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Synthesis of a-alumina fibre from modified
aluminium alkoxide precursor

T.YOGO*, H. IWAHARA
Synthetic Crystal Research Laboratory, Faculty of Engineering, Nagoya University, Furo-cho,
Chikusa-ku, Nagoya 464, Japan ’

Polycrystalline alumina fibre was successfully synthesized by pyrolysis of a preceramic fibre
formed from aluminium compounds with alkoxy and chelate ligands. A mixture of ethyl
3-oxobutanoatodiisopropoxyaluminium (EOPA) and tri-sec-butoxyaluminium (SBA) was
reacted with glacial acetic acid yielding a polymeric product. The IR absorptions at 630 and
700 cm™" due to the AI-O bond changed from sharp to broad bands by treatment with acetic
acid. The 27Al resonance at 35 p.p.m. increased in intensity when EOPA-SBA (7/3) was
treated with 30 mol % acetic acid. An increase in the EOPA to SBA ratio 5/5 to 9/1 also
raised the intensity of the signal at 35 p.p.m. The viscosity of the polymeric product increased
in intensity as the amount of acetic acid increased. The viscosity of precursor increased with
increasing the ratio of EOPA to SBA, and decreased with increasing measurement temperature
from 45 to 75°C. The precursor polymer pyrolysed at 500 °C in air was amorphous to X-rays,

and crystallized in y-alumina at 840 °C. The precursor fibres were pyrolysed to yield fine-

grained fibres of a-alumina at 1200°C for 1 h.

1. Introduction

Ceramic fibres have increasing applications for the
reinforcement of metals and ceramics. Alumina and
modified alumina fibres are used for temperature
resistant fibres.

A sol process has been used for the synthesis of a
ceramic fibre precursor, since refractory oxides have
extremely high melting points as well as the low
viscosity of melts. Alumina and silica—alumina fibres
have been fabricated using the sol process. Various
aluminium compounds, such as aluminium salts [ 1-4]
and alkoxides [5, 6] are hydrolysed, and then conden-
sed and/or polymerized until an appropriate viscosity
for spinning was reached. The time-dependent vis-
cosity of sol, however, makes the spinning condition
critical. The viscosity increases very rapidly once the
formation of cross-linkage starts. The organic addi-
tives are, therefore, used to raise the viscosity of the
solutions and to improve the spinning characteristics.

On the other hand, the time-independent viscosity
of the starting polymer in the polymer route is one of
the most marked differences from the sol-gel process.
Yogo [7] demonstrated the synthesis of zirconia fibre
from the precursor with stable viscosity.

This paper describes the synthesis of alumina fibre
from a mixture of aluminium chelate compound and
alkoxide. The polymeric precursor was synthesized by
the reaction of ethyl 3-oxobutanoatodiisopropoxy-
aluminium with tri-sec-butoxyaluminium in the pres-
ence of glacial acetic acid. The former has a bidentate
ligand, whereas the latter contains three monodentate

ligands bonded to aluminium. Several precursors were
synthesized from a mixture of two aluminium com-
pounds. The relations between the structure of pre-
cursor and the viscosity were investigated. Crack-free
o-alumina fibres were prepared from the polymer
fibres, which were spun from the polymeric aluminium
Precursor.

2. Experimental procedure

2.1. Starting materials

Ethyl 3-oxobutanoato-diisopropoxy aluminium
(AI{O'C,H,), (CH;COCHCOOC,H;), EOPA) was
prepared according to Patterson et al. [8]. Tri-
sec-butoxyaluminium (aluminium  sec-butoxide,
Al{O***C,H,);, SBA) was commercially available.

2.2. Synthesis of alumina

The following procedure for the synthesis of Al,Oj is
representative. The procedure for the synthesis of
precursor was carried out under nitrogen without any
solvent.

1.08 g of glacial acetic acid (18.0 mmol) was added
dropwise to a mixture of 14.8 g of ethyl 3-oxobutano-
atodiisopropoxyaluminium (54.0 mmol) and 1.51 g of
tri-sec-butoxyaluminium (6.13 mmol), and then the
reaction mixture was refluxed at 190°C for 2 h to give
a pale yellow transparent liquid. Volatile components
were removed from the reaction product in vacuo
yielding a viscous liquid.
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The resultant product was pyrolysed in air from
room temperature to 500 °C at 1 °Cmin~*, The pyro-
lysis product was heat treated at temperatures be-
tween 800 and 1200 °C for 1h. o

The precursor was melt in the brass extruder above
100°C and then extruded through the épinneret with
a diameter of 300 um below 60 °C. The polymer fibre
was dried at room temperature, and then fired from
room temperature to 600°C at 0.2°Cmin™"! in air.
The ceramic fibre was subsequently heat treated at
temperatures from 800 to 1200 °C for 1 h.

2.3. Characterization of products
The organic product was characterized using infrared
(IR) and nuclear magnetic resonance (NMR) spectra.
IR spectra of products were measured by the liquid
film method. }*CNMR spectra were measured in
CDCl, solution using tetramethylsilane as an internal
standard. *’AINMR spectra were measured at
65.18 MHz using a Bruker 250 AC spectrometer.
The spectra were recorded in CDCI; solution with
Al(H,0)}" as an external standard. The volatile com-
ponents as reaction by-products were analysed by GC
(gas chromatography). Molecular weights were deter-
mined cryoscopically using benzene as a solvent, and
with field desorption mass spectroscopy (FD MS).
The molecular structure was analysed by fast atom
bombardment mass spectroscopy (FAB MS). The vis-
cosity of the polymer was measured by a rotational
viscometer using a cone-and-plate and a spindle, re-
spectively, depending upon the magnitude of viscosity,
from 45 to 75°C. The burn-out and crystallization
behaviour of polymeric precursor were measured with
DTA-TG at a heating rate of 10°Cmin .

The pyrolysis product was analysed by X-ray dif-
fraction analysis (XRD) with CuK, radiation and
scanning electron microscopy (SEM).

3. Results and discussion
3.1. Synthesis and characterization of
a polymeric aluminium chelate
compound
3.1.1. Synthesis of a polymeric aluminium
chelate compound
A mixture of ethyl 3-oxo-butanoatodiisopropoxyalu-
minium (EOPA) and tri-sec-butoxyaluminium (SBA)
was reacted with glacial acetic acid (AcOH) affording
precursors for alumina. No water was used for the
synthesis of precursors in order to prevent the gelation
of products.

The polymeric product synthesized from
EOPA-SBA and acetic acid was a transparent, vis-
cous liquid and soluble in usual organic solvents, such
as benzene and chloroform.

3.1.2. IR spectroscopy

The IR spectra of starting EOPA-SBA (molar ratio,
7/3) and reaction product with 30 mol % acetic acid
are shown in Fig. 1. The absorption bands of the AI-O
bond at 630 and 700cm ™! [9, 10] in the starting
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Figure | Infrared spectra of starting aluminium compound and
polymeric product. (a) A mixture of EOPA and SBA (7/3).
(b) Polymeric product from EOPA-SBA (7/3) with 30 mol % acetic
acid.

EOPA-SBA (Fig. 1a) changed from separate to coal-
esced bands after polymerization as shown in Fig. 1b.
This change suggests the formation of the product
with various kinds of AI-O bonds from the starting
compound. The absorption bands ascribed to ethyl
3-oxo-butanoato ligands at 1620, 1570 and 1530 cm ™!
[ 107 were observed in both compounds.

3.1.3. 27 AINMR spectroscopy

The 27AINMR spectrum of the polymeric precursor
formed from EOPA and SBA was measured in order
to investigate the coordination of aluminium atom.

The spectrum of the mixture of EOPA and SBA
(7/3) is compared with that of reaction products with
30 mol % acetic acid in Fig. 2. The signals centred at
62 and 4.2 p.p.m. in Fig. 2a are assigned to the four-
and six-coordinated aluminium, respectively [11-13].
The presence of six-coordinated aluminium shows
the association of starting EOPA-SBA in CDCl,
solution.

The signal assigned to four-coordinated aluminium
in the mixture of EOPA-SBA decreased in intensity
with the treatment of acetic acid as shown in Fig. 2b.
Also, the signal centred at 35 p.p.m. appeared after the
treatment with 30 mol % acetic acid. The coordina-
tion number of aluminium is reported to increase from
4 to 6 as the chemical shift approaches to 0 p.p.m.
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Figure 2 Change of *’ AINMR spectra of EOPA-SBA with the
treatment of acetic acid. (a) A mixture of EOPA-SBA (7/3).
(b) Product formed from EOPA-SBA (7/3) and 30 mol % AcOH.

[11-13]. The new signal can be assigned tentatively to
penta-coordinated aluminium [14]. The steric envir-
onment around aluminium atom changed, therefore,
to be more crowded to afford higher coordination
number than that in the starting EOPA-SBA.

Mixtures of EOPA and SBA with various ratios
were treated with 30 mol % acetic acid, and their
spectra are shown in Fig. 3. The signal at 35 p.p.m.
increased in intensity with increasing ratio of EOPA
to SBA from 3/7 (Fig. 3d) to 9/1 (Fig. 3a) in the starting
mixture. EOPA has a bidentate ligand of ethyl
3-oxobutanoato (EOB), which is bonded to alumi-
nium using two carbonyl oxygens. The larger amount
of EOPA, therefore, increases, the amount of the
coordination number of aluminium from four to five
and/or six.

On the basis of these results, not only the treatment
of acetic acid but also the ratio of EOPA to SBA vary
the coordination environment of aluminium in a
precursor.

3.1.4. GC analysis of distillates
The reaction between aluminium compounds and ace-
tic acid is considered to proceed as shown in Equation
1. Alkoxy groups on the aluminium atom are elimin-
ated by the reaction with acetic acid

Al(EOB)(O'Pr), + Al(O**Bu); + AcOH
}IEOB
— RO(-Al-0-), + ROH + AcOR (1)

The formation of isopropyl alcohol (R = Pr), sec-
butyl alcohol (R = *°Bu), isopropyl acetate (AcO'Pr)
and sec-butyl acetate (AcO**“Bu) as low boiling com-
ponents was confirmed by '*C NMR and GC.

The distillates from various mixtures of
EOPA-SBA and 30 mol % AcOH were analysed by
GC. Fig. 4 correlates the ratio of EOPA over (EOPA
+ SBA) in the starting materials to the ratio of iso-
propyl over (isopropyl + sec-butyl) groups in the dis-
tillates. The ratio of distillate is corrected on the basis
of number of alkoxy groups on edach aluminium com-
pound, since EOPA and SBA have two and three
alkoxy groups, respectively. The distillates are the
mixtures of alcohol and its acetate. The ratio of iso-
propyl to sec-butyl group in the starting compounds
has a linear relationship with the ratio of distillates.
Acetic acid eliminates isopropoxy and sec-butoxy
ligands from EOPA and SBA, respectively, regardless
of the ratio of EOPA to SBA. The fraction of iso-
propyl group in distillates is lower than that in the
starting mixture. The isopropyl group on EOPA is,
therefore, less reactive to acetic acid than the sec-butyl
group on SBA.

3.1.5. Molecular weight

The molecular weight of reaction products from
EOPA-SBA-30 mol % AcOH was measured cryosco-
pically in benzene. The calculated molecular weights
of starting EOPA and SBA are 274.3 and 2463,
respectively. The molecular weight of polymeric pro-
ducts increased from 500 to 800 as the EOPA to SBA
ratio increased from 0/10 to 9/1.

The precursor formed from EOPA-SBA (9/1) with
30 mol % acetic acid was analysed by FD MS. The
precursor had the distribution of molecular ion peaks
below 1000. The m/e (mass/electric charge) peaks
appeared at around 400 and 600.

3.1.6. Structure of polymeric product

The polymeric product has ethyl 3-oxobutanoato
(EOB) ligands on the basis of IR spectroscopy.
27AINMR spectra show the precursor comprises
six-coordinated aluminium-oxygen octahedra. Since
EOB is a bidentate ligand having two coordination
oxygens, a structure unit of (-Al(EOB),~0-), is con-
sidered to constitute the aluminium-oxygen octa-
hedra. The FAB MS of precursor formed from
EOPA-SBA (9/1)-30 mol % acetic acid also showed
the fragment at 300, which suggests the presence of
(-AI(EOB),—O-) moiety. The measurement of molecu-
lar weight, however, reveals that the degree of
polymerization (n) is below three. A mixture of
(RO); _,AI(EOB), (n < 3) appears to constitute the
low molecular weight components less than 500. The
polymeric product consists mainly of monomeric
chelate compounds and their oligomers.

3.2. Viscosity and spinnability of

precursor
The product formed from EOPA-SBA and glacial
acetic acid had a time-independent and stable vis-
cosity.
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Figure 4 Change of the ratio of isopropoxy to sec-butoxy groups in
distillates with EOPA-SBA in the presence of 30 mol % acetic acid.

The viscosities of polymeric precursors formed from
EOPA-SBA and 30 mol % of acetic acid are shown in
Fig. 5. The viscosity increased with increasing ratio of
EOPA to SBA from 5/5 to 9/1. Since EOPA gives
more highly coordinated aluminium than SBA, the
viscosity of precursor depends on the amount of chel-
ate ligands in the precursor. The increase in viscosity
corresponds to the -increased amount of penta-
coordinated aluminium atom as shown in Fig. 3.

1502

Figure 3 Change of >’ AINMR spectra of polymeric precursor
with the ratio of EOPA to SBA. (a) EOPA-SBA (9/1) with
30 mol % AcOH, (b) EOPA-SBA (7/3) with 30 mol % AcOH, (c)
EQPA-SBA (5/5) with 30 mol% AcOH, (d) EOPA-SBA (3/7)
with 30% AcOH.
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Figure 5 Change of viscosity for precursor formed from
EOPA-SBA with shear rate at 75°C. (O EOPA-SBA =9/1,
A EOPA-SBA = 7/3, 0 EOPA-SBA = 5/5)

Since the viscosity of the precursor decreases with
the shear rate, the precursor is non-Newtonian. The
distribution of molecular weight is responsible for the
non-Newtonian behaviour of the precursor.

The variation of viscosity with measurement
temperature at a shear rate of 9.6s™ ' is shown in



100
3 @]

—_ F

7]

o

Q

~ L )

> A

S I

o

QL7

g |
r

10"1 ! | 1 | 1 | s
40 50 60 70 80
Temperature (°c)

Figure 6 Variation of viscosity for precursor with the measure-
ment temperature from 45 to 75°C at shear rate of 9.6s7 L
(O EOPA-SBA =9/1, A EOPA-SBA =7/3, 0 EOPA-SBA
= 5/3).

Fig. 6. The viscosity of the precursor formed from
EOPA-SBA and 30 mol % acetic acid decreased with
increasing measurement temperature from 45 to 75 °C.
The precursor from EOPA to SBA (9/1) decreased in
magnitude of viscosity from 7.78 Pas (77.8 poise) to
1.21 Pas (121 poise) with increasing measurement
temperature from 55 to 75°C. Similar to Fig. 5, the
higher amount of EOPA in a precursor showed the
higher value of viscosity.

The precursor formed from EOPA-SBA (9/1) and
30 mol % acetic acid was extruded through a spin-
neret into a fibre. The working temperature was from
40 to 50 °C. The length of precursor fibre ranged from
50 to 80 cm. The viscosity suitable for extrusion was
found to be from 1 to 10 Pas.

3.3. Synthesis of alumina from an aluminium
chelate precursor
3.3.1. Crystallization behaviour
The TG analysis of polymeric product formed from
EOPA-SBA and 30 mol % acetic acid showed the
conversion yield of ceramic was 23% in weight. The
exothermic peak at 840°C on heating in the DTA
analysis is due to the crystallization of y-alumina.
The pyrolysed product at 500 °C was amorphous to
X-rays, and began to crystallize in y-alumina after
heat treatment at 800 °C for 1h. The XRD analysis
showed that a-alumina began to form around 950 °C.
The mixture of «- and y-phase was produced after heat
treatment at 1100°C for 1 h. Only highly crystalline
a-alumina was obtained at 1200 °C for 1h.

3.3.2. Conversion of polymer fibre to
ceramic fibre

Polymer fibres were spun from the aluminium chelate

precursor around 50°C, and then fired in air above

800 °C.

Figure 7 SEM pictures of alumina fibres: (a) 1200°C for 1h
(b) Fracture surface of (a).

Alumina fibres synthesized from the polymer fibre
at 1200 °C for 1 h are shown in Fig. 7. The disruption-
free fibres were synthesized from the precursor fibre as
shown in Fig. 7a. The diameter of the fibre ranged
from 30 to 100 um. The cross-section of fibre shown in
Fig. 7b is circular, and has a quite small grain size. The
fracture surface contains no pores, and shows the fibre
is practically fully dense.

4. Conclusions

Alumina fibre was synthesized successfully from alu-
minium chelate precursor without any additives of
polymer for the adjustment of viscosity. The results
are summarized as follows.

1. A mixture of ethyl 3-oxobutanoatodiisopropoxy-
aluminium and tri-sec-butoxyaluminium was reacted
with glacial acetic acid yielding the viscous precursor
for alumina fibre.

2. The polymeric product was a mixture of chelate
compounds and oligomers, and had a molecular
weight below 1000.

3. The increased amount of ethyl 3-oxobutanoato
ligand resulted in the increased content of higher
coordination number for aluminium, which led to the
increase in viscosity of precursor for alumina.

4. The viscosity of the bulk polymer was independ-
ent of time, and was controlled by the selection of
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temperature in order to obtain the appropriate vis-
cosity for spinning.

5. The preceramic fibre melt-spun from the poly-
mer was converted to &-alumina fibre with uniform
and fine grain size after heat treatment at 1200 °C.

References

1. J.E.BLAZE Jr., US Patent 3322865 (1967). )

2. A. BORER and G. P. KRONGSENG, German Patent
2210288 (1972).

3. M. J. MORTON, J. D. BIRCHALL and J. E. CASSIDY,
UK Patent 1360199 (1974).

4. J.D. BIRCHALL, Trans. J. Brit. Ceram. Soc. 82 (1983) 143.

5. S. HORIKIRI, Y. ABE, and N. TACHIKAWA, Japanese
Patent 76 55429 (1976).

6. S. HORIKIRI, K. TSUJI, Y. ABE, A. FUKUI and
E. ICHIKI, German Patent 2408 122 (1974).

1504

10.

11.

12.

13.

T. YOGO, J. Mater. Sci. 25 (1990) 2394.

T. R. PATTERSON, F. J. PAVLIK, A. A. BALDONI and
R. L. FRANK, J. Amer. Chem. Soc. 81 (1959) 4213.

C. G. BARRACLOUGH, D. C. BRADLEY, J. LEWIS and
I. M. THOMAS, J. Chem. Soc. {1961) 2601.

R. JAIN, A. K. KAI and R. C. MEHROTRA, Polyhedron §
(1986) 1017.

J. W. AKITT and A. FARTHING, J. Chem. Soc., Dalton
Trans. (1981) 1624.

S. J. KARLIK, E. TARIEN, G. A. ELGAVISH and
G. L. EICHHORN, Inorg. Chem. 22 (1983) 525.

J. W. AKITT and A. FARTHING, J. Chem. Soc., Dalton
Trans. (1981) 1615.

O. KRIZ, B. CASENSKY, A. LYCKA, J. FUSEK and
S. HARTMANEK, J. Magn. Reson. 60 (1984) 375.

Received 5 November 1990
and accepted 25 March 1991



