
Effects of precursor pH and sintering temperature on synthesizing
and morphology of sol–gel processed mullite

Jae-Ean Leea, Jae-Won Kima, Yeon-Gil Junga,*, Chang-Yong Job, Ungyu Paikc

aDepartment of Ceramic Science and Engineering, Changwon National University 9, Sarim-dong, Changwon, Kyungnam 641-773, Republic of Korea
bKorea Institute of Machinery and Materials, 66 Sangnam, Changwon, Kyungnam 641-010, Republic of Korea

cDepartment of Ceramic Engineering, Hanyang University 17, Haengdang-dong, Seongdong-ku, Seoul 133-791, Republic of Korea

Received 27 February 2002; received in revised form 12 March 2002; accepted 18 April 2002

Abstract

Needlelike mullite, which shows high aspect ratios, has been synthesized by coprecipitation from aluminum nitrate enneahydrate
and colloidal silica sols. The effects of precursor pH and sintering temperature on the synthesizing behavior and the morphology of
the needlelike mullite have been investigated. The equilibrium mullite phase appeared in the samples, which had been sintered at

and above 1200 �C for each precursor pH. Crystallization of cristobalite from excessive SiO2 occurred during sintering from
1200 �C, and the amount of cristobalite increased with sintering temperature up to 1400 �C. However, resorption of cristobalite into
mullite decreased the amount of the phase from 1500 �C. The mullite synthesized with precursor pH42 (acidic sample) displayed

high aspect ratios at high sintering temperature. However, morphology of the mullite synthesized with precursor pH58 (basic
sample) transformed to rodlike or granular shape with increasing sintering temperature.
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1. Introduction

Needlelike or fibrous mullite particles are attractive to
high temperature application such as reinforcement in
high-temperature structural components, owing to high
creep resistance, chemical stability, mechanical strength,
relatively low thermal expansion coefficient and elec-
trical properties [1–3]. There have been many attempts
to synthesize needlelike mullite particles as well as mul-
lite whiskers or fibers with various starting materials by
sol–gel method, because sol–gel method has advantage
on synthesizing high purity mullite phase at relatively
low temperatures range from 850 to 1250 �C [4–10].
Mullite can be synthesized from monophasic and

diphasic gels obtained either by sol–gel or coprecipi-
tation methods [6–9] leading to the different precursor
types described by Schneider et al. [10]. They also
reported that crystallization occurs around 980 �C for
the monophasic gel [6,9], and above 1250 �C for the

diphasic gel [6–9]. The synthesis of needlelike mullite
particles as well as mullite fibers or whiskers is strongly
dependent upon starting materials and methods [4,11–13].
Moreover, it is necessary to adjust precursor pH for
controlling the morphology of the mullite synthesized
using sol–gel methods, including sintering temperature
with precursor pH [5].
The present work describes the process to synthesize

fine needlelike mullite through coprecipitation of alu-
minum nitrate enneahydrate and colloidal silica sols.
Effects of precursor pH and sintering temperature on
synthesizing behavior and morphology of sol–gel pro-
cessed mullite have been extensively investigated.

2. Experimental procedure

Aluminum nitrate enneahydrate [Al(NO3)39H2O, 98%,
Junsei Chemical Co., Japan] and colloidal silica (Nalcoag
1130, 30%, USA) were used as starting materials.
Mullite precursor sols with non-stoichiometirc compo-
sition (0.35Al2O3–2SiO2) were prepared by mixing of
aluminum nitrate enneahydrate and colloidal silica in an

0272-8842/02/$22.00 # 2002 Elsevier Science Ltd and Techna S.r.l. All rights reserved.

PI I : S0272-8842(02 )00077-9

Ceramics International 28 (2002) 935–940

www.elsevier.com/locate/ceramint

* Corresponding author. Tel.: +82-55-279-7622; fax: +82-55-261-

7017.

E-mail address: jungyg@sarim.changwon.ac.kr (Y.-G. Jung).



aqueous solution at 70 �C. Precursor pH of the sols was
controlled to pH42 (hereinafter acidic sample) and
pH58 (hereinafter basic sample), by the addition of
NH4OH. Mullite precursor gels were prepared by dry-
ing of the sols at 120 �C for 24 h.
Thermal analysis of the gels has been carried out up

to 1300 �C in air at a constant heating rate of 7 �C by
TGA/DTA (TG/DTA, SDT2960, TA Instrument,
USA). The dried gels were calcined (heating rate: 10 �C/
min) in the temperature range of 900�1600 �C for 2 h.
X-ray diffraction (XRD, Rigaku Co., D/MAX-III,
Japan) has revealed the developed phases during heat
treatment of the powders.
The dried powders, which were wet milled from the

calcined powders in aqueous solution, were compacted
to disk shape with the pressure of 20 MPa. Sintering of
the green compacts has been carried out in the tem-
perature range of 1200�1600 �C for 2 h, where the
heating rate was fixed with 7 �C/min. The morphology
of the synthesized particles has been observed by scan-
ning electron microscopy (SEM, S2400, Hitachi, Japan)
with the specimens prepared by the polished and then
chemically etched with 40% HF solution.

3. Results and discussion

In the acidic sample, transparent and uniform gela-
tion, whose rate was relatively slow, has occurred.
However, in the basic sample, gelation rate was rela-
tively fast and the nature of the gel was opaque. There
results mean that the rate of gelation and physicochem-
ical nature of the synthesized gels were very dependent
upon the precursor pH. The results are similar to those
of Anilkumar’s [5].
Fig. 1 shows the TGA/DTA analyses of the as-dried

gels. The total weight loss in the acidic sample (�28%)
was less than that of the basic sample (�51%). DTA
curves displayed broad and small endothermic peaks
around 480�490 �C, considering as dehydration of
aluminum hydrate and low-temperature phase transfor-
mation (Z-Al2O3) [14]. The broad endothermic peaks in
the temperature range of 500�1000 �C indicate that
there have been reactions between Z-Al2O3 and amor-
phous silica before crystallization. Small but sharp exo-
thermic peak appeared around 990 �C for the acidic
samples, but the relatively broad peak for the basic
samples appeared around 1082 �C. The peaks are rela-
ted to the phase transformation from Z-Al2O3 to
y-Al2O3 [1,14] or to the formation of mullite [13,15].
Crystallization of mullite for all samples has been

detected above 1200 �C by the broad exothermic peaks.
Generally exothermic peak for the diphasic gel does not
appear up to 1250 �C [6–9], while the acidic sample has
a sharp exotherm around 990 �C. The exotherm is
attributed to the formation of mullite or spinel phases

[6,9], also indicates that the gel in the acidic sample is
monophasic mullite precursor. The broad peak around
1082 �C for the basic sample indicates the formation of
intermediate phases, such as cubic mullite or Al–Si spi-
nel. The shape of the exothermic peaks (at 1082 and
1250 �C) in the basic sample is closely related to the
homogeneity of Al–Si components in the gel [8]. The
peak also indicates homogeneous mixing of Al–Si com-
ponents in the gel. However, the broad peaks mean less
homogeneous mixing of the components. TGA/DTA
analyses revealed that the formation of mullite phase
during sintering was not dependent upon the precursor
pH.
Fig. 2 shows the XRD patterns of the calcined mullite

precursors. A meta-stable alumina (y-Al2O3) and amor-
phous SiO2 phases exist in the both samples calcined
below 1100 �C. Through calcinations at 1200 �C,
y-Al2O3 does not exist in the acidic sample, while the
phase still exists in the basic sample. XRD results of the
samples (acidic and basic) calcined at 1200 �C show co-
existence of mullite and cristobalite phases, indicating
that the mullitization temperature of the acidic sample
is lower than that of the basic sample. Peak intensity of
mullite in the XRD results increases with increasing
sintering temperature for each sample. Figs. 3 and 4
display the evolution of mullite morphology with sin-
tering temperature for each sample. The amount of
cristobalite increased with increasing sintering tempera-
ture above 1200 �C and showed maximum condition in
the samples (acidic and basic) sintered at 1400 �C. Because
aluminosilicate glassy phase re-absorbed the cristobalite
above 1400 �C, cristobalite phase did not appear in the
samples (acidic and basic) sintered above 1600 �C.
In the present study, it is found that the mullitization

temperature is an important criterion to evaluate the
degree of mixing of the constituents such as Al, Si in the
gel. Sacks et al pointed out that the temperature of
1600�1700 �C is required to achieve complete mulliti-
zation when alumina and silica particles are mixed in
the micrometer size range [16]. If the mixing scale is at
molecular level, mullitization can be achieved at the
temperature of 1000�1100 �C. Schneider et al. classified
the sequence of mullite formation depending on the
particle size or bonding form: type I: atomic level; type
II: molecular level or cluster; and type III: for the oxides
[10]. Okada et al. also classified four types of transfor-
mation sequences depending on the mixture homo-
geneity of the oxides of the particle size as follows: type
A: mixtures of sols and/or oxides; type B: precipitates;
type C: clay minerals; type D: glassy states [3]. In the
present study, the mullite phase has appeared in the gel
heat treated in the temperature range of 1200�1300 �C,
depending on the pH condition. The broad peaks in the
TGA/DTA curves indicate the existence of the mullite
phase and mean the heterogeneous mixing of the alu-
minosilicate sol. Therefore, the sequence found by this
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study can be considered as type II of Schneider’s classi-
fication or an admixture of type A and B of Okada’s.
Figs. 3 and 4 show the mullite phase synthesized at

various conditions. Fig. 3(A) displays the morphology
of the mullite, which was synthesized from the acidic
sample at 1200 �C for 2 h, showing fine rodlike mullite
particle (approximately 0.5 mm in length). Sintering at
1300 �C generated needlelike mullite particles (1�2 mm
in length and 0.1�0.3 mm in width) as shown in
Fig. 3(B). Increasing the sintering temperature assisted
growth of the mullite particles, for instance, the mullite
phase synthesized at 1600 �C, has 10�20 mm in length
and 1�2 mm in width as shown in Fig. 4(B). In the
acidic sample, the morphology developed from rodlike

to needlelike with increasing the sintering temperature.
In the basic sample [Figs. 3(D) and 3(E)], increasing
sintering temperature up to 1300 �C assisted growth of
the needlelike mullite phase (sintering at 1200 �C: about
1�2 mm in length, sintering at 1300 �C: about 4�5 mm
in length). However, sintering at high temperature of
1500 and 1600 �C made the morphology relatively
coarse granule or rodlike as shown in Figs. 4(D) and
4(E).
The difference in the gelation of each pH condition

can be considered as the reason why the precursor pH
affects the morphology of the mullite grain [17]. Alumi-
nosilicate hydrate compound with alumina and silica
precursors forms mullite rapidly in the acidic condition

Fig. 1. TGA–DTA curves of mullite precursors with (A) acidic sample (pH42) and (B) basic sample (pH58).
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Fig. 2. XRD patterns of mullite precursor calcined at different temperature: (A) acidic sample (pH42) and (B) basic sample (pH58): (a) 900 �C,

(b) 1000 �C, (c) 1100 �C, (d) 1200 �C, (e) 1300 �C, (f) 1400 �C, (g) 1500 �C, and (h) 1600 �C.

Fig. 3. SEM photographs of samples obtained by sintering green bodies at 1200�1400 �C for 2 h and then treating with 40% HF solution:

(A) 1200 �C (acidic sample), (B) 1300 �C (acidic sample), (C) 1400 �C (acidic sample), (D) 1200 �C (basic sample), (E) 1300 �C (basic sample), and

(F) 1400 �C (basic sample).
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(pH42). Meanwhile, aluminosilicate sol can be
flocculated in the basic condition (pH58). This means
that aluminosilicate sol can form relatively less network
and larger primary particle in higher pH. However, it is
not clear how much affects on the morphology of the
mullite grain. Studies of this effect are underway and
will be reported later.
From the above results the effects of the precursor pH

and the sintering temperature on the synthesizing and
the morphology of the mullite can be summarized as
follows. Long needlelike mullite can be obtained by
heating the gel prepared with low pH at high tempera-
ture, and granule or rodlike mullite by heating the gel
prepared with high pH at high temperature. Addition-
ally the gel prepared at high pH can offer needlelike
mullite at low temperature below 1400 �C.

4. Conclusions

Needlelike mullite has been obtained from the gels of
aluminum nitrate enneahydrate and colloidal silica
through coprecipitation. The gel in the acid sample was
transparent and the gel in the basic sample was opaque,
indicating that the rate of gelation and physicochemical
nature of the gels were dependent upon the precursor
pH. The precursor pH did not affect the reactivity and

the phase formation in the mullite, showing the mulliti-
zation temperature of the gels was about 1200 �C for the
acidic sample and above 1200 �C for the basic sample.
On the other hand, cristrobalite was crystallized from
1200 �C and the peak intensity increased up to 1400 �C,
showing resorption into mullite from 1500 �C. The
mullite of high aspect ratio has been synthesized from
the acidic sample, which morphology developed from
rodlike to needlelike with increasing the sintering tem-
perature. However, the morphology of the mullite from
the basic sample generated rodlike or granular type with
increasing the sintering temperature, especially at the
high temperature above 1400 �C. The importance of the
initial pH condition, which prominently affected the
formation of needlelike mullite, was emphasized.
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Fig. 4. SEM photographs of samples obtained by sintering the green bodies at 1500 and 1600 �C for 2 h and then treating with 40% HF solution:

(A) 1500 �C (acidic sample), (B) 1600 �C (acidic sample), (C) 1600 �C (acidic sample, fracture surface) (D) 1500 �C (basic sample), (E) 1500 �C (basic

sample), and (F) 1600 �C (basic sample, fracture surface).

J.-E. Lee et al. / Ceramics International 28 (2002) 935–940 939



References

[1] H. Schneider, K. Okada, J.A. Pask, Mullite and Mullite Cera-

mics, John Wiley and Sons, 1994.

[2] I.A. Aksay, D.M. Dabbs, M. Sarikaya, Mullite for structural,

electronics, and optical applications, J. Am. Ceram. Soc. 74

(1991) 2343–2357.

[3] K. Okada, N. Otsuka, Formation process of mullite, in: S.

Somiya, R.F. Davis, J.A. Pask (Eds.), Ceramic Transactions,

Vol. 6, Mullite and Mullite Matrix Composites, Am. Ceram.

Soc., Westerville, OH, 1990.

[4] M.G.M.U. Ismail, H. Arai, Z. Nakai, T. Akiba, Mullite whiskers

from precursor gel powders, J. Am. Ceram. Soc. 73 (1990) 2736–

2739.

[5] G.M. Anilkumar, P. Mukundan, A.D. Damodaran,

K.G.W. Warrier, Effect of precursor pH on the formation char-

acteristics of sol–gel mullite, Mater. Lett. 33 (1997) 117–122.

[6] D.W. Hoffman, R. Roy, S. Komarneni, Diphasic xerogels, a new

class of materials: phases in the system Al2O3–SiO2, J. Am.

Ceram. Soc. 67 (1984) 468–471.

[7] S. Rajendran, H.J. Rossell, J.V. Sanders, Crystallization of a

coprecipitated mullite precursor during heat treatment, J. Mater.

Sci. 25 (1990) 4462–4471.

[8] A.K. Chakravorty, Role of hydrolysis water-alcohol mixture on

mullitization of Al2O3–SiO2 monophasic gels, J. Mater. Sci. 29

(1994) 6131–6138.

[9] I. Jaymes, A. Douy, D. Massiot, J.P. Coutures, Characterization

of mono- and diphasic mullite precursor powders prepared by

aqueous routes 27Al and 29Si MAS-NMR spectroscopy investi-

gations, J. Mater. Sci. 31 (1996) 4581–4589.

[10] H. Schneider, B. Saruhan, D. Voll, I. Merwin, A. Sebald, Mullite

precursor phases, J. Eur. Ceram. Soc. 11 (1993) 87–94.

[11] K. Okada, N. Otuska, Synthesis of mullite whisker and their

application in composites, J. Am. Ceram. Soc. 74 (1991) 2414–

2418.

[12] J.S. Hong, X.X. Huang, J.K. Guo, Synthesis and sintered prop-

erties of mullite powder from seeded diphasic Al2O3–SiO2 gel,

Mater. Lett. 24 (1995) 327–331.

[13] K.C. Song, Preparation of mullite fibers from aluminum iso-

propoxide-aluminum nitrate-tetraethylorthosilicate solutions by

sol–gel method, Mater. Lett. 35 (1998) 290–296.

[14] C.G. Ha, Y.G. Jung, J.W. Kim, C.Y. Jo, U. Paik, Effect of

particle size on gelcating process and green properties in alumina,

Mater. Sci. & Eng. A. 337 (2002) 212–221.

[15] J. Temuujin, K. Okada, K.J.D. MacKenzie, Effect of mechano-

chemical treatment on the crystallization behavior of diphasic

mullite gel, Ceram. Int. 25 (1999) 85–90.

[16] M.D. Sacks, H.W. Lee, J.A. Pask, A review of powder prepara-

tion methods and densification procedures for fabricating high

density mullite, In: S. Somiya, R.F. Davis, J.A. Pask (Eds.),

Ceramic Transactions, Vol. 6, Mullite and Mullite Matrix Com-

posites, Am. Ceram. Soc., Westerville, OH, 1990.

[17] T.A. Ring, Fundamentals of Ceramic Powder Processing and

Synthesis, Academic Press, 1996.

940 J.-E. Lee et al. / Ceramics International 28 (2002) 935–940


