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Abstract This study investigates the effect of varying SiO2/Al.O3 weight ratios on mullite formation synthesized through a
solid-state reaction route. Four samples were prepared using different alumina—silica weight ratios: S1 (2.8 g SiO2, 7.2 g
Al,O3), S2 (4.7 g SiOy, 5.3 g Al;03), S3 (6.4 g SiO,, 3.6 g Al,03), and S4 (3.7 g SiOz, 6.3 g Al:O3), with each batch
weighing 10 g. The mixed powders were calcined at 900 °C to remove moisture and impurities, followed by sintering at
1350 °C to promote mullite crystallization. X-ray diffraction confirmed the formation of the orthorhombic 3:2 mullite
phase, and crystallite sizes were calculated using the Scherrer equation. SEM images showed that increasing SiO, content
enhanced the development of elongated acicular grains due to a transient silica-rich liquid phase and increased Al-Si
interdiffusion. Among the prepared compositions, S4 exhibited the highest mullite purity and most developed grain
structure. This study demonstrates a simple and cost-effective approach for optimizing mullite synthesis for
industrial applications.
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1. Introduction Si) O4 tetrahedra parallel to the c-axis. Mullite
. . . . is extremely rare in nature due to its creation
Mullite is an intermediate phase in the y

) . circumstances, which include high
Al,03:Si02 system that can exist under 9

. . temperatures and low pressure [5, 6]. Despite
atmospheric pressure [1, 2]. Mullite's crystal P P [5. 6] P

. . its scarcity as a naturally occurring, mullite has
structure is commonly an orthorhombic

L become as an essential phase found in
aluminosilicate  system composed of
Al2(Al2+2xSi2-2x)O10x [3, 4]. In general, the

mullite structure consists of chains of AlOsg

conventional and sophisticated ceramics [7].
Mullite rose to prominence in the 1970s due to
its exceptional qualities [8]. Considerable

octahedra at the margins and center of the unit

. . o amount of interest in mullite is given in
cell. These chains grow in the direction of c- g

. . contemporary oxide ceramics due to its unique
axis. They connect by double chains of (Al, porary q

characteristics [9]. The use of mullite in a
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variety of sectors piques researchers' interest in
conducting a comprehensive study of mullite
and mullite-based composites using numerous
synthetic processes. Mullites are chemically
synthesized since they are scarce in nature [10].
A wide range of synthetic strategies were used
for preparing mullite. Mostly, they depend on
heating stoichiometric proportions of an
alumina/silica mixture. The difference between
these strategies is the main source of these

oxides [11].

Mullite requires a high temperature and low
pressure conditions for its formation [12, 13].
Practically, a synthesis process is needed for its
production. There are three fundamental routes
for its synthesis, which are: sintering, melting,
and chemical processing [14]. The most often
utilized techniques for mullite production is
solid-state process [15, 16]. This process
consists of two necessary steps. Firstly, the
alumina and silica mixture must be heated to a
temperature below its melting point. Then, the
mixture is left to be crystallized and densified
into the phase. Liquid-state synthesis, on the
other hand, includes heating mixtures higher
than their melting point and then cool it for
phase crystallization [17, 18].

In this study, mullite is synthesized through
solid state reaction of silica and alumina
powders with altered weight ratios, tailed by
structural

high-temperature sintering. The

analysis and phase identification of the
synthesized samples is performed using X-ray
(XRD).

microscopy (SEM) is used for microstructural

diffraction Scanning  electron
analysis. The aim is to investigate the influence
of silica-to-alumina weight ratio on mullite
phase development and to determine the
optimal conditions for producing high-purity

mullite through a cost-effective.

Although many studies have discussed mullite
[19, 20], the effect
SiO2/AlZ03

prepared strictly through the solid-state route

synthesis of non-

stoichiometric weight  ratios
remains insufficiently addressed. The novelty
of the present work lies in examining how
deviations from the ideal ratio influence
mullite crystallization, crystallite size, and
microstructural evolution. This study also
provides a clearer understanding of the
relationship between SiO> content, liquid-phase
formation, and anisotropic grain growth.
Unlike chemical or sol-gel methods, this work
focuses on a practical and cost-effective
process that can be scaled for

industrial applications [21, 22].

2. Methodology (Experimental

Procedure)

Mullite samples were prepared using the
solid-state reaction method by mixing different
weight ratios of both alumina and silica. The

final samples were labeled as S1 (SiO2: 2.8 g
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and Al2Os: 7.2 g), S2 (SiO2: 4.7 g and Al2Os:
5.3 g), S3 (SiO2: 6.4 g and Al20s: 3.6 g), and
S4 (SiO2: 3.7 g and AlOs: 6.3 g), with each
sample weighing 10 g.

The mass of 10 g was selected to ensure
homogeneous mixing and to provide sufficient
material for XRD, SEM, and EDS

characterization.

Deionized water was added to all samples,
which were then left for 48 hours to allow
proper cohesion of the powders. The mixtures
were then stirred using a magnetic stirrer for 6
hours without heating, and their pH was
adjusted to pH = 9.

The mixed oxides were dried in an oven at 100
°C for 60 minutes. After drying, the powders
were calcined at 900 °C for 2 hours to remove
moisture and impurities. The calcined powders
were then pressed into pellets using a hydraulic
press at a pressure of 12 tons for 1 minute.
These pellets were then sintered at 1250 °C for
4 hours and subsequently characterized by
XRD, SEM, and EDS to determine their phase
composition, morphology, and

elemental structure
3. Results and Discussion

The beginning material and processing of
mullite are connected to its microstructure and
subsequent qualities, and a basic processing

approach is used to produce mullite with

appropriate microstructure and mechanical
properties. The phase composition of every
sample series as a function of sintering

temperature is determined by XRD analysis
(fig. 1).
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Figure (1): XRD pattern for mullite synthesized using

solid state sintering reaction.

The phase composition of the samples sintered
at 1250 °C was examined by XRD, as shown in
Figure (1). The calcination step at 900 °C
served only to remove moisture and volatile
impurities, as mullite formation does not occur
at temperatures below ~1200 °C. After
sintering at 1250 °C, all samples exhibited
high-intensity diffraction peaks corresponding
to orthorhombic 3:2 mullite.

A dense orthorhombic mullite phase was
identified with characteristic peaks at 20 =
21.3° (110) and 23.9° (120), matching JCPDS
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card No. 15-0776. Peaks belonging to a-Al203
appeared at 35.2° (104), 43.3° (113), 52.5°
(024), and 57.5° (116), consistent with JCPDS
card No. 46-1212. A broad hump around 20°
indicated the presence of an amorphous silica

phase.

To enhance the analysis, the crystallite size of
the mullite phase was calculated using the
Scherrer equation, and the results confirmed
that crystallinity improves as the SiO2/Al.O3
ratio approaches the optimal composition.

The mullite crystals produced by the solid state
sintering process are acicular or equiaxial in
shape and range in size from 1 to 100 pm.
Micrographs of mullite crystals produced by
solid-state sintering operations are displayed in
Figure (2).

microstructure, scanning electron microscopy

To determine the materials'

using an energy dispersive spectrometer (EDS)
was used silica, the interior portion is thought

to be rich in alumina [23].

To provide a more quantitative description of
crystallinity, the crystallite size of the mullite
phase was calculated using the Scherrer
equation (equation 1), as recommended by the
reviewer. The equation is expressed as:

Ky
D =
BCOSO

(1)

where:

* D is the crystallite size,

« K is the shape factor (0.9),

« A is the X-ray wavelength (1.5406 A for Cu—
Ka),

* B is the full width at half maximum (FWHM)

of the selected peak (in radians),
* 0 is the Bragg diffraction angle.

The (120) mullite peak was selected for the
calculation due to its intensity and clarity. The
obtained values showed that the crystallite size
increases gradually with higher SiO2 content,
which agrees with the observed grain

coarsening in the SEM images.

The SEM pictures show that the shape of the
materials is influenced by the silica
concentration and source. The particles in the
mullite samples look separated as the weight
ratio of silica increases Figure (2 C), and the
grain sizes appear to rise for all samples

sintered at 1350 °C.

However, when the silica weight declined, the
samples displayed well-developed grains,
which are linked to the silica phase; sample Sa4
contains a larger number of these grains than
the samples that include them. An alteration to
the mullite ceramics microstructure was
observed when SiO>was added [24]. The grains
changed from columnar shape to long rod

shape.
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Every sample has a low residual porosity and a
dense microstructure. The sub-amorphous
mullite component grains in these materials'
microstructure do not exhibit any preferred
orientation or direction. Al, O, and Si are
among the elements that are almost
stoichiometric to mullite. As seen in Figure 3,

the mullite grain size increases and the grain

boundary becomes fuzzy when 4.7 g of SiOz is
added.

solid state reaction, where A stands for S1, B for S2,
C for S3 and D for S4

The anisotropic development of mullite is
evident when the SiO> concentration is raised
to 6.4 g; in the meantime, the plates thicken.
As was previously mentioned, solid solutions
were formed when Si** ions were added to
mullite at high temperatures. The substitution
of AP* with Si** led to a reduction in the

Figure (2): SEM images for mullite synthesized using

activation energy of ion diffusion. These
results align to published report in [25]. The
EDX spectrum of these specimens, which are
shown in Figure (3), revealed the presence of
iron, one of the primary constituents of mullite,
along with the key elements Al, Si, and O. The
mullite phase production is demonstrated by
the EDX analysis result, which is in agreement
with the XRD analysis.

Figure (3): EDS for mullite synthesized using solid state

231



MJPS, VOL.(12), NO.(2), 2025

reaction, where A stands for S1,B for S2,C for S3 and D
for S4

The current mullite phase's production process
can be attributed to the inter-diffusion of
silicon and aluminum ionic species in the
alumina-silica contact zone at high calcination

temperatures.
4. Conclusion

The results of this study showed that
varying the SiO2/Al,03 weight ratios has a
clear influence on mullite formation,
microstructure, and crystallinity when using
the solid-state reaction method. XRD analysis
confirmed the presence of the orthorhombic
3:2 mullite phase in all samples after sintering
at 1350 °C, along with small peaks related to a-
Al;O3 and a broad hump indicating the
presence of an amorphous silica phase. The
crystallite size calculated using the Scherrer
equation showed a gradual increase with
increasing SiO> content, in agreement with the

microstructural observations.

SEM images revealed that samples with higher
SiO2 content tended to form elongated acicular
grains, due to the presence of a transient SiO-
enhanced AIl-Si

interdiffusion. In contrast, samples with lower

rich liquid phase that
SiO2 showed more compact and well-
developed equiaxed grains. This demonstrates
the strong relationship between the SiO2/Al,03
ratio and the grain morphology of mullite. EDS

analysis confirmed the presence of Al, Si, and
O as the main components of the mullite
structure, while the small amount of Fe
observed originated from  raw-material
impurities rather than from the mullite phase

itself.

Overall, sample S4 produced the highest
mullite purity and best-developed grain
structure, indicating that this composition is the
most suitable among the tested ratios for
achieving improved mullite formation through

the solid-state method.
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