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Abstract This paper compares the microstructure devel-
opment of two alumina—15 vol% mullite composites during
the sintering. The nanopowders of alumina—mullite com-
posite were synthesized by the sol-gel method using alu-
minum chloride hexahydrate and two different silicon
sources (colloidal silica in route 1 and tetraethyl orthosil-
icate in route 2). The alumina—mullite composites were
prepared by pressing and sintering of the nanopowders.
Although the intergranular mullites were observed in both
routes, there were mullite particles in route 2 formed inside
the alumina grains (intragranular mullite). Formation of the
intragranular mullite is attributed to the drop in silica sol-
ubility, which occurs during the transition from metastable
alumina to stable alumina. Compared to route 1, the rela-
tive density and the average grain size were increased and
accelerated by route 2. The two-stage sintering is not useful
for the mullite decomposition.
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1 Introduction

Alumina has different applications such as insulating
refractory linings of furnaces, seals, thermocouple wire
protection and armors because of its specific physical and
mechanical properties (high melting point and high
strength) [1-3]. Mullite! (3A1,05-2Si0,) is one of the most
extensively studied crystalline phases in the Al,03-SiO,
binary system [5, 6] due to its low thermal expansion, good
thermal and chemical stability and high creep resistance
[7]. Mullite in the alumina matrix reduces the Young’s
modulus and the thermal expansion coefficient of com-
posite, leading to a better thermal shock resistance [8—10].
Meanwhile, mullite has low toughness and hardness [11].
Small mullite additions (5—15 vol%) allow desirable values
of hardness and toughness of alumina to be maintained
while reducing the Young’s modulus below that of alu-
mina, so that it is expected that the thermal shock behavior
will be improved [12].

A number of recent works involved the addition of
impurities in order to achieve better densification behavior
and, as a consequence, higher densities and better
microstructural and mechanical properties [13, 14].
Schehl et al. [15] presented a modified processing route,
which consisted in the doping of a commercial high-
purity alumina powder. So that its microstructure was
modified with such nanoparticles as zirconia and mullite,
formed at the sintering stage. As a result, the grain
boundaries of high-purity alumina powder were modified

! Orthorhombic [4]. a=7.54 + 0.03 A; b=7.693 £ 0.03 A;

¢ =2.890 £ 0.01.
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by segregation of the secondary phases or by the forma-
tion of well-distributed zirconia and mullite nanoparticles.
Thus it is possible to tailor the microstructures by means
of secondary phases through referring to the correspond-
ing phase equilibrium diagrams.

Very high homogeneous multicomponent ceramics and
composite ceramics can be obtained via sol-gel method,
for its energy and, therefore, synthesis temperature is low
[16].

In this work, the alumina composite nanopowders were
synthesized by sol-gel method using aluminum chloride
hexahydrate and two different silicon sources. Then the
alumina—mullite composites were prepared by pressing
and sintering of the above nanopowders. The pur-
pose of this work is a comparative study of microstruc-
tural development in the sol-gel derived alumina—mullite
nanocomposites.

2 Experimental

As shown in Fig. 1, the alumina composite nanopowders
were synthesized using aluminum chloride hexahydrate?
(dissolved in distilled water) and two different silicon
sources (colloidal silica® in route 1 and tetraethyl ortho-
silicate* (TEOS) in route 2). The absolute ethanol was used
as homogenizing agent for TEOS. According to the stoi-
chiometric ratio of mullite (3A1,05-2Si0,) and the desired
volume percentage (15 vol%) of mullite, the aqueous
solution of aluminum chloride hexahydrate and the
required amount of colloidal silica (in route 1) or the
alcoholic solution of TEOS (in route 2) were refluxed at
60 °C for 24 h. Also a mullite gel was prepared using the
aqueous solution of aluminum chloride hexahydrate and
the alcoholic solution of TEOS (in route 2). After con-
densation, the gels were dried at 120 °C for 24 h and
ground in an agate mortar. The precursors of alumina—
mullite composites were calcined at 900 °C for 2 h. The
calcined powders were ball milled using alumina balls and
absolute ethanol. After drying, the powders were sieved
using a 80 um mesh. The mullite gel was calcined at dif-
ferent temperatures for 2 h.

Figure 2 shows the transmission electron microscopy
(TEM) images of the synthesized nanopowders by two
routes. The properties of these nanopowders are summa-

2 Merck 101084.
3 Sigma-—Aldrich 4208404 (40 wt.% suspension in H,0).
4 Sigma-Aldrich 131903.
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Fig. 1 The flow chart of processing of alumina—mullite nanocom-
posite with two different silicon sources, route 1 colloidal silica, route
2 TEOS

rized in Table 1. Nitrogen adsorption/desorption analysis
was performed at —195 °C on ASAP2010 Micrometrics.
The apparent density of the nanopowders, was measured
using a helium picnometer (Micromeritics 1035).

The powders were uniaxially pressed under 38 MPa.
Then they were cold isostatically pressed (CIP) at 380 MPa
and, finally, sintered in air at 1,300, 1,500, 1,650 and
1,750 °C for 2 h. Also some samples of route 1 were
randomly sinter and at 1,650 °C for 8 and 16 h.

X-ray diffraction (XRD) was carried out in the range of
10 < 260 < 80 using Philips X-pert model with Cu Ko
radiation. The microstructures of sintered bodies were
studied by a XL 30, field emission environmental scanning
electron microscope (FE-SEM) equipped with a link
energy dispersive X-ray system. The specimens for SEM
were polished to a 1 pm surface finish using diamond
spray. Thereafter, they were thermally etched for 1 h at
100 °C below the sintering temperature. The grain size
distributions on the polished samples were measured by
using image analysis software (ImageJ 1.40 g).

The Archimedes method [17] was used to measure the
density of the samples sintered by distilled water as an
immersion medium and determine three mass values (dry,
suspended and saturated masses). Moreover, the relative
density was calculated by dividing the bulk density to the
theoretical density of the specimen.
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Fig. 2 a The TEM micrographs (bright field) of alumina—15 vol% mullite precursor calcined at 900 °C for 2 h: a by route 1 (average particle

size 34 nm), b by route 2 (average particle size 31 nm)

Table 1 Properties of the alumina—15 vol% mullite precursors cal-
cined at 900 °C for 2 h

Route 1 Route 2
BET surface area (mz/g) 1054 £ 0.4 120.9 £ 0.5
Apparent density (g/cm’) 3.646 £ 0.007 3.637 £ 0.003
Surface area of pores (m?*/g) 106 123
Total pore volume (cm’/g) 0.50 0.51
Average pore diameter (nm) 19.0 17.0

3 Results and discussion

Figure 3 presents the XRD patterns of the alumina—15
vol% mullite precursors calcined at different temperatures
(900-1,750 °C) by route 1. It also shows the transitional
alumina (y [18], x [19]) at 900 °C. The crystallization of
quartz [20] and tridymite [21] can be observed at 1,000 °C.
Since silica retards the phase transformation of transitional
alumina to alpha alumina [22], only some of the transi-
tional alumina has been transformed to alpha alumina.

At higher temperatures (1,300-1,650 °C), the peaks of
mullite [23] were detected (Fig. 3), while at 1,750 °C, the
peaks of mullite were too weak and the alpha alumina
peaks [24] were observed in both of the routes 1 and 2.
The stability range of mullite is limited by a variety of
thermal decomposition reaction schemes in time—temper-
ature—Po—Poo space [25, 26]. In another work, after
annealing of mullite at 1,400 °C/4 h in dry air at normal
pressure, thermal decomposition of mullite gave rise to
the simultaneous formation of o-alumina platelets and an
initially siliceous glassy phase completely wetting the
platelets [27]. Meanwhile, mullite specimen surfaces heat-
treated in helium between 1,650 and 1,800 °C degrade with

the formation of alpha alumina and volatile silicon species
so that the recession progresses from the surface towards
the bulk of the specimens [28]. So it can be concluded in
our samples, that the mullite was decomposed.

Figure 4 shows the densification of alumina—15 vol%
mullite composites after being sintered at 1,300, 1,500,
1,650 and 1,750 °C for 2 h by the routes 1 and 2. After
sintering, the relative density of the samples increased by
increasing of the temperature. In route 1, the relative
densities were calculated as 49.8 £+ 0.3, 75.9 & 0.7 and
96.1 £ 0.5% T.D. at 1,500, 1,650 and 1,750 °C, respec-
tively. So full densification could be obtained by increasing
of the temperature in this route, but the mullite decompo-
sition was observed at 1,750 °C (Fig. 3). At 1,500, 1,650
and 1,750 °C, the relative densities of route 2 were
obtained as 67.2 £ 0.3,99.2 + 0.6 and 99.3 £ 0.7% T.D.,
respectively. Compared to route 1, the relative density was
increased and accelerated by route 2. On the other hand, the
BET surface areas of the nanopowders synthesized by
routes 1 and 2 were 105.4 £+ 0.4 and 120.9 &+ 0.5 m2/g,
respectively. So the densification was improved in route 2,
because the BET surface area of the nanopowder, synthe-
sized by this route, was more than that in route 1. At
1,500 °C, the densification was not completed and at
1,750 °C, the mullite was decomposed according to its
XRD pattern. Then in route 1, it was preferred to sinter it at
1,650 °C.

The microstructures of the sintered alumina-mullite
composite obtained in route 1 at 1,500, 1,650 and 1,750 °C
are shown in Fig. 5a, b and c, respectively. As shown, the
average grain size increases by increasing of the tempera-
ture, so that it is 0.2, 0.4 and 0.9 pm at 1,500, 1,650 and
1,750 °C, respectively. These micrographs were taken in
back-scattered electrons (BSE) mode of FE-SEM to
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Fig. 3 The XRD patterns of
alumina—15 vol% mullite from
route 1 at different temperatures

¢ Mullite (15-0776)
0 K-Alumina (04-0878)
» Tridymite (01-085-0419)

X o-Alumina (10-0173)
+ y-Alumina (10-0425)
= Quartz (01-087-2096)

Mullite

Transitional & alpha

alumina +

800 4
b X X X
] X
] X
] X
. lI Ll L
] X 1750 °C Alpha alumina
700 3 S X
1 X
] © X X X
i 9 ©
] Lol o0 X § o,
600 ] >°< 1650 °C
] X
. X
.’g 500 E 1600 °C
= ]
=] ]
> ]
- 4
<
I
g 400 E 1500 °C
z
z 1 %
3 1 e o X X XX x
= ] o
R 1400 °C
. Alpha alumina +
200 1300 °C
3
]

1000 °C
100 Quartz + Tridymite
a]
+ O "
900 °c | Transitional alumina
0 T T T T T T T
10 30 50 70

investigate the mullite phase. There are dark and light areas
in the micrographs. Because of the energy-dispersive X-ray
spectroscopy (EDS) spectrum of these areas (Fig. 5b) and
their XRD patterns (Fig. 3), the mullite grains were formed
between the alumina grains (intergranular mullite). At
1,750 °C (Fig. 5c), porosity was observed due to sintering
(abnormal grain growth) or mullite decomposition.

The microstructures of the sintered alumina—mullite
composite obtained by route 2 at 1,500, 1,650 and 1,750 °C
are shown in Fig. 6a, b and c, respectively. It is observed
that the average grain size increases by increasing of the
temperature, so that itis 0.4, 1.4 and 2.2 pm at 1,500, 1,650
and 1,750 °C, respectively. Compared to route 1, the
average grain size was increased and accelerated in route 2.
These micrographs were taken in BSE mode of FE-SEM to
investigate the mullite phase. There are dark and light areas
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in the micrographs. Because of the EDS spectrum of these
areas (Fig. 6b) and their XRD patterns, the mullite particles
were formed inside the alumina grains (intragranular
mullite). At 1,750 °C (Fig. 6¢), porosity was observed
due to sintering (abnormal grain growth) or mullite
decomposition.

The mullitization temperature in routes 1 and 2 was
different. The former showed mullite formation at
1,300 °C, while the latter showed mullite formation by
firing at around 1,000 °C (Fig. 7) due to the complete
three-dimensional homogeneity, exemplified by the single-
phase gel. Okada et al. [29] reported the mullitization
temperature above 1,200 °C, using silica sol and aluminum
salt. A molecular mullite gel can directly crystallize to the
orthorhombic form of mullite (i.e., o—mullite, 3Al,05-
2Si0,) [30].
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Fig. 4 The densification of alumina—15 vol% mullite composites
after being sintered at 1,300-1,750 °C for 2 h

(b)

Boehmite (AIO(OH)) solid-solution gel, which yields
stoichiometric mullite (3A1,05-25i0,) at high tempera-
tures, was prepared by a hydrazine method using hydrous
aluminum chloride and silicon ethoxide [31]. The sequence
of phase development was summarized as follows:
AlO(OH)(ss) gel — amorphous — y-Al,O5(ss) — 3AL0;-
2SiO, [31]. So the metastable alumina phase has a solu-
bility of silica. The difference in theoretical density of
metastable and stable alumina phases (3.41 g/cm® for
gamma alumina, as compared to 3.98 g/lcm® for alpha
alumina [32]) supports the solubility of silica. Also the
complete three-dimensional homogeneity appears to sup-
port it in the route 2 of this work. As a consequence, the
transition from metastable to stable alumina is likely to be
associated with the formation of solute-rich precipitates.
Based on the XRD analysis of route 2 (Fig. 7), it would be
reasonable to imagine that precipitation of mullite is an
inevitable outcome of the transition of alumina from
gamma to alpha.

S0
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Fig. 5 The FE-SEM micrographs (BSE mode) of alumina—15 vol%
mullite sintered at different temperatures for 2 h from route 1 and the
EDS spectrum of points A and M (A: alumina, M: mullite) at

200 nm
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1,650 °C: a At 1,500 °C: 49.8% T.D., 0.2 um average grain size. b At
1,650 °C: 75.9% T.D., 0.4 um average grain size. ¢ At 1,750 °C:
96.1% T.D., 0.9 um average grain size
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Fig. 6 The FE-SEM micrographs (BSE mode) of alumina—15 vol%
mullite sintered at different temperatures for 2 h from route 2 and the
EDS spectrum of points A and M (A: alumina, M: mullite) at

Katarina et al. [33] verified the applicability of two-
stage sintering as a means of suppressing the final stage
grain growth of submicrometer alumina. The first heating
step should be short at a relatively high-temperature in
order to close porosity without significant grain growth.
The second step at lower temperature facilitates further
densification with limited grain growth. Li and Ye [34]
reported that below 82% T.D., alumina nanopowder
would not be densified even after prolong soaking in the
second step. Figure 4 shows that the relative density of
alumina—15 vol% mullite is 75% T.D. at 1,650 °C. On
the other hand, Fig. 8 shows the XRD patterns of this
sample after being sintered at 1,650 °C for 2, 8 and
16 h. Instead of the mullite, tridymite and quartz phases
were detected at 8 and 16 h. So the two-stage sintering
is not suggested for sintering because of the mullite
decomposition. However, the application of two-stage
sintering for alumina is questionable, because according
to Kanters et al. [35], the activation energy of densifi-
cation in alumina is in fact higher than the activation
energy of grain growth.
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1,650 °C: a At 1,500 °C: 67.2% T.D., 0.4 pm average grain size. b At
1,650 °C: 99.2% T.D., 1.4 um average grain size. ¢ At 1,750 °C:
99.3% T.D., 2.2 um average grain size

4 Conclusions

In this work, the alumina composite nanopowders, syn-
thesized via sol-gel method using aluminum chloride
hexahydrate and two different silicon sources (route 1:
colloidal silica, route 2: TEOS), were used to prepare the
alumina—mullite composite by pressing and sintering. The
findings can be summarized as follows:

1. In route 1, the mullite grains were formed between the
alumina grains (intergranular mullite), while in route 2,
there were mullite particles formed inside the alumina
grains (intragranular mullite).

2. Formation of intragranular mullite was attributed to the
drop in silica solubility, which occurred during the
transition from metastable alumina (exhibiting silica
solubility) to stable alumina (with no silica solubility).

3. Compared toroute 1, the relative density and the average
grain size were increased and accelerated by route 2.

4. The two-stage sintering is not suggested for sintering
because of the mullite decomposition.
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Fig. 7 The XRD patterns of mullite gel
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Fig. 8 The XRD patterns of
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