic
dispersion of the silicic acid in aqueous phase, silica sol
was obtained. Now Al(NO3)3⋅9H2O solution and silica
sol were mixed together in such a way that the weight ratio
of alumina and silica in the mixture remained 73:27, which
is slightly higher in alumina content than that in mullite
(72:28) in order to avoid formation of glassy phase dur-
ing mullitization. To this mixture, ammonia solution (1:1,
v/v) was added slowly with constant stirring until the pH
of the solution became ∼ 9. Mixed sol was aged to obtain
the gel. The gel was then filtered and washed thoroughly,
before being dried at 80 °C.

The dried gel was calcined at 800 °C for 2 h. Then in
a pot mill, one part of the calcined gel was mixed with
reagent-grade manganese dioxide (MnO2, MERCK, In-
dia, 99.97 % pure) additive in three different ratios (1, 2
and 3 % w/w) and thoroughly ground to ensure proper
homogeneity in the mixture.

(2) Characterization

Chemical analysis (following the specifications in ISO
21587 – 2:2007), surface area (measured with a twin sur-
face area analyzer, Quantachrome) and bulk density (mea-
sured with an Ultrapyc 1200e helium pycnometer) of the
dried gel were measured and the results are given in Table 1.
The dried gel was heat-treated at eight different tempera-
tures from 200 to 1600 °C with an interval of 200 °C each
and Fourier transformation infrared spectroscopy (FTIR)
spectra of the dried gel and heat-treated samples were tak-
en using a Perkin-Elmer apparatus (Model: Vertex-70).

Table 1: Physicochemical properties of the hydrogel

Composition Properties

SiO2 (wt%) 17.86

Al2O3 (wt%) 48.23

Ignition loss (%) 33.91

Bulk density (g/cm3) 0.27

Sp. surface area (m2/g) 70

Differential thermal analysis of both the calcined and
doped gel were performed at four different heating rates 4,
6, 8 and 10 K/min from room temperature to 1400 °C us-
ing a differential thermal analyzer (Okay Libratherm in-
strument, Model: DTA-1500, Bysak, India). The activa-
tion energy of mullitization in the case of both undoped
and doped samples was determined from DTA thermo-
gram using the Kissinger equation 26.

The equation used is:
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where, Tp = temperature of the exothermic peak, m = heat-
ing rate, Ea = activation energy, R = universal gas constant
and u = frequency factor.

According to Eq. (1), the plot of ln(Tp
2/m) versus 1/Tp

will be a straight line and from the slope of the line, the
value of activation energy can be evaluated.

The powder mixes were compacted at 100 MPa, and the
compacted masses were fired in an electrically heated muf-
fle furnace at three different final temperatures, 1400, 1500
and 1600 °C (heating rate was 10 K/min up to 1000 °C
and then 2 K/min until the final temperature was reached),
with 2 h soaking period in each case. The bulk density and
apparent porosity of the sintered masses were measured
in accordance with the procedures described in BS 1902,
Part 1A, 1966 27. The flexural strength of the sintered sam-
ples were determined based on measurement of the bend-
ing strength with a span of 30 mm and a loading rate of
0.5 mm/min. Fracture toughness was determined with an
indentation micro-crack method with a load of 5 kg 28.
The XRD pattern of the samples was taken with a Rigaku
x-ray diffractometer with Cu target (Miniflex, Japan). The
lattice parameters of both doped and undoped samples
were calculated using the following equation,
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where, h, k, l are the Miller indices of the peaks in Cartesian
coordinates, a, b, c are the lattice parameters and d is the
spacing of the lattice planes.

The % d- error for the sample and JCPDS (5 – 0776) stan-
dard d-values for all planes are calculated using the follow-
ing formula:

Relativepercentageerror, i.-e.,%derror

=
|dex - d|

d
× 100

(3)

where dex is the experimentally obtained d value and d is
the standard d-value in the JCPDS file.

The average crystallite size was calculated using Debye-
Scherrer formula 29,

D = 0.9λ/(βcosθ) (4)

where D is the diameter of the crystallites forming the film,
k is the wavelength of CuKa line, b is full width at half-
maximum (FWHM) in radians, and h is the Bragg angle.

β =
√

(β0)2 - (b)2 (5)

where bo is the FWHM in radians for the sample and b is
the FWHM in radians for the pure crystal.

Scanning electron microscopic investigation of the sam-
ples was performed with a FEI Quanta microscope (US).

III. Results and Discussion

The precursor gel had very low bulk density (0.27 g/cm3)
and high surface area (70 m2/g), indicating high surface
activity of the gel. The water content of the gel was almost
34 %. To prevent excessive shrinkage during sintering, the
gel was calcined at 800 °C.
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(1) FTIR spectral analysis of the undoped sample:
The FTIR spectra of the dried and heat-treated sam-

ples at different temperatures are shown in Figs. 1 and
2. In the spectra of the dried gel, bands that appeared
at 3151 cm-1 and 1104 cm-1 were assigned to the Al-OH
stretching and bending vibrations respectively. Appear-
ance of a shoulder at 1104 cm-1 was related to the over-
lapping of Si-O-Si stretching vibration of SiO4

4- tetrahe-
dra with Al-OH bending vibration 30. Si-O-Si bending vi-
bration appeared at 477 cm-1. Again stretching of Al-O-
Al linkage was observed at 747 cm-1 31. But no character-
istic peak corresponding to Al-O-Si linkage was observed
in the FTIR spectra of the gel sample. It confirmed that the
gel, aluminum hydroxide, Al(OH)3 and silicon hydrox-
ide, Si(OH)4 allformed simultaneously. So the precursor
gel was diphasic in nature.

Fig 1: FTIR spectra of the aluminosilicate gel after heat treatment at
different temperatures within 2000 – 4000 cm-1.

Si-O-Al linkage first appeared in the spectra of the sam-
ple heated at 600 °C. The peak at 803 cm-1 was assigned to
symmetric stretching vibration of Si-O-Si linkages. This
peak was slightly shifted to 806 cm-1 in the spectra of the
sample heated at 800 °C. This result confirmed the for-
mation of Al-Si spinel in the gel structure. After heat-
ing at 1000 – 1200 °C, the major change in the spectra was
observed in the shifting of peaks at 832 – 833 cm-1 from
806 cm-1. This indicated the formation of more Si-O-Al
linkages, resulting in crystallization of mullite phases. The
peak observed at 843 cm-1 in the spectra of the sample heat-
ed at 1400 °C became wider, indicating the formation of

more Si-O-Al linkages in the mullite crystals. Again peaks
at 586 cm-1 owing to the stretching vibration of octahe-
drally coordinated Al became sharper, indicating the for-
mation of Al2O3 in the structure. In the spectra of the sam-
ple heated at 1600 °C, the peak corresponding to Si-O-Si
linkage became broader indicating complete crystalliza-
tion of mullite 32.

Fig 2: FTIR spectra of the aluminosilicate gel after heat treatment at
different temperatures within 400 – 2000 cm-1.

(2) Role of manganese ion as additive:
MnO2 has a structure of linked MnO6 octahedra that

form “tunnels” capable of holding cations. Again MnO2
has a low melting point (535 °C) 33, 34. So it can generate
mobile ions during sintering at high temperature, which
are likely to substitute the Al3+ in AlO6 octahedra gen-
erated from the crystallization of pseudo-boehmite gel.
Mn4+(d3) has a symmetric configuration as all the elec-
trons exist in the lower energy t2 g level and do not interact
with the electrons of the surrounding oxygen under the oc-
tahedral configuration. But it can distort the symmetry of
SiO4

4- tetrahedra by occupying the eg level. The cation-
ic size of Mn4+ under six coordination is 53pm, which is
similar to that of Al3+ 33. The cation generates defects in
the alumina layer in the following way:

MnO2 + Al2O3 → Mn...
Al + Oxx

O + V///
Al (6)

(3) Kinetics of mullitization
During FTIR spectral analysis, it was observed that Si-

O-Al linkage started to form after heat treatment at 600 °C
and continued up to 1400 °C. To know the onset tempera-
ture of mullitization and the effect of MnO2 on it, differen-
tial thermal analysis of both undoped and doped samples
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was performed and the results are shown in Fig. 3. It was
observed that the mullitization process was exothermic in
nature. The peak temperatures of mullitization were shift-
ed towards higher temperature with increase heating rates.
For undoped gel, primary mullitization was noticed in the
temperature range of 975 – 990 °C, whereas in the case of
the manganese-doped sample, mullitization was started at
a lower temperature (946 – 966 °C). With increasing addi-
tive content, the exothermic peaks were shifted to a lower
temperature but the change was very little (∼1 – 2 K). Us-
ing Eq. (1), the plots of ln(Tp

2/m) versus 1/Tp x 104 are
shown in Fig. 4, and the values of activation energy are
given in Table 2. In the case of the undoped sample, the
value of the activation energy of mullitization was equal
to ∼ 772 kJ/mol, which was lower than that available in
the literature 26, 35, 36. It can be related to the formation of
diphasic gel in this present investigation. The activation
energy of mullitization was much reduced with increas-
ing additive content, which can be related to the defects

generated owing to vacancies created in the aluminosili-
cate framework as a result of Mn3+/Mn4+ incorporation.
The reductions were almost 10, 15 and 17 % respectively
in case of 1-%, 2-% and 3-%-doped samples. So with in-
creasing manganese concentration, the rate of the mulliti-
zation process became faster.

Table 2: Values of activation energy

Sample E in kJ/mol Reduction of ac-
tivation energy w.r.t
undoped sample (%)

Calcined gel 772 -

1 % MnO2 696 9.89

2 % MnO2 658 14.80

3 % MnO2 611 20.90

Fig. 3: DTA curves of (i) Undoped and (ii) 1 % (iii) 2 % (iv) 3 % MnO2-doped gel sample.
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Fig. 4: Plot of ln (Tp
2/m) vs. T-1 x 10-4 of undoped and MnO2-doped

sample.

(4) Crystallographic information
The XRD of both undoped and doped samples are shown

in Figs. 3A→3D. Both manganese silicate and manganese
aluminate phases were observed in the x-ray diffractogram
of the doped samples (Figs. 5→8). These phases promoted
the formation of mullite by reducing the energy barrier
for the reaction of alumina and silica. Again the relative
proportion of mullite also increased with the increase in
the both MnO2 content and the sintering temperature.

The values of unit cell parameters of orthorhombic mul-
lite are a =7.60Å, b =7.70Å, c =2.90Å 37 – 40. Now the lattice
parameters of both undoped and doped samples were cal-
culated using Eq. (2) and the results are given in Table 3.
In the case of the undoped sample, with the increase in
sintering temperature, the structure became more perfect.
For manganese-doped samples, the maximum deviation
took place along the b axis. The change in cell volume was
caused owing to the substitution of Al3+ by Mn4+ in the
mullite structure. With the increase in sintering tempera-
ture and additive content, the cell volume of doped mullite
decreased. This was due to the expulsion of Mn4+ from the
mullite lattice and its accumulation at the grain boundary
of mullite crystals.

From the XRD data, the % d-error, which is a measure of
the shift in mullite crystal planes owing to structural defor-
mation and/or incomplete formation, have also been cal-
culated in presence of MnO2 additive at different sintering
temperatures using Eq. (3) and the results are given in Ta-
ble 4. From the results, it can be presumed that with the
increase of additive content and the sintering temperature,
% d error decreased, implying that the crystal structure of
mullite became more perfect.

The average crystallite size after calculation using Eq. (5)
for the mullite sample with MnO2 dopant is given in Ta-
ble 5. With the increase in sintering temperature, the size
of the mullite crystallites became shorter, suggesting the
accumulation of a significant amount of MnO2-bearing
phases like manganese silicate at the grain boundary of the
mullite samples.

Fig. 5: XRD diagram of the gel (no additive) sintered at 1600 °C.

Fig. 6: XRD diagram of the sintered gel with 3 % MnO2 at 1600 °C.

Fig. 7: XRD diagram of the sintered gel with 2 % MnO2 at 1600 °C.

Fig. 8: XRD diagram of the sintered gel with 1 % MnO2 at 1600 °C.
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(5) Microstructural analysis

From the SEM micrographs of the sintered samples
(Figs. 9 and 10), it is apparent that the incorporation of
manganese ions in the sol-gel mullite induced tabular crys-
tal growth parallel to the crystallographic c-axis. From the
calculated values of lattice parameters it was observed that
elongation of mullite crystals took place along the ‘b’ di-
rection and lattice growth of the crystals around the ‘c’

direction. Elongated mullite crystals were observed to ex-
ist in a parallel fashion along the ‘c’ direction. With the
increase in the manganese ion content in mullite, forma-
tion of more equiaxed but smaller sized crystallites was
observed. Again the values of the average crystallite size
were decreased with the increase in the sintering temper-
ature, suggesting that the microstructure became more
cohesive with the increase in the additive content.

Table 3: Values of lattice parameters of undoped and MnO2-doped sample at different sintering temperature

Theoretical cell parameters Experimental cell parameters

Sample

Firing
tempera-
ture (°C)

a
(Å)

b
(Å)

c
(Å)

abc
(Å)3

a
(Å)

b
(Å)

c
(Å)

abc
(Å)3

Change in
cell

volume
(%)

1400 7.63 7.74 2.92 172.44 1.61

1500 7.61 7.72 2.91 170.96 0.74Undoped
gel

1600 7.605 7.7 2.91 170.40 0.41

1400 7.61 7.75 2.92 172.21 1.48

1500 7.61 7.74 2.92 171.99 1.343 %
MnO2

1600 7.6 7.72 2.91 170.73 0.61

1400
7.6 7.7 2.9 169.71

7.61 7.76 2.94 173.62 2.30

1500 7.615 7.75 2.92 172.33 1.542 %
MnO2

1600 7.61 7.73 2.92 171.77 1.21

1400 7.62 7.79 2.93 173.92 2.48

1500 7.62 7.76 2.92 172.66 1.741 %
MnO2

1600 7.61 7.74 2.915 171.70 1.17

Fig. 9: Scanning electron micrograph of the sintered gel samples (no additive) (i): sintered at 1400 °C (ii) sintered at 1500 °C (iii) sintered at
1600 °C.

Fig. 10: Scanning electron micrograph of the sintered gel samples with 3 % MnO2 additive (i): sintered at 1400 °C (ii) sintered at 1500 °C (iii)
sintered at 1600 °C.
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Table 4: % d-error for mullite phase in presence of
MnO2 additive at different sintering temperature.

Additive
content (%) →

1 2 3

Sintering
temperature (°C) ↓

1400 2.29 2.12 1.90

1500 1.51 1.39 1.21

1600 1.29 1.11 0.98

Table 5: Average crystallite size (lm) of MnO2 doped sam-
ple at different sintering temperature.

Additive
content (%) →

1 2 3

Sintering
temperature (°C) ↓

1400 3.691 3.662 3.640

1500 2.794 2.576 2.257

1600 2.103 1.996 1.885

(6) Physico-mechanical properties
The variation in bulk density (Fig. 11) and apparent

porosity (Fig. 12) of the samples with sintering temper-
ature is shown in Table 6. From the results, it is clear that
MnO2 exhibited a positive effect on the densification of
the mullite ceramics. After sintering at 1500 °C, there was
no significant improvement in the apparent porosity val-
ues of the sintered samples whereas the bulk density of
the samples increased linearly with the increase in sin-
tering temperature from 1500 °C to 1600 °C. This can be
attributed to the reduction of closed pores in the system.
As discussed earlier, MnO2 contains Mn4+ ions which
could form defects in the Al2O3 sub-lattice as described
by Eq.- (6). These induced defects resulted in enhanced
densification during the sintering process. Owing to the
low melting point of MnO2 (∼ 535 °C), during re-crystal-
lization of mullite some manganese ions could come out
of the crystal structure resulting in the formation some
manganese silicate type liquid phases. This could be a rea-
son for the enhanced densification of MnO2-containing
mullite samples at elevated temperatures with the signifi-
cant reduction in closed porosity. The variation in flexural
strength (Fig. 13) and fracture toughness (Fig. 14) of the
samples with sintering temperature is shown in Table 6.
MnO2 also influenced the flexural strength and fracture
toughness of the sintered mullite samples significantly.
Both flexural strength and fracture toughness values were
increased with increasing MnO2 content. Owing to the
low melting temperature, liquid phase formed by MnO2
at high temperature in Al2O3-SiO2 gel composition re-
duced the stress surrounding the pores in the sintered
samples, displacing the gases inside the pores 41. The re-
duction in porosity could be related to the improvement

in mechanical strength. Again defects created by MnO2
in the Al2O3-SiO2 framework as shown in Eqs. (6) and
(7) resulted in an improvement in the rate of densifica-
tion in the sintered samples. Existence of a small amount
of highly viscous silica-bearing phases on aluminosilicate
glass phases would minimize the contribution of grain
boundary sliding to fracture stress. Again formation of
interlocked mullite crystalline phases in the presence of
MnO2 additive could be another reason for the improve-
ment in mechanical strength. It has been observed that al-
though properties like bulk density and flexural strength
increase monotonically with the increase in the additive
content, with apparent porosity there is no improvement
above 2 % additive content. Therefore, the additive con-
tent was kept within 3 % in the present investigation.

Table 6: Variations in bulk density, apparent porosity, flex-
ural strength and fracture toughness of MnO2-doped sam-
ple at different sintering temperatures.

Percentage composition (%)

Property
Sintering
tempera-
ture (°C) 1 2 3

1400 7 10 13

1500 3 14 17
Bulk

density
(increased) 1600 16 23 33

1400 11 14 23

1500 9 26 45
Apparent
porosity
(reduced) 1600 9 26 42

1400 15 27 30

1500 4 19 20
Flexural
strength

(increased) 1600 8 22 26

1400 2 10 11

1500 2.5 5 12.5
Fracture

toughness
(increased) 1600 4 7 10

Fig. 11: Variation in bulk density of MnO2-doped sintered alumi-
nosilicate gel with firing temperature (°C).
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Fig. 12: Variation in apparent porosity (%) of MnO2-doped sintered
aluminosilicate gel with firing temperature (°C).

Fig. 13: Variation in flexural strength of MnO2-doped sintered alu-
minosilicate gel with firing temperature (°C).

Fig. 14: Variation in fracture toughness of MnO2-doped sintered
aluminosilicate gel with firing temperature (°C).

IV. Conclusion
Mullite ceramics were synthesized from diphasic alumi-

nosilicate gel formed by colloidal interaction of silicic acid
and Al(NO3)3 solution. The gel powder possessed very
low density and high surface area and consisted of sepa-
rate non-linked units of alumina and silica gel. Different
proportions of MnO2 were used as sintering additive for

the processing of mullite ceramics. Activation energy of
mullitization was decreased with increasing metal ion con-
centration. The crystallite size of mullite was modified in
the presence of MnO2. The mechanical properties of the
sintered mullite ceramics were also improved significant-
ly owing to the enhanced microstructure and favourable
phase compositions.
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