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Diphasic gels were prepared by a precipitated process from the mixed solutions of colloidal 
silica and aluminium nitrate. High-purity stoichiometric mullite powders were produced by 
calcination of the products of these gels, with an exothermic reaction occurring at 1300~ 
The chemical and structural evolutions, as a function of thermal treatment, have been 
characterized by differential thermal analysis, thermogravimetric analysis, X-ray diffraction, 
infrared spectroscopy, and electron microscopy. The components of the co-precipitated gels 
react independently with increasing temperature up to the formation of mullite. The 
composition of mullite also varies with the temperature of thermal treatment. The calcined 
powders treated by ball-milling could be sintered into a high-density body, in spite of the 
occurrence of a small amount of glassy phase during sintering. 

1. In t roduct ion 
Mullite (3A120 3 �9 2SIO2) is a characteristic constituent 
of traditional ceramics made from aluminosilicate and 
is well-known as the only stable compound in the 
A1203 SiO 2 system, which melts incongruently at 
1828 ~ [l]. According to recent studies [2, 3], mullite 
ceramics show little degradation in flexure strength 
(above 350 MPa) up to 1300 ~ because of their highly 
covalent character. Sintered mullite is also attractive 
for its potential application in infrared windows [4] or 
low-expansion substrate manufacturing [5, 6]. How- 
ever, mullite is difficult to sinter into full-density and 
high-purity stoichiometric bodies. To overcome these 
difficulties, several different processes for preparing 
the high-purity and active mullite powders have re- 
cently been reported [3, 7-11]. Highly pure mullite 
powders, however, are not yet commercially available. 
Even if highly pure mullite powders were available, 
they would be costly because of expensive raw mater- 
ials and complicated preparation processes. In the 
present study, fine, highly purified powders were pre- 
pared by calcination of the products precipitated from 
a mixed aqueous solutions of aluminium nitrate and 
colloidal silica. 

2. Experimental procedure 
Colloidal silica (Ludox As-40) and aluminium nitrate 
were used as the precursor materials for silica and 
alumina, respectively. A co-precipitation process using 
a mixed solution of aluminium nitrate and colloidal 
silica was carried out at room temperature under 
vigorous agitation. The ammonia solution was slowly 
added to the mixed solution to adjust the pH of the 
solution to 8, so that the ratio of A120 3 to SiO 2 was 
brought as near as possible to the ideal mullite com- 
position value. Then the white, precipitated gels were 

filtered, washed, dried and calcined. Some calcined 
powders were ball-milled for 8 h in a nylon jar using 
zirconia balls and distilled water. 

The surface areas of the powder were determined by 
the BET method (Micromeritics, Surface Area Ana- 
lyser 2200) with the use of the nitrogen absorption/ 
desorption isotherm. The crystalline phases in the 
calcined product were identified by X-ray diffraction 
(XRD), using C u K  radiation. For the measurement of 
the lattice parameters of mullite, high-purity calcium 
fluoride powder was added to the sample as an inter- 
nal standard. The reflections selected for the deter- 
mination of the orthorhombic cell constants were 
(04 1), (40 1), (33 1), (42 1), (002) and (520). Differ- 
ential thermal analysis/thermogravimetric analyses 
(DTA/TGA) curves of the gels were taken at a heating 
rate of 10 ~ min-  1 up to 1350 ~ using a Rigaku TAS 
100 unit. Infrared spectra of mullite were recorded 
from 1600-400 cm-1 using a Hitachi 270-30 IR spec- 
trophotometer. The infrared samples were prepared 
using the KBr pellet method. The microstructures of 
the sintered bodies were examined using SEM tech- 
niques (Jeol JSM-35CF) after the samples had been 
polished, thermally etched (at 1600 ~ for 40 min) and 
chemically etched. TEM specimens were prepared in 
either a thin foil or a powder form and examined at an 
acceleration voltage of 175 kV with a Hitachi 700H 
transmission electron microscope. Chemical analyses 
were performed on polished sections with a wave- 
length dispersive spectrometer (WDS). Weight per- 
centages were calculated from the net intensities with a 
program correcting for the influence of atomic num- 
ber, absorption, and the degree of fluorescence (ZAF- 
process). Green densities were computed from the 
weights and dimensions of the pellets. Bulk densities of 
the sintered pellets were measured using Archimedes' 
method. 
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3. R e s u l t s  and  d i s c u s s i o n  
3.1. T G A / D T A  
Thermogravimetric analysis (TGA) of gel powders 
exhibits a two-step weight loss as shown in Fig. 1. 
The first step may be assigned to the loss of absorbed 
water [12]. The second step in weight loss is due 
to decomposition of pseudoboehmite and nitrate 
(NH4NO3) [12, 13]. The total weight loss in the gel 
amounts to 46 wt %. There is little further weight 
change beyond 500 ~ The DTA heating curve ob- 
tained for the co-precipitated gel of the stoichiometric 
composition is shown in Fig. 2. The gels exhibit a 
broad endotherm around 120~ due to the loss of 
water and two exothermic peaks at about 280 and at 
1300 ~ The first exotherm around 280 ~ is attribu- 
ted to the decomposition of nitrate [13]. To character- 
ize the origin of the second exotherrn, X-ray powder 
diffraction patterns taken near 1300 ~ are shown in 
Fig. 3. The XRD pattern obtained at 1200~ is a 
mixture of spinel-type phases and amorphous SIO2. 
On the other hand, the XRD pattern at 1300 ~ shows 
that mullite is the predominant phase. Therefore, the 
XRD data indicate that the second exotherm is due 
to the formation of mullite. A 980 ~ exotherm was 
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Figure 1 TG and DTG curves of the co-precipitated 3 A 1 2 0 3  �9 S i O  2 

gel. 
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Figure 2 DTA curve of the co-precipitated 3A1203 - 2SiOz gel. 
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Figure 3 XRD patterns of the co-precipitated gels calcined at vari- 
ous temperatures: A, ?-AI203 or q-AlzO3; 5, 8-A1203, 

reported [11] to be associated with single-phase 
xerogels, However, no trace of the 980 ~ exotherm 
was found in the present study. Instead, a very broad 
exotherm appears from about 450~ to above 
1200~ It is therefore suggested that our co-pre- 
cipitated gels are diphasic gels and two discrete 
phases, alumina and silica, are reacting independently 
at various temperatures up to the formation of the 
mullite phase. 

3.2. •  
To understand the sequence of phase development in 
the co-precipitated gels, a series of XRD patterns of 
the gels calcined at different temperatures was taken, 
as shown in Fig. 3. The XRD pattern of the gels heated 
at 120 ~ shows the presence of pseudoboehmite and 
amorphous S i O / a s  two discrete phases. After 1 h at 
500 ~ the XRD pattern shows that pseudoboehmite 
was transformed into a low-temperature form of 
AlzO 3 with a cubic spinel structure, along with an 
amorphous band around 22 ~ 20 (CuK) .  At 1200 ~ 
8-Al103 phase was observed in which a minor amount 
of 0-A1103 phase was also probably included (0 phase 
was observed by TEM analysis). Although both 
~-A120 3 and 0-A120 3 transform into cz-Al20 3 at 
1150 ~ [14], only mullite phase with minor amounts 
of 6-A120 3 and/or traces of 0-A120 3 were observed in 
the co-precipitated gel at 1300 ~ A similar phenom- 
enon had been observed by Yoldas [15] in his studies 
on the AI203-SiO 2 binary system, and had been 
interpreted as the result of the stabilization of active 
alumina by silica. Only mullite peaks were detected 
when the present gels were heated at 1600 ~ for 1 h. 
The phase transformation sequence for A1203 is sum- 
marized in Table I. When heated in air, pseudoboeh- 
mite first transformed into y-AI20 3 below 700 ~ then 
into (~-A1203 around 900~ into 0-AI203 and ~- 
A120 3 around l l00~ and finally into ~-A1203 
around 1200~ On the other hand, the amorphous 
silica gel exhibited a much simpler development his- 
tory in phase change, it crystallized into cristobalite at 



T A B L E  I Phases developed for pseudoboehmite and silica gel at TABLE II Per cent mullite at different calcination temperatures 
different calcination temperatures for 1 h determined by XRD analysis 

Temperature Crystalline phases a 
(~ 

Pseudoboehmite Silica gel 

700 Al-spinel b Amorphous 
900 6-A1203 + Al-spinel Amorphous 

1000 6-A1203 Amorphous 
1100 ~-AI203 + 0-A1203 Cristobalite 
1200 ~-AI203 Cristobalite 

aIdentified by XRDand  TEM. 
hAl-spinel:y-alumina or q-alumina. 

Temperature (~ Mullite (%) 

1200 trace 
1250 54.8 
1300 67.8 
1400 82.0 
1500 86.5 
1600 91.5 
1650 96.5 
1650 ~ 99.2 

"Calcination at 1650 ~ for 2 h. 

about l l00~ The XRD results indicate that both 
constituents, pseudoboehmite and silica, of the present 
gels behave independently with temperature until the 
formation of mullite. Therefore, it is suggested that the 
co-precipitated gels are diphasic in nature. 

Table II shows the amount  of mullite formed at 
different calcination temperatures. The content was 
estimated based on intensities, which were, in turn, 
obtained by integrating the areas of the X-ray peaks. 
As a standard for evaluating the per cent of mullite at 
different calcination temperatures, part of the material 
was calcined at 1650 oc for 4 h to achieve a maximum 
conversion and growth of the mullite phase. Taking 
the (1 20)/(2 1 0) X-ray peak intensity as 100, the con- 
centrations of mullite present in other samples were 
calculated as shown in Table II. This result indicates 
that an early stage of transformation into mullite 
occurred at 1250~ and then the extent of trans- 
formation into mullite increased progressively with 
temperature. 

Mullite formed at 1650 ~ for 4 h contains 72 wt % 
A120 3 determined by WDS analysis. The lattice 
parameters of this sample are ao =0 .7542nm,  
b o = 0.7691 nm and c o -- 0.2883 nm. Cameron [16] 
and Hirata et al. [17] reported that the value of a o is 
dependent on the alumina content of mullite. Hence, 
the A120 3 concentration in mullite can also be 
estimated using the lattice parameters. Using 
a o = 0.7542 nm found in the present mullite sample, 
the A1/O 3 content was determined to be 71.8 wt %, 
the result being consistent with that obtained by WDS 
chemical analysis; both are near the value in the ideal 
stoichiometric composition of mullite. 

3.3. Infrared spectroscopy and TEM 
Several structural changes taking place in the co- 
precipitated gels calcined at various temperatures 
were also observed by infrared spectroscopy analysis. 
Fig. 4 shows the infrared spectra from 4000 400 cm-  1 
before and after the major decomposition has occur- 
red. With the gels dried at 120~ the principal 
absorption bands of pseudoboehmite are present. Also 
seen are absorption bands associated with amorphous 
SiO  2 (1100, and 470cm -~) [12, 18]. In addition, 
absorption bands at 3450 and 1640 cm--1 are promin- 
ent. The band at 3450 cm-1 is due to the stretching 
vibration of the OH radical of physically absorbed 
water [19]. The intensity of the 3450cm -~ band 
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Figure4 Infrared spectra of the co-precipitated gels of mullite 
composition after calcination at different temperatures. 

decreased with temperature (Fig. 4), showing the re- 
moval of water on heating. On the other hand, the 
band at 1640 cm -1, due to rotation vibration of the 
OH radical [19], remained unaltered in position at 
progressively higher temperatures, but its intensity did 
gradually decrease with temperature. The band at 
1384cm -1, probably due to nitrate or ammonium 
[20], is also present as a result of the aluminium 
nitrate or NHgOH solution used in the co-precipita- 
ted process. After decomposition, the infrared spec- 
trum obtained is similar to that of the mixture of 
7-A1203 and amorphous SiO 2 [17]. Okada and 
Otsuka [21] reported that if A120 3 were substituted 
for SiO  2 in the amorphous solid, it would result in a 
shift of the Si-O vibration band from 1100 cm -1 
towards 1000cm -1. This shift associated with the 
A1-Si substitution, was not detected in the infrared 
analysis for gels before the formation of mullite 
(Fig. 4). Therefore, no A1-Si spinel phase was formed 
in gels before the formation of mullite. Hence, the co- 
precipitated gels should be of a diphasic model based 
on Hoffman's classification [8]. 

Several infrared patterns of samples treated at vari- 
ous temperatures after mullitization are shown in 
Fig. 5. Cameron [16] and Okada et al. [22] reported 
the chemical composition as a function of 1130 and 
l l70cm 1 absorbance bands. When the chemical 
composition of mullite is rich in A120 3, the 1130 cm - 
peak is stronger than the 1170 cm-1 peak in intensity 
and the reverse is true as the composition approaches 
60mo1% A1/O 3. At 1250~ the intensity of the 
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Figure 5 Infrared spectra of the co-precipitated gels of mullite 
composition after the formation of mullite at various temperatures. 

TAB L E I I I Surface area of gels calcined at various temperatures 

Temperature (~ Surface area 
(m 2 g 1) 

120 68.2 
300 188.8 
600 217.4 
900 109.3 

1050 84.9 
1200 14.9 
1250 3.2 

l l30cm 1 band is stronger than that of the 
1170 cm- 1 band; the intensities of these two bands are 
almost identical at 1300 ~ when mullite is formed at 
higher temperatures, the intensity of the 1170 cm-1 
band becomes stronger than that of the 1130 cm -1 
band. This variation sequence in intensity reflects the 
change in chemical composition of mullite. With in- 
creasing temperature, the composition of mullite 
progressively approached 60 mol % A1203, the stoi- 
chiometric alumina concentration in mullite composi- 
tion. Similar results were also reported elsewhere 
[12, 21]. Transmission electron micrographs also sup- 
port this result (Fig. 6). As shown in Fig. 6, extra 
reflections in (k 0 l) section are diffuse and parallel to 
c*. According to Cameron's study [23], the super- 
structure reflections in mullite are sensitive to chem- 
ical composition and vary in the length of the s vector 
between 60 and 66 mol % A120 3. As the s vector 
decreases, the chemical composition approaches al- 
umina-rich mullite. As seen in Fig. 6, it is also appar- 
ent that the chemical composition of mullite shifted 
towards the stoichiometric composition when mullite 
was formed at higher temperatures. 

3.4. Calcination and sintering 
The specific areas of the gels calcined at various 
temperatures are given in Table III. On calcination, 
the gels due to dehydration and thermal decomposi- 
tion widen the micropores and lead to the develop- 
ment of a porous system in the gels [24, 25]. Hence, 
surface area increases with calcination temperature up 
to about 600 ~ With further increase in calcination 
temperature, particles start to undergo sintering [3] 
and phase transformation processes and then the 
surface area begins to decrease. 

The sintering behaviour of the gels with and with- 
out ball-milling pretreatment is also compared in this 
study. The green densities of the gel powders dried at 
900~ for 1 h are 1.25 and 1.31 gcm -3, respectively, 
for ball-milled specimens and untreated samples. The 
bulk densities of the bodies sintered at 1650 ~ for 4 h 
are 3.09 and 2.59 g cm -3 and these densities are, re- 
spectively, 97.4 and 81.7% theoretical (3.17 gcm-3). 
Scanning electron micrographs of these two calcined 
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Figure 6 TEM patterns of the mullite ceramics calcined at various 
temperatures for 1 h: (a) 1250~ (b) 1500~ (c) index. 

powders and their sintered bodies are shown in Fig. 7. 
Distinct agglomerations are observable in untreated 
calcined powders while agglomeration in ball-milled 
powders is almost completely absent. Untreated sam- 
pies, with small pores located inside the agglomerates, 
shrink much faster than the non-agglomerated, 
ball-milling treated powders. In other words, intra- 
agglomerates densify more effectively than the inter- 
agglomerates [26]. The resultant densification of the 
whole body for as-calcined powders is poor; its micro- 
structure is composed of well-densified areas separ- 
ated by crack-like voids [26]. A small number of 
elongated grains is observed in sintered bodies for 
both specimens. The length of the elongated, prismatic 
grains is averaged to about 5 ~tm. The apparently 
unique microstructure shown in sintered bodies may 
be explained in terms of the small amount of liquid 
phase formed during sintering [13]. After a specimen 
was etched with 10% HF solution, a small number of 
cuneate-shaped scars can be observed in the sintered 
body (Fig. 8). This also indicates that a small amount 
of silica-rich glassy phase was produced in the sintered 
body [10]. Moreover, TEM examination also demon- 
strates the existence of the glassy phase (Fig. 9). 



Figure 7 Scanning electron micrographs of (a, c) calcined powders 
(900 ~ 1 h) and (b, d) sintered bodies (1650~ 4 h) (right): (a, b) 
untreated (c, d) pretreated by ball-milling process. 

Figure 9 Transmission electron micrograph of mullite ceramics 
sintered at 1650~ for 4 h showing the glassy phase in a triple 
junction. 

The calcined powders treated by ball-milling can be 
sintered to a high-density body. In spite of a small 
amount of glassy phase occurring during sintering, it 
appears to be a promising high-performance ceramic. 

Acknowledgement 
We thank the National Science Council of Taiwan 
for financial assistance through grant NSC80-0416- 
E006-01. 

Figure8 Scanning electron micrographs of mullite ceramics sin- 
tered at 1650 ~ and chemically etched by 10% HF  solution. 

4. Conclusion 
Mullite of stoichiometric composition has been syn- 
thesized, using a co-precipitated method, from mixed 
solutions of colloidal silica and aluminium nitrate. 
The gels are composed of pseudoboehmite and 
amorphous silica and are diphasic model gels in terms 
of Hoffman's classification, in which both constituents 
react independently with increasing temperature up 
to the formation of mullite. Initially, the mullite is 
alumina-rich in composition, whereas at higher 
temperatures, the composition gradually approaches 
to the stoichiometric composition of mullite 
(3A110 3 �9 2SIO2). 
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