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Abstract

A newer class of spinel-alumina castable was fabricated by incorporating 8.0 wt.% of modified spinel additives synthesized via sol-gel and
coprecipitation methods. These additives prepared by cheaper ingredients after optimum grinding and calcination, were characterized in terms
of particle size distribution, infrared spectra and X-ray diffraction patterns. The properties of those spinel-alumina castables, with another
prepared by the same amount of commercial preformed spinel fine, were studied and compared. Cold crushing strength, apparent porosity, hot
modulus of rupture, pore size distribution, scanning electron microscopy, energy dispersive spectral analysis, thermal shock and slag
corrosion resistance tests of selected samples were done to identify the immense prospect of sol-gel additive. Transmission electron
microscope (with SAED facility) was also utilized to establish the nanocrystalline feature of the sol-gel additive.
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1. Introduction

Steel being a very much important and extensively used
engineering material with an amazing range of properties,
requires special attention for its production and refining [1].
The final cleaning of steel as desired by the end-user, is
accomplished by secondary refining in the ladle. In this
method, the partly refined steel tapped from steel-making
furnace is taken into ladle and refined by any one or a
combination of ladle metallurgical processes [2,3]. These
secondary refining processes extend the period of contact of
superheated steel with the ladle refractory materials in a
severely corrosive atmosphere. In the modern ladles, the
improved performance of high alumina based refractory
castables in lieu of shaped alumina bricks has been well
established [4]. These unshaped castables in various forms
(e.g. low, ultralow and no cement, etc.) are, however,
becoming increasingly popular in both ferrous and non-
ferrous industries due to a number of operational flexibilities
they possess compared to the shaped refractories [5-7].
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Recently spinel-alumina castables are being abundantly
used in ladle lining, continuous casting and electric arc
furnaces [8—11] to exploit the superb qualities of magnesium
aluminate spinel. Among these properties, its chemical
nature has been given a special importance which exhibits
remote subtlety with tetrahedral and octahedral voids
located inside cubic crystalline structure [12,13]. Preformed
or prereacted commercial spinels are widely used for
preparing spinel-alumina monolithic castables. However,
such spinels are expensive due to extremely high sintering
temperature (nearly, 1900 °C) associated with some careful
and lengthy steps of production, namely, precalcination, co-
grinding, drying, granulating and so on [14-16]. Another
common practice to prepare the same type castable is with in
situ or self-forming spinels where fine magnesia powder
taken in the batch reacts with alumina fines present in
castable matrix to result in spinel [17,18] at service
temperature. However, this process is associated with
excessive volume expansion, dusting and hydration problem
during fabrication with the appearance of dawsonite and
hydrotalcite phases [19-21]. Some recent publications
proposed another method of fabrication of in situ spinel-
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alumina castables by utilizing hydrated spinel precursors in
the castable batch [22-30]. Such nano and microfine
precursors were synthesized in laboratory by cost effective
chemicals, respectively, via sol-gel and coprecipitation
routes [22,31-37]. The castables bonded with sol-gel
precursor, showed better homogeneity and spalling resis-
tance with a scope of temperature and time saving than
required for preformed spinel-alumina castables. However,
such in situ type castables conspicuously showed the pitfalls
originated by volume stress and release of excessive
fugitives from precursor gels. More importantly, the solid
content of those precursors being very low [24,26-28], it
was difficult to incorporate them in batch in larger quantity
without a tremendous sacrifice in green strength and
installation flexibility [38].

Recently the nanostructured materials are being utilized
and investigated by a broad spectrum of researchers from
several disciplines [39]. These materials also secured their
entry and application in the field of refractories [40,41]. The
effect of nanofine sol-gel-derived hydrated spinel precursor
in castable has been reported in our previous papers
[22-24,26]. The present investigation attempts to formulate
and evaluate a newer and modified version of in situ spinel-
alumina castables fabricated by optimally ground and
calcined form of those gel precursors. The advantage of
retention of nanocrystallinity of the sol-gel type spinel
additive has been discussed here by making a comparative
analysis of the performance of three kinds of spinel-alumina
castables. In this regard, the shortfall of the earlier work has
also been emphasized briefly to clarify the improvement
achieved in this later stage.

2. Experimental

The formulation of original spinel-free castable (Table 1)
was estimated by the optimum packing efficiency calculated
from the distribution modulus (g-value) of the composition
[7,42-43]. In this respect, the particle size distribution and
amount of different constituents, e.g. white fused alumina
(=6 + 16, —16 + 30, —30 + 60, —100 mesh BS) and other
finer fractions, were given special consideration. The
characteristics of different hydrated MgAl,O, precursors
applied to castable in different concentrations, namely the

Table 1
Batch composition of original spinel-free castable

Constituents Amount (wt.%)
Aggregate (white fused alumina:coarse 77

medium and fine)
Matrix 23

(microsilica, micronized alumina,
refractory cement)

Total 100
Deflocculant (%) 0.05
Water (%) 5-6

Table 2

Characteristics of two types of (a) hydrated in situ spinel precursors
incorporated to the castable batch shown in Table 1 and (b) modified in
situ spinel additives (powdery) incorporated to the new castable batch
shown in Table 3

(a)

Characteristics Coppt. spinel (C)  Sol-gel spinel (G)
Solid content (%) ~10.0 ~10.0

pH 6-7 34

Average particle size 6 um 11 nm

Surface area (mz/gm) 22 178

(b)

Characteristics Sol-gel-derived Coprecipitated

Particle size (pm) Below 75 Below 75
Crystal phases fully appeared 600 1000
at (°C)
Respective crystallite size 18 nm 0.14 pm
(apparent)
ALO; (Wt.%) 71.5 733
MgO (wt.%) 28.5 26.7
True specific gravity 3.02 2.46

sol-gel (G type) and the coprecipitated gel (C type), have
been shown in Table 2(a). These in situ spinel precursors
were prepared in laboratory from cheaper ingredients that
had been discussed in detail in our previous article [24],
together with the categorical determination of their special
characteristics as shown in Table 2(a). The concentration
(Wt.%) of these precursors added to the castable batch (Table
1) was increased twice in each five successive stages (0.25,
0.5, 1.0, 2.0 and 4.0 wt.%) and the effects were studied. It
has been observed that the last slab (4.0 wt.%) was
detrimental as regards green strength and installation
flexibility of castable [26,27,38]. As such the concentration
of precursors in castable was not increased beyond 4.0 wt.%.
It has also been reported [44] that this gel mass is effective in
small quantity when added to a bulk ceramic body. These
hydrated spinel-bonded high alumina-based monoliths were
cast in cube (254 mm) and bar (150 mm x 25 mm X
25 mm) type moulds, gently tapped by hands with no extra
mechanical vibration needed from outside. They were
allowed to set in different types of humid atmospheres, for at
least 24 h in each. After getting them released from moulds,
these were dried in open atmosphere (25 °C) for one day and
then in oven (110 °C) for three days at a stretch. Finally the
castables (also named as C and G types according to the
precursors applied to them) were fired at elevated
temperatures, e.g. 900, 1200 and 1500 °C with a soaking
for 2 h in each case.

In the second and main part of the work, a newer version
of in situ spinel was prepared [Table 2(b)]. In this respect, the
semidried gel precursors (G and C) were ground in agate
mortar with pestle for 1h [45,46]. They were optimally
calcined [47] to 900 °C (with 2 h soaking) and finally ground
again by agate for 1h [36], without any expensive
instrument like vibrogrinder or ball mill. A fineness below
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Table 3
Formulation of new castable batch including spinel as preformed or
modified in situ powder

Constituents Amount (wt.%)
Aggregate (white fused alumina: coarse, 75
medium, fine)
Microsilica 1
Refractory cement 6
Micronized alumina 10
Spinel fine [either preformed (P) or 8
modified in situ (G or C); one at a time]
Total (g-value = 0.2; water, 6.0 %) 100

75 pm was achieved after sieving them through 200 mesh
(BS) and these powders were termed as modified in situ
spinel additives. As reported in literature [17,48], fine
powders below 75 pwm size may be considered as the matrix
constituent in a castable batch. Accordingly, a new castable
batch (Table 3) was formulated in this second stage of
investigation. A commercial preformed spinel powder (P),
known to be rich in alumina was collected from the market
and characterized (Table 4) as reported before [27,29]. All
these three kinds of powders (G, C and P) were utilized one
at a time in that new castable batch (Table 3) separately in
the same amount (8.0 wt.%). These newer spinel-alumina
castables were coded, respectively, as GN, CN and PN types.
All of them were fabricated by the same procedure discussed
in the last paragraph and fired up to 1600 °C without any
deformation of the bulk materials. It should be mentioned
that as the microsilica content of the previous batch (Table 1)
was too high (5.0 wt.%), the samples showed noticeable
distortion at 1600 °C possibly due to the generation of low
melting phases [49-51]. Microsilica content in the new
batch was reduced to 1.0% (Table 3) to keep the provision
open in future study to compare the properties of castables
by replacing spinel fines with magnesia powder, where very
little microsilica is conventionally added [17,18,50]. The
raw materials used in Table 3 were the same as used in Table
1; their chemical analyses had been shown in our previous
articles [24,26]. The amount of each ingredient (Table 3)
was adjusted to retain good packing and self-flow criteria
[7,42,43] of this new batch with a g-value around 0.2.
The particle size distribution of the modified additive was
studied in Mastersizer E.Ver.1.2b model. The transmission
electron micrograph and selective area electron diffraction
(SAED) patterns were taken by the instrument Hitachi H-
600 bright field electron microscope with an accelerating

Table 4
Characteristics of preformed magnesium aluminate fines

Characteristics P type spinel

Major constituents (wt.%)

AlLO; >77.0
MgO >22.0
True specific gravity 3.58

Particle size (um) Below 45

Table 5
Composition of converter slag

Constituents Content (wt.%)

CaO 47.6
Si0, 15.0
MgO 10.6
FeO 20.5
Al,O4 1.3
MnO 2.0
Basicity More than 3.0

voltage of 50 kV. The IR (infra red) spectroscopy study of
spinel additives were performed with an instrument ‘Perkin-
Elmer’ (model) by KBr method. Apparent porosity (AP) and
cold crushing strength (CCS) of the three types of castables
were done by standard methods [52]. The hot modulus of
rupture (HMOR) test of some selected samples was obtained
by an instrument, make Naskar & Co. (India) at 1400 °C
having a microprocessor controlled loading system with a
rate 1.27 kg/s; it was basically a three-point bending method
done with the fired castable bars. An average result of four
samples was taken for all these tests. The thermal shock
resistance of prefired castables (1500 °C) was estimated in
terms of percent residual strength (%RS), which is the CCS
value retained by the samples after five cycles of thermal
shock; each cycle included heating the samples at 800 °C for
10 min followed by quenching them in water at room
temperature for another 10 min. The pore size distribution
patterns of fired GN and PN type castables were taken from
Mercury Porosimeter Instrument (model Poremaster-33,
Quantachrome Version 4.01). The additives and castables
were subjected to XRD phase analysis by using Ni filtered
CuKa at 40 kV/20 mA. For microstructural studies, SEM
(with EDS) experiment was conducted with the help of the
instruments JEOL JSM 5200 and Hitachi S-2300 models. To
determine the slag corrosion resistance, a cylindrical groove
was made at the middle of some castable cubes at green
stage and these were preheated to 1200 °C for 2 h. The
grooves were filled up with converter slag supplied from
VSL, India (Table 5) and fired at 1500 °C. After normal
cooling, the withered samples were examined to correlate
the susceptibility of modified spinel additive in aggressive
condition of steel refining.

3. Results and discussion

Fig. 1(a) shows the ordinary photograph of hydrated
spinel gel (G), transparent and amorphous in nature. It has
been reported [24] that the sol-gel precursor contains
nanofine particles while that of the coprecipitate is in micron
ranges [Table 2(a)]. The high specific surface area of G
precursor in comparison to the agglomerated C precursor is a
real advantage that has been exploited to prepare in situ
spinel-alumina castables. It has been shown [26,29] that the
thermal shock resistance of G-bonded castable was even
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Fig. 1. (a) Photograph of hydrated MgAl,O, (G) precursor prepared by sol-gel method; (b) SEM of dried gel relict (G) and (c) EDS trace taken at a specific
microrelict.
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Fig. 2. (a) Micrograph of the fired matrix part (1500 °C/2 h) of original spinel-free castable; (b) EDS pattern at a specific point in the matrix; (c) EDS pattern of
average composition of the whole matrix; (d) XRD pattern of the fired matrix part (1500 °C/2 h) of original spinel-free castable and (e) comparison of green
strength (110 °C/2 h) of castables bonded with increasing concentration (0.25-4.0 wt.%) of sol-gel and coprecipitate precursors.

much improved than preformed spinel-alumina castable. It
was suggested that the tuning of pore sizes and their
distribution achieved from the pliant sol-gel precursor might
upgrade the spalling resistance [53]. On the contrary, the
agglomerated C precursor with the same solid content [Table

2(a)] failed to exhibit such crack-arresting behaviour
possibly due to generation of uncontrolled larger pores
and cracks created in castable which themselves behaved as
major flaws and enhanced the heterogeneity of the system.
Fig. 1(b) and (c) show the SEM and EDS of the dried gel
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relict (G). The continuous crack in the gel might have
appeared due to the capillary stress generated during
shrinkage and removal of entrapped water. The microrelicts
generated throughout the bulk gel are very prominent which
contain a significant amount of chlorine coming from the
starting material [22]. Each microrelict, as confirmed from
EDS, shows a close (1:1) composition of Mg and Al
observed in MgAl,O,. It is suggested that these tiny domains
of gel, in due course of heating, retain their precision in
composition in the modified spinel powder as corroborated
later. The beauty of this sol-gel route is the atomic scale
mixing of the ingredients unlike the coprecipitation method.
The latter yields uncontrolled aggregated particles by
coarser scale mixing of ingredients which deviates from
the spinel stoichiometry upon further heating [Table 2(b)].
The additional benefits of the spinel from sol—gel precursor
are its contributions in castables as regards better slag
corrosion resistance and physical properties [24]. Although
their solid content is very low [Table 2(a)], still these
nanofine precursors show better performance seemingly due
to high surface to volume ratio and greater yield strength of
nanoparticles. The advantage of significantly less amount of
nanofine particles in ceramic materials has been already
touched upon by several researchers [54], which ensure
reliability, strength, thermal shock and corrosion resistances.
However, the previous stage of our work involving these
G and C precursors left some rooms open for further
development.

Firstly, the original spinel-free batch of castable [code B,
Table 1] showed very poor hot strength of 65 kg/cm?. Its
good packing efficiency, g-value and physical properties
have been described before [24] together with its
disadvantage (with less HMOR) originated by excess
(5.0 wt.%) microsilica in batch. Such inherent flaw of the
initial batch (Table 1) is further confirmed by Fig. 2(a)—(c).
Fig. 2(a) is the micrograph of the fired matrix part of that
castable which shows well homogeneity and connectivity of
the constituents. Although mullite phase existing in that
matrix is confirmed by XRD [Fig. 2(d)] and EDS at a
specific point [Fig. 2(b)], yet the whole region of the figure
was enriched with lime. This is evident from the EDS of the
overall composition [Fig. 2(c)] and as such that low melting
C-A-S (Ca0-Al,03-Si0,) phase adversely affected the hot
property of that castable [Table 6].

The second pitfall of the earlier work included the
characteristics of hydrated G and C precursors. Spinel-
forming reaction itself is known to be volume expansive
[12,19] and was further triggered by these chemically

Table 6
Hot modulus of rupture (at 1400 °C) of castables

Sample HMOR (kg/cm?)
B 65
PN 128
GN 120
CN 75

prepared gels. As such the castables bonded with them
contained too much flaws as compared to the same bonded
by preformed spinel additives. Their solid content being
only 10.0 wt.%, enormous porosity was introduced in the
respective castables. These pores, if not tuned as regards
their size and distribution, must impart a severe detriment to
slag corrosion and mechanical properties as manifested with
C bonded castables. More importantly, when the amount of
these precursors was successively increased in castable, viz.
0.25, 0.5, 1.0, 2.0 and 4.0 wt.%, the last slab revealed a
miserable failure of green strength and installation
capability. This is confirmed from Fig. 2(e), showing very
poor green strength of castables bonded with 4.0 wt.% of G
and C precursors. Basically, the net solid coming from them
was 0.4% and the rest part was water, which created this
practical inconvenience. For this reason we had to fix the
concentration of gel precursor between 0.5 and 2.0 wt.% in
castables as reported earlier [24,26-29]. The first slab (i.e.
0.25%) with only 0.025% of solid had not remarkably
influenced the properties of original (Table 1) castable. The
second slab (0.5%) of C-addition drastically reduced the
CCS of the samples. A concomitant increase is observed
thereafter for the third (1.0%) and fourth (2.0%) slabs might
be due to the incorporation of hard (dry) solid agglomerates
in the matrix. However, the ingress of moisture associated
with the last slab (4.0%) hinders the effect of coprecipitated
hard solids in the castable matrix showing a contemptible
drop in CCS value. Therefore, it was somewhat difficult to
compare these G and C precursors judiciously with
preformed spinels, the latter being frequently applied to
castables in much higher quantities [15,55-57] retaining
their excellence.

Considering all these aspects, a newer batch of castable
[Table 3] was formulated. In this respect, 8.0 wt.% of
previous precursors (in a modified form) was incorporated
separately in that batch, and their performances were
compared with the same batch prepared with 8.0 wt.%
of preformed spinel [Table 4] additive. As described in
Section 2, the G and C precursors were optimally ground and
calcined to produce the modified in situ additives with their
characteristics shown in Table 2(b). Recently, the mechan-
ochemical synthesis [45,46] of ceramic materials have been
appreciated by many researchers. It has already been tried
for MgAl,O, system too [58]. It is suggested that the
grinding of dry gels (G and C) before calcination assisted the
homogeneization and activation of gel to evolve the spinel
phase completely at lower temperature than observed before
in the unground gels [22,24]. This is confirmed by Fig. 3(a),
the XRD pattern at 600 °C of the ground G type gel, which
strongly infers the evolution of nanocrystallites of spinels by
the broadened nature of the prominent peaks [37,59]. This
kind of refinement of structure and retention of nanocrys-
tallinity might have been possible due to the mechan-
ochemical amorphization of the dried precursor gel.
However, Table 2(b) shows that the coprecipitated precursor
could not reveal any remarkable development and showed
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Fig. 3. (a) XRD pattern of ground G type gel after calcination at 600 °C/2h; (b) TEM micrograph; (c) SAED photograph of the modified G additive and (d)

particle size distribution curve of modified in situ (G type) additive.
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Fig. 5. SEM micrographs of (a) GN; (b) CN and (c) PN type castables (fired
at 1600 °C/2 h).

spinel evolution at till higher temperature (1000 °C) with
much larger crystallites as measured by Scherrer’s formula
[60]. The optimum calcination of ground gels at 900 °C was
done to generate reactive sinterable spinel as suggested by
Bratton [47] by balancing the tradeoff between surface area
and relative density. It may be suggested that some part of
the free energy change (during calcination) that has driven
the decomposition had created an additional surface free
energy. Moreover, to propagate the decomposition reaction
at a faster rate during calcination, the material has been
subdivided into small particles to minimize the diffusion
distances. The grinding operation after calcination must
have also been facilitated by the topotactic orientation
relationship and large molar volume difference between the
hydrated parent salt and calcined oxide; this has possibly
created a high degree of coherency strain and cracks
associated with the particles [61]. The post-calcination
grinding additionally helped the particles to get associated
with some stored energy [62] having activated surfaces.
Lastly, the residual hydroxyl groups present after calcination
in spinel additives (as shown afterwards) provided further
convenience during communition to result in reactive
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Fig. 6. Comparison of change in CCS property with temperature between
different castables (a) GN and CN types; (b) GN and PN types.

additives in an energy efficient way. The friable G additive
with finer pores was found to be easy-to-grind and soft;but
the C additive was harder [58,63] might be due to
uncontrolled agglomeration of the precursor particles.
Another salient feature of the G additive was that it
maintained its nanofineness as substantiated by Fig. 3(b) and
(c). The TEM and SAED photographs clearly corroborate
the close approach of this modified additive towards
nanocrystallinity [35]. It possibly adds a benefit in castable
property to retain nanostructuralisation in the matrix as
discussed later. The precision of sol-gel route is also
confirmed by Table 2(b) from the chemical analysis of the
corresponding spinel composition, whereas the deviation is
confirmed by the composition of coprecipitated material.
The presence of nanoparticles in the modified G additive is
also clear from the particle size distribution curve [Fig.
3(d)], whose lower end goes on decreasing up to almost
100 nm. As such it might be considered as the reactive
matrix constituent of the new castable. The particles lying
below 75 micron (—200 mesh) can be generally categorized
as the matrix part of the castable [17,48]. It is interesting to
note that such cost effective additive can be easily prepared
in laboratory at relatively mild condition, indicating a
possibility of energy and time saving without violating the
precautions imposed for pollution abatement. However, the
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castables; (c) comparison of pore size distribution patterns (in terms of differential pore volume vs. pore diameter) between GN and PN type castables.

preformed spinel (Table 4) usually is prepared in industry
after a series of processing stages [16] and lastly by
exhaustive vibrogrinding and milling operations with a
possible escalation of cost and contamination constraints. It
is known that conventional dry milling methods are energy
intensive consuming around 15% of energy supplied for size
reduction [61]. Wet milling, although is advantageous than
dry, introduces inhomogeneities like binder, surfactant or
sintering aids and needs further modification. Nevertheless,
these modified additives were ground easily by agate in
laboratory with no significant consumption of time and skill.

Table 2(b) further shows that the specific gravity of
modified C additive is too low than G additive. It may be due
to a lot of water associated in the structure of poorly
dispersed hydrated spinel prepared by coprecipitation with a
coarser scale of mixing. This is supported by the IR patterns
[Fig. 4] of C and G additives which show that the broad band
at around 3400 cm ™' for (OH) groups is more developed in
C. It also possesses some entrapped (OH) and entangled
amine groups in its calcined state as revealed by the peaks,

respectively, at 1630 cm ™' (bending) and 1410 cm ™' might
be due to uncontrolled precipitation. The peak for (OH)
stretching at 3450 cm™ ' in G is considerably less intense
[64]. However, the peaks for Mg—O-Al linkage (inferring
the spinel formation) ascribed within 525-690 cm ! [65] are
quite prominent in both the two additives like the preformed
spinel (P) fine [Fig. 4(c)]. The excessive volatiles present in
C additive might have liberated at further higher tempera-
tures to create flaws in the castable matrix to result in
substantial volume stress. The DTG pattern of coprecipi-
tated spinel [24] done before also supported this kind of
extended pyrolysis to release enormous amount of volatiles
till 1000 °C. These excessive residual groups may also cause
relatively less specific gravity of C as compared to the G
additive [66]. The delay of complete spinel evolution in C
possibly caused a lack of densification and poor sinterability
of the resulting powder as mentioned later. Oppositely, the
onset of spinellisation in G at lower temperature with less
amount of residual OH- groups present in its structure
resulted in higher specific gravity of the same. As the
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Fig. 8. (a) Effect of slag corrosion (by converter slag) in GN, CN and PN type castables and (b) cut section photograph of corroded castables (from LHS, GN,

PN and CN type).

spinellisation started earlier from the molecularly mixed
ingredients of G, possibly the densification of this material
started earlier, and consequently, the improvement in
specific gravity was much pronounced.

Fig. 5(a)—(c) shows the micrographs of, respectively, GN,
CN and PN type castables after heat treatment at 1600 °C.
They show the morphological similarity with enough of
hexagonal CAg¢ phases generated in all of them. These net
like phases interconnect the corundum and spinel grains to
improve the performance of such castables [67,68].
Reduction of microsilica possibly helped to raise the service
temperature without any deformation of these castables. In
spite of the morphological similarity, the properties of GN,
CN and PN showed considerable difference as revealed from
Figs. 6 and 7. The CCS value of GN was remarkably higher
than CN and almost comparable to PN. Hokazono et al. [36]
described the poor sinterability of spinel prepared via

coprecipitation by nitrate precursors. In our work, also the
poor density of the same was originated possibly due to less
effectively mixed nitrates present in the precursor. As a
consequence the bimodal distribution of particles [24,27]
was found, that might have hindered the densification and
delayed the spinel evolution in the modified form. This in
turn deteriorated the properties of CN might be by some
abnormal growth of grains. A lot of cracks generated by the
volatiles released from the additive also caused a serious
limitation in terms of AP and CCS of castable. However, the
G additive with a precise control over its stoichiometry and
due to the presence of reactive nanocrystalline spinels in its
structure, might have easily formed the CMAS (MgO) phase
[17,67] in castable and undue volume expansion has been
reduced. The CCS of GN is better than PN below 900 °C for
this desirable CMAS phase with an interwoven morphology
to hold the grains. Nevertheless, the CCS after 900 °C is
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Fig. 9. (a) Micrograph of GN type castable (1600 °C/2 h) and (b) EDS trace of spinel phase.
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Fig. 10. (a) Micrograph of the fractured surface of GN type castable (1600 °C/2 h) and (b) EDS pattern of hibonite phase.

better in PN, because the true specific gravity of G additive is
almost 17% less than the presintered densified spinel [Table
4]. Moreover, as the fineness of G was below 75 pwm and that
of P was below 45, thus the particle size effect also
contributes a role [48,57] towards the strength values of
castables. The limit of fineness was optimized to below
75 pm in G not to allow the chance of particle reaggregation
on prolonged crushing [61]. The porosity of GN castable is

poor in comparison to PN might be due to the remnant OH—
groups present in the additive as corroborated before by IR
pattern. However, this little increase in porosity may be
sacrificed if those pores can be utilized to upgrade the %RS
of GN in comparison with PN. Fig. 7(b) shows the improved
spalling resistance of GN possibly due to the distributed
micropores generated in castable by the residual OH groups
present in the G-type modified spinel additive; however, the
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P type additive lacked these (OH) groups as observed in the
IR patterns. Therefore, retention of some hydroxyl groups in
optimally calcined additive is necessary to create such
microvents and cracks which might hinder the extension of
flaws during thermal shock [53]. Fig. 7(c) supports the
presence of a wider distribution of well scattered micropores
(i.e. the crack-stoppers) in GN while that of PN is narrower
with larger pores although its porosity is less. The improved
performance and need of low density spinel-bonded castable
have been the area of interest of some recent refractory
scientists [69]. The G type modified additive, in this regard,
may be considered beneficial because of its additional
alliance with the nano-hypothesis.

Table 5 is the composition of converter slag used to
evaluate the corrosion resistance of GN, CN and PN
castables. Fig. 8(a) and (b) show that the properties of sol—
gel based modified spinel-alumina castables are comparable
to the preformed one as regards resistance to penetration and
erosion. It is suggested that reactive spinel fines [56] entrap
MnO, FeO, etc. from slag inside the voids of its structure to
form complex spinel solid solutions. Consequently, the slag
composition becomes rich in silica and could not penetrate
into castable. It may further be suggested that the effectively
dispersed nanocrystalline spinel interfaces present in GN
castable presumably render a passive corrosion effect [4],
with the advantage of finer pores and vents that restrict the
slag penetration in castables. The depth of slag intrusion and
wetting at aggressive condition is quite clear from the cross-
sectional view (Fig. 8(b)) of the corroded specimens which
again advocates the better performance of GN type castable
than CN.

The origin of aggreable performance of GN type castable
(substantiated with the nano-hypothesis) becomes more
tangible from the other SEM and EDS (Fig. 9) figures of
the corresponding fired material. It reveals that some nanofine
spinel domains have been generated in matrix which are
directly bonded with corundum and hibonite grains. This kind
of modification of matrix by the self-assemblage of spinel
crystallites is possible because of the effectiveness of sol-gel
(G) additive. Although the microstructures having an average
phase or grain size of the order of 10~° mm are classified as
nanoparticles, but in a wider meaning of the terminology [70]
any region containing clusters or grains or layers up to 100 nm
are considered to be as the nanostructured materials. Fig. 9(b)
shows the spinel crystallites with nearly nanoscale dimen-
sions are embedded in the matrix. The retention of such
nanostructured phases after sintering is the additional benefit
of the flexible sol—gel route which enables tuning the pore
size, surface area, composition and density of the additive.
The composition of those particles was found to be alumina-
rich spinel. It may be suggested that this reactive sol—gel
spinel took up some matrix alumina to form non-stoichio-
metric nanoclusters of spinel to generate some tiny microflaw
in the respective castable. These flaws again upgraded the
%RS of GN than PN by crack closure mechanism as per
Hasselman’s criterion [53].

The profilic existence of platy, hexagonal, cardlike crystals
of CAg interlocked firmly with corundum and spinel grains in
GN is prominent from Fig. 10. They occupied the space
between medium and large sized grains and formed necks and
bridges as found in the SEM of the fractured surface. It
improved the HMOR of GN castable as observed from Table
6. This CAg phase confers an excellent three-dimensional
linkage between aggregate and matrix [15,18,67,68]. This
kind of connectivity possibly is not so extensive in CN might
be due to the abnormal spinel grown in the corresponding
matrix. However, the hot strength of PN was the best among
all for which it is popularly used by the castable manufacturers
withits very fine (below 45 wm) particles. It may also be noted
that the hot strength observed for spinel-free castable (code B,
Table 6) has been increased a lot possibly due to the
elimination of low melting C—A-S phase in this second phase
of investigation. For the same reason, the CCS and AP values
of PN and GN castables were significantly poor than B sample
due possibly to the absence of liquid phase sintering assisted
by that C—A-S phase as observed before [26-29].

4. Conclusions

1. Spinel-alumina refractory castables can be conveniently
fabricated by hydrated magnesium aluminate gels
prepared via sol-gel and coprecipitation methods. The
shortcoming of 4.0 wt.% of hydrated spinel bonded
castables, e.g. their uncontrolled volume expansion,
excessive porosity and poor green strength can be
overcome by partly calcining and incorporating the
ground powders (—75 pwm, 8.0 wt.%) as modified in situ
additives in castables.

2. Of those two, the nanocrystalline sol—gel additive holds a
better prospect for reducing excess energy, time and cost
required to produce the similar type castable by
preformed spinels. The properties of preformed spinel
bonded castables are better than sol-gel especially in
terms of AP and the performance of agglomerated
coprecipitate additive is the poorest among all. The
thermal shock resistance of the castables bonded with
sol—gel additive is exceedingly well, while their CCS and
slag resistance properties are comparable to the
preformed one.

3. Microfine silica content in both performed and in situ
type spinel-alumina castables must be kept below a
certain limit to improve the service temperature and
HMOR property.
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