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Abstract

Stoichiometric magnesium aluminate spinel was synthesized by reaction sintering of alumina with caustic and sintered magnesia.
The volume expansion of 5–7% during MgAl2O4 formation was utilized to identify the starting temperature of spinel formation

and densification by high temperature dilatometry. The magnesia reactivity was determined by measurement of crystallite size and
specific surface area. Caustic magnesia and sintered magnesia behave differently vis-à-vis phase formation and densification of
spinel. Densification of stoichiometric Mag-Al spinel was carried out between 1650 and 1750 �C. Attempts were made to correlate
the MgO reactivity with microstructure and densification of spinel.
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1. Introduction

Magnesium aluminate spinel (MgAl2O4) is the only
compound in the MgO–Al2O3 system. It is known for its
high refractoriness, low thermal expansion, chemical sta-
bility, thermal shock resistance and corrosion resistance
[1,2]. All these unique properties make magnesium alumi-
nate spinel an attractive refractory material for the steel
and cement industries. However, the spinel formation is
accompanied by 5–7% volume expansion [3,4] which
makes it difficult to develop a dense reaction sintered
body. Therefore, a two step process is usually followed for
sintering of spinel; the first step for spinel formation (900–
1200 �C) and the second step for densification
(1600–1800 �C). There are several other processes such as
coprecipitation [5], spray drying [6] freeze drying [7] spray
pyrolysis [8] by which spinel can be synthesized at low
temperature. However, none of these processes is suitable
for manufacturing of spinel in bulk quantity. Thus solid
oxide reaction sintering is still feasible route for manu-
facturing of spinel aggregates for refractory application.
Workers have studied the effect of fineness of magne-
sia and alumina on the formation and densification of
spinel. There are numerous studies of the raw material
characteristics on the sintering of spinel. Petkovic et al.
reported [9] the sinterability of spinel partially synthe-
sized at low temperature. Densification intensifies with
higher spinel content of powders processed at low tem-
perature. Mansour reported [10] the effect of MgO
characteristics on the formation of spinel. MgCO3 cal-
cined between 500 and 1000 �C showed that with the
increase of calcination temperature, the crystal size
increases which ultimately enhances spinel formation.

In the present study, the goal has been to evaluate the
MgO reactivity on the reaction sintering of spinel. A
lightly calcined (1100 �C) reactive MgO (caustic) and an
inert MgO (sintered) were selected for the study. The
volumetric expansion during spinellisation was utilized
to identify the initial spinel formation temperature by
dilatometry.
2. Experimental

The starting materials used in this investigation were
Chinese magnesia and Indian alumina. One of the Chinese
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magnesia powders was lightly calcined around 1100 �C
(caustic) and the other was sintered. The Indian alumina
was obtained from Indian Aluminium Company Ltd.
The caustic magnesia was used directly in the as
received condition whereas the sintered magnesia pellets
were crushed and vibro milled before processing. The
chemical analysis of the raw materials was determined
by wet chemical methods. The physical properties were
measured in terms of surface area and crystallite size.
Specific surface area of powders was measured by
standard single point BET method using N2 gas
(Make: Carlo Erba, Model: SORPTY 1750). The
crystallite size was determined by X-ray diffraction
(Make: Philips, Model: PW 1710) utilizing x-ray line
broadening [11]. Quartz was used as an internal stan-
dard. The instrument was run at a scanning speed of
1/4� (2y)/min. The crystallite size was determined from
the equation D=0.9l/� Cos�, where l=wave length of
characteristic beam, �=half peak width and �=Braggs
angle.

Batches were prepared from caustic magnesia and
alumina (CMA) and vibromilled sintered magnesia and
alumina (SMA). The composition of the batches was in
the stoichiometric spinel ratio. Pellets were fabricated
by uniaxial pressing at 140 MPa using 5% polyvinyl
alcohol solution as a binder. Discs of dimensions 12
mm (�) � 12 mm (h) were fabricated for densification
study and cylinders of 10 mm (�) � 25 mm (h) were
pressed for dilatometry. Samples were dried at 110 �C
for 24 h and sintered between 1650 and 1750 �C with 2
h soaking in an electric furnace at a heating rate of
3 �C/min.

Dilatometric study of the green compacts was per-
formed in a horizontal type ‘ORTON’ make dilatometer
with the same heating rate of 3 �C/min. The structure-
sensitive quantitative analysis of spinel was done by
X-ray diffraction method with the help of Rietveld ana-
lysis [12]. Spinel content was calculated step by step
after a lot of refinement in the raw scan data. Some
well known software like ‘Profit’ based on various
mathematical and statistical method was used in this
connection. It is a refinement programme to refine
the raw scan data, where background (by refinement
of polynomial in 2�), peak position [2�=2�/R, where
R=radius of diffractometer (173 mm)], peak width
(FWHM) and peak shape were refined [13]. The
refinement of structural parameter and intensity was
done by ‘Ito and Treor’ method [14]. Bulk density
and apparent porosity of the sintered samples were
measured by liquid displacement method using
Archimedes Principle in xylene medium. Micro-
structural analysis was done by scanning electron
microscopy on a polished surface of sintered samples.
The samples before SEM analysis were thermally
etched at a temperature 50 �C less than the sintering
temperature.
3. Results and discussion

The physico-chemical analysis of the starting materi-
als is shown in Table 1. The MgO content of magnesia
is 97%. The high LOI of lightly calcined (caustic) mag-
nesia is caused by the thermal decomposition of some
Mg(OH)2. DTA analysis (Fig. 1) of the caustic magne-
sia confirms this by showing a small peak at �360 �C.
However, as the amount is small it is not detected by
X-ray analysis. The alumina used is highly pure in nat-
ure and the phase present is a-Al2O3.

The crystallite size, specific surface area and calcu-
lated equivalent spherical diameter (ESD) of both the
magnesia sources are shown in Table 2. The caustic
magnesia consists of smaller crystallite size (780 Å) and
has high specific surface area. On the other hand the
crystallite size of vibro milled sintered magnesia is high
and it has low surface area showing its inertness. The
particles of powder generally consist of more than one
crystal. Unlike caustic magnesia powders the sintered
magnesia produced at higher temperature (1800 �C) is
in agglomerated granular form. By vibro milling (8 h)
Table 1

Chemical analysis of raw materials
Raw

materials

C
hemical constituent (loss free basis), wt% L
.O.I, wt.%
S
iO2 A
l2O3 F
e2O3 C
aO M
gO N
a2O
Magnesia 1
.0 0
.2 0
.3 1
.5 9
6.9 –
 C
austic—5.8

Sintered—0.8
Alumina –
 9
9.69 –
 –
 –
 0
.31 0
.4
Fig. 1. DTA thermogram of caustic magnesia.
Table 2

Crystallite size and surface area of caustic and sintered magnesia
Magnesia
 Crystallite

size, Å
Sp. surface

area, m2/g
Equivalent spherical diameter,

Å (calculated)
Caustic
 780
 13.2
 1300
Sintered
 1780
 1.0
 16 800
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though its ESD is reduced to 16 800 Å but still it is
much above its crystal size (1780Å).

Dilatometric curves of the green compacts derived
from caustic magnesia–alumina (CMA) and sintered
magnesia–alumina (SMA) batches are shown in Fig. 2.
An increase in linear expansion above 1200 �C for both
the batches indicates the starting temperature of spinel
formation. The percentage linear change beyond 1200 �C
is the combined effect of spinel phase formation (expan-
sion) and densification (shrinkage). The lower densifica-
tion of SMA compact after 1200 �C increases the spinel
formation densification ratio (slope change) compared to
that of CMA. The thermal expansion of the SMA com-
pact increases up to 1400 �C. The slope of the curve in this
compact is reversed after 1475 �C, where the densification
rate exceeds the rate of spinel formation. The maximum
increase in length for the CMA compact is obtained up to
1460 �C and it remains constant up to 1500 �C.

The amount of spinel produced as a function of tem-
perature is shown in Fig. 3. The spinel phase is the
major phase in all the samples. They also contain
unreacted periclase and corundum as minor phase. The
result shows that the spinel formation of CMA com-
pacts at different temperature is higher than that for
SMA. This is because CMA compacts contain caustic
magnesia which has a higher surface area and lower
crystallite size compared to sintered magnesia of SMA
compact and thus a higher reactivity. Considering both
Figs. 2 and 3, it can be concluded that the higher slope
of SMA in the temperature range of 1300 �C to 1400 �C
is the result of its lower rate of densification in this
temperature range. However, after 1475 �C the SMA
batch tends to densify more, because the expansion due
to spinellisation is drastically reduced.

Fig. 4 shows the result of sintering at different tem-
peratures. It reveals that in spite of higher surface area
of caustic magnesia in the CMA batch, the sintered
density is low compared to SMA at any sintering tem-
perature. The sintered density and porosity of the CMA
compact at 1750 �C are 2.80 g/cc and 21% respectively.
Fig. 3. Spinel content with the increase of calcination temperature.
Fig. 2. Dilatometric curves of the green compacts made from CMA

and SMA.
Fig. 4. Bulk density of stoichiometric spinel from CMA and SMA.
Fig. 5. SEM photomicrographs of sintered stoichiometric spinel:

(a) CMA and (b) SMA.
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The same for the SMA compact are 3.25 g/cc and 1.0%
respectively. The higher surface area of caustic magnesia
in CMA compact favours the spinel formation than
densification. Higher spinel formation (Fig. 3) accom-
panied by volume expansion (Fig. 2) is responsible for
lower densification of CMA compacts. The result cor-
roborates a study of low temperature synthesized spinel,
wherein although the starting material had smaller
crystallite size it finally showed poor sintered density
[15]. It is reported that the powder calcined at low tem-
perature possessed a relatively larger amount of rod like
particles which hinders uniform compaction and are
responsible for decreased final density.

The SEM photomicrographs of spinel compacts
(CMA and SMA) sintered at 1750 �C are shown in Fig. 5
(a) and (b). The grain size of sintered CMA [Fig. 5(a)] is
significantly higher than that of sintered SMA. The pho-
tomicrograph of sintered SMA shows uniform distribu-
tion of spinel grains with smaller size and homogeneous
microstructure. The high surface area of caustic magne-
sia in CMA compacts increases the rate of spinellisation
and enhances grain growth. Therefore exaggerated grain
growth and higher porosity is the reason of poor sintered
density of CMA compacts. However, the pore removal
of SMA is easier due to comparatively slower rate of
spinellisation and uniform grain growth.
4. Conclusions

1. Solid oxide reaction-sintering of spinel developed

from sintered magnesia–alumina (SMA) shows
better densification than caustic magnesia–alu-
mina (CMA) composition.

2. The spinel phase formation: densification ratio of

CMA compact is higher than SMA due to higher
surface area and lower crystallite size of the
former.

3. Higher expansion due to spinel phase formation

and exaggerated grain growth of CMA compacts
retards the densification process.
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