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Abstract

This paper deals with the preparation and characterization of two types of in situ spinel bonded low cement high alumina based
castable refractories. Semidried magnesium aluminate mass was prepared from cheaper precursors via coprecipitation and sol–gel

routes for application in a refractory castable composition in different concentrations. The pH, average particle size, solid content,
DTG analysis and XRD patterns of those two additives were observed. After being fired at elevated temperatures those two kinds
of in situ spinel bonded castables were characterized and compared in terms of bulk density, apparent porosity, cold crushing
strength, flexural strength, volume shrinkage, spalling resistance, and XRD phase analysis. Scanning electron microscopy of some

selected fired samples was done to analyse the mode of interaction of in situ spinel bonds in castable microstructure. The corrosion
resistance of the castables was estimated by heating with blast furnace and converter slags.
# 2003 Elsevier Ltd and Techna S.r.l. All rights reserved.
Keywords: A. Sol–gel processes; D. Spinels; E. Refractories
1. Introduction

Evolution of castable refractories aimed at building
up of a refractory construction which itself is a single
unit and the present day scenario shows a remarkable
increase in the use of various kinds of castables [1–5].
With the changes in time and technology, the service
condition has become more severe and it became neces-
sary to search for high performance castable particu-
larly suitable in the presence of molten slag and metal
[6,7]. It is well known that magnesium aluminate spinel
possesses a unique combination of thermal, mechanical
and chemical properties at high temperature [8,9] and
refractory alumina-spinel castables are being widely
used in steel ladle linings due to certain advantages they
offer especially in comparison with the shaped alumina
bricks [10–13]. A common practice to fabricate high
alumina cement bonded alumina-spinel castables is with
self-forming spinels, where fine magnesia powder taken
in the batch reacts with alumina to form in situ spinel
during service [13–15]. Very often small amount of
microsilica is added to the in situ spinel bonded castable
to promote hydration resistance [15–17] and spinel for-
mation. But the other varieties of in situ spinel bonded
castables are not much found in literature.
The conventional method of the preparation of

MgAl2O4 spinel is solid state sintering between high
purity MgO and Al2O3 where the temperature needed is
normally around 1600 �C for commercial practice. Over
the last few decades, a variety of new techniques have
been used to prepare MgAl2O4 spinel which include
hydrothermal synthesis, coprecipitation, plasma spray
decomposition, sol–gel methods, freeze drying and
decomposition of organometallic compounds etc. [18–
25]. In these processes, good quality of the spinel pro-
duct is expected primarily due to the purity of the pre-
cursor materials used and chemical homogeneity
obtained from the synthesis route [26–28].
Therefore an entirely novel approach may be to pre-

pare magnesium aluminate hydrated spinel additives
from sol–gel and coprecipitation routes (by taking the
benefit of time, temperature and reactivity) and to apply
these materials as in situ spinel forming agents in a
castable composition. In this work, those two kinds of
spinels were prepared and examined in terms of pH,
solid content, average particle size, differential thermo-
gravimetric analysis and X-ray diffraction patterns at
different temperatures. Then these additives were used
in different concentrations in a high alumina based low
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cement castable material. The two types of fired castable
specimens were characterized and compared with
respect to B.D., A.P., CCS, volume shrinkage, flexural
strength and thermal shock resistance. The XRD ana-
lysis and scanning electron microscopy of some selected
fired samples were performed to understand the inter-
action of in situ spinel bonds with the constituents of
castable. Some samples were subjected to slag corrosion
test at aggressive condition with blast furnace and con-
verter slags and the nature of slag penetration was
investigated.
2. Experimental

In the present study, semi-dried (25 �C) magnesium
aluminate hydrated mass was prepared from coprecipi-
tation and sol–gel routes [18–25,29] for application in a
low cement castable as self-forming additives. Fig. 1
shows the steps (schematic) followed for the preparation
of stoichiometric spinel additives from two chemical
routes. The pH value, solid content, average particle
size and amount of these additives used in this wok are
reported in Table 1. It should be mentioned that a
bimodal nature of particle size distribution was
observed for the coprecipitated additive with some par-
ticles having submicron average size of 0.2 mm while the
majority of particles possessed the size around 6 micron.
The solid content was determined from the well known
ignition method. The particle size was measured with
the help of MALVERN-Autosizer IIC and MAL-
VERN-Mastersizer 2000 instruments. The TG analysis
was conducted at a rate of 5 �C/min. The X-ray dif-
fraction had instrumental parameters Ni-filtered Cu Ka.,
40 kV, 20 and 30 mA.
In the second phase of the experiment, these two spi-

nel additives were incorporated in the castable compo-
sition in increasing concentration (0.5, 1 and 2% by wt)
and their effect in the thermomechanical properties of
castable was investigated. The report of chemical ana-
lysis of the raw materials used for the preparation of
original spinel free low cement castable has been given
in Table 2, and Table 3 shows the batch composition of
the same castable along with its physical properties after
being fired at 1500 �C for 2 h. The spinel bonded LCC
samples were named as C and G respectively to distin-
guish between the coprecipitated and sol–gel derived
additives. All the samples were cast by simple tapping
technique with cube (25.4 mm) and bar (75�12.5�12.5
mm) type moulds after properly fixing the granulometry
Fig. 1. Flowchart for the preparation of (a) co-precipitated and (b) sol–gel derived spinel additives.
Table 1

Physicochemical properties of two types of in situ spinel additives
Characteristics
 Co-ppt spinel
 Sol gel spinel
Solid content
 �10%
 �10%
pH
 6–7
 3–4
Average particle size
 6 mm
 11 nm
MgAl2O4 (wt.%) in calcined additive
 >99.8%
 >99.8%
Amount added to castable (wt.%)
 0.5, 1, 2.
 0.5, 1, 2.
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of the original castable from the distribution modulus
(i.e. q-value) calculation as shown in Fig. 2. Those spe-
cimens were then cured under humid condition for 24 h
followed by 24 h of air-drying and oven drying at 110 �C
for 3 days.
Finally the samples were fired at various temperatures

(900, 1200 and 1500 �C) with 2 h of soaking time. To get
a clear comparative study of the interaction of castable
with two additives in different concentrations, the fired
(1500 �C) castable specimens were subjected to various
tests such as bulk density (BD), apparent porosity (AP),
cold crushing strength (CCS), thermal shock resistance,
slag corrosion resistance at elevated temperature and
flexural strength at room temperature. A further com-
parison was carried out in terms of BD, AP, CCS and
spalling resistance with respect to firing temperatures of
both C and G type castables prepared with the highest
dose of additives showing the best result among the
three different concentrations. BD, AP and CCS tests
were done by standard methods. With 1500 �C fired
Table 2

Chemical analyses of raw materials of spinel free low cement castable
Type
 Composition (wt.%)
Al2O3
 CaO
 SiO2
 Fe2O3
 Na2O
 MgO
 TiO2
 K2O
 LOI
White fused alumina
 99.25
 0.1
 0.2
 0.05
 0.3
Microfine alumina
 99.1
 0.02
 0.01
 0.26
 0.5
Microsilica
 98.0
 0.88
High alumina cement
 74.2
 24.5
 0.2
 0.2
 0.1
 0.4
 0.1
 0.08
White tabular alumina
 99.4
 0.05
 0.04
 0.3
Table 3

Spinel free castable formulation and its physical properties at 1500 �C

firing for 2 h
Constituents
 Content (wt.%)
White fused alumina
 77
Microfine alumina
 8
Microsilica
 5
High alumina cement
 6
White Tabular alumina
 4
SHMP(deflocculant)
 0.05
Water
 5–7%
Bulk density (g/cc)
 2.97
Apparent porosity (%)
 15
Cold crushing strength (MPa)
 140
PLC (%)
 +0.2
Flexural strength (MPa)
 30
Fig. 2. Distribution modulus (q value) of spinel free castable.
Table 4

Chemical composition of (a) blast furnace and (b) converter slags
Constituents
 Contents

(wt.%)
(a) Blast furnace slag
SiO2
 33.74
CaO
 32.27
Al2O3
 18.98
MgO
 9.88
(b) Converter slag
CaO
 47.6
SiO2
 15.0
MgO
 10.6
FeO
 20.5
Al2O3
 1.3
MnO
 2.0
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Fig. 3. DTGA reports of spinel additives (a) coprecipitated (b) sol gel derived.
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LCC samples prepared with the highest amount of both
kinds of additives, XRD and SEM tests were also per-
formed to emphasize the role of those additives. With
the C and G type of bars previously fired at 1500 �C the
experiment for flexural strength was done with a
Universal Testing machine INSTRON-1185 at 25 �C
with a cross-head speed of 1.0 mm per minute and a
span of 50 mm. The thermal shock resistance (i.e. spal-
ling test) of C and G specimens previously fired at
1500 �C, was 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. To evaluate the prac-
tical importance of both kinds of in situ spinel bonded
castables the test for slag corrosion resistance was con-
ducted. For this purpose the cubes were prefired at
1200 �C after making a cylindrical groove of the same
Fig. 4. XRD patterns of spinel additives with increasing temperature (a) coprecipitated (b) sol gel derived. [S=Spinel.]
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size at the centre of all the cubes. The grooves were then
filled up with two types of slags (Blast Furnace and
Converter slags supplied from TISCO and VSL, India
respectively) given in Table 4, and the cubes were heat
treated at 1500 �C for 2 h. After cooling, the samples
were cut across the middle and the extent of slag pene-
tration was studied to interpret the performance of in
situ spinels. The SEM study of selected 1500 �C fired
samples was done in the instrument Jeol JSM- 5200
model.
3. Results and discussion

3.1. DTG and XRD patterns

The DTG patterns of C and G bonds (Fig. 3) reveal
that a lot of volatiles are released below 400 �C which
when used in LCC may deteriorate the green strength of
the castable by generating considerable quantities of
micro bubbles in the microstructure. For the coprecipi-
tated bond the major part of decomposition includes
Fig. 4 (continued).
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release of free water, rupture of mixed hydroxide inter-
layers and evolution of CO2 [19]. For the sol–gel bond
the DTG pattern suggests the progressive dehydrations
and dechlorination [29] as reported earlier. The XRD
patterns (Fig. 4) of C and G bonds showed that the
spinelization takes place quite early at 900 and 600 �C
respectively. The XRD patterns (Fig. 9) of the C and G
bonded castables show the conspicuous presence of spi-
nel, hibonite and corundum phases. The corundum
phase appears due to fused alumina taken in sufficient
quantity in the batch. The spinel phase appears because
of low temperature spinellisation of the two additives
used in the castable. The formation of hibonite (calcium
hexa aluminate) in castable after 1300 �C has been dis-
cussed later.
3.2. BD, AP, CCS, flexural and residual strength

For the gel bond castable G, fired at 1500 �C (Fig. 5),
1% concentration of additive shows a failure in BD,
AP, CCS and an improvement in spalling resistance.
The expansion-contraction mismatch between spinel
and the rest part of castable may be maximum at this
concentrtion. We also suggest this optimum amount
contains reactive stoichiometric sol–gel spinel that takes
up fine alumina from the matrix to extend the spinel
solid solution [15]. For this dissolution the micro-
structure becomes disjointed at different places and
properties deteriorate. But when gel additive is
increased to 2%, the extra amount of gel forms the
CMAS (CaO–MgO–Al2O3–SiO2) phases that produce
necks and bridges [15] to improve the properties and
microstructure. For 1% G the large number of pores
possibly helped in crack closure and upgraded the resi-
dual strength (Fig. 8). But for C bond with smaller sur-
face area, being not so reactive like G, the increase of
amount from 0.5 to 2% only causes a simple increase of
solid spinel fines to fill up the voids and enhance the
bond linkage resulting in a gradual increase in proper-
ties (Fig. 5).
As the average particle size of gel is very much less

than that of the co-precipitated spinel therefore the
specific surface area of spinel gel is much higher with
high reactivity. As a result the green and fired bulk
density of the gel bonded castable (G) prepared with
2% additive are greater (Fig. 7a) than that of the
coprecipitated spinel bonded castable (C). It may be
Fig. 5. Physical properties of two types of in situ spinel bonded castables fired at 1500 �C in relation to the amount of spinel additives (a) B.D.

(b) A.P. (c) C.C.S.
Fig. 6. Plot of % residual strength of castable specimens prepared

with 2% of two types of spinel additives.
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safely suggested that the finer particles of spinel gel
assisted the homogeneous distribution of particles due
to better flow properties and increased the particle
packing to yield a compact structure. For the same rea-
son the apparent porosity (Fig. 7b) of G is less than that
of C. The cold crushing strength of both C and G
(Fig. 7c) are comparable. The residual strength of G
type castable, as evident from Figs. 6 and 8, is better
than the other type.
It is also very clear from Fig. 7 that both G and C type

castables (prepared with 2% additives) showed a general
decrease of properties (BD, AP, CCS) between 900 and
1200 �C because it is known that this is a common fea-
ture of cement bearing castable to degrade in that range
due to complete dehydration. It is also suggested that the
reactive self-forming spinels in castable contribute to
excessive expansion within that temperature range due
to three different mechanisms [30–32], namely, the
increase of molar volume from reaction, development of
reaction layers of spinel at Al2O3–MgO interface and
Kirkendall effect, which may affect the properties.
Besides that it is also quite likely that the reactive C and
G bonds react with plenty of micro silica present in the
batch to produce CMAS phases together with low melt-
ing gehlenite (C2AS) [33] with an interconnected silicate
network that may act as a crack propagation path to
degrade the quality of castable. However, above 1200 �C,
it is observed that both G and C exhibited an improve-
ment of properties may probably be due to the links and
bridges formed by gradual increase of that CMAS phase
which intensively bonded MA phases [15]. Above
1300 �C the interlocking, platy crystals of hibonite (CA6)
appeared largely to bond the grains and matrix with a
net like continuity as supported too from the XRD pat-
terns. This phase resulted in a remarkable increase in the
properties [12,15,34]. Some literature recently pointed
out that the spinel bonded castables exhibit a quasi brit-
tle behaviour at around 1000 �C due to a large number
of localized and diffused damages [35]. The flexural
strength values of C and G castables prepared with 2%
of additives had been observed to be greater than 30
MPa that might be possibly due to the intensive inter-
locking of spinel and hibonite.

3.3. SEM reports (microstructure)

As the sol–gel additives released a substantial amount
of micro bubbles [36], the porosity of C and G type
castables are larger (>15%) than spinel free castable.
This porosity is also evident from the respective micro-
structures (Figs. 10 and 11), which may affect the slag
Fig. 8. Plot of residual strength of C and G type castables spalled at

800 �C with 0.5, 1 and 2% of each additive.
Fig. 7. Variation of (a) B.D. (b) A.P. (c) C.C.S. with temperature for in situ spinel bonded castables prepared with 2% of two types of spinel

additives.
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corrosion. However finer particles in G type helped more
pronounced flow properties and better homogeneity with
improved thermo-mechanical properties, by forming
necks and bridges between the medium and large sized
grains. In some parts of the microstructures, polygonal
and columnar type dual nature of spinel crystallites was
also found [37]. It is suggested that some liquid phase
sintering probably took place from reactive gel that
intensively bonded the corundum phase with siliceous
glassy CMAS matrix [15]. It is also noted that the loos-
ening of structure in some regions in some compositions
at 1500 �C was there might be due to the dissolution of
some part of fine alumina in the reactive stoichiometric
spinel by extending the spinel solid solution as mentioned
earlier. It has been already reported that early spineliza-
tion causes a considerable volume expansion [29,30] with
highly stressed regions resulting in fissures which is also
corroborated here (Figs. 10 and 11). Another third and
important phase (from XRD) was also detected in the
matrix with a net like morphology consisting of tabular,
platy crystals of hibonite (CA6) that provided a firm
interlocking bond to link fused aggregates with the spinel
bonded matrix [15,34].

3.4. Slag corrosion resistance

As the basicity (CaO/SiO2 ratio) is widely different in
two slags (Table 4) it may be anticipated that they
would behave differently towards both kinds of spinels.
The same is very clear from the photographs in Figs. 12a
and b that each of C and G type exhibits good resis-
tance towards a specific slag. The corrosion resistance of
the castables can be improved if microsilica content is
reduced below a certain limit [33,35]. Because for spinel
bonded alumina castable it forms low viscosity glassy
phase which is detrimental for the RUL value too [38].
Here the reactive C and G bonds assisted in forming
CMAS phase together with low melting anorthite
Fig. 9. XRD patterns of in situ spinel bonded castable (fired at

1500 �C) prepared with 2% of (a) coprecipitated (b) sol gel derived

spinel additives. [S=Spinel, C=Corundum, H=Calcium hexa-

aluminate.].
Fig. 10. SEM photographs of in situ spinel bonded castable (fired at 1500 �C) prepared with coprecipitated spinel additives (a) �3500 (b) �1000.
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(CAS2) and gehlenite (C2AS) phases that might lead to
wetting during corrosion [39]. However Fig. 12c reveals
that the attack of converter slag in G type castable is
not so severe as in spinel free castable because the reac-
tive spinel gel can arrest Mn2+ and Fe3+ ions from slag
[11], forming complex spinels to resist the slag penetra-
tion inside the castable.
4. Conclusions

From the present study it may be concluded that

1. The spinel additive from the sol–gel route con-

tained more fine particles and showed better
performance in castable than coprecipitated spi-
Fig. 11. SEM photographs of insitu spinel bonded castable (fired at 1500 �C) prepared with sol gel derived spinel additives (a) �1500 (b) �750.
Fig. 12. Photographs of two types of in situ spinel bonded castable specimens fired at 1500 �C for 2 h with (a) blast furnace and (b) converter slags.

L.H.S—G type, RHS–C type. (c) Photograph of converter slag attack towards G type (RHS) and spinel free (LHS) castables fired at 1500 �C for 2 h.
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nel additive, although both of them are energe-
tically favorable to produce the desired spinel
phases at lower temperature but with significant
volume expansion.

2. The coprecipitated and the sol–gel derived addi-

tives prepared from chemical routes with cheaper
precursors generate a substantial amount of
micro bubbles which enhanced the porosity of
castable and affected its slag corrosion resistance.

3. Microsilica content in a spinel bonded high alu-

mina castable must be reduced to a very low level
to eliminate the detrimental glassy phases.

4. The spalling resistance of castable can be

improved by in situ spinel bond addition due to
the pores that can prevent crack growth.
Acknowledgements

The authors wish to express their sincere thanks to
Dr. P. G. Pal, Officer-in Charge, College of Ceramic
Technology by his valuable help extended during sev-
eral stages of this work.
References

[1] M.D.M. Innocentini, A.R.F. Pardo, V.C. Pandolfelli,

B.A. Menegazzo, L.R.M. Bittencourt, R.P. Rettore, Perme-

ability of high alumina refractory castables based on various

hydraulic binders, J. Am. Ceram. Soc. 85 (6) (2002) 1517–

1521.

[2] T. Yamamura, Y. Hamazaki, T. Kaneshige, T. Toyoda, M. Nishi,

H. Kato, Alumina spinel castable refractories for steel teeming

ladle, Taikabutsu Overseas 12 (1) (1992) 21–27.

[3] J. Mori, W. Watanabe, M. Yoshimura, Y. Oguchi, T. Kawakami,

Material design of momnolithic refractories for steel ladle, Am.

Ceram. Soc. Bull. 69 (7) (1990) 1172–1176.

[4] D. DasPoddar, S. Mukhopadhyay, Spinel bonded basic castables

in relation to spinel forming agents, Interceram 51 (4) (2002) 282–

287.

[5] Z. Li, G. Ye, Bonding and recent progress in monolithic refrac-

tories, Interceram 41 (3) (1992) 169–172.

[6] J. Mori, M. Yoshimura, Y. Oguchi, T. Kawakami, I. Ohisi,

Effect of slag composition on wear of alumina spinel castable for

steel ladle, Taikabutsu Overseas 12 (1) (1992) 40–45.

[7] B. Nagai, O. Matsumoto, T. Isobe, Y. Nishiumi, Wear mechan-

ism of castable for steel ladle by slag, Taikabutsu Overseas 12 (1)

(1992) 15–20.

[8] M.A. Serry, S.M. Hammad, M.F.M. Zawrah, Phase composition

and microstructure of refractory MgAl2O4 spinel grains, Brit.

Ceram. Trans. 97 (6) (1998) 275–282.

[9] E. Ryshkewitch, Oxide Ceramics, Academic Press, New York,

1960, pp. 257–274.

[10] K. Kurata, T. Matsui, S. Sakaki, Castable lining technique to

bottom of teeming ladle, Taikabutsu Overseas 12 (1) (1992) 29–

39.

[11] P. Korgul, D.R. Wilson, W.E. Lee, Microstructural analysis of

corroded alumina-spinel castable refractories, J. Eur. Ceram. Soc.

17 (1997) 77–84.
[12] C.F. Chan, Y.C. Ko, Effect of CaO content on the hot strength

of alumina-spinel castables in the temperature range of 1000–

1500 �C, J. Am. Ceram. Soc. 81 (11) (1998) 2957–2960.

[13] Y.C. Ko, Influence of the characteristics of spinels on the slag

resistance of Al2O3–MgO and Al2O3-spinel castables, J. Am.

Ceram. Soc. 83 (9) (2000) 2333–2335.

[14] C. Parr, T.A. Beir, M. Vialle, C. Revais, An approach to for-

mulate spinel forming castables, UNITECR-99, Berlin, Ger-

many, 6–9 September 1999, pp. 19–21.

[15] M. Fuhrer, A. Hey, W.E. Lee, Microstructural evolution in self-

forming spinel/calcium aluminate-bonded castable refractories, J.

Eur. Ceram. Soc. 18 (1998) 813–820.

[16] C. Zografou, P. Reynen, D. Van Mallinckrodt, Non stoichio-

metry and the sintering of MgO and MgAl2O4, Interceram 32 (2)

(1983) 40–42.

[17] Ibid, 32(5) (1983) 40–43.

[18] R.J. Bratton, Coprecipitates yielding MgAl2O4 spinel powders,

Am. Ceram. Soc. Bull. 48 (8) (1969) 759–762.

[19] G. Gusmano, P. Nunziante, E. Traversa, G. Chiozzni, The

mechanism of MgAl2O4 spinel formation from the thermal

decomposition of coprecipitated hydroxides, J. Eur. Ceram. Soc.

7 (1991) 31–39.

[20] J.K. Popovic, N. Miljevic, S. Zec, Spinel formation from copre-

cipitated gel, Ceram. Int. 17 (1991) 49–52.

[21] D.J. Janackovic, V. Jokanovic, I. Petrovic-Prelevic,

D. Uskokovic, Synthesis of spinel powders by the spray pyrolysis

method, Eur. CeramicsV (Part-1) (1997) 197–200.

[22] J.C. Debsikdar, Preparation of transparent non crystalline stoi-

chiometric magnesium aluminate gel-monolith by the sol–gel

process, J. Mater. Sci. 20 (12) (1985) 4454–4458.

[23] A. Goldstein, L. Giefman, S. Bar Ziv, Susceptor assisted micro-

wave sintering of MgAl2O4 powder at 2.45 GHz, J. Mater. Sci.

Lett. 17 (12) (1998) 977–979.

[24] G. Lallemand, S. Fayeulle, D. Treheux, Fabrication process of

spinel powder for plasma spraying, J. Eur. Ceram. Soc. 18 (14)

(1998) 2095–2100.

[25] R.K. Pati, P. Pramanik, Low temperature chemical synthesis of

nanocrystalline MgAl2O4 spinel powder, J. Am. Ceram. Soc. 83

(7) (2000) 1822–1824.

[26] V. Montouillout, D. Massiot, A. Douy, J.P. Coutures, Char-

acterization of MgAl2O4 precursor powders prepared by aqueous

route, J. Am. Ceram. Soc. 82 (12) (1999) 3299–3304.

[27] Y. Suyama, A. Kato, Characterization and sintering of Mg–Al

spinel prepared by spray pyrolysis technique, Ceram. Int. 8 (1)

(1982) 17–21.

[28] K. Itatani, H. Sakai, F.S. Howell, A. Kishioka, M. Kinoshita,

Sinterability of spinel (MgAl2O4) powder prepared by vapour-

phase oxidation technique, J. Br. Ceram. Trans. 88 (1989) 13–16.

[29] S. Mukhopadhyay, S. Ghosh, M.K. Mahapatra, R. Majumdar,

P. Barick, S. Gupta, S. Chakraborty, Easy-to-use mullite and

spinel sols as bonding agents in a high alumina based ultra low

cement castable, Ceram. Int. 28 (7) (2002) 719–729.

[30] K.H. Hwang, K.D. Oh, R.C. Bradt, In situ spinel bond forma-

tion (expansion/contraction) during firing. UNITECR-97, New

Orleans, 4–7 November 1997, vol. 3, p. 1575.

[31] Z. Nakagawa, N. Enomoto, I. Yi, K. Asano, Effect of corundum-

periclase particle sizes on expansion behaviour during synthesis

of spinel. Proc. UNITECR, Kyoto, Japan, 1995, pp. 379–386.

[32] K. Jono, T. Mori, Y. Toritani, Effect of grain size on spinel for-

mation, Taikabutsu 47 (1) (1996) 22–28.

[33] Y.C. Ko, Influence of microsilica addition on the properties of

alumina-spinel castbles, Proc. UNITECR, Berlin, 6–9 September

1999, pp. 22–25.

[34] M.W. Vance, G.W. Kriechbaun, R.A. Henrichsen, G. Maczura,

K.J. Moody, S. Munding, Influence of spinel additives on the

performance of high alumina/spinel castables, Am. Ceram. Soc.

Bull. 73 (11) (1994) 70–74.
S. Mukhopadhyay et al. / Ceramics International 29 (2003) 857–868 867



[35] F. Simonin, C. Olagnon, S. Maximilien, G. Fantozzi, Thermo-

mechanical behaviour of high alumina refractory castables with

synthetic spinel additions, J. Am. Ceram. Soc. 83 (10) (2000)

2481–2490.

[36] A.R. Studart, F.S. Ortega, M.D.M. Innocentini, V.C. Pandolfelli,

Gelcasting high alumina refractory castable, Am. Ceram. Soc.

Bull. 81 (20) (2002) 42.
[37] H.C. Park, Y.B. Lee, K.D. Oh, F.L. Riley, Grain growth in sintered

MgAl2O4 spinel, J. Mater. Sci. Lett. 16 (22) (1997) 1841–1844.

[38] C.F. Chan, F.J. Huang, Y.C. Ko, Refractoriness under load of

alumina-spinel castables, Interceram 46 (2) (1997) 86–89.

[39] M.R. Rao, Liquidus relations in the quaternary sub-system

CaAl2O4–CaAl4O7–Ca2Al2SiO7–MgAl2O4, J. Am. Ceram. Soc.

51 (1) (1968) 50–54.
868 S. Mukhopadhyay et al. / Ceramics International 29 (2003) 857–868


	In situ spinel bonded refractory castable in relation to co-precipitation and sol-gel derived spinel forming agents
	Introduction
	Experimental
	Results and discussion
	DTG and XRD patterns
	BD, AP, CCS, flexural and residual strength
	SEM reports (microstructure)
	Slag corrosion resistance

	Conclusions
	Acknowledgements
	References


