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Abstract: Mullite is a combination compound of alumina (Al2Os3) and silica (SiO2). During the last two
decades, mullite ceramics have become the crucial oxide material for both traditional and advanced
applications due to their favorable properties, such as good strength at very high temperatures, low
density, good thermal shock resistance, and chemically stable. Mullite is also known for its
stoichiometry 3Al,03.2Si0,, or sometimes it is called 3/2 mullite. In this present investigation, the
authors attempt to fabricate mullite-based ceramic through a gel casting process by using an organic
binder (egg white) to consolidate powder particles, followed by low-temperature sintering. Fly ash
powder, china clay powder, and alumina powder were used as raw materials to make mullite ceramic.
Green bodies were fabricated by taking various proportions of fly ash, china clay, and alumina, followed
by sintering at 1200°C, 1250°C, and 1300°C for 2 hours. The stability of slurries was studied by
measuring zeta potential, and green sample fracture surfaces were analyzed by Field Emission Scanning
Electron Microscopy (FESEM). Physical properties of sintered samples, such as linear shrinkage,
density, porosity, and water absorption, were also calculated. Evidence of mullite formation was
characterized by Field Emission Scanning Electron Microscopy (FESEM scanning electron microscopy
(SEM) techniques. The samples containing 45 wt.% fly ash, 15 wt.% china clay, and 40 wt.% aluminas
showed the best physical properties compared to other batch compositions and were well supported by
the results obtained from FESEM results.
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1. Introduction

Mullite (3A12,03.2Si0Oy) is a stable compound that utilizes alumina-silica as raw material
for various refractory applications [1,2]. The crystal structure of mullite is orthorhombic, in
which the [AlO¢] octahedra and the [SiOa4] share alternate corners and form a three-dimensional
framework [3,4]. It has some superior properties like high hot strength, good creep resistance,
low dielectric constant and thermal conductivity, good thermal shock resistance, and radiation
damage resistance [5]. For that reason, it is considered an attractive material for structural and
functional applications such as advanced refractories, crucibles, heat exchangers, hot gas
filters, dental ceramic components, fibers, rotary kiln seals, electrical insulation, thermocouple
tubes, high-temperature composite, lightweight, fireproof heat insulation components, etc. [3].
Mullite is rarely found in nature, so it has to be prepared or synthesized artificially rather than
excavated. Mullite can be fabricated by the sintering method, fusion method, and advanced
processing techniques like CDV, spray pyrolysis, sol-gel process, etc. [6]. The starting
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materials for the preparation of mullite can be any source of alumina and silica, either in pure
form or impure form. Various authors have investigated the preparation, testing, and
characterization of mullite ceramics from several available natural mineral materials, such as
kaolinite [7], sillimanite group (sillimanite, andalusite, kyanite) [8, 9], staurolite, and topaz [10]
and industrial solid waste powder like fly ash [11], bauxite [12], silica fume [13], red mud [14],
tincalconite [15], colemanite [16], etc. As per the data available in the literature, although
mullite is synthesized by taking various aluminosilicate source materials, fly ash remains the
most economical and cost-effective way to fabricate mullite ceramics.

Fly ash is one of the industrial solid wastes generated from coal-based thermal power
plants. It contains mainly silica and alumina with some minor oxides present in lesser amounts,
namely CaO, Fe>03, MgO, K>0, NaxO, TiOg, etc. [17]. Research activities on the utilization of
fly ash are mainly in the construction sector [18], agriculture sector [19], and for making glass
and ceramic materials [20], geopolymer [21-23], zeolite [24], etc. Over the last couple of
decades, there has been a great effort in preparing mullite ceramic by utilizing fly ash to save
natural resources, reduce solid waste, and, more importantly, minimize environmental
pollution.

Suriyanarayanan et al. [25] synthesized mullite glass ceramics from coal-based thermal
industrial waste fly ash and alumina with varying compositions (75:25, 50:50, 25:75) at very
high temperatures. It has been reported that a 50:50 weight percentage of coal fly ash and
alumina is required for single-phase mullite with complete homogeneity. The single-phase
mullitization occurs at the temperature of 920°C. Jung et al. [26] synthesized mullite ceramics
with a very low porosity of 2.1% by reaction sintering at a temperature of 1500°C, using
appropriate mixtures of coal fly ash and alumina powders. 3Y-PSZ powders are used to inhibit
the growth of mullite grains and result in good fracture toughness. Hongbin Tan [27]
synthesized mullite whiskers by sintering an appropriate mixture of coal fly ash and aluminum
sulfate with sodium sulfate as a fluxing agent, where Al>03/SiO, molar ratio of 1.5 and
sintering temperature is 1000°C for three hours. Dong et al. [28] used fly ash and aluminum
chloride to synthesize porous mullite ceramics using a heterogeneous precipitation technique.
Dong et al. used fly ash powders, bauxite, and magnesium oxide were used for mullite synthesis
by Dong et al. [28], where the sintering temperature was between 1500°C to 1550°C. The
addition of magnesium oxide enhances densification during the sintering process. Coal fly ash-
based mullite powders are prepared by the mullitization, hydrothermal process where boehmite
sol is added separately. 12% of boehmite addition at the temperature of 1200°C gives optimum
mullite powders [29]. Mondal et al. [30] used coal fly ash and bauxite to synthesize alumina
and mullite-based composites where the ratio of alumina and silica are kept at 1.5:1, 1.75:1,
and 2:1. Sintering temperature results in an increase in density. Cao et al. [31] successfully
fabricated porous mullite consisting of dense, interlocking rod-like crystals obtained at the
sintering temperature of 1500°C from fly ash, bauxite, V.05 and AlF3. Ma et al. [32] prepare
prismatic mullite with better crystal interlocking by taking fly ash, bauxite, feldspar, SiC, and
V>0s, then sintering the sample at 1550 °C. Lath-like mullite crystals were prepared by Yadav
et al. from fly ash and bauxite, and the samples were fired at 1450°C, resulting in a bulk density
obtained 2100 kg.m® and apparent porosity of 32% [31]. Another researcher, Li et al. [29],
prepared mullite with fly ash and Boehmite sol; optimal mullite content achieved 63.8% with
12 wt.% boehmites at 1200°C.
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There are various reports published about the preparation of mullite ceramics by
using fly ash as a raw material. Most of the researchers are using pressing techniques to
prepare dense mullite ceramics. There are myriad constraints to the pressing method used to
prepare dense mullite ceramics because of high-cost equipment, the tendency to crack in the
green body, the limitations of one's arbitrary design, and improper composition and density
throughout the cross-section. There could be a possibility that the albumin gel casting process
can overcome all these obstacles.

Gel casting was first developed at Oak Ridge National Laboratory (ORNL), Tennessee,
USA, in 1991 [34]. It has been used to consolidate various ceramic powders such as Al>03[35],
Zr0O; [36], SiC [37], SiO2[38], PbZrTiO3[39], etc. Gel casting is one type of colloidal ceramic
processing method where the ceramic powder is dispersed in a monomer solution followed by
casting into a nonporous mold, where monomers get polymerized by heat or by the addition of
certain chemicals and finally form a rigid and homogenous structure by entrapping ceramic
particles in the polymeric gel. Various researchers have reported that gel cast slurries include
ceramic powders, monomers, initiators, catalyzers, and different additives. Different monomer
systems are used in gel casting like acrylamide [39], isobam-104 [41], tertiary-butyl alcohol
[42], polyvinyl alcohol (PVA) [43], etc. However, all these monomer systems required a cross-
linker, initiator, and catalyst. But other published literature revealed that some natural polymers
are used as gelling agents, such as agar [35], alginate [44], agarose [45], gelatin [46], starch
[47], albumin [48], etc., which are non-toxic and not required additional cross-linker, initiator,
and catalyst. The process allows fabricating complex engineering components with near-net
accuracy, high density, and good material homogeneity in green bodies with sufficient strength
for handling and machining. The gel casting process has been successfully applied to fabricate
both dense wells as porous ceramic components. As per the various literature, it has been found
that this method is very much suitable for making structural ceramic, electronic ceramic [49],
magnetic ceramics [50], and bio-ceramics [51], as well.

As per the literature survey by the authors, there are a number of literature pieces
available related to the fabrication of porous and fibrous mullite ceramic by the gel casting
method. Research and development on dense mullite ceramics via gel casting process is very
limited. Over the last couple of decades, there has been a great effort in preparing mullite
ceramic by utilizing fly ash to save natural resources, reduce solid waste, and, more
importantly, minimize environmental pollution. Thus, the current examination aims to
investigate fly ash's usage and prepare dense mullite ceramics through an albumin gel casting
process.

2. Materials and Methods

2.1. Starting raw materials

In this present work, raw materials such as fly ash powders are obtained from the
National Thermal Power Corporation Limited, Bongaigaon, Assam, India, and china clay and
alumina are collected from the Ants Ceramics Private Limited, Maharashtra, India, for the
synthesis of mullite ceramic. The representative elemental composition of fly ash, china clay,
and alumina is analyzed using X-ray fluorescence spectroscopy (Model: AXIOS, make:
PANalytical) in Table 1. The raw materials' morphological study was done using Carl Zeiss
make field emission scanning electron microscope.
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Table 1. Chemical compositions of raw materials.

Oxide Constituents Raw Materials
Fly Ash (wt.%) China Clay (wt.%) Alumina (wt.%b6)

Al2O3 55.6 34.67 98.20
SiO2 29.8 60.53 0.74
CaO 1.59 0.31 0.27
FeoOs 5.91 0.82 0.41
TiO2 1.63 0.60 0.23
MgO 1.08 0.58 0.07
K20 1.94 1.78 0.05
Na.O 0.23 - 0.10
MnO 0.05 - -
SrO 0.04 -

Zn0O 0.03 -

SO3 0.45 -

2.2. Slurry preparation and post-processing.

Four batch compositions were used to study where the weight percentage of fly ash,

china clay, and alumina of each batch composition is presented in Table 2.

Table 2. Batch compositions of raw materials.

Batches Raw Materials
Fly Ash (wt.%) China Clay (wt.%) Alumina (wt.%0)
C1l 60 20 20
C2 55 22.5 22.5
C3 50 20 30
C4 45 15 40

Oxide compositions of all the batches are present in Table 1. From the introduction,

mullite has stoichiometry 3Al>03.2Si0, where 72.8 wt.% is alumina, and 28.8 mass% is silica
when reacting at high-temperature mullite crystals form. The figure shows a progressive
increase in wt.% of alumina and silica towards the weight % of stoichiometric mullite from
batch C1to C4. The level of other mineralizing oxides, like TiO2, Fe203, CaO, Na20, K;0, and
MgO, is diminishing from batch C1 to C4.

FZ2 Alumina B Silica [l Others

68.42

C1 C2 C3 C4
Batch Compositions

Figure 1. Oxide compositions of experimental batches (C1, C2, C3, and C4) in weight percentages.
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In this present work, the organic gelling agent albumin is used to consolidate the powder
particles. Figure 2 shows the graphical representation of the albumin gel casting process. The
ceramic slurry was made up of a solid loading of 50 vol.%, albumin of 20 vol.%, and 30 vol.%
of distilled water. Additives such as antifoaming agent 1-Octanol (5 ml per 100 ml of albumin)
are used to get foam-free slurry, and ammonium polyacrylate (1 wt.%) is used as a dispersant
[48]. As per calculations, the mixtures of all the raw materials, including powders, albumin,
distilled water, and additives, were taken and then milled in a horizontal pot mill for 24 hours
using a zirconia ball of diameter 3 mm as milling media. After pot milling, the ceramic slurry
was cast into a plastic mold, where petroleum jelly was used as a mold release agent. The
plastic mold was covered by aluminum foil and subjected to a preheated hot air oven at 80°C
for an hour to gelation. The mold was left to cool for the whole night, and then samples dried
up to 100°C in the oven. All the green bodies were subjected to binder burnout in a muffle
furnace at 900°C with a heating rate of 2.5°C/minutes. Finally, the sintering operation was
carried out at 1200°C, 1250°C, and 1300°C for 2 hours with a heating rate of 3°C/min. Figure
3(a-b) shows the images of the green body samples dried up to 100°C and samples sintered at
1300°C for two hours, respectively.

Gelation at 80°C for

Drying Overnight e

Sample Dried = 100°C Machining Binder Burnout Sintering

Figure 2. Pictorial representation of the albumen gelcasting process.

The stability of ceramic slurry was characterized by measuring zeta potential by a zeta
potential measurement instrument (Model: Litesizer 500, make: Anton Paar). The experiment
was conducted at 25°C with 20 scans. Calorimetric study of the binder and binder containing
slurry was carried out by differential scanning calorimetry (DSC-Model: DSC 214 Polyma,
make: Netzsch), with a heating rate of 5°C/min a nitrogen atmosphere. Before the test, eggs
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were collected from the local market and broken by using a tweezer to collect the fresh albumin
(white portion only) in a beaker, followed by mixing slowly by a magnetic stirrer for 2 hours
to get a homogeneous mixture.

2.3. Characterization of green samples and sintered samples

The fracture surfaces of the green specimens were characterized by using Carl Zeiss
make field emission scanning electron microscopy. Physical properties of sintered samples,
such as linear shrinkage, density, percentage porosity, and percentage water absorption, were
also measured. The fractured surfaces of sintered specimens were observed using Carl Zeiss
make field emission scanning electron microscopy.

3. Results and Discussion

3.1. Morphology study of starting powders by FESEM

The morphology and surface texture of fly ash, china clay, and alumina powder used
in this investigation is shown in Figure 4 (a-f). Figure 4 (a-b) shows that significant numbers
of fly ash particles are spherical, and some of the particles were angular and irregularly
agglomerated to nearby particles. The morphology and surface texture of china clay particles
is shown in Figure 4 (c-d). The high magnification FESEM micrograph 4 (d) reveals that the
flake-shaped particles were arranged in a face-to-face pattern.

Signal A = inLens Date ;31 Jan 2020 EHT = 500 kV Signal A= InLens Date 25 Jan 2021
WD = 4.6 mm Mag= 1.00KX Time :13:48:40 — WD= 5.3mm Mag= S5.00KX Time :17:26:35

(b)

EHT = 5. Lens Date: fan 2021 EHT= 500 kV Signal A = InLens 214 Jan 2027
WD = 52 mm Mag= 100KX Time :13:21:39 WD = 5.1 mm Mag= S500KX Time :13.22.28

(c) (d)
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- X InLens Date 14 Jan 2021
WD= 5.2 mm Mag= 1.00KX Time :13:10:5% = 5. Time :13:15:52

» 2 A i i
10 pm EHT= 500KV Signal A= InLens Date :14 Jan 2021 5

(€) (f)

Figure 4. FESEM micrographs of (a, b) fly ash powder, (c, d) china clay powder, and (e, f) alumina powder.

Further, it can be seen that some particles are a well pseudohexagonal pattern along
with some agglomerated, which look like a plate shape as reported in the previous literature
[52]. Figure 4 (e-f) shows the morphology of the alumina powder, which is an angled, irregular
heterogeneous polygon shape with soft agglomerations.

3.2. Characterization of ceramic slurry.

The stability of ceramic slurries was analyzed by measuring the zeta potential value as
shown in Figure 5. The zeta potential calculation is based on the velocity and direction of
particles in the solution affected by a known electric field [53]. The zeta potential worth
describes the surface charge of the suspended particles [54]. This is utilized to dissect the
conceivable degree of the slurry's flocculation or de-flocculation and colloidal solidness.

2.0
Experimental Conditions Slurry C1
Instrument type: Litesizer 500 Slu rey C2
Measurement mode: Zeta potential
1.5 - Slurry C3
’\c? Target temperature: 25°C Slurry C4
< Equilibration time: Oh 00m 10s
>
8 Processed runs: 20 (Manual Mode)
S 10-
o
[<3)
| .
[F—
[<5)
2
o
©
o 0.5
@
0.0
T T T T T T T T T T T T T T T T T T T
-250 -200 -150 -100 -50 0 50 100 150 200 250

Zeta potential Distribution (mV)

Figure 5. Zeta potential graphs of all the slurries.
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It has been reported that the zeta potential value indicates the colloidal stability of the
ceramic slurry. If the zeta potential value lies between +25 mV or -25 mV, the slurry is unstable
due to settling ceramic powder particles for gravitational force [55,56]. In this present
investigation, the slurry's zeta potential is greater than -25 mV. This affirms that slurries are
profoundly stable, well dispersed, and contain non-agglomerated particles. Figure 5 shows that
slurry made by batch composition C1 has a height zeta value of -63.7 mV, and C2, C3, and C4
have -49.2, -33.6, and -31.2 mV, respectively. Zeta potential value keeps reducing from C1 to
C4 because of gradually increasing alumina content in batches [57].

The DSC method has been demonstrated to contemplate albumin and albumin-
containing slurry thermal behavior and examine the structural changes [58]. The DSC curves
of pure albumin and albumin-containing slurry are shown in Figure 6. The DSC curve of fresh
albumin shows sharp peaks at 112°C due to albumin denaturation means the unfolding of the
protein chain and the more heat-stable form of albumin called S-ovalbumin (type of protein
present in albumin). The curve obtained with pure albumin confirms this interpretation. The
obtained result and the proposed interpretation concur with information available in various
works of literature [59,60]. On the other hand, the endothermic peak for albumin-containing
slurry shifts toward a lower temperature at 80°C, which confirms the gelling temperature.

4 | Exothermic Process = Pre Albumen

P == Albumen containing Ceramic Slurry

0 r_ E——
"2 | Endothermic Process

= 80°C

Heat Flow (mW/mg)
1

Sample Holder : Aluminium Crucible
-10 1| Temperature Range: 33°C to 200°C
Heating Rate: 5°C/ munite
Atmosphare: Inert (Nitrogen Gas)

112°C

-12 -

T T T T T T T T T T T T T
0 25 50 75 100 125 150 175 200
Temperature (Degree Celsius)

Figure 6. Differential scanning calorimetric curves of pure albumen and albumen containing slurry.
3.3. Microstructural features study of green samples

The fracture surface of green samples (C4 batch composition) dried up to 100°C is
shown in Figure 7 (a-d). It can be seen that green bodies exhibit homogeneous microstructure
and good packing of particles with some porosity when solid loading is under 50 vol.%. There
is no evidence of any crack in the green body microstructures. This could be due to the stable
and well-dispersed ceramic slurry. Further, it has been observed that the green sample prepared
by the gel casting process provides excellent green strength for handling and machining.
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Figure 7. (a-d). The fracture surface of green samples (C4 batch composition) dried up to 100°C.

3.4. Physical properties of sintered samples

Figure 8. (a-d) illustrates physical properties such as density, porosity, linear shrinkage,
and water absorption of sintered samples. The linear shrinkage and density increase with the
sintering temperatures from 1200°C to 1300°C, while the water absorption and porosity value
have the opposite trend. In this study, the green samples sintered at 1300°C shows optimal
sintering properties, with a density of 90.85 %, water absorption of 0.10 %, linear shrinkage of
15.70 %, and porosity of 0.68 %. From the above data, as expected, with an increase in sintering
temperature from 1200(C) to 1300(C), the densification process in the green ceramic body has
increased. There is no sign of over-sintering, as seen in the photographs of the sintered sample
(Figure 3b) and the physical properties data (Figure 8a-d). Over-sintering also leads to a
decrease in density, linear shrinkage, and an increase in water absorption and porosity value.
For this batch composition, the over-sintering temperatures may be above 1300°C. Previous
literature on the sintering process indicates that the over-sintering of the green ceramic leads
to a sharp increase in flow ability leading to micropores within the microstructure [26]. Further,
it has been mentioned that excess high-temperature sintering is associated with abnormal grain
growth leading to minimizing the strength values [27].

As per the current data and results analysis, the sintering for all batch compositions is
believed to be liquid phase sintering. During the liquid phase sintering of fly ash, alumina, and
silica powder mix compositions ceramic green body, the dissolution of the alumina in the silica-
rich low-temperature eutectic melt phase formed by Fe>Os, TiO,, CaO, MgO, Na2O that are
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present in fly ash powder and china clay powder. That could be the possible reason for the
minimizing internal micropores and nucleation and growth of mullite crystal in the sintered
ceramics microstructure [29].
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Figure 8. Physical properties of sintered sample, (a) linear shrinkage, (b) bulk density, (c) percent porosity,
(d) water absorption.

3.5. Microstructural feature study of sintered samples.

Figure 9 represents the FESEM fractography of all the batches sintered at 1300°C.
Fractography exhibits porous microstructure for the batch C1 (Figure 9a-d) and C2 (Figure
10a-d) sintered samples. On the other hand, the sintered sample of the batch composition C3
(Figure 1la-d), and C4 (Figure 12a-d), shows less porosity and uniform and dense
microstructure compared to C1 and C2.

Further, micrographs exhibit some unreacted powder particles in the sintered sample
prepared from all the batch compositions indicating a bit higher temperature sintering required
for complete densification. Although mullite is present in all the batch compositions, the extent
of mullite formation was increased from C1 composition to C4 composition. FESEM
fractography (Figure 12d) of C4 batch composition sintered at 1300°C exhibits mullite crystals
as a fine needle with an average length of 1.52 um and thickness of 0.23 um.

Densification during the sintering process occurs because of the generation of liquid,
which transforms into a glassy phase. According to the Al2Os—-SiO> binary phase diagram, the
liquid phase can be formed at above eutectic temperature (1590 + 10°C) [42]. In this present
investigation, a liquid glassy phase was found at a relatively low temperature of 1300°C.
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Figure 9. (a-d) FESEM micrographs of fractured surfaces of the C1 batch composition samples sintered at
1300°C for two hours.

20pm EHT= 500k Signst A= int.ens Date 19 Miar 2027 e foum EHT= 50041 Signal A= inLens Date +19 Mar 2021 zE1sS]
— WD = 6.2mm Mag= 500X Time :15:36:27 (a) — WD= 6.2mm Mag= T00KX Tirme 15:37:27 (b)

P
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EHT= 5.00kV Signal A= InLens

Wo= 6.2 mm Mag= 5.00KX ?féﬁ'ﬂ-’ﬁff’m ﬁ (C)
Figure 10. (a-d) FESEM micrographs of fractured surfaces of the C2 batch composition samples sintered at
1300°C for two hours.
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Figure 11. (a-d) FESEM micrographs of fractured surfaces of the C3 batch composition samples sintered at
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Figure 12. (a-d) FESEM micrographs of fractured surfaces of the C4 batch composition samples sintered at
1300°C for two hours.
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4. Conclusion

In this present research work, mullite ceramics were fabricated by the gel casting

process, and the concussions are as follows: Albumin can consolidate ceramic powder
particles, which form highly loaded aqueous slurries (50 vol. %) that exhibit good homogeneity
in the green body; The mullite ceramic sample (C4 — 45 wt.% fly ash, 15 wt.% china clay, and
40 wt.% alumina), which was sintered at 1300°C, exhibits the highest density of 2.66 g/cc,
lowest water absorption of 4%, less porosity of 7.63 % and linear shrinkage is about 8.99 %
obtained; FESEM fractured surface of sintered samples shows needle-shaped mullite crystals
for all the batch compositions, where batch composition C4 exhibits less porosity compared to
other batch composition samples and produces a better interlocking of mullite crystals.

The use of albumin as a binder provides many advantages, such as very low cost,

availability, biodegradable, and non-toxic as well.
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