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Mullite fibre was successfully synthesized by pyrolysis of aluminosiloxane formed from ethy! 3-oxobutanoatodi-
isopropoxyaluminium and di-(sec-butoxy)aluminoxytriethoxysilane. Aluminosiloxane increased in viscosity with increas-
ing coordination number of aluminium, which was analysed by ?’Al NMR spectroscopy. The viscosity of aluminosiloxane
was controlled by the amount of added glacial acetic acid as well as the working temperature for the spinning of
precursor fibre. Aluminosiloxane gave amorphous SiO,-Al,0; at 500 °C, which began to crystallize to mullite at 930 °C.
Single-phase mullite was produced on heating to 1000 °C for 1 h. The polymer fibre spun from aluminosiloxane was
pyrolysed yielding crack-free mullite fibre at 1000 °C for 1 h.

Mullite (3A1,0;-2S8i0,) has various attractive properties such
as high-temperature strength, creep resistance and a low
thermal expansion coefficient. Fibre-reinforced materials have
been receiving great attention because of their applications in
the field of composites materials.""* Alumina, alumina-silica,
and alumina-zirconia fibres are mainly used as temperature-
resistant fibres.® Refractory oxides have extremely high melting
points and low viscosity of melts making melt spinning
impractical, which leads to the development of chemical
techniques including the sol-gel process for the synthesis of
ceramic fibres.

The synthesis of silica-stabilized alumina fibres by the sol
process using aluminium oxychloride was demonstrated by
Morton et al.* Aluminosilicate and aluminium borosilicate
fibres were made wvia similar processes employing aqueous
aluminium acetate and colloidal silica.’ Horikiri et al. reported
the fabrication of alumina and silica—alumina fibres from the
partially hydrolysed diethylaluminium isopropoxide and poly-
silicic acid esters.®

Usually, the spinning conditions are critical in the sol-gel
process, since the viscosity of the sol changes with time, and
increases very rapidly once gelation starts. The control of
viscosity during rapid gelation, therefore, is a key processing
factor, since the viscosity of the sol is not sufficiently high for
spinning. Soluble organic polymers, such as polyvinyl alcohol
and polyethylene oxide, were added not only to raise the
viscosity of the sols but also to improve their spinning
characteristics.* On the other hand, the time-independent
viscosity of the starting polymer in the polymer route is one
of the most distinct differences from the sol-gel process.
Various spinning methods, such as melt-spinning and dry-
spinning result from the suitable solubility and viscoelastic
properties of polymers.

Andrianov synthesized various metalloxane polymers
including aluminosiloxanes, which comprise Al—O—Si
backbones.” Organoaluminosiloxane polymer obtained from
diacetoxydimethylsilane and ethyl acetoacetatealuminium
diisopropoxide was used for the fabrication of aluminosilicate
films on metal substrates.®® Oxyalkoxide polymer synthesized
from aluminium butoxide and tetrachlorosilane was reported
to form mullite when the initial Al: Si ratio was appropriate.*’

The formation process of mullite in the solution—precipi-
tation processes in aqueous systems depends upon the mixing
level of aluminium and silicon in the precipitated powders.!!
The difference of the hydrolysis rates between aluminium
alkoxide and silicon alkoxide results in the segregation of
aluminium- and silicon-containing species in the precipitated
powders.'! The degree of formation of silica and Al-Si spinel

during mullitization is explained by the segregation level of
starting materials.!> The slow hydrolysis/condensation of
alkoxides under controlled conditions'*** and the spray
pyrolysis of aluminium nitrate—silicon ethoxide system'® are
reported to be effective for chemical homogeneity in the
powders. When the formation of mullite is accompanied by
Al-Si spinel and silicious phase, the mechanical properties of
the mullite degrade at high temperatures due to the formation
of a grain-boundary liquid phase.'> The synthesis of single-
phase mullite is required to achieve the optimal high-
temperature properties.

This paper describes the synthesis of mullite fibre from an
aluminosiloxane precursor synthesized by the reaction of ethyl
3-oxobutanoatodiisopropoxyaluminium and di-(sec-butoxy)
aluminoxytriethoxysilane in the presence of glacial acetic acid.
The synthesis conditions using glacial acetic acid were found
to be useful for avoiding the segregation of aluminium- and
silicon-containing species as well as avoiding gelation of the
precursor. Aluminosiloxane with controlled viscosity was spun
into precursor fibres, which were successfully crystallized in
crack-free, single-phase mullite fibres.

Experimental
Starting Materials

Ethyl 3-oxobutanoatodiisopropoxyaluminium, (iso-
C;H,0),Al(CH;COCHCO,C,H;), (EOPA) was prepared
according to Patterson et al.'® Di-(sec-butoxy)aluminoxytrie-
thoxysilane, (sec-C,H;0),A1—O—S8i(OC,H;);, (BAES) was
commercially available (Hiils America Inc., Piscataway, NJ,
USA). Glacial acetic acid was refluxed over diphosphorus
pentaoxide, and distilled before use.

Synthesis of Mullite Precursor

The synthesis of an aluminosiloxane precursor with a mullite
composition (3A1,052Si0,, Al: Si=3) was carried out under
an argon atmosphere without any solvent.

A mixture of EOPA (18.37 g, 66.61 mmol) and BAES
(11.74 g, 33.30 mmol) with an Al:Si ratio of 3 was refluxed
at 220°C for 2 h. After cooling to room temperature, glacial
acetic acid (3.20 g, 53.29 mmol, 80 mol% of EOPA) was added
dropwise to the reaction mixture to give an exothermic
reaction. The resulting viscous liquid was refluxed at 200°C
for 4h. After the reaction mixture was cooled to room
temperature, the low boiling components (<85 °C/10° Pa)
were distilled out from the reaction mixture affording a viscous
liquid as a residue. The volatile components were removed
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thoroughly from the residue at 50°C and 10*Pa for 5h
providing a transparent pale-yellow liquid with an extremely
high viscosity.

Synthesis of Powder

The viscous metallo-organic product was heated from room
temperature to 500°C at 1°C min™! in air using a muffle
furnace with a 6000 cm® chamber. The powder thus formed
was heat-treated at temperatures between 900 and 1200 °C.

Synthesis of Mullite Fibre

The precursor was charged in a brass extruder (Fig. 1), which
was then set in a hand press (Riken Seiki, P-16B). The
precursor was melted in the extruder using a flexible heater
above 80 °C, and then extruded through the spinneret with a
diameter of 300 um below 60 °C. The temperature was meas-
ured using a calibrated thermocouple set inside the heater.
The extruded fibre was collected with a glass rod. The fibre
diameter ranged from 100 to 200 pm. Alternatively, precursor
fibres were spun from a bulk polymer with hand-drawing
using a glass rod of diameter of 8 mm at room temperature.
The length of fibre was 50—80 cm. The polymer fibres were
dried in air at room temperature for 2 or 3 days prior to heat
treatment. The diameter of fibre by hand-drawing was
5-100 pm. The polymer fibres were cut into lengths of 3—6 cm,
and then fired in air from room temperature to 900°C at
0.2°C min~'. The ceramic fibres were subsequently heat-
treated between 1000 and 1200°C for 1h at 1°C min~!
above 900°C.

Characterization of Aluminosiloxane and Aluminosilicate

Aluminosiloxane and organic products were characterized by
IR (Hitachi, 260-30), NMR spectroscopy and gas chromatog-
raphy (GC, Hitachi, 263-50). IR spectra of organic and
metallo-organic products were measured by the liquid-film
method using a pair of KBr plates (4 mm thick and 30 mm
diameter). The powder samples were mixed with KBr powders
and pressed to disks (0.3 mm thick and 10 mm diameter), and
then measured. 13C NMR spectra were recorded by a Gemini
200 spectrometer (Varian) in CDCl; solution using tetra-
methylsilane as an internal standard. Solution Al NMR
spectra were measured using a Bruker AC 250 spectrometer
at 65.18 MHz in CDCl, solution with AI(H,O)* as an
external standard. The volatile components as reaction
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Fig. 1 Extrusion apparatus of aluminosiloxane precursors
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by-products were collected by a chilled trap immersed in a
dry-ice-acetone bath, and analysed by *C NMR and GC.
The viscosity of precursor was measured by a rotational
viscometer using a cone-and-plate (Tokyo Keiki, EHD) from
45 to 75 °C. Molecular weights were determined cryoscopically
using benzene as a solvent.!”

The crystallization behaviour of the amorphous product
was measured with DTA and TG (Perkin-Elmer, 7) at a
heating rate of 10°C min~!. The pyrolysis product was
analysed by X-ray diffraction analysis (XRD) with Cu-Ka«
radiation (Rigaku, RAD-II) after heat treatment at tempera-
tures between 900 and 1200°C from 1 to 10 h. Ceramic fibres
were observed by scanning electron microscopy (SEM) using
a JEOL JSM-T20. The ratio of aluminium to silicon in the
mullite fibres was analysed by ICP (inductively coupled
plasma) emission spectroscopy (Shimadzu ICPQ-1000). The
solution for ICP analysis was prepared according to the
literature.'® The density of fibres was determined by a sink-
float method using a mixture solution of thallium formate
and thallium malonate.

Results and Discussion
Synthesis of Aluminosiloxane for Mullite

A mixture of EOPA and BAES with a molar ratio of 2 (the
Al: Si atomic ratio of 3) was reacted with various amounts of
glacial acetic acid yielding viscous liquids. The product was
transparent, and soluble in usual organic solvents, such as
benzene and chloroform. No water was used for the reaction
in order to avoid the gelation of products.

BAES has an advantage for molecular mixing of aluminium
and silicon, since it has an Al—O—Si bond in monomer itself.
In addition, the silicon site of BAES is at least trifunctional
to condensation reaction because three ethoxy groups are
bonded to the silicon atom. The multifunctional silicon com-
pound has higher possibility for the formation of cross-linkage
and branching via M—O bonds than that of di- and mono-
functional compounds. Since silicon-organics consisting of
Si—OR (R =methyl, ethyl) bonds are generally less volatile
than those including Si—R bonds, the loss of silicon moieties
can be minimized during calcination. Also, EOPA is a difunc-
tional compound, since the isopropyl group is more sus-
ceptible than the chelate ligand for the elimination and
substitution reaction. The M—O—M’ (M,M’'=Al and Si)
bond in a starting aluminosiloxane is introduced to minimize
the loss of silicon and aluminium moiety during the initial
stage of pyrolysis below 300°C.

Characterization of Aluminosiloxane for Mullite

IR spectra of starting EOPA-BAES mixture of mullite
composition (3A1,0;28i0,, Al:Si=3, a molar ratio of
EOPA:BAES=2) and its reaction product with 8.0 mol%
acetic acid are shown in Fig 2. The spectrum of starting
mixture shows the absorption bands ascribed to Al-—O bond
at 570, 630 and 700 cm~! [Fig. 2(a)]."® The bands changed
from sharp peaks to a broad coalesced band after the treat-
ment of acetic acid as shown in Fig. 2(b). This change suggests
the formation of a product with various kinds of Al—O bond
including ligand-exchange reactions. The Si—O absorption
bands of AlI—O—Si bond are reported to appear at 1064 and
810 cm™1.»* BAES itself shows the absorption at 1060 cm ™!
as well as those of Si—O at 770 and 670 cm™'. However,
these bands are covered with those of EOPA in Fig. 2. The
reaction product between BAES and 8 mol% AcOH shows
the decrease in intensity and broadening of these absorptions
at 1060, 770 and 670 cm™'. The Al—O—Si bond in the
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Fig. 2 Infrared spectra of starting EOPA-BAES(2:1) and polymeric
product: (a) starting EOPA-BAES (2 : 1); (b) polymeric product formed
from EOPA-BAES-8 mol% acetic acid

EOPA-BAES mixture may, therefore, undergo the ligand
redistribution including the cleavage of the AlI—O—Si bond.
Both 2(a) and 2(b) contained the absorption bands due to
ethyl 3-oxobutanoato (CH;COCHCO,C,H;, EOB) ligand at
1640, 1620, 1535 and 1300 cm™!. The OH absorption at
3500 cm ! in Fig. 2(b) shows the formation of a small amount
of water or alcohols in the reaction product.

Fig.3 shows the change of *C NMR spectra of
EOPA--BAES (molar ratio, 2) with the amount of acetic acid.
The signals of the starting mixture of EOPA and BAES in
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Fig. 3 13C NMR spectra of starting EOPA-BAES(2: 1) and polymeric
products synthesized from EOPA-BAES and various amounts of
acetic acid: (a) starting EOPA-BAES; (b) product formed from
EOPA-BAES and 8mol% AcOH; (¢) product formed from
EOPA-BAES and 30 mol% AcOH
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Fig. 3(a)t were assigned according to the literature.?’ The
main signals of free ethyl 3-oxobutanoate (EOB) appear at
50.3, 167.6 and 201.3 ppm. These signals shifted to 86.0, 174.9
and 187.2 ppm, respectively, due to coordination to aluminium
[Fig. 3(a)]. The signals of EOPA are marked with O in
Fig. 3(a). The others are assigned to BAES. The sharp signals
of EOB in the starting EOPA-BAES changed to broad
multiplet on treatment with acetic acid as shown in Fig. 3(b).
The multiplet results from carbons having slightly different
chemical environment from each other. The signals assigned
to isopropoxy (27.9 and 66.0 ppm, marked with V) and sec-
butoxy groups (10.0 and 32.0 ppm, marked with ¥) decreased
in intensity with increasing amount of acetic acid as shown
in Fig. 3(b) and 3(c). The alkoxy groups on aluminium
atoms in both EOPA and BAES are eliminated on treating
with acetic acid. However, the alkoxy groups still remain in
the product treated with 30 mol% of acetic acid, since the
signals of alkoxy groups are observed in Fig. 3(c).

The elimination of both the isopropoxy from EOPA and
the sec-butoxy group from BAES shows the possibility of the
cross-condensation reaction between EOPA and BAES. The
new signal at 176.2 ppm with an arrow in Fig. 3(c) appeared
with increasing amount of acetic acid from 8 to 30 mol%.
The signal is assigned to the carboxy carbon of CH,CO,
group substituted on metals, since free acetic acid shows a
signal at 178.7 ppm. The signal at 176.2 ppm was not observed
for the reaction product from EOPA itself and 30 mol% acetic
acid. Therefore, the substitution of alkoxy groups on silicon
for the carboxy group of acetic acid proceeds yielding the
signal at 176.2 ppm. Glacial acetic acid not only eliminates
the alkoxy groups from EOPA-BAES but also substitutes
alkoxy groups for CH;CO, at the concentration of 30 mol%
acetic acid.

Fig. 4 shows solution 2’Al NMR spectra of starting
EOPA-BAES and its reaction products with acetic acid. The
starting EOPA-BAES has a signal at 4.2 ppm, and broad
signals centred at 40 and 62 ppm. The broad signal centred
at 62 ppm derives from four-coordinated aluminium.?*?? The
signal at 40 ppm is assigned to five-coordinated alu-
minium.?>?* A monomeric EOPA is four-coordinated, since
EOB is a bidentate ligand including two carbonyl oxygens
coordinating aluminium. The strong resonance at 4.2 ppm is
due to the six-fold coordination of aluminium-oxygen
octahedra.?! On the basis of these results, EOPA or BAES
associates affording dimers in CDCl; solution as reported on
aluminium alkoxides, such as Al(OC,H;),, AI(O'C;H,); and
Al(O'C H,),. 22

The signal at 4.2 ppm in the starting EOPA-BAES increased
in half-value width by the reaction with acetic acid from
Fig. 4(a) to 4(b). The half-value width of the signals at 4.2 ppm
in Fig. 4(a), 4(b) and 4(c) are 391, 769 and 965 Hz, respectively.
27Al (I=5/2) is one of the quadrupole nuclei. The linewidth
of a quadrupole nucleus is strongly related to its quadrupole
moment and the value of the electric-field gradient along the

+EOPA, isopropoxy *CH;2CHCH;, 'C 27.7, 27.9, 2C 66.0, 66.8 ppm.
EOB *CH,*C5CH®CO’CH,*CHj, 3C 25.2, 26.0, “C 187.2, °C 86.0,

84.7, °C 174.9, 'C 61.3, 62.8,
8C 14.5, 14.3 ppm.

BAES, sec-butoxy 1CI—I32CH23EH“CH3, IC 10.0, 9.6, 3C 32.0, 32.2,

3C 71.4, 64.6, °C 22.7,
25.0 ppm.
ethoxy O°CH,°CHj, °C 58.3, ¢C 18.1 ppm.
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Fig. 4 Change of 2’Al NMR spectra of starting EOPA-BAES(2:1)
and polymeric precursor with the amount of acetic acid: (a) starting
EOPA-BAES; (b) product formed from EOPA-BAES and 8 mol%
AcOH; (¢) product formed from EOPA-BAES and 80 mol% AcOH

bond. A more perfect cubic symmetry (O, or T,) arrangement
of substituent about 2’Al decreases the electric-field gradient
yielding sharper lines.?! Thus, the broadening of the signal is
attributable to the increase both in distortion and imbalance
around octahedrally coordinated aluminium.?! This change
shows the redistribution of ligands around aluminium through
the reaction of aluminium compounds to each other as well
as with acetic acid. The signal at 35 ppm increased in intensity
after treatment with 8 mol% acetic acid as shown in Fig. 4(b).
When EOPA-BAES was allowed to react with 80 mol% acetic
acid, the signal at 35 ppm continued to increase, and the four-
coordinated aluminium at 62 ppm almost disappeared in the
broad signal centred at 35ppm as shown in Fig. 4(c).
EOPA-BAES reacts with acetic acid as a chelating ligand
increasing the amount of higher coordinated aluminium atom,
which is sterically more crowded aluminium than that of
starting EOPA-BAES.

The molecular weight of the EOPA-BAES mixture was
550430 [caled. for EOPA-BAES(2:1), 282.4] with cryo-
scopic measurements in benzene. This indicates that the
starting EOPA or BAES associates affording an equilibrium
mixture. The molecular weight of polymeric product increased
from 590+ 30 to 1050+ 50 when the molar percent of acetic
acid was raised from 2.5 to 30 mol%. Therefore, the product
consists mainly of dimers and trimers.

The reaction between EOPA-BAES and acetic acid gave a
mixture of aluminosiloxane and low boiling point components.
The low boiling point products comprise alkyl alcohol and
its acetate. The formation of ethyl, isopropyl and sec-butyl
alcohol and corresponding ethyl, isopropyl and sec-butyl
acetate was confirmed by **C NMR and GC. The amount of
alkoxy groups obtained as these alcohols and acetates ranged
from 25 to 35% of the total amounts of alkoxy groups in the
starting EOPA-BAES. Glacial acetic acid eliminates alkoxy
groups from EOPA-BAES by a substitution reaction:

M(OR), + CH,CO,H - (1)
M(OR),_(OCOCH,)+ROH

J. MATER. CHEM., 1994, VOL. 4

Also the eliminated alkoxy groups reacted with acetic acid
yielding water and acetates:

ROH +CH;CO,H - CH;CO,R + H,0 (2)

Acetate species may again undergo transesterification with
metal alkoxides in the reaction mixture.?*

M(OR), + xCH,CO,M’' - (3)
M(OR),_ .(OM’), + xCH,CO,R

M—O—M'’ bonds could be formed according to the transes-
terification as well as according to the usual condensation
between M— OH and M'—OR, since a small amount of water
was formed in the reaction system. The limited amount of
water generated by the reaction between acetic acid and
eliminated alcohol suppresses the further condensation,
resulting in the formation of the oligomeric precursors. The
reaction between EOPA-BAES and acetic acid is summarized
as follows, although the formation process of the mullite
precursor is composed of several reactions:

(Pr0),Al(EOB)+(Bw*0),Al— O —Si(OEt),

L! L2
CH,CO,H l
RO(—Al—O0—Si—), (4)
I,
+ROH+CH,CO,R +H,0

L'=EOB, L? L*=0Et, OR, OAc, OM

The polymeric product has ethyl 3-oxobutanoato (EOB)
ligands on the basis of IR and *C NMR spectroscopy (Fig. 2
and 3). The oligomers in the polymeric product consist of a
structure unit of [-AI(EOB)-O-], which undergoes the inter-
molecular association affording an octahedrally coordinated
aluminium. Since alkoxy groups remain bonded to aluminosi-
loxane as shown in Fig. 3(c), a structure of -Al{ EOB)(OR)-O-
might constitute a part of five-coordinated aluminiums.

Viscosity and Spinnability of Polymeric Precursor

The change of viscosity at 75°C with the amount of added
acetic acid is shown in Fig. 5. Both EOPA and BAES are
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Fig. 5 Change of viscosity for polymeric precursor with the amount
of acetic acid and shear rate at 75°C: @, starting EOPA~-BAES;
A, EOPA-BAES-2.5mol% AcOH; O, EOPA-BAES-30mol%
AcOH; OO0, EOPA-BAES-50 mol% AcOH
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liquids at room temperature. However, the magnitude of
viscosity below 0.1 Pa s for the starting EOPA-BAES was
not high enough for spinning. The viscosity increased by one
order of magnitude on treatment with only 2.5 mol% acetic
acid, and then continued to increase with increasing amounts
of acetic acid from 30 to 50 mol%. The increase in molecular
weight is responsible for the increase in viscosity. Also, the
viscosity of product increases by the intra- and inter-molecular
coordination of aluminium, which increases the coordination
number of oxygen to aluminium atom as shown in Fig. 4.

Fig. 6 shows the relation between viscosity and 1/T for the
starting EOPA-BAES and EOPA-BAES-AcOH at a constant
shear rate of 1.9 s™% The logarithm of viscosity has a linear
relationship to the temperature, and follows the Andrade
(Arrhenius) equation. The activation energies calculated from
the logn-1/T slopes are 10.5 (no AcOH), 91.0 (30 mol%
AcOH) and 132.0kJ mol ™! (50 mol% AcOH), and increase
with increasing amount of acetic acid. The increased activation
energy for flow reflects the increase in the chain length and
in the interchain interactions of the polymer.?

The product formed from EOPA-BAES and glacial acetic
acid had a time-independent and stable viscosity. The
precursor viscosity can be controlled by the amount of
AcOH and the working temperature. The viscosity for
EOPA-BAES-30 mol% AcOH decreased in magnitude from
50.2 Pa s (502 poise) to 2.76 Pa s (27.6 poise) on increasing
the measurement temperature from 45 to 75 °C. The precursor
formed from EOPA-BAES-30 mol% AcOH was extruded
through a spinneret into a fibrous shape. The viscosity of the
present precursor suitable for extrusion was found to be from
several Pas to 102 Pa s in Fig. 6. The working temperature
for extrusion was from 30 to 50°C. The shear thinning
behaviour of the precursor enables spinning. Cooling after
the extrusion results in the increased viscosity, which also
favours spinning.

On the other hand, the viscosity for hand-drawing was ca.
102 Pa s~ 1. The viscosity range for hand-drawing was smaller
than that for extrusion.

The dry-spinning of the precursor also results from the
complete solubility of the aluminosiloxane in organic solvents.
The precursor fibre was drawn from the benzene solution of
precursor with the concentration above 80 wt.% at room
temperature using a glass rod. The fibre diameter ranged from
10 to 200 um.
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Fig. 6 Variation of viscosity for precursor formed from
EOPA-BAES-AcOH with measurement temperatures at a shear rate
of 195~ @, starting EOPA-BAES; A, EOPA-BAES-30 mol%
AcOH; [, EOPA-BAES-50 mol% AcOH
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Synthesis of Mullite from Aluminosiloxane Precursor

The aluminosiloxane formed from EOPA-BAES--50 mol%
AcOH was heated from room temperature to 500°C at 1°C
min~! to afford white powders. The weight loss on heating
was ca. 73 wt.%.

A halo pattern was observed for the X-ray diffraction of
the product formed at 500 °C. The IR spectrum of the product
had a broad absorption centred at 1027 cm ™!, which is lower
than that of v(Si— O) for amorphous silica at 1100 cm ™. The
shift of the absorption band is attributable to the substitution
of Si—O—Si bond for Si—O—Al bond as reported.?® This
fact reflects the formation of Si(Al)O,-tetrahedra in the
amorphous silica—alumina.

The DTA and TG curves of the amorphous silica -alumina
formed by pyrolysis of EOPA-BAES-50 mol% AcOH at
500°C are shown in Fig. 7. On heating at 10°C min~!, the
amorphous powder lost the physically absorbed water to give
the endothermic peak at 162°C. The second endothermic
peak at 462 °C is due to the loss of water by dehydroxylation
reaction. Finally, the amorphous powder crystallized exother-
mically at 980 °C without weight loss.

Fig. 8 shows the change of XRD patterns of the amorphous
silica—alumina powder with heat treatment temperature for
1 h. The amorphous silica-alumina began to crystallize to
mullite after heat treatment at 950°C for 1h, and then
increased its crystallinity on increasing heat-treatment
temperature.

The crystallinity of amorphous silica—alumina increased at
930 °C as the duration time increased from 1 to 10 h as shown
in Fig. 9. The crystallinity of mullite heat-treated at 930°C
for 10 h [Fig. 9(c)] was comparable with that formed at 950 °C
for 1 h [Fig. 8(c)]. The mullitization of the amorphous powder
was found to proceed at 930 °C.

Several papers have reported the crystallization of mullite
directly from the amorphous phase.!? !> Similarly, Al and Si
were mixed at the molecular level in the aluminosiloxane of
sufficient degree of condensation yielding mullite directly from
amorphous silica—alumina.

Synthesis of Mullite Fibre

The viscosity of aluminosiloxane was controlled by the
amount of glacial acetic acid for condensation as shown in a
previous section. The polymer fibre spun from the alumino-
siloxane formed from EOPA-BAES-50 mol% AcOH was
burned out to produce ceramic fibres.

The amorphous silica—alumina fibres with mullite composi-
tion were formed at 900°C for 1 h. The amorphous fibres
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Fig. 7 DTA-TG curves for amorphous silica-alumina formed by
pyrolysis of aluminosiloxane at 500 °C
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Fig. 8 XRD profiles of pyrolysed products at temperatures from 500
to 1200°C for 1 h: (@) 900°C; (b) 930°C; (c) 950°C; (d) 1000°C;
(e) 1200°C
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Fig. 9 Change of crystallinity of silica-alumina with duration time at
930°C: (a) 1 h; (b)) 3h; (c) 10h

were then heated from 900 to 1200°C at 1°C min~! in order
to avoid the rapid crystallization shown in Fig. 7. The mullite
fibres heat-treated at 1000 °C had smooth surfaces, and diam-
eters from 20 to 100 um [Fig. 10(a)]. The cross-section of
fibre was circular, and was composed of quite smooth surfaces
as shown in Fig. 10(b). The fibres were confirmed to be mullite
by XRD analysis. The density of mullite fibres thus formed
at 1200°C was from 3.05 to 3.08 (the reported value of the
density for mullite is 3.17 gem~3).2” The weight percentage
of Al,O5 in mullite fibres was found to be 71.2 wt.% (theoreti-
cal, 71.80 wt.%) by chemical analysis.

Conclusions

Mullite fibre was synthesized successfully from aluminosilox-
ane precursor without any additives of polymer for the
adjustment of viscosity. The results are summarized as follows.
(i) A mixture of ethyl 3-oxobutanoatodiisopropoxyaluminium
and di-(sec-butoxy)aluminoxytriethoxysilane was reacted with
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50 um

Fig. 10 SEM photographs of mullite fibre synthesized from
EOPA-BAES-50 mol% AcOH: (a) 1000°C, 1 h; (b) fracture surface
of mullite fibre crystallized at 1200°C for 1 h

glacial acetic acid yielding the viscous precursor for mullite
fibre. (ii) The polymeric product had a molecular weight
below 1000, and contained the increased amount of five-
coordinated aluminium, which is responsible for an appro-
priate viscosity for spinning. The viscoelastic properties
required for the spinning resulted from the oligomeric alumi-
nosiloxane with suitable intra- and inter-molecular coordi-
nation. (iii) The viscosity of bulk polymer was independent
of time, and was controlled by the selection of temperature in
order to obtain the appropriate viscosity for spinning. (iv) The
preceramic fibre spun from the polymeric precursor was
converted to a single-phase mullite fibre after heat treatment
at 1200°C.
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