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Abstract

Reaction sintering of clay and reactive alumina is an innovative as well as cost effective method of mullite formation. In the present
investigation, clay obtained from Neyveli (South India) and reactive alumina (mean particle size of 0.7�m) were used as starting materials.
To improve the densification of mullite, magnesia and yttria (1–5 wt.%) were used as sinter additives to the above materials. Boehmite was
partly substituted for reactive alumina (1–7 wt.%). As per the stoichiometric composition the raw materials were mixed, uniaxially pressed
and sintered at 1500, 1550 and 1600◦C for 3 h. Among the sintered samples, the samples sintered at 1600◦C exhibited better properties.
The 3 wt.% MgO addition showed improved density up to 2.91 g cm−3 with the maximum strength of 125 MPa. Y2O3 addition favoured
the development of equiaxed mullite, but did not help to increase the density and strength. The boehmite substitution (5 wt.%) yielded
maximum density of 96% theoretical density (3.01 g cm−3) and strength of 120 MPa. Microstructural studies showed that the addition of
boehmite resulted in a blend of small to bigger crystals throughout the structure.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Mullite, ideally 3Al2O3·2SiO2, is a high melting crys-
talline alumino-silicate material which has long been used
in heavy-duty refractories[1]. In the last decade, the need
to produce high quality mullite for optical, dielectric and
structural applications has lead to numerous studies on the
synthesis and processing of mullite[2]. Both conventional
and non-conventional methods have been successfully used
to synthesis mullite, such as simple sintering of alumina
and silica powders[3], sol–gel[4], co precipitation[5], hy-
drothermal[6], flash combustion[7] and chemical vapour
deposition[8]. The production of high purity, high density
mullite by the above methods are expensive[9]. On the
other hand, starting with cheap raw materials like kaolin-
ite, kaolinite–alumina and sillimanite minerals, it is possible
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to produce high purity mullite and the properties obtained
through conventional ceramic processing and sintering is
outstanding[10].

It is well known that kaolinite undergoes a series of re-
actions during the early stages of heating and finally forms
mullite with the segregation of SiO2 [11]. The reaction of
kaolinite with alumina is of interest in the production of
mullite by reaction sintering[12]. At temperatures below
1300◦C, the reaction between kaolinite and alumina is lim-
ited and at this stage, the primary mullite crystals are formed
by the decomposition of meta-kaolinite. At temperatures
above 1400◦C, secondary mullite formation takes place by
the dissolution of alumina into transitory liquid silica phase,
followed by the precipitation of mullite crystals[13]. The
rate of secondary mullite formation is very slow till the
eutectic liquid formation at 1587◦C and extremely fast at
1600◦C [12].

Mullite powder compacts have poor solid state sinterabil-
ity because of the low interdiffusion rates of Si4+ and Al3+
within the mullite lattice[9]. MgO [14–16] and Y2O3 [7]
have been reported as good sintering aids for the fused mul-
lite. Boehmite[17] was a successful sintering aid for sol–gel
mullite to sinter at a relatively lower temperature. The study
reported in this paper, compared the effect of MgO, Y2O3
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and boehmite additives on kaolinite-reactive alumina mix-
ture sintered at three different temperatures 1500, 1550 and
1600◦C. The X-ray diffraction and microstructural studies
are carried out with different concentration of additives. The
physical properties, such as open porosity, bulk density and
bending strength are also performed and reported.

2. Experimental

Experiments were carried out on raw kaolinite from
Neyveli (South India) with reactive alumina (Alcoa SG
9000, mean particle size 0.7�m). As per the stoichiomet-
ric composition (72 wt.% of Al2O3), the above materials
were carefully weighed. MgO (MgCO3) or Y2O3 of con-
centrations varying from 1 to 5 wt.% was mixed with the
above composition for making different batches. Boehmite
(synthesised from aluminium isopropoxide[18]) was added
as a substitute for the reactive alumina from 1 to 7 wt.%.
The various batches were wet milled for half an hour in
a planetary mill using alumina balls for thorough mixing.
Finally, the slurries were dried at 100◦C for 72 h[13]. Rect-
angular bars (5 mm× 5 mm× 50 mm) were produced by
uniaxial pressing of the powders in a steel die at 200 MPa
and were sintered in an electric furnace at a heating rate of
5◦C min−1 in air at 1500, 1550 and 1600◦C and soaked
for 3 h before furnace cooling.

Differential thermal analysis (DTA) and thermogravi-
metric analysis (TGA) experiments were carried out using
NETZSCH STA 409PC with�-alumina as the reference
material, at a heating rate of 5◦C min−1 in air. The powder
samples of−200 ASTM mesh size were dried at 110◦C
for 2 h before thermal analysis. The phases present in sin-
tered samples were identified by X-ray diffraction (XRD)
technique using Siemens D-500 powder diffractometer us-
ing Cu K� radiation. For XRD analysis, the powders were
prepared from the compacts heated at the same rate as that
of DTA analysis. The bulk density of the samples was mea-
sured by Archimedes principle. Modulus of rupture (MOR)
was determined on the polished surfaces of the rectangular
samples sintered at different temperatures, using universal
testing machine (Zwick 1445). All the physical tests were
carried out on a minimum of 10 samples and the results
were then averaged. The samples were polished and ther-
mally etched for 1 h at a temperature 100◦C lower than
the sintering temperature and subsequently examined un-
der scanning electron microscope (SEM) using Cambridge
Instruments-5526 scanning electron microscope.

3. Results and discussion

Table 1 shows the chemical composition in weight
percentages of Neyveli clay and reactive alumina. The clay
contains moderate amount of impurities and is the best
available clay source in the state of Tamil Nadu, India[19]

Table 1
Chemical analysis of raw materials

Constituent Neyveli clay (wt.%) Reactive alumina (wt.%)

LOI 16.00 –
SiO2 43.26 0.01
Al2O3 36.11 99.85
Fe2O3 1.06 0.02
TiO2 1.59 –
CaO 0.37 0.01
MgO 1.40 –
Na2O 0.11 0.08
K2O 0.10 –

and has a mean particle size of 2.0�m. Reactive alumina is
pure and having narrow particle size distribution with mean
particle size of 0.7�m. DTA curves of clay and clay-reactive
alumina are shown inFig. 1. The two endothermic peaks at
110 and 550◦C are due to loss of absorbed and structural
water, respectively. There is a prominent exothermic peak
at around 980◦C and a much smaller exothermic peak in
between 1200 and 1250◦C in the derivative curve (not vis-
ible in figure). This is due to the formation of 2:1 mullite
and spinel from meta-kaolinite, followed by 3:2 mullite
formation [13]. TGA results also confirm that the two en-
dothermic peaks in DTA are due to the loss of absorbed
and structural water removal from clay (Fig. 2).

The XRD results of samples sintered at 1600◦C for
3 h are shown inFig. 3. There is no evidence for the
presence of cristobalite and�-alumina peaks in the sam-
ples having 1 wt.% MgO. This confirms that the reaction
of clay and reactive alumina at 1600◦C for 3 h is suffi-
cient for the formation of mullite. However, the samples
with 2 and 3 wt.% MgO additions show the presence of

Fig. 1. Differential thermal analysis of clay and clay+ reactive alumina
mixtures.
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Fig. 2. Thermogravimetric analysis of clay and clay+ reactive alumina
mixtures.

secondary phases such as�-alumina and MgO–Al2O3
spinel. Many authors[7,14,15] have reported that sinter
additives like MgO promote sintering in the presence of
liquid phase, which is formed in a very narrow tempera-

Fig. 3. XRD patterns of clay+ reactive alumina with additives sintered at 1600◦C for 3 h.

ture range of 1410–1425◦C. It can be understood from the
MgO–Al2O3–SiO2 phase diagram[14] that MgO can pro-
duce a MgO–Al2O3 spinel at high temperatures. However,
at temperatures above the peritetectic point (1578◦C for
pure system), the equilibrium phases are mullite,�-Al2O3
and liquid. According to the phase diagram, the spinel phase
does not exist above the peritetectic point. The MgO–Al2O3
spinel crystals are formed as a result of devitrification of the
liquid phase during cooling. The mullite grains grow during
devitrification, entrapping the spinel precipitates. This is the
reason for the detection of small peaks of�-alumina and
MgO–Al2O3 spinel for samples containing 3 wt.% MgO.
The samples containing 1 wt.% MgO do not show any char-
acteristic peaks of�-alumina and MgO–Al2O3 spinel. The
XRD results of the samples sintered at 1550◦C for 3 h with
MgO are similar to the samples sintered at 1600◦C. The
substitution of reactive alumina with boehmite also results
in the formation of complete mullite phase. On increasing
the amount of boehmite, there is no marked change in the
phase formation.
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Fig. 4. Microstructures of clay+ reactive alumina sintered at 1600◦C for
3 h.

The SEM microstructures of the samples sintered at
1600◦C for 3 h are shown inFigs. 4–7. The microstructural
analysis of Neyveli clay-reactive alumina without additives
(Fig. 4) shows that mullite crystals are bimodal[13], i.e.
structure consists of larger elongated primary mullite grains
and smaller more equiaxed secondary mullite grains. The
primary mullite grains are tabular in shape, having rectan-
gular faces with rounded ends. Several authors[12,13]have
reported that during the heating of kaolinite–�-alumina
mixtures, primary mullite is formed from the kaolinite
above 980◦C, while secondary mullite is formed at higher
temperatures by a solution–precipitation mechanism from
the transitory liquid phase. For complete mullitisation of
kaolinite–�-alumina mixture, the sintering temperature is
around 1600◦C. The microstructure of clay-reactive alu-
mina mixture with MgO is shown inFig. 5. The increase
in MgO content increases the size of the mullite grains.
The enlarged mullite grains are predominantly observed for
the sample containing 3 wt.% MgO compared to the sam-
ple containing 1 wt.% MgO. The accelerated grain growth
reduces the pore volume and the grains are very closer in
the case of sample containing 3 wt.% MgO. The primary
mullite crystals are grown to 20�m in length and 5–6�m
in width. Secondary mullite is also grown considerably in
all the directions. Further increase in MgO content leads to
visible bloating on the samples.

Fig. 6shows the effect of yttria addition from 1 to 5 wt.%.
The microstructure reveals that the yttria addition in the
clay-reactive alumina mixture enhances the secondary mul-
lite formation rather than the primary mullite formation. The
increase in yttria increases the grain size of mullite. How-
ever, the increase in yttria is not causing any bloating or
cracks in the samples.

Fig. 7 shows the microstructure of boehmite substituted
clay-reactive alumina samples. The microstructure of the
sample containing 1 wt.% boehmite shows the presence
of more primary mullite than the secondary mullite. The
mullite crystals are not equal in shape and size, and are

Fig. 5. Microstructures of clay+ reactive alumina with MgO sintered at
1600◦C for 3 h: (i) 1 wt.% MgO; (ii) 2 wt.% MgO; (iii) 3 wt.% MgO.

widely distributed from 1 to 15�m in length and 1 to
5�m in width. As the amount of boehmite is increased
the amount of secondary mullite also increases. There is
no considerable grain growth by increasing the boehmite
content. The distribution of primary and secondary mullites
from kaolinite–boehmite mixtures are more homogeneous
than with other additives, due to the mechanochemical re-
action taking place in the presence of structural water from
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Fig. 6. Microstructures of clay+ reactive alumina with yttria sintered at
1600◦C for 3 h: (i) 1 wt.% yttria; (ii) 3 wt.% yttria; (iii) 5 wt.% yttria.

the kaolinite and boehmite[20]. The secondary mullite is
formed during thermal reaction by solution–precipitation
mechanism. The 5 wt.% boehmite containing sample shows
minimum pore area and large quantity of mullite crystals.

The physical properties of the samples sintered at 1500,
1550 and 1600◦C for 3 h are presented inTables 2–4. The
density of the samples sintered at 1500 and 1550◦C are
comparatively lower than the samples sintered at 1600◦C.

Fig. 7. Microstructures of clay+ reactive alumina with boehmite sintered
at 1600◦C for 3 h: (i) 1 wt.% boehmite; (ii) 3 wt.% boehmite; (iii) 5 wt.%
boehmite.

Correspondingly the flexural strength values are lower for
the samples sintered at 1500 and 1550◦C.

The additions of MgO, Y2O3 and boehmite have consid-
erable influence on the densification, when the samples are
sintered at 1600◦C. The bulk density of samples sintered at
1600◦C for 3 h increases from 2.53 g cm−3 to a maximum
value of 2.91 g cm−3 for 3 wt.% MgO addition. It is well
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Table 2
Properties of sintered (1500◦C) clay-reactive alumina with additives

Open porosity
(%)

Bulk density
(g cm−3)

MOR
(MPa)

Without additives 8.03 2.53 41 (3)
1 wt.% MgO 1.36 2.74 48 (5)
2 wt.% MgO 0.77 2.78 52 (3)
3 wt.% MgO 0.68 2.80 73 (4)
1 wt.% Y2O3 1.57 2.76 39 (3)
3 wt.% Y2O3 1.28 2.77 47 (3)
5 wt.% Y2O3 1.23 2.77 54 (4)
1 wt.% boehmite 7.62 2.68 39 (3)
3 wt.% boehmite 4.97 2.65 41 (4)
5 wt.% boehmite 4.53 2.65 46 (3)

Table 3
Properties of sintered (1550◦C) clay-reactive alumina with additives

Open porosity
(%)

Bulk density
(g cm−3)

MOR
(MPa)

Without additives 5.25 2.69 47 (3)
1 wt.% MgO 0 2.81 83 (4)
2 wt.% MgO 0 2.82 89 (5)
3 wt.% MgO 0 2.82 94 (7)
1 wt.% Y2O3 1.34 2.78 44 (3)
3 wt.% Y2O3 1.15 2.80 56 (3)
5 wt.% Y2O3 0.69 2.82 58 (4)
1 wt.% boehmite 1.35 2.75 83 (5)
3 wt.% boehmite 1.02 2.79 88 (6)
5 wt.% boehmite 0.70 2.85 97 (5)

known that MgO accelerates the densification process in alu-
mina by modifying the lattice diffusion[9]. Similarly, MgO
enhances the densification of mullite. Diffusion of MgO and
SiO2 from mullite grains favours the formation of a liquid
phase along the grain boundary and thereby densification
takes place[14–16]. Thus, the addition of MgO accelerates
the mullite grain growth and reduces the pore volume. This
is the reason for the improved density and strength. How-
ever, an excess amount of MgO does not help to improve
the properties rather increases the formation of low melting

Table 4
Properties of sintered (1600◦C) clay-reactive alumina with additives

Open porosity
(%)

Bulk density
(g cm−3)

MOR
(MPa)

Without additives 4.35 2.71 82 (3)
1 wt.% MgO 0 2.82 99 (5)
2 wt.% MgO 0 2.84 115 (7)
3 wt.% MgO 0 2.91 126 (5)
4 wt.% MgO 0 2.83 Bloat
5 wt.% MgO 0 2.53 Bloat
1 wt.% Y2O3 1.2 2.78 84 (4)
3 wt.% Y2O3 0 2.83 96 (6)
5 wt.% Y2O3 0 2.83 95 (5)
1 wt.% boehmite 0 2.86 95 (4)
3 wt.% boehmite 0 2.92 106 (7)
5 wt.% boehmite 0 3.01 120 (5)
6 wt.% boehmite 0 2.91 Cracks
7 wt.% boehmite 0 2.83 Cracks

silicate that causes bloating. The addition of 3 wt.% MgO
results in a maximum bending strength of 126 MPa. Fur-
ther increase in MgO leads to bloating and that lowers the
strength. The bending strength values are noticeably higher
for the samples sintered at 1600◦C than the samples sintered
at lower temperatures.

The addition of yttria in mullite aids the formation of a
liquid phase at low temperature and promotes densification
[7]. The Y2O3 addition shows moderate improvement in
density and strength. The 1 wt.% Y2O3 increases the density
from 2.71 to 2.78 g cm−3 and 5 wt.% Y2O3 increases the
density to 2.83 g cm−3 after sintering at 1600◦C for 3 h.
Similarly the strength increases from 82 to 96 MPa.

The boehmite substitution to reactive alumina leads to
maximum bulk density (3.01 g cm−3) compared to all other
additives. This value equals to 96% theoretical density
(3.16 g cm−3, JCPDS no. 06-0258). The bending strength
also increase from 82 to 120 MPa with increasing boehmite
substitution. Further increase in the amount of boehmite
leads to the formation of visible cracks and results in
lower density and strength. The formation of cracks is
due to higher loss of structural water with increasing
amount of boehmite (boehmite contains≈41% structural
water).

The maximum strength of the samples with Y2O3 are
comparatively lower than the maximum strength of the sam-
ples with MgO or boehmite. The presence of equiaxed sec-
ondary mullite throughout the system is the reason for the
lower density and strength with Y2O3. Though the density
of samples with 5 wt.% boehmite is the highest, the strength
is not correspondingly the highest. This may be due to the
wide size distribution of mullite grains and the presence of
more secondary mullite.

4. Conclusion

The results of the present study indicate that the addition
of MgO increases the grain growth and thereby increase the
density to maximum value. The physical properties are good
for 3 wt.% MgO and 5 wt.% substitution of boehmite sam-
ples sintered at 1600◦C. MgO enhances the liquid phase
sintering and a density value of 2.91 g cm−3 is obtained
for the 3 wt.% MgO addition. The amount of MgO beyond
3 wt.% induces bloating and thereby decreases the density.
The maximum density achieved is 3.01 g cm−3 for 5 wt.%
substitution of boehmite in place of reactive alumina. The
maximum strength value is restricted to 120 MPa and this is
lower than the value obtained (126 MPa) for 3 wt.% MgO
added samples. The boehmite addition in the mixture in-
creases the size distribution of mullite grains, but does not
increase the over all grain growth. The boehmite increases
the secondary mullite formation by solution–precipitation
mechanism. The addition of boehmite above 5 wt.% as sub-
stitution for reactive alumina causes cracks due to high
structural water loss while sintering. Though the addition of
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yttria enhances the liquid phase formation and equiaxed sec-
ondary mullite formation, it does not improve the density and
strength.
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