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Abstract

The physico-chemical properties of permanent binders used in refractories play a vital role in deciding high temperature
mechanical properties. The presence of a glassy phase in the matrix of the refractory may not affect the low temperature properties
significantly, however the high temperature properties are very much reduced. In the present study, the mullite precursor derived
from the sol-gel route has been used as the self-bonding material to the fused mullite aggregates. The sol-gel mullite as the per-
manent binder yields density up to 2.48 g/cc. The room temperature flexural strength (172 kg/cm?) and compressive strength (785
kg/cm?) of the self-bonded fused mullite are comparable to that of the conventional clay/alumina bonded mullite products. How-
ever, superior high temperature mechanical properties such as Hot Modulus of Rupture (HMOR) (48 kg/cm? at 1300°C), the
retention flexural strength of 116 kg/cm? after 10 thermal cycles of AT=1000°C and Refractoriness under load (RUL) (> 1800°C)
were obtained for the samples of fused mullite bonded by sol—gel mullite. © 2000 Elsevier Science Ltd and Techna S.r.1. All rights

reserved.
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1. Introduction

High purity mullite is one of the prime candidate
materials for high temperature structural applications
because of its excellent high temperature properties such
as high creep resistance [1-3] and high thermal shock
resistance [4]. However, the existence of glassy phase at
the grain boundaries has a strong influence on its
microstructure and mechanical properties [5] at elevated
temperatures. In the present study, a clear comparison
has been made between the characteristics of the mullite
product fabricated using clay/alumina based bonding
and sol-gel derived mullite self-bonding for fused mul-
lite aggregates. The room temperature properties such
as density, porosity, MOE, MOR and the high tem-
perature mechanical properties such as HMOR, thermal
spall resistance and refractoriness under load (RUL)
have been carried out and the results are discussed.
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5294.
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2. Experimental procedure
2.1. Material preparation

A homogeneous precursor of mullite with oxide stoi-
chiometry has been synthesized from aluminium nitrate
nano hydrate and ethyl silicate in propanol medium. The
details of the experimental procedure were well docu-
mented by the authors [6]. The dried gel was heat treated
at 600°C for 3 h to remove nitrate and other organic
residuals. The heat-treated mullite precursor was dry milled
for 3 h and further wet milled for 10 h in the planetary
mill at 250 rpm using alumina balls as the grinding
medium. The slurry was dried and the powder was used
as the self-bonding material for the fused mullite grains.

The process of development of a refractory block is
shown in Fig. 1. The commercially available fused mul-
lite grits of sizes 8/10, 10/36, 40/F and 80/F of appro-
priate weight percent were mixed well with suitable
temporary binders and water of appropriate quantities.
The sol-gel derived mullite powder of different compo-
sitions (A1, A2, A3 and A4 — Fused mullite samples
with sol-gel mullite bond of different compositions)
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were added to the mixture. Similarly, the conventional
bonding material (AC-mullite samples with alumina/
clay bond; alumina and ball clay of as-received condi-
tion) of appropriate ratio were used to prepare the con-
trol specimens. All these compositions were made as per
industry specifications (Carborundum Universal Ltd.,
Chennai, India). After thorough mixing, the compacts
were made by uniaxial pressing using maxiburator of

different sizes of 6 x 1 x 1,6 x I%X 1%and3 x 3 x 31n.

The green compacts were floor dried for 12 h and then
oven dried at 120°C for 12 h and the dried compacts
were sintered at 1600°C for 6 h at an optimum heating
rate.

3. Analytical procedure

The crystallite size of the sol-gel mullite precursor
was found out using X-ray line broadening method. The
density of the green and sintered compacts was deter-
mined using Archimedes’ method. The modulus of
elasticity was found out at room temperature for the
sintered specimens using Elastosonic equipment (series
Ex-1000Es, Nirmachal Engg. Ltd.). The room tempera-
ture modulus of rupture was measured by three-point
bending test using Zwick Universal Testing Machine.

The hot modulus of rupture (HMOR) was carried out
at 1300°C for the sintered specimen of size 6x1x1 in.
The thermal spall resistance was determined by air
quenching the sample with AT = 1000°C for 10 cycles. The
retention MOR was determined, after the thermal cycles.

Temporary Fused Mullite Sol-gel Mullite
Binders Grits Powder
l ]
Mixing
[
Compaction
(6"x17x1”) (67x1.57x1.5™) (3x3"x3”)
MoR CCS RUL
Hot MoR |
Floor/Oven
Drying
Sintering
1600 °C/6 hrs

Fig. 1. Flowchart of the process development of refractory block.

Thermal expansion was measured using dialatometer
from room temperature to 1550°C in air. The heating
and cooling rates were maintained at 5°C/min. The
refractoriness under load (RUL) test was carried out for
the specimen of diameter 50 mm and height 50 mm. The
load applied was 2.0 kg/cm?.

4. Results and discussion

The mullite precursor calcined at 600°C and further
wet milled for 10 h shows a higher densification than the
powders calcined either at low or at high temperatures
[6]. The crystallite size of the mullite powder derived
from the sol-gel technique lies in the range of 20-30 nm
and has been used as the self-bonding material. The
green density, sintered density and the porosity of the
clay/alumina bonded (control) and sol-gel mullite bon-
ded compacts for different compositions are given in
Table 1. The sintered density and the porosity of the
batch A3 are similar to the values of the control specimen.

Table 2 gives the room temperature mechanical
properties of clay bonded and sol-gel mullite bonded
samples. The modulus of elasticity, modulus of rupture
and cold compression strength of the self-bonded sam-
ples of batch A3 closely resemble those of the clay-
bonded samples. The strength of the individual aggre-
gates plays a major role in the overall refractory prop-
erties. In the case of the two-component refractory body
concept, fracture may propagate either through perma-
nent binder along the aggregate—binder interface or
through the individual aggregates. Hence, the aggregates

Table 1
Green and sintered density of clay/aluminia bonded and sol-gel-bonded
mullite

Properties AC? AlP A2P A3b A4b
Green density (g/cc) 1.47 1.25 1.32 1.48 1.39
Sintered density (g/cc) 2.48 2.31 2.46 2.48 2.45
Apparant porosity (%)  18.7 20.2 15.2 19.3 20.9

2 AC, mullite samples with aluminia/clay bond.
b Al, A2, A3, A4, mullite samples with sol-gel mullite bond of
different compositions.

Table 2
Room temperature properties of clay/aluminia bonded and sol-gel-
bonded mullite

Properties AC? AlP A2P A3b A4b
MOE (GPa) 63 ) 57 63 51
MOR (kg/cm?) 178 124 160 172 153
CCS (kg/em?) 800 545 730 784 620

2 AC, mullite samples with aluminia/clay bond.
b Al, A2, A3, A4, mullite samples with sol-gel mullite bond of
different compositions.
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Table 3
High temperature properties of clay/aluminia bonded and sol-gel-
bonded mullite

Properties AC*  Alb A2P A3P A4P
HMOR (kg/cm?) 3619 31 48 29
Retained MOR (kg/cm?) 90 65 82 116 86
RUL (°C) 1700 - >1800 1800 1740

4 AC, mullite samples with aluminia/clay bond.
® Al, A2, A3, A4, mullite samples with sol-gel mullite bond of dif-
ferent compositions.

are not only the load bearing constituents, but perform
a vital role as crack-arresting sites. Similarly, the per-
manent binder (sol-gel mullite) integrates the aggregates
through chemical bonding and plays an important role
as a load-bearing constituent to maintain the structural
integrity during service conditions.

The high temperature mechanical properties such as
HMOR, thermal spall resistance and refractoriness
under load (RUL) of the conventional clay bonded and
the self-bonded mullite are given in Table 3. The mod-
ulus of rupture at 1300°C for mullite product of batch
A3 is 48 kg/cm?. This value is higher than the conven-
tional clay bonded mullite (36 kg/cm?). These results
show that the sol-gel mullite grain is sufficiently fine to
develop better bonding with the fused mullite refractory
grain during sintering. Application of conventional alu-
minosilicate castables is shrinking day by day in fur-
naces/vessels operating at high temperature due to
inferior high temperature properties. High binder con-
tent is largely responsible for these disadvantages. To
overcome the demerits of the conventional castable, a
new generation of self-bonding agents can be used in
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order to improve the high temperature mechanical
properties. Narayanan et al. [7] have replaced cement
binder for hydraulic setting with alumina binder and
they have identified that the HMOR (8.0 N/mm?) was
found to be superior when compared to the cement
binder (5.5 N/mm?). The thermal spall resistance at
AT = 1000°C after 10 cycles of the sol-gel mullite bond
shows higher retention value of 116 kg/cm? than the
samples produced by clay bond (90 kg/cm?). When sol—
gel mullite powder is used as the bonding material, there
is no glassy phase present in the system and hence the
system becomes monophasic in nature. Such a mono-
phasic system experiences no additional thermal stress
due to the presence of secondary phases. Hence a higher
retained stress is expected for a monophasic system and
has been observed in the present investigation.

Fig. 2. shows the thermal expansion curve in the
heating and cooling cycle. The mullite sintered body
shows large thermal hysteresis between heating stage
and cooling cycle. The hysteresis curve shows very low
expansion during the heating stage and high expansion
at high temperatures. During the heating stage, the
closing of grain boundary microcracks gives very low
expansion, and at high temperature, the microcracks
closed completely and each grain connected together,
which shows relatively higher expansion [8]. The kink
points of heating curves were observed at 200°C due to
decomposition of organic radicals.

The thermal expansion at various temperatures at a
constant load of 2 kg/cm? is shown Fig. 3 for different
batch compositions. Refractoriness Under Load (RUL)
test performed on the sintered specimens showed that
the sol-gel-bonded products have much higher values
(up to 1800°C) when compared to clay-bonded samples
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Fig. 2. Thermal expansion of heating and cooling cycle of the sol-gel derived mullite.
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Fig. 3. Thermal expansion at various temperatures at a constant load
(2.0 k/cm?).

(1700°C). It is also interesting to note that the batch A2
has a higher value than A3. This result clearly indicates
that there is no glassy phase present in the system. Since
mullite is the high temperature bond with no low melting
phases such as anorthite or gehlnite, the refractoriness is
much higher [9]. The refractory block withstanding the
temperature up to 1800°C is mainly due to the addition
of phase pure mullite as the self-binder.

The increase in high temperature mechanical proper-
ties reveal that the sol-gel mullite is highly reactive due
to its high surface area (>40 m?/g) and chemical purity
than the conventional clay-bonded mullite. It may also
be noted that the sol-gel mullite bond is completely free
from glassy phase whereas the clay/alumina bond may
have unreacted glassy phase. The presence of glassy
phase retards the high temperature property con-
siderably.

5. Conclusion

The room temperature properties of samples prepared
using sol-gel derived mullite as self-bond for fused
mullite aggregates are comparable to that of the clay/
alumina bonded products. However, the high tempera-
ture properties like hot MOR (at 1300°C), thermal
spalling resistance and RUL are much higher for sol-
gel-derived mullite bonded products. These superior
properties are due to the high surface area, high chemical
purity and total absence of glassy phase in the bond.
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