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Abstract

Various grades of mullite have been prepared by the
combustion route using different fuels and silica
sources of the redox mixture. Sintering behaviour and
microstructure of combustion processed mullite have
been investigated. Pure mullite sintered at 1650°C
showed 3%, shrinkage and was porous. The
microstructure shows the presence of equiaxed
grains. Hot isostatic pressing (100 MPa, 1500°C,
30 min) followed by sintering at 1700°C yielded
>95% theoretical density. Mullite with 5 wt’ of
Y,0; or MgO sintered at 1650°C achieved high
density (=957 theoretical density) with a shrinkage of
18 and 22% vrespectively. The microstructure
showed the presence of anisotropic elongated mullite
grains and corundum particles. The enhanced densi-
fication of mullite with additives is attributed to the
Sformation of liquid phase which facilitates diffusion.

1 Introduction

Highly pure mullite, containing less than 0-1 wt% of
alkali and alkaline-earth oxides, is expected to be
a superior high-temperature structural material,
since its bending strength and creep resistance do
not degrade even at 1200°C or more.'? Similar to
other crystalline ceramics with a high degree of
covalent bonding, mullite also requires high tem-
peratures for densification. This is due to its rela-
tively low bulk and grain boundary diffusion
coefficients.® Several processes used for the synthesis of
mullite have been reviewed.’ Recently we reported*>
the preparation of mullite by the combustion pro-
cess using aluminium nitrate, silica fume and urea/
diformyl hydrazine mixtures. At present, we report
on the sintering behaviour of mullite powders
obtained by the combustion of different redox mix-
tures, e.g. aluminium nitrate, fumed silica/fused
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silica/TEOS  and  urea/diformyl  hydrazine
(C,H4N,0O,, DFH)/ carbohydrazide (CH,N,O, CH)
as well as by the incorporation of extra amount of
redox mixture (NH,NO,/NH,ClO, and urea).

2 Experimental

Mullite has been prepared by the combustion of
aluminium nitrate (98-5%, Glaxo, India), silica
fume (99-9%, Chemicals and Plastics, India, sur-
face area =200 m?*/g) and urea/DFH fuel according
to the procedure described earlier.*> DFH and
CH were prepared according to the procedure
described in the literature.®’ Mullite was prepared
by the combustion of stoichiometric amounts of
redox mixtures at 500°C. Details of stoichiometry
calculation and combustion are given elsewhere.*
Various grades of mullite (M1-M7) were
obtained by using different fuels, source of silica and
addition of extra amount of redox mixture, e.g.:

e MI1 — aluminium nitrate (20 g), silica fume
(1-066 g) and urea (8 g);

e M2 — aluminium nitrate (10 g), silica fume
(0-533 g), ammonium perchlorate (5 g), and
urea (6-1 g);

e M3 — aluminium nitrate (10 g), ammonium
nitrate (10 g), silica fume (0-533 g) and urea
(10-5 g);

e M4 — aluminium nitrate (20 g), silica fume
(1066 g) and carbohydrazide (88 g)
(CH¢N,O, CH);

e M5 — aluminium nitrate (20 g), silica fume
(1:066 g) and DFH (C,H,N,0,) (8-8 g);

e M6 — aluminium nitrate (20 g), fused silica
(1-066 g) and urea (8 g) and

e M7 — aluminium nitrate (20 g) TEOS (2-7 g)
and urea (8 g).

The foamy mullite obtained by combustion of
redox mixtures was crushed and ground using
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an electric agate pestle and mortar for 3 h and
used to investigate sintering and microstructure.
The mullite powders were uniaxially pressed
(50 MPa) to compacts of 13 mm diameter and 3-5
mm thickness, and used for sintering studies. Mul-
lite powder derived by the urea process was milled
in a pulverizer using alumina balls (3 h) to study
the sintering characteristics in comparison with
the unmilled powder. Particle size analysis was
done on a Seishin Micron Photosizer model SKC
2000 which operates on the light scattering princi-
ple employing sedimentation. Surface area mea-
surements were made by nitrogen adsorption
employing a Micromeritics AccuSorb 2100E
instrument. The temperature of the incandescent
flame which appears during combustion was
measured using an optical pyrometer model-120,
Toshniwal Company, India. Bulk densities of the
sintered compacts were measured by the
Archimedes principle using distilled water. The
percentage theoretical densities of sintered pellets
were calculated assuming the theoretical density of
mullite as 3-17 g/cm® (JCPDS 15-776). Sintering
studies of mullite (M1) were carried out with diff-
erent additives, e.g. Y,0; La,0; CeO,, TiO,,
ZrO, and MgO. The percentage theoretical den-
sity was determined using the density of mullite and
additives given in the powder diffraction file.?
Dilatometric studies were carried out on M1 pow-
der compacted (50 MPa) to a pellet of 11 mm
diameter and 4-5 mm thickness using a Netzsch
402 E/7 dilatometer in the temperature range
20-1650°C at a heating rate of 10°min in N,
atmosphere. Dynamic shrinkage studies were also
carried out on mechanically mixed 5 wt% Y,0;
and MgO-M1 powders. Microstructures of the
sintered samples were observed using S-360 Cam-
bridge scanning electron microscope (SEM) and

chemical composition was determined by an
energy dispersive X-ray (EDX) detector attached
to the SEM. The morphology of calcined mullite
(M1) powders was studied using a Philips EM 301
transmission electron microscope (TEM) operat-
ing at 100 kV.

3 Results and Discussion

Various phases present in the combustion derived
M1-M7 were identified by the XRD and are sum-
marized in Table 1 along with their densities and
particle sizes. The M1, M4 and M5 mullites were
essentially weakly crystalline with a broad peak at
=26° (260) in the powder XRD pattern. Complete
mullitization occurred at =1300°C.**> Mullites M2
and M3 (as-formed) prepared using extra amount
of redox mixture (NH,NOy/NH,CIO, and urea)
were fully crystalline.* Changing the source of
silicon to fused silica (particle size =10 um) or
TEOS in the combustion mixture showed the
presence of a-Al,O; and amorphous silica. This
could be due to the poor reactivity of fused silica
and TEOS. Formation of mullite appears to be
facilitated by silica fume due to its greater reac-
tivity coupled with colloid formation. Thus, silica
fume appears to be the ideal source of Si for the
combustion synthesis of mullite (M1-M3). Fur-
ther, formation of stoichiometric mullite (3:2) was
confirmed by preparing various aluminosilicate
powders xAl,04-28510,, where x = 1-4, by the
combustion of aluminium nitrate, silica fume and
urea using different mole ratios of Al:Si. The diff-
erent crystalline phases formed after calcination
(1400°C) are shown in Table 2. Stoichiometric
mullite (x = 3) gave XRD pattern of pure mullite
while the one with excess alumina (x = 4) and

Table 1. The crystalline products of combustion and bulk density”

Mullite Phases 50% average size Bulk density
(pm) (% theoretical)

M1 Mullite,” 6-ALO;
Unmilled 80 51
Milled 40 61

M2 Mullite 2:4 55

M3 Mullite 4-5 55

M4 Mullite” 42 61

M5 Mullite” 39 57

M6 a-AlLO, 58 51

M7 Mullite,® a-Al,0, 63 56

*Sintered at 1600°C, # weakly crystalline, s. small amount.
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Table 2. Surface area and phases of aluminosilicate

xALO;-28i0, (x = 1-4) powders calcined at 1400 °C, 2 h

Aluminosilicate Surface area m’ g”! Phases
(as-formed powders)

1A1,05-28i0, 201 Mullite
Cristobalite
Corundum

2A1,0,-28i0, 55 Mullite
Cristobalite

3A1,05-2810,(M1) 45 Mullite

4A1,0,-2S5i0, 20 Mullite
Corundum

silica (x=1) showed the presence of corundum
and cristobalite respectively besides mullite as
expected.

The specific surface areas of as-prepared alumi-
nosilicate powders vary from 20 m%g to 200 m?%g
(Table 2). The surface area of as-prepared stoi-
chiometric mullite is 45 m?%g which increased to
200 m%g for 1Al,05-2Si0,. This increase in sur-
face area could be attributed to the amorphous
nature of the sample and also due to the very low
flame temperature (900°C) compared to the
4A1,0,-28i0, (temperature =1400°C), which had the
lowest surface area, 20 m*g. Thus, the surface area
of aluminosilicates (Al,0;-SiO, system) appears to
be controlled by the alumina content and process-
ing conditions.

3.1 Dilatometry and sintering of mullite

The dilatometric curve of M1 compact is shown in
Fig. 1. The shrinkage curve shows two clearly
defined zones:

() Negligible shrinkage took place up to
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Fig. 1. Dynamic shrinkage curve of M1.

(i) Between 1100 and 1650°C the total linear
shrinkage was less than 3% with a shrink-
age rate of =25 um/min.

The green density of M1 uniaxially pressed at
50 MPa was 1-5264 g/cm® which on sintering at
1650°C (2 h) became 1-6854 g/cm®. The milled
powder attained a density of 1:9337 g/cm®. The
TEM of M1 particles is shown in Fig. 2. It could

0.6 um
—

Fig. 2. TEM of MI1(a) calcined at 1000°C; (b) calcined at
1200°C and (c) calcined at 1400°C for 1 h.

(c)
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be seen that the particles have an irregular plate
morphology which remains so even after calcina-
tion at 1400°C. The low density achieved on sin-
tering could probably be due to the irregular plate
morphology of the particles, lower green density
and also partly due to the appearance of flame
during combustion which induces mullite>!® crys-
tallization and neck growth processes. It is interest-
ing to note that combustion derived mullite
appears to behave like reaction sintered mullite
rather than sol-gel mullite although particle sizes
are comparable to sol-gel powders. The as-formed
combustion derived powders are crystalline and
probably is the reason for lower density achieved
as no viscous sintering was possible.

3.2 Effect of processing parameters on particle size
and density of mullite

The particle size distributions of the mullite
powders M4 and M5 are shown in Fig. 3 and
compared with M1. Mullite powders prepared
by CH (M4) and DFH (MS5) processes have
smaller particle size (4 um). It is comparable to
milled mullite M1 (Table 1). Though the powders
were fine, the final density of sintered mullite
was very low. Lowering the particle size results
in increase of the neck growth processes leading
to aggregate formation. Aggregates are known’ to
hinder sintering of the compact. In the case
of samples wherein mullite crystallites are nucle-
ated, higher density could be attained usually by
long milling times*® or hot pressing techniques.'’
Milling appears to help in the breaking of the
aggregates (20-5 um) but introduces contamination
from the grinding media. Sintered densities of
mullite compacts prepared from different size
mullites are listed in Table 1. It could be seen that
the sintered mullite compacts are porous (Table 1).
In addition to reducing the average particle size,
sintering can also be enhanced by improving the
packing characteristics of the green compact, i.e.
increasing green density, decreasing the average

100
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Fig. 3. Particle size distributions (cumulative weight percentage)
of mullite prepared using urea (M1), CH (M4) and DFH
(M5) processes.

pore size and eliminating large defects. Uniaxially
pressed samples tend to have relatively large inho-
mogeneities as a result of the initial packing irreg-
ularities created during die filling and the
non-uniform stress gradients generated during
compaction.’

Mullite (M1) when pressed uniaxially and sin-
tered at 1600°C, 2 h achieved a density of 51%
theoretical while when pressed cold isostatically
(210 MPa) and sintered at 1600°C achieved a den-
sity of 63%. Higher density (>95%) could be
achieved by hot isostatic pressing (100 MPa,
1500°C, 30 min) followed by sintering at 1700°C,
30 min. The microstructure of the isostatically
pressed and sintered M1 (Fig. 4) shows the porous
nature of the sample as expected from the density
measurements. The microstructure consisted of large
agglomerates interconnected by pores (Fig. 4(a));
each aggregate, however, was fully dense and
was composed of submicrometer equiaxed grains
(Fig. 4(b)). It is generally believed that the pres-
ence of a liquid phase causes anisotropic grains. It is
known'' that a metastable SiO,-rich liquid phase
can exist even at temperatures as low as 1250°C in
the case of diphasic gels. Mullite processed from
colloidal (diphasic) gel' is rich in Al,O; resulting

’ﬂ‘

Fig. 4. (a) The microstructure of M1 sintered at 1600°C and
(b) microstructure at higher magnification. -
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Table 3. Bulk density of mullite (M1) + additives sintered
at 1650°C

Additive (5 wt) Bulk density (g/em’)”

— 1-68 (53)

Y,0, 312 (95-7)
MgO 306 (959)
TiO, 2:07 (64-3)
Zr0, 1-89 (57-4)
CeO, 289 (85-8)
La,0, 278 (83-2)

*Values in the parentheses correspond to % theoretical density.

in a SiO,-rich liquid phase. However, there are
other reports of equiaxed grains from diphasic
gels'*!'* and anisotropic grains from single phase
gels.’>"7 Though combustion processed mullite starts
from diphasic redox mixture, the microstructure
was composed of submicrometer equiaxed grains
indicating the absence of liquid phase and hence
very low shrinkage during sintering (Fig. 1). Li
and Thomson'’ have shown the importance of
chemical composition on the morphology of mullite
grains. They could make mullite with anisotropic
and equiaxed grains from both single phase and
diphasic gels by controlling the Al,O,/SiO, ratio
near the stoichiometric mullite.

3.3 Effect of additives on sintering

Additives (0-5 wt%) like MgO, ZrO,, TiO,, and
rare earth oxides like Y,0,;, La,O; and CeO, have
been used to study their effect on the sintering
behavior of mullite (M1). The densities of mullite
with 5 wt% additives sintered at 1650°C are sum-
marized in Table 1. The final density at 1650°C,
2 h was very low for 5 wt% of TiO,, ZrO, and
La,0O; and ranges from 19 to 2:9 g/cm®. Addition
of 5 wt% of CeO,, however gave a density of 2-89
g/em® and its microstructure showed acicular
grains. 5 wt% of magnesia and yttria additives
gave a highest density of 3-06 and 3-12 g/cm’
respectively and the sintering behaviour of these
was studied.

3.4 Dilatometric studies of mullite-MgO/Y,0;

(5 wt%)

Dynamic sintering studies of mullite-magnesia
(5 wt%) and mullite-yttria (5 wt%) were per-
formed on compacts in the temperature range
25-1650°C. The powders were uniaxially pressed at
50 MPa (without deagglomeration of the platelets)
and the shrinkage versus temperature was mea-
sured at a constant heating rate of 10°/min. The
dilatometric curves of mullite-magnesia (5 wt%)
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Fig. 5. Dilatometric curves of (a) mullite (Ml)-magnesia
(5 wt%) and (b) mullite (M1)-yttria (5 wt%).

and mullite-yttria (5 wt%) are given in Fig. 5.
Both magnesia- (Fig. 5(a)) and yttria-mullite
(Fig. 5(b)) show single step shrinkage. No shrink-
age was seen until 1400°C in both the cases, after
which a sharp shrinkage was noticed, total shrinkage
being 22 and 18% respectively. The shrinkage
rate of magnesia- and yttria-mullite was 220 and
75 wm/min respectively at 1650°C. Unlike gel-
derived mullite,'®*° which shows sharp shrinkage
before mullitization, combustion derived powders
show shrinkage after mullitization. This could be
attributed to the formation of liquid phase which
helps in the rearrangement of the particles followed
by densification. In the gel-derived samples the
initial shrinkage before mullite nucleation is
attributed to the viscous flow which stops once
mullite is nucleated.'"

The dependence of density on the percentage of
magnesia and yttria additives at sintering tempera-
ture of 1575°C, 2 h is shown in Fig. 6. A steady
increase in the density was observed with the
increase in percentage of the additives. The varia-
tion of density with temperature for 5 wt% of
MgO and Y,O;-mullite is shown in Fig. 7. It
could be seen that the density increases beyond
1400°C as expected from the dilatometric studies
(Fig. 5). The final density was above 3-0 g/cm? at
1650°C. The microstructures of (5 wt%) MgO and
Y,0; mullite sintered at 1600°C are shown in Figs §
and 9 respectively. The mullite with MgO additive
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Fig. 6. Dependence of density of mullite on the percentage
of magnesia and yttria (1-5 wt%) at 1575°C, 2 h.

show a very dense microstructure with acicular
grains, the chemical composition of the grain cor-
respond to that of mullite. Similar observation was
made in the case of yttria-mullite (Fig. 9). The
microstructures of 5 wt% MgO and Y,O;-mullite
sintered at 1600°C show the presence of corundum
in certain regions of the compact. A typical
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Fig. 7. Variation of density of mullite (M1)-magnesia/yttria
(5 wt%) as a function of sintering temperature.

Fig. 8. Microstructure of mullite (M1)-magnesia (5 wt%)
sintered at 1600°C, 2 h.

b) 0

(1)

(2)
2.120 keV 4.7 >
Fig. 9. (a) Microstructure of mullite (M1)-yttria (5 wt%) sin-

tered at 1600°C, 2 h and (b) EDX of the grain marked 1 and
2 in (b).

microstructure of yttria-mullite showing corundum
and mullite grains is shown in Fig. 9. It is interest-
ing to note that while the microstructure of pure
sintered mullite was composed of submicrometer
equiaxed grains (Fig. 4(b)), the one with additives
was elongated with large increase in the grain size
(Figs 8 and 9). The large increase in the size of
mullite grains is probably due to the formation of
liquid phase which allow rapid transport of material
and much more rapid grain growth similar to the
one observed in the case of sodium-doped mullite.?!

Addition of Y,0; or MgO in the Al,0O+-SiO,
system forms a liquid phase at low temperatures
and promotes the densification.??? It is interesting
to note that densities greater than 3-0 g/cm? could
be achieved at 1650°C, but the density of mullite
without the additive was less than 2-0 g/cm®. During
sintering some crystalline phases of yttrium sili-
cate or magnesium aluminate spinel were formed
in addition to mullite and corundum by the crys-
tallization of the liquid phases as the furnace
cooled. In the case of Y,O;-mullite crystalline
phases of Y-silicate and corundum were observed
by Fang and Hwang.*>** The liquid phase formed
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at higher sintering temperature enhanced the
sinterability of mullite powders. During the fur-
nace cooling process, the liquid phase crystallized
(by solution-reprecipitation process) and different
crystalline phases were obtained depending on the
amount of Y,0,.2?* Yttria and magnesia appear
to be the best additives for achieving high density
in combustion derived mullite.

4 Conclusions

(i) Pure mullite prepared by the combustion
process when sintered at high temperatures
(1600°C) was porous and composed of
equiaxed grains.

(i1)) Mullite could be sintered to high density
(95% theoretical) by hot isostatic pressing
or by the use of liquid-forming additives
like MgO or Y,0;.

(iti) Dynamic shrinkage studies of mullite with
additives showed the shrinkage to take place
after 1400°C, with a total shrinkage of 18 and
22% for yttria and magnesia, respectively.

(iii) The microstructures of magnesia- and yttria-
mullite show the presence of anisotropic
grains of mullite and alumina particles.
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