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Effects of mullite gel on the properties of alumina castables
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The bauxite-based refractory castables are made up of well-graded bauxite aggregate, binding matrix, and a sufficient amount
of water. There are four mullite samples with various percentages of sol such as 2%,5%,7% and 10% were added to the
alumina castables compositions. The conventional castables processing is carried out and after heat treatment the resultant
product is characterized. Prepared castables are characterized by X-ray diffraction (XRD), Scanning Electron Microscopy
(SEM) and Differential scanning calorimetry (DSC) to obtain the structural properties, morphology, and thermal analysis,
respectively. Enhanced properties were obtained for the mullite samples with 5% and 7% sols. Considerably improved flexural
strength, modulus of rupture (MOR) and pH levels are obtained for the mullite gel composition but with a relatively lower
level of permanent linear change (PLC). Great refractory properties were achieved after sintering at 1300 °C due to the
presence of mullite in the bond phase with very slight CaO. This enables their use in various refractory applications such as
in steel ladles, furnaces, Kkilns, incinerators, and reactors.
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Introduction composition as the castables surround the refractory
materials through a polymeric network and develop a

Refractory castables have been widely used in the ceramic bonding during heating [5]. These compositions
last few years. The demand for ceramic production and have better flow properties and are highly flexible
installation technology has occurred due to various during installation [6].
advantages of decreasing the number of calcinations, Cement-free bonding solutions for high-temperature
joints, low corrosion, and so on. Bauxite-based castables applications have therefore been the focus. Colloidal
have been widely used in the various paths of the blast silica has been used as a binder (using sol-gel-based
furnace because of their excellent properties [1]. One coagulation bonding) in many studies. Due to its ease
of the important constituents of the castable making of processing and lack of need for any property-modi-
process is the binder of the castables. The purpose of fying additive, the sol-gel bonding technique is more
the binder is to elongate the strength of the green stage beneficial than other systems. At high temperatures,
at high temperatures. It decomposes the binder on heating ultrafine silica particles in the alumina castable system
and increases the strength of the castables formed as create mullite bonds, which improve the castables
fine reactant particles after the heating process [2]. characteristics [7-9].

Usually, calcium aluminate cement is used as a hydraulic However, the presence of free silica and the develop-
binder for bauxite-based refractories. However, the ment of a liquid phase above the eutectic temperature
strength of the castables decreases due to the decomposi- have hindered the utilization of Al,0;-SiO, combination
tion of hydration products and these form low melting for very high-temperature applications [5, 10, 11].
phases which degrade the performances of the castables However, as the processing temperatures of the user
[3]- Though cement is an essential binder, due to the low industries increased, the demand for extremely pure
melting eutectics at high temperatures, it is not used as high temperature performance castables also increased.
the main binder of the refractory castables composition. When utilised as additives, ceramic powders such as
To address this problem, a castable has been made alumina, mullite, spinel, and others processed by using
using cement-free binder systems for high-temperature the sol-gel method have shown to improve alumina
applications [4]. castables properties [12, 13]. However, there has only

The addition of additives prepared by using the sol— been a random attempt in the literature to use these
gel route has become popular in the castable preparation. ceramic systems as bonding materials in castables.
These additives comprise ultrafine particles of the same Although several studies have reported using alumina

(boehmite) sol as a binder [14, 15], the general appli-
*Corresponding author: cation of alumina sol binders is limited because of
Tel - 491 9940471851 many production challenges [12].
E-mail: simon16.peter@gmail.com In some studies, mullite precursor sol has been used
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as a binder [16, 17]. The silica-alumina sol bonding
agent was made from ethyl silicate and aluminum iso-
propanol using the sol—gel method.

When compared to cement-bonded formulations, the
characteristics are enhanced [16]. Microstructures were
linked to pore development, fracture production due to
volume imbalance, and there is an excessive grain
growth when mullite sol was combined with alumina
cement and micro-silica.

Mullite sol, even when used in association with
alumina cement, was shown to have poorer characteris-
tics, both at ambient and higher temperatures, when
compared to solely cement and silica sol bonded
formulations [17]. Numerous researchers have utilised
refractory cement as a supplementary binder but the
use of alumina or mullite sol as a binder is yet to be
explored.

Chemical precursors were employed in the wet
chemical synthesis of the mullite sol, which was then
tested for different characteristics. This stable mullite
sol was used as a binder in a high purity alumina
castable system at two different percentages [12].

The purpose of this analysis is to study about high-
alumina (in mullite forming) refractory castables com-
bined with silica and 0.1% or 0.3 wt.% MgO to trigger
rapid liquid phase sintering. After heat treatment at
different temperatures up to 1300 °C, mullite sol
bonded compositions were processed conventionally
and evaluated for various refractory characteristics. The
castable produced with commercial silica sol as a bond
is also compared to the developed castables.

Materials and Methods

Synthesis of precursor materials

Materials

The precursor materials were prepared using a solution
of aluminum nitrate nonahydrate (AlH;sN;O1g) (RFCL,
New Delhi) solution as an alumina source, silicon
tetraethyl orthosilicate (TEOS)Si(OC,Hs)s (Merck,
India) as silica source, and ammonia (NH;)(Merck,
India) [9, 18]. The mullite precursor was taken in the
stoichiometric ratio of 2:1 (alumina and silica). The pH
range of mullite gel was maintained between 2.5 and 5.

Hydrolysis condensation

Sol-gel preparation

The steps involved in the synthesis of mullite pre-
cursor sol are as follows: The mullite precursor was
prepared at room temperature. The solution was set
aside and stirred continuously using a magnetic stirrer
for 15-20 min to obtain homogenization. The alumina
nitrate solution was added drop wise to the TEOS
solution and was continuously stirred for 60 to 90 min.
After that, ammonia was added slowly to the solution
and kept under continuous stirring for 20 min. After
completion of the reaction time, the solution was
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cooled for 20 min and it was preserved for gelation.
The sol was allowed to age up to three weeks in a
polypropylene container to be converted into gel.

Drying and calcination

After the aging process, the containers were partially
opened for the solvent to evaporate very slowly and for
the gel to dry up to a constant weight. The above
process was carried out at room temperature. The dried
gel was calcined at 1000 °C, 1200 °C, and 1400 °C. Fig.
1 shows the flow sheet for the preparation of mullite
gel. Fig. 2(a) shows the precursor sol and Fig. 2(b)
shows the mullite gel formed.

Preparation of gel bonded castables

Materials

The starting raw materials of the castables are
different grades of bauxite, calcined alumina, reactive
alumina, and tabular alumina with 0.1% and 0.3% of
MgO as additives [12, 19, 20]. Table 1 shows the batch
composition of the prepared raw materials.

Two batches are prepared with different binder com-
positions—2%, 5%, 7%, and 10% of mullite gel was
added with batch composition. Trial samples with B1
batch mullite gel resulted in powder. Trial sample with
B4 batch mullite gel was highly flowable. Trial samples
of B2 batch (5%) and B3 batch (7%) of mullite gel
were taken for further studies.

Tetra Ethyl Ortho
Silicate (TEOS)

Stoichiometric

Aluminum Nitrate
S Monahydrate
stirring

addition and
Clear binary
solution after
mixing

Slow addition of | :
liquor ammonia

Mullite Precursor
sol

Fig. 1. Flow sheet for mullite sol preparation.

Vigorous stirring to
avoid precipitation

‘ Mullite gel

(a) (b)
Fig. 2. (a) Stable sol precursor and (b) formation of gel.
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Table 1. Batch composition
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Batch A (0.1 wt % MgO binder)

Batch B (0.3 wt %MgO binder)

Raw materials

B1 B2 B3 B4 Bl B2 B3 B4
Bauxite (5/10) 15 15 15 15 15 15 15 15
Bauxite (3/5) 15 15 15 15 15 15 15 15
Bauxite (1/16) 20 20 20 20 20 20 20 20
Calcined alumina (-325) 10 10 10 10 10 10 10 10
Reactive alumina (-325) 10 10 10 10 10 10 10 10
Tabular alumina (-325) 10 10 10 10 10 10 10 10
Water 10 10 10 10 10 10 10 10

Mullite gel 2% 5% 7% 10% 2% 5% 7% 10%

Castable preparation

The castables were prepared by using the wet process
method. The raw materials were dried and mixed with
different percentages of mullite gel (say 1 mL of gel in
100 g of batch) [21]. In order to obtain the desired flow
and consistency of the mixer solution, the required
amount of water was added. The mixed composition
was cast in steel molds of the following dimensions: 50
mm cube and 120 mm x 40 mm x 40 mm rectangular
bar shapes. It was allowed for 24 h curing in the mold.
The cast shapes were demolded and cured in air for 24
h and then oven-dried at 110 °C. Fig. 3 shows the
developed mullite bonded castables. After drying, it
was heat-treated at 1100 °C and 1300 °C for property
evaluation.

Fig. 3. Gel bonded castable brick.

Characterization Studies

Characterization of mullite gel

Solid content

The solid content for the dried mullite gel was deter-
mined by using the ignition method at 1000 °C and was
found to be around 25%.

Particle size analysis

The particle size distribution plot is shown in Fig. 4.
All the dried gel particles are calcined at 1000 °C and
found to be in the size range of 3-100 pm with an
average particle size around 10um. The particle of the
Dsp range is 340.7 pm.

DSC-TG

Fig. 5 shows the DSC-TG curve of the mullite pre-
cursor gel. There is a gradual weight loss from 250 °C
to 1200 °C. Fig. 5 shows the two exothermic peaks at
45 °C and 129 °C which also indicate that the mullite
gel exhibits a strong exothermic peak which corresponds
to the evaporation of organic materials in the gel. The
peak at 610 °C corresponds to the formation of mullite
phase. The phase formation starts in the temperature
range of 330 °C to 820 °C. Around 800 °C the weight
loss of mullite gel due to the evaporation of water and
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Fig. 4. Particle size distribution of mullite sol.
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Fig. 5. DSC-TG pattern of mullite gel.
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during this analysis.

XRD

X-ray diffraction analysis was carried out for the
powdered samples calcined at different temperatures.
Fig. 6 shows the XRD patterns of the mullite gel
calcined at 1000 °C,1200 °C, and 1400 °C. This result
indicates the formation of pure mullite crystals (JCPDS
No.15-0776) at the calcination temperature of 1400 °C
in the alumina along with traces of mullite [22]. And
the Si replacement in alumina takes place leading to
the formation of mullite as detected in the powders
[23].

Fig. 6 shows that at the calcination temperatures of
1000 °C and 1200 °C, there is no phase formation and
are found to appear as an amorphous phase. At 1400
°C, formation of mullite phase can be observed along
with minor amounts of amorphous phases.

Microstructural analysis

The microstructure of mullite powders calcined at
1400 °C is shown in Fig. 7. The SEM micrograph in
Fig. 7(a) shows small distributed and little agglomerated
spherical particles in the size range between 46.3 nm
and 65.5 nm with the maximum value of spherical
particles being around 118.8 nm. EDX analysis as
shown in Fig. 7(b) confirms the presence of aluminum,
silica, and oxygen.

Characterization of castables
XRD
Fig. 8 shows the XRD pattern of the castables. It

Intensity (a.u)

20 (degree)

Fig. 6. X-ray spectra of mullite gel calcined at 1000 °C, 1200 °C
and 1400 °C.

shows the presence of sharp crystalline peaks of alumina
and mullite. The present XRD peaks were well matched
with the JCPDS no. 06-0258 and also matched with the
recent work done on mullite bonded castables [9]. No
other impurity phases and unreacted phases were
present in the sample.

Bulk density

The bulk density of the castables was measured as
per American Society for Testing and Materials (ASTM).
Fig. 9 shows the bulk density of the samples calcined
at 1100 °C and 1300 °C for various percentages of gel
added. The bulk density of the developed castables was
found to increase with calcination temperature as
shown in Fig. 9. Addition of mullite gel increases the
density of the prepared castables due to the formation
of mullite. The bulk density of the castables varied
from 2.67-2.7 g/cc.
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Fig. 7. (a) Microstructure of powders calcined at 1400 °C and (b) elemental analysis of powders calcined at 1400 °C.
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Fig. 8. XRD pattern of developed castables at 1300 °C.
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Fig. 9. Bulk density of developed castables.

Cold Crushing Strength
The Cold Crushing Strength (CCS) values of the
different castable compositions at different processing

600 -
[ IB2 561
500 o
& 400
o
o
= 3004
wy
O
(& _— 204 219
100
0

1100°C 1300°C
Temperature (°C)

Fig. 10. Cold Crushing Strength of the developed castables.

temperatures are shown in Fig. 10. It shows lower
strengths under dried conditions due to the formation
of mullite gel bonded castables; however, this increases
the strength of the castables. The batch with 7% mullite
gel resulted in higher CCS values compared to the
batches containing 5% gel. The batches only measured
the temperature levels at 1100 °C and 1300 °C. The
formation of mullite leads to greater density and hence
higher CCS values.

Modulus of rupture

The modulus of rupture of the developed castables is
shown in Fig. 11. The initial cold modulus of rupture
(CMOR) value of the dried samples was less due to
weak bonding between the particles. Increase in tem-
perature resulted in an increase in the CMOR values at
1300 °C. The batch with 7% mullite gel resulted in
higher values of CMOR than 5% mullite gel.
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Fig. 11. MOR of developed castables.
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Fig. 12. PLC of developed castables.

PLC

The PLC of the castables is reported in Fig. 12. It was
found to decrease the measured values. The PLC values
after calcining at 1100 °C and 1300 °C are slightly in-
creased. The increase in PLC is caused due to the volu-
metric expansion of mullite in the castables. An increase
in temperature resulted in an increase in the PLC value.

Conclusion

The pure mullite gel bonded alumina castables were
obtained in various compositions and the various phy-
sical and thermal properties were studied. The quality
properties of mullite gel bonded alumina castables were
obtained. The developed mullite gel bonded alumina
castables showed improved physical and mechanical
properties when compared to the commercial alumina
castables. The presence of mullite along with the
addition of 0.1 wt% and 0.3 wt% MgO resulted in a
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significant improvement in the density and strength of
the alumina castables at the temperature of 1300 °C.
The presence of ultrafine mullite precursor particles led
to improved sintering properties while using the conven-
tional technique of processing. The prepared castables
exhibited greater sintering properties with improved
density and strength at 1300 °C which is higher than
many conventional castables. These castables were
modified to use in high temperature applications such
as blast furnaces and steel ladles.
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