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Abstract

In this investigation, three types of high alumina aggregates namely sillimanite, mullite and alumina rich aggregates were developed
from sillimanite beach sand and calcined Al2O3 by reaction sintering route. The various phases present in the sintered compacts were
identi®ed by X-ray di�raction study in conjunction with infrared study. Thermal shock behaviour of the aggregates with and

without Fe2O3 doping were measured by the room temperature ¯exural strength retention on ambient air quenching from 1000�C
against the number of cycles. The results obtained are presented and discussed in this paper. It was found that all Fe2O3 containing
samples show a strength enhancement on quenching by means of tempering. Attempts have been made to correlate this parameter
with the microstructure and phase assembly of the product. # 1999 Elsevier Science Ltd and Techna S.r.l. All rights reserved.

1. Introduction

India is one of the countries which has su�cient
deposits of beach sand. Beach sand sillimanite is a by-
product generated in huge quantities during the extrac-
tion of rare earth compounds. Several attempts have
been made by many authors [1±5] for e�ective utilisa-
tion of this material. It is revealed from these studies
that powdered sillimanite sand when mixed with reac-
tive alumina in di�erent proportions, the resultant batch
after compaction and sintering at the required tempera-
ture form mullite/mullite-alumina composites. The sin-
tered compacts in the form of aggregates have potential
applications in refractory industries, as an alternative
source of high alumina aggregate.

Studies on thermal shock behaviour is extremely
important for refractory materials as it undergoes sud-
den temperature changes in most of the applications.
Various workers in this ®eld applied di�erent methods
[6±11] for thermal shock resistance determination.
Although the acoustic emission method enables the
moment of crack formation to be precisely detected and
extensively used for examination of ceramic materials
cracking under mechanical or thermal load, quenching

methods are ®nding widespread use in practice. Peretz
and Bradt [10] studied the thermal shock behaviour of
high alumina refractory systems based on three di�erent
aggregates, namely andalusite, tabular alumina and
calcined kaolin with regard to the e�ects of multiple
thermal shock quench cycles on the strength degrada-
tion. The results revealed that tabular alumina aggre-
gate based refractories retained nearly all of their
strength even after seven thermal shock cycles. The
strength of a ceramic material as a function of quench-
ing temperature di�erence is discussed by Gebauer and
Hasselman [12] on the basis of linear elastic theory. It
was observed from the results of their work that to
avoid catastrophic failure, specimens may be quenched
from either lower or very high temperature (above the
softening point of the material). Kirchner [13] sum-
marised that the specimen quenched from temperatures
at which the body is slightly plastic are more resistant to
thermal shock than would normally be expected.

In this investigation, an attempt has been made to study
the thermal shock behaviour of presently developed syn-
thetic aggregates by measuring the ¯exural strength
retention properties using the multiple thermal shock
quench cycle method as adopted by Peretz and Bradt [10].
Studies have also been carried out to investigate the
change in thermal shock behaviour of the aggregates
doped with di�erent proportions of Fe2O3 (1±4 wt%).
Finally, the parameters are correlated with the micro-
structure and phase assembly of the sintered products.
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2. Experimental

The major raw materials used in this study were
beach sand sillimanite and calcined alumina. Beach
sand sillimanite was obtained from Indian Rare Earths
Limited (IREL) from their Chattrapur plant in Orissa,
India and calcined alumina from the Indian Aluminium
Company Ltd. (INDAL), India. Chemical analysis of
both the raw materials was done by conventional wet
chemical method. Three batch compositions were selec-
ted for this study (Table 1) namely sillimanite composi-
tion (S), mullite composition (M) and alumina rich
composition (C) with 57.6, 71.8 and 80.75 wt% Al2O3

respectively (in Al2O3/SiO2 ratio). To promote the den-
si®cation process, 1, 2 and 4 wt% Fe2O3 were used as an
additive in each of these compositions.

The batch compositions as per Table 1 were attrition
milled separately in aqueous medium using zirconia pot
and zirconia grinding media for a optimum time period
(9 h) selected from the study of the variation of speci®c
surface area with milling time [4]. Slurry thus obtained
were dried at 110�5�C, sieved to break the agglomerate
and subsequently pressed uniaxially into bars at about
100 MPa pressure using 5 w/v % PVA solution as binder
followed by cold isostatic pressing at a pressure of 175
MPa. Green samples obtained by isostatic pressing were
dried at 110�5�C and ®red in the temperature range of
1400±1600�C (1600�C for S,M, C and 1500�C for Fe2O3

doped samples) with 2 h soaking time in an electric fur-
nace. The heating rate was 5�C minÿ1 upto 1100�C and
thereafter 3�C minÿ1 up to the ®nal ®ring temperature.
Sintered products thus obtained were characterised in
terms of bulk density, apparent porosity, ¯exural
strength at room temperature (RT) and microstructural
analysis by scanning electron microscopy (SEM), phase
identi®cation by XRD and infrared spectroscopy (IR).

The apparent porosity and bulk density of the sin-
tered compacts were measured by the conventional
water displacement method using Archimedes' principle
in water medium.

Due to close similarity in the XRD pattern of silli-
manite and mullite, IR study was also conducted to
di�erentiate them. X-ray powder di�raction pattern of
the raw materials and ®red products were obtained in
an X-ray di�ractometer using nickel ®ltered Cu-K�
radiation. Di�raction pattern were recorded for the
Braggs' angle (2�) range 15±60�. IR-spectrometer was
used to record IR transmission spectra using KBr disc
method and IR transmission was recorded over the
wave number range 400±4000 cmÿ1.

Thermal shock resistance behaviour of the samples
was studied by measuring the ¯exural strength reten-
tion on multiple air quenching cycles from 1000�C to
ambient air. For this purpose the samples were heated
to 1000�C in an electric furnace with a soaking period
of 30 min, then the samples were quenched in ambient
air, cooled for 10 min followed by reheating at 1000�C
for 10 min. This cycle was repeated and retained ¯ex-
ural strength was measured at a regular interval of 2
cycles. Flexural strength was determined by standard
three point bending method in an instrument (Instron)
with a span length of 40 mm and cross head speed of
0.5 mm/min. using sintered bars having dimension
55�5�5 mm. The samples used were polished and
edges were chamfered with a diamond disc. Three
samples were taken to determine the retained ¯exural
strength at each test and the average values have been
reported here.

Microstructure evaluation of the sintered compacts
was done by scanning electron microscopy using sput-
tered carbon coating on the polished surface of the
sintered samples after thermal etching.

3. Results and discussion

The chemical composition of the major raw materials
use in this study are given in Table 2. It indicates, that
sillimanite sand contains higher silica (40.3 wt%) than
that of the stoichiometric amount (�37 wt%), and this
excess silica occurs in the sand as quartz and the alu-
mina used was mostly a-Al2O3 in nature as envisaged by
XRD study in our previous work [4]. Densi®cation
behaviour of the samples was reported earlier [2]. It was
found that the magnitude of bulk density is directly
proportional to the Al2O3 content particularly at higher
sintering temperature. Without Fe2O3, sillimanite com-
position (S) requires 1550�C to achieve the highest den-
sity where as mullite composition (M) and alumina rich
composition (C) due to their higher alumina content
requires 1600�C. Fe2O3 favours the densi®cation pro-
cess and 2 wt% Fe2O3 is su�cient to bring down the

Table 1

Batch compositions and sample codes selected for the study

Sample code Raw materials (wt%)

Sillimanite

sand

Calcined

Al2O3

Fe2O3

Sillimanite composition

S 100.00 NIL NIL

SF1 99.00 NIL 1.00

SF2 98.00 NIL 2.00

SF4 96.00 NIL 4.00

Mullite composition

M 68.97 31.03 NIL

MF1 68.28 30.72 1.00

MF2 67.59 30.41 2.00

MF4 66.21 29.79 4.00

Al2O3 rich composition

C 48.29 51.71 NIL

CF1 47.80 51.20 1.00

CF2 47.32 50.68 2.00

CF4 46.35 49.65 4.00
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densi®cation temperature to 1500�C. Apparent porosity
data [2] also supports the above observation.

IR patterns of samples S, M and C sintered at 1550�C
are depicted in Fig. 1. In all the cases the absence of a
characteristic sharp absorption peak at 1175 cmÿ1

clearly indicates almost complete conversion of sillima-
nite to mullite [14] at the present sintering temperature.
XRD patterns of few Fe2O3 doped samples sintered at
1500�C are shown in Fig. 2. It may be revealed from
Fig. 2 that all the samples contain mullite as the major
crystalline phase. A small amount of corundum was
also noticed in the alumina rich CF4 sample.

In this case Fe2O3 promotes the densi®cation by
liquid phase sintering which is detrimental to high tem-
perature properties. An attempt was also made to study
the thermal shock behaviour of Fe2O3 doped samples
and the results are compared with the Fe2O3 free sam-
ples. Since most of the Fe2O3 containing samples
achieves their highest bulk density at 1500�C, these
samples were selected to study the thermal shock beha-
viour and results are compared with Fe2O3 free samples
sintered at 1600�C (S, M & C). Fig. 3(a)±(c) compare
the ¯exural strength (RT) behaviour of the sintered
specimens with regard to the e�ects of multiple thermal
shock quench cycles from 1000�C to room temperature
in ambient air. It may be observed from Fig. 3(a) that

the sample `S' (100% sillimanite beach sand) lost a
major portion of its strength after the initial thermal
shock quench cycle where as mullite sample (M) and
alumina rich sample (C) [Fig. 3(b) & (c)] samples incur-
red no damage in terms of strength degradation upto 4
cycles. Since `M' & `C' samples contain a higher amount
of mullite (low thermal expansion) and corundum (high
thermal conductivity) they are more resistant to thermal
shock compared to `S' composition. Peretz and Bradt
[10] also found that calcined kaolin aggregate based
refractories which are characterized by the lowest mul-
lite and corundum contents has poorest resistance to
thermal shock damage in comparison to andalusite and
tabular alumina based aggregate having higher amount
of mullite and corundum.

One of the interesting features observed from
Fig. 3(a)±(c) is that, in the case of Fe2O3 containing
samples there is a strength enhancement up to the 2nd
cycle and in most of the cases strength degradation was
started after the 4th cycle. The initial strengthening
during thermal cycling may be due to the e�ect of tem-
pering. A similar observation was also noticed by dif-
ferent investigators [15±17]. Gebauer and Hasselman
[12] working on mullite ceramics observed that at higher
quenching temperature di�erence (�T) strength was
improved rather than degraded. Fe2O3 containing sam-
ples would be more amenable to being tempered due to
their higher glass content and may have lower creep
resistance. Sillimanite composition shows strength
degradation from the very beginning of the thermal
shock cycle. This suggests that sillimanite composition
does not temper easily. Due to this fact, such a type of
composition may have excellent creep resistance, which
is under investigation. In all the cases, rate of strength
degradation after 4 cycles is found to be more in the
case of 4 wt% Fe2O3 doped samples. The gradual

Table 2

Chemical composition of the raw materials

Constituents (wt%) Sillimanite sand Calcined alumina

SiO2 40.30 Ð±

Al2O3 57.60 99.30

Fe2O3 0.31 Ð±

TiO2 0.11 Ð±

CaO 0.42 Ð±

MgO 0.31 Ð±

Na2O Ð± 0.30

K2O 0.02 Ð±

LOI 0.70 Ð±

Fig. 1. IR absorption spectra of the samples S, M and C sintered at

1500�C showing the absence of characteristic sillimanite absorption

peak at 1175 cmÿ1.

Fig. 2. XRD pattern of the samples SF4, MF4 and CF4 ®red at

1500�C 2 hÿ1.
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decrease in strength after the 4th cycle could be due to
the thermal fatigue by subcritical crack growth as expec-
ted at higher temperature di�erences of thermal shock
[18,19].

Scanning electron photomicrographs of the samples
sintered at 1600�C 2 hÿ1 are shown in Fig. 4. It was
found that microstructure is very much dependent on
the Al2O3/SiO2 ratio. Needle shaped mullite formation
is observed in sillimanite composition, whereas it is non-
acicular in mullite and alumina rich composition. Fig. 5
depicted the scanning electron photomicrograph of the
samples MF4 and CF2 sintered at 1500�C 2 hÿ1. Since
Fe2O3 increases the liquid phase formation at the present
sintering temperature, Fe2O3 doped mullite and alumina

rich samples produce needle shaped mullite. Some abnor-
mal grain growth is observed in theMF4 sample. Although
a major part of the Fe2O3 enters into the mullite structure
by solid solution formation, some amount of glassy phase
formation is noticed in the SEM photomicrograph of
Fe2O3 doped samples. Presence of this glassy phase might

Fig. 4. Scanning electron photomicrograph of the samples ®red at

1600�C 2 hÿ1. (thermal etching) (a) - S, (b) - M and (c) - C.

Fig. 3. Variation of ¯exural strength of the aggregates with the num-

ber of quench cycle. (a)- Sillimanite composition (S), (b)- Mullite

composition (M) and (c)- Alumina rich composition (C). [Fe2O3 con-

tent of the samples were indicated within brackets in sample designa-

tion as %F].
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have been responsible for comparatively low thermal
shock resistance of Fe2O3 doped samples.

4. Conclusions

From the present investigations, the following con-
clusions are drawn.

1. Sillimanite, mullite and alumina rich dense refrac-
tory aggregates have been synthesized from silli-
manite beach sand and calcined Al2O3 through the
reaction sintering route. Densi®cation of the sys-
tem and phases assembly of the sintered compacts
depend on the Al2O3/SiO2 ratio.

2. Fe2O3 doping promotes densi®cation by liquid
phase formation and favours the grain growth.
Fe2O3 enters into the mullite structure by solid
solution formation.

3. The samples containing higher amounts of mullite
and corundum (M & C) are more resistant to
thermal shock than to sillimanite composition.

4. Fe2O3 doped samples showed an initial increase in
strength upto 2 cycles of thermal shock test fol-
lowed by its retainment upto 4 cycles. Strength
degradation was found to be started after 4 cycles
and degradation rate was more in the case of 4
wt% Fe2O3 doped samples.

5. Microstructure of the sintered products is very
much dependent on the Al2O3/SiO2 ratio. Without
Fe2O3, mullite formed in sillimanite composition is
needle shaped and it is non-acicular in alumina
rich composition.
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