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Abstract

This paper deals with the preparation of colloidal suspensions of mullite and magnesium-aluminate spinel via a cheaper precursor
of alumina sol. Viscosity, pH, solid content, DTA, TGA and XRD studies at different temperatures were performed to characterize
those two sols. These mullite and spinel sols were used separately as bonding agents in a high-alumina based ultra low cement

castable composition prepared by simple tapping technique and their performances have been compared in terms of bulk density,
apparent porosity, cold crushing strength, flexural strength, slag corrosion, thermal shock, XRD and SEM reports. The results
confirm that the mullite sol excels while the spinel sol degrades the refractory castable quality. # 2002 Elsevier Science Ltd and

Techna S.r.l. All rights reserved.

Keywords: D. Mullite; D. Spinel; Sols; Bonding agents; High alumina castables

1. Introduction

Castables have been progressively gaining market share
in all areas of refractory application in both ferrous and
non-ferrous industries, replacing conventional concretes
and ramming mixes [1, 2]. Mullite and magnesium-alumi-
nate spinel are very much desirable phases in castables
where improved hot strength, creep resistance, good
thermal stability and slag penetration resistance are
required. A wide variety of self-flow, no-cement and ultra
low cement castables have been addressed by several
authors [3], and colloidal stability software has also
been developed to evaluate the castable properties [4].
Nowadays, a new bonding agent with superfine

materials prepared from sol-gel route, appeared in the
industry, which opened a new horizon for refractory
technologists. The principle behind this bonding is for-
mation of gel from a sol that surrounds the refractory
aggregates and binds them through a network skeleton. It
also reduces cement, and on subsequent heating develops
strength via ceramic bonding by low temperature sinter-
ing and upgrades its high temperature properties [5].

These sol-gel binders differ from bulk sol-gel products
because they only serve as bonding systems rather than
the main body. Silica and alumina sols have been tried
in this purpose although a huge literature information is
not available. For alumina ceramics, boehmite has been
suggested to be a binder and boehmite sol as a dis-
persant and the fabrication of several kinds of alumina
products, as found in some literatures [6–10], is based
on the use of this boehmite precursor. Mullite and mag–
al spinel gels have been synthesized by several workers
[11,12] and found to be dependent on the intimacy of
mixing of the respective ingredients. Starting from a
cost effective boehmite sol precursor, mullite and spinel
bonds can be conveniently prepared within the matrix of
castables and as such a new generation of binders could be
identified which are water compatible, inexpensive and
capable to form low temperature bonding.
In this present investigation, an attempt has been

made to synthesize the colloidal suspensions of mullite
and mag–al spinel from a cheaper precursor like boehmite
sol and the sols have been characterized with respect to
viscosity, pH, solid content, DTA, TGA and XRD
studies at different temperatures. These two sols were
separately used as bonding agents to a tabular and fused
alumina based ultra low cement castable composition
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and the samples were prepared by simple tapping
method without vibration. A comparative study was
done between these two kinds of sol-bonded castables
with respect to bulk density, apparent porosity, cold
crushing strength, flexural strength, thermal shock and
slag corrosion resistance. X-ray diffraction analysis and
scanning electron microscope studies of some fired
samples were carried out to compare the effect of
those sols on the physico-mechanical properties of
castables.

2. Experimental

Alumina (boehmite) sol, prepared from the ammonia-
nitrate route [13], having pH vale 2–4, particle size 14
nm and solid content about 5% was taken as the pre-
cursor material. Its viscosity, DTA, XRD, etc. have
been reported [13]. To this boehmite sol, silica fume
(CAB-O-SIL Fumed Silica, Cabot Corporation, USA,
grade M-5, particle size 0.014 mm, S. A.=200 m2/gm)
and MgCl2.6H2O (NEDMAG Industries) were slowly
added in requisite amount with vigorous stirring (Fig. 1)
to prepare mullite and mag–al spinel colloidal suspen-
sion or sols respectively, maintaining the stoichiometries
of the said compounds during mixing [11,14,15]. Both
the sols were characterized with respect to viscosity, pH
and solid content. DTA, TGA and XRD at different
temperatures (with 2 h of soaking) were also done with
the sol powders dried at ambient temperature.
Viscosity measurement at room temperature was con-

ducted by using a HAAKE Viscometer (model VT-500).
X-ray diffraction patterns were taken from a SCINTAG
XRD instrument with Ni-filtered CuKa (USA). DTA
and TGA studies were carried at a rate of 10 �C/min in

NETZSCH (Gerateban GmbHS) instrument, model no.
STA-409C.
In the second phase of experiment the effect of sols

were compared. The batch composition (Table 1) was
used to prepare the ultra low cement castable (ULCC)
specimens after being added separately with mullite and
mag–al spinel sols instead of water.
The sol-bonded ULCC samples were named as M and

S respectively to distinguish the two sols. The samples
were cast by simple tapping technique with cube (25.4
mm) and bar (75�12.5�12.5 mm)-type moulds to
improve particle-packing [16]. All of these specimens
were then cured under humid conditions for 24 h fol-
lowed by 24 h of air drying and oven drying at 110 �C.
Finally the samples were fired at various temperatures
(900, 1200, 1500 �C) with 2 h. of soaking time. To get a
clear comparative study of two sols, the fired castables
specimens were subjected to various tests such as bulk
density (BD), apparent porosity (AP), cold crushing

Fig. 1. Flow chart for the preparation of sols from boehmite precursor: (a) mullite, (b) mag–al spinel sol.

Table 1

Batch composition of castable using presently prepared sols

Batch material Wt.%

Aggregates (tabular and fused alumina,

coarse, medium and fine)

72

Microsilica 5.5

Sillimanite sand 7

Microfine alumina

Grade 1 7

Grade 2 7

Calcium aluminate cement 1.5

Deflocculant 0.05% of the total batch

Sol (any one) Vol./wt.%

Mullite 10%

Spinel 13%
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strength (CCS), thermal shock resistance, slag corrosion
resistance at elevated temperature and flexural strength
at room temperature. BD, AP and CCS were done by
standard test methods. With 1200 �C fired samples,
XRD and SEM tests were also performed to emphasize
the effect of sols. The flexural strength of M and S type
bars (previously fired at 1500 �C) was conducted with
an Universal Testing Machine INSTRON-1185 at 25 �C
with a cross head speed 0.5 mm/min and a span of 50
mm. The thermal shock resistance (spalling test) of M
and S specimens, previously fired at 1500 �C, were noted
in terms of residual strength after 5 cycles of thermal
shock, each cycle was completed by putting the fired
samples in a furnace at 800 �C for 10 min followed by

immersing them in water at room temperature for
another 10 min. For the slag corrosion test, cubes of 25
mm were cast, cured for 24 h, dried at 110 �C followed
by heat treatment at 1200 �C for 2 h. A cylindrical void
of the same size was made at the middle in all the cubes.
The void (groove) was filled up with slag (TISCO,

India, given in Table 2) and the cube was heated at
1600 �C for 2 h. After cooling, the sample was cut
across the middle and the extent of slag penetration was
studied. The SEM study of a few ULCC fired samples
was done in the instrument Hitachi S-2300. The com-
parative study of the results of all these experiments were
carried out to interpret the differences of interaction of
these two sols in the ULCC matrix.

3. Results and discussion

3.1. Characteristics of the prepared sols

3.1.1. Viscosity
Fig. 2(a) and (b) show the viscosity vs. shear rate

curves for mullite and mag–al spinel sols, respectively,

Table 2

Chemical composition of slag

Ingredients Wt.%

SiO2 33.74

CaO 32.27

Al2O3 18.98

MgO 9.88

Fig. 2. Variation of apparent viscosity with shear rate of sols: (a) mullite, (b) mag–al spinel sol.
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and both of them indicate the same pseudoplastic nat-
ure. We may say therefore, more efficient particle pack-
ing reduces the range of sizes of interstices among
particle [17] and the sols possess enough fluidity, which
may help in casting the ULCC samples.

3.1.2. Solid content
The solid content was determined by the well-known

ignition method and found to be 6 and 5%, respectively,
for mullite and mag–al spinel sols.

3.1.3. pH value
For both the sols, this value was within the range of 3–4.

3.1.4. DTA and TGA
A number of factors influence the chemical reactions

for mullite formation which include particle size and
crystalline forms of precursors, Al/Si ratio, degree of
mixing and impurities present in samples [18,19]. During
the crystallization process and the formation of Al–O–Si
bond, the processing conditions and the sources of differ-
ent components of silica and alumina may affect the var-
iation in thermal sequence of changes in monophasic and
diphasic gel systems [20–27]. TGA and DTA reports of
mullite sol, [Fig. 3(a) and (b)] show the weight loss due to
the release of free water and bonded OH groups. The
small exotherm reaction around 380 �C may be due to
the loss of some adhered nitrate compound. The absence
of any significant weight-change after this indicates the
onset of crystallization. The peak around 600 �C can be
due to the dehydration of boehmite in concurrence with
the rapid crystallization of Si–Al spinel phase which is
promoted due to the intimate mixing of the components

on a colloidal scale. The decrease in the rate of weight-
loss is nearly completed at 900 �C. The small exotherm
reaction at around 1040 �C may be associated with the
appearance of a minor amount of cubic or tetragonal
mullite [23] that forms further at 1200 �C, and which in
due course of heating around 1240 �C, is converted to
orthorhombic mullite [21]. Many other researchers sug-
gested the solid state reaction between intermediate g or
d or y-Al2O3 with b-cristobalite or amorphous silica, to
be responsible for mullite formation.
The low temperature synthesis of mag–al spinel and

the thermal and other behavior related to this have been
investigated by a lot of researchers [28–35]. The DTA
and TGA reports of the mag–al spinel sol [Fig. 4(a) and
(b)] show that the endothermic peak found at around
960 �C suggests the spinellisation process takes place
quite earlier, in comparison with the solid state reaction
between pure oxides. It is also observed that the weight-
loss continues up to 600 �C suggesting that the dehy-
dration and the dechlorination processes continue up to
that temperature. We know that when heated, hydrated
magnesium chloride melts first and then undergoes
hydrolysis above 185 �C giving off steam, HCl and
magnesium oxychloride (Mg2OCl2). This on further
heating in oxygen of the air, decomposes to produce
magnesium oxide and chlorine as shown below,

2 MgC12 �6 H2O ¼ Mg2OC12 þ 11 H2O þ 2 HC1

2 Mg2OC12 þO2 ¼ 4 MgO þ 2 C12

Thus the peak immediately around 300 and 400 �C
may probably be due to the decomposition of chloride
present and formation of g-alumina phase, respectively.

Fig. 3. (a) DTA and (b) TGA patterns of mullite sol.
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3.1.5. XRD pattern
Fig. 5(a) shows that increased amount of mullite has

been formed in the heated powder of mullite sol (soaked
for 2 h) between 1000 and 1200 �C as corroborated from
the DTA report discussed earlier. Fig. 5(b) shows that
when the spinel sol-powder was heated at different tem-
peratures, spinel phase has been formed quite earlier at
450 �C and developed in due course with increasing
temperature.

3.2. Properties of sol bonded castables and their
comparison

3.2.1. BD, AP and CCS
The variation of bulk density, apparent porosity and

cold crushing strength of the ULCC samples heated at
various temperatures are illustrated in Fig. 6(a–c),
respectively. S and M code names were used respectively
for ULCC castable bonded with mag–al spinel and
mullite sols. All those figures indicate that mullite sol
performs quite better than the other. However at 110 �C,
both the samples show very poor green strength
[Fig. 6(c)] which is very common with ultra low cement
compositions. The rheology of both the sols indicate
their pseudoplastic nature which may help in casting the
samples by eliminating expensive technique (e.g. vibra-
tion) and enhancing the flowability of castable. We
know, to have a satisfactory free-flow, the system has to
be well dispersed and friction between particles to be

minimized. Mullite sol satisfies these criteria more effi-
ciently, because in these M-bonded castables, the sol
(amount=10%) gives a coating to the coarse refractory
grain surface, fills the voids among them and accom-
plishes the separation between aggregates. But for mag–al
sol, the amount is greater (13%) and its solid content

Fig. 4. (a) DTA and (b) TGA patterns of mag–al spinel sol.

Fig. 5. (a) XRD patterns of heated mullite sol powder at 1000 and

1200 �C (M=mullite). (b) XRD patterns of heated mag–al spinel sol

powder at 450, 550, 700, 800 and 1000 �C (S=spinel).
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(5%) is less than the mullite sol (6%). Therefore during
the mixing of S-samples, the aggregate particles that are
supposed to be at a relatively fixed distance to each
other, get separated by the extra film of liquid and the
density is automatically reduced from the very begin-

ning. Poor bulk density and more porosity in S-samples
as observed from [Fig. 6(a) and (b)], may be due to this
loose compaction, loss of adhesion of adjacent matrices
and break in the continuity of their texture. The quality
of S-samples deteriorated with respect to M-ones also at

Fig. 6. Physical properties of M and S type ultra low cement castable in relation to heating temperatures: (a) bulk density, (b) apparent porosity and

(c) cold crushing strength.
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elevated temperatures. The DTA report of spinel sol
shows that its pyrolysis occurs for an extended period
and a significant weight loss takes place due to the pre-
sence of chloride. It is also known that the process of
crystal growth of refractory oxide in an atmosphere
containing hydrogen chloride is considerably faster than
in a normal furnace atmosphere. This is corroborated
from the XRD-reports which show that spinellisation
occurs at as low as 450 �C. Hence, the formation of spinel
in S-samples is associated with a considerable volume
expansion (5%) [36] and results in the bursting of the
product. As mentioned earlier, during the extended pyr-
olysis period of S-bonded castables, gas inclusions may
be entrapped within the matrix, which may produce
sporadic larger flaws in the long run. Apart from this, by
taking iron oxide (whatever small coming from moulds
during casting) into solid solution, an inverted ferrite
spinel may form, which upon alloying with the normal
spinel, also causes the expansion in volume.
The tendency of decrease in BD and increase in AP up

to 900 �C for both M and S-type samples may happen
due to the dehydration of high alumina cement as
usually happens in castables. The quality of M-samples
at higher temperatures increases manifold than S ones
[Fig. 6(c)]. It is very much conspicuous from the sig-
nificant improvement in strength at 900 and 1200 �C,
observed from Fig. 6(a) and (b) too, within the same
region. Better homogeneity and uniform distribution of
particles might be an important factor to get better
properties of M-bonded castable. The closer proximity
of silica and alumina fines in mullite sol also plays a
pivotal role to result in sufficient mullite phases needed
for the reinforcement of castable matrix and this is
supported from the XRD report of mullite sol at
1200 �C. The sharp increase of CCS value of M-samples
between 900 and 1200 �C [Fig. 6(c)] is observed and may
be probably due to the enhanced ceramic bonding from
the reactive gel phase along with the presence of abun-
dant corundum phases building up the well packed

microstructure. No significant improvement in the
properties of M-samples at 1500 �C has taken place and
might be due to an excess of amorphous material with
expansion in local volume. For S-samples at 1500 �C, an
improvement of porosity and BD has been observed. It
is possibly due to the suspension of a-alumina crystal on
cooling which was associated in spinel at higher tem-
perature as solid solution in an excess amount by

Fig. 7. Percentage residual strength of M and S type castable specimens.

Fig. 8. XRD patterns of sol-bonded ultra low cement castable fired at

1200 �C (a) M type, (b) S type (C=corundum, M=mullite, S=spinel).
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widening the spinel lattice. However, the strength of S-
samples at 1500 �C was not so satisfactory.

3.2.2. Flexural strength
The flexure (or cold modulus of rupture) test was

determined at a temperature of 25 �C with both kind of
samples previously fired at 1500 �C. The values of stress
at break for M and S samples were found to be 20 and 4
MPa, respectively, which again supported that mullite
bonded castables were better than the spinel ones and
withstood a greater breaking load due to its better
compaction and microstructure.

3.2.3. Thermal shock resistance
Having performed this test as mentioned earlier, resi-

dual strength of both kind of castables were compared
(Fig. 7). It was interesting to note that S-samples
retained almost 95% of its original strength whereas M-
samples retained around 80%. As the porosity of S-
samples is greater than M-type at all temperatures, we
may suggest that the scattered pores in spinel bonded
castable tend to prevent the extension of cracks and
therefore contribute to improved spalling resistance.

3.2.4. XRD reports
Fig. 8(a) and (b) show the XRD patterns of M and S-

type castables fired at 1200 �C respectively. Both the
figures show high intensity of corundum peaks that
must have appeared as major phases due to the presence
of tabular and fused alumina aggregates, which build up
the castable skeleton. Apart from these a-alumina pha-
ses, it is observed that mullite [Fig. 8(a)] and spinel
[Fig. 8(b)] phases have also appeared in the respective
castable matrices at 1200 �C. This sort of mullitisation
and spinellisation at relatively lower temperatures have
taken place due possibly to the reaction of boehmite sol
with fumed SiO2 and MgCl26.H2O, respectively.

3.2.5. Slag corrosion resistance
After conducting this test as described earlier, the

average slag penetration depth was measured. It was
found that for M and S type castable this thickness was
8 and 15 mm, respectively. So obviously mullite sol
bonded castables exhibited better slag corrosion resis-
tance. As the compactness for M-samples is higher, we
may suggest this to be the reason for its better suscept-
ibility against the slag attack at hot condition. On the

Fig. 9. SEM photographs of M-type ultra low cement castables fired at 1200 �C (a)�3000, (b)�4000 and (c)�15,000.
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contrary, the S-samples with poor compaction are more
prone to slag attack.

3.2.6. SEM study
Figs. 9 and 10 are the SEM photographs of, respec-

tively, M and S type castables fired at 1200 �C. We may
explain the comparative study of BD, AP and CCS of
those specimens by drawing analogy to the respective
microstructures. Fig. 9(a–c) show densely packed
microstructures with an abundant of corundum grains of
comparable sizes, rounded and sub-rounded, homo-
geneously embedded in the matrix. Some needle-shaped
mullite crystals too are distributed from place to place,
which reinforced the matrix and confirmed the high
strength of castables. Very few cracks and voids are visible.
An interlocking nature of the uniformly sintered matrix
supports the other good qualities of M-type castables.
Fig. 10(a–c) show a non-uniform heterogeneous matrix
of S-type castables where bonding is disjointed at place
to place with locally agglomerated particles and spora-
dic cracks and voids. Early spinellisation may help large
abnormal grains to grow in some regions, due to pore-

grain boundary breakaway that deteriorate the mechan-
ical properties. The expansion of spinel bond material
may cause the friability of platelets found in different
regions. Grain shapes vary from spherical to polyhedral
nature and some pores are trapped inside the grains. Gas
forming reactions and high chloride concentration may
give rise to swelling and fractured surface in some pla-
ces. An imbalance between lattice and surface diffusion
may possibly create a discord in intraagglomerate and
interagglomerate sintering which accelerate the rate of
coarsening in comparison to densification.

4. Conclusions

From the present study, it may be concluded that the
easily prepared mullite sol, when used as an additive in
ultra low cement-castable composition, offers a desir-
able combination of valuable properties. But the spinel
sol is not compatible to that composition. It may fur-
ther be suggested that this mullite-forming route may be
exploited here due to the following reasons:

Fig. 10. SEM photographs of S-type ultra low cement castables fired at 1200 �C (a)�3000, (b)�3000 and (c)�15,000.
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1. Better homogeneity and control of composition
is possible to result in an improved castables
microstructure.

2. High reactivity with microfines presents in sol
saves energy and minimizes air pollution.

3. The rheology of sol enhances the workability of
the castable by eliminating expensive and time
consuming mixing and vibrating instruments.

4. It is cost effective as less costly precursors are
used instead of alkoxides.

5. The shrinkage problem and extended drying
period associated with the bulk sol-gel products
are minimized here as only 10–13% sol is used in
the castable matrix.
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