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Abstract

High alumina ®bre mats (with 2 and 4wt% silica) having a web-like structure have been fabricated directly during synthesis by a
sol±gel technique. Points of fusion in gel ®bre mats helped in the formation of a web-like ®brous body having reasonable strength

and very little dust formation after calcination. Incorporation of silica as an additive, extended the stability range of the metastable
transition phases of alumina, thereby increasing the strength of the alumina ®bres and of the mats in general. Strong and resilient
®brous preforms could be obtained by a single step sol±gel method followed by thermal treatment. # 1999 Elsevier Science Ltd and
Techna S.r.l. All rights reserved

1. Introduction

Pure or high alumina polycrystalline ®bres ®nd wide
applications in two major areas: as reinforcement of
metals or ceramics in the form of continuous ®bres and
as high temperature insulating materials in the form of
mats, blankets, boards, etc. [1±3]. While in the former
case it is generally important to obtain continuous ®bres
of high strength, ®bres for thermal insulation can be
short (staple), but woven or otherwise shaped into the
forms mentioned above [3]. The staple ®bres are usually
post-processed to obtain the necessary forms [4].
Obviously, it is advantageous to couple the ®bre pre-
paration and shaping steps together so as to do away
with or minimize any post-processing step; this necessi-
tates contact among ®bres during preparation. How-
ever, the modern techniques of ®bre preparation from
slurries, sols, etc. preclude the contact of the ®bres
before complete drying [5] so as to avoid dust formation
during calcination and under service conditions.

The present work is a preliminary report describing
the formation of high-alumina ®bres (with 2 and 4wt%
silica) in the form of web-like structures directly during
synthesis by a sol±gel technique, their conversion to
reasonably dust-free mats on calcination and the prop-
erties of the ®bres at di�erent stages of calcination.

2. Experimental procedure

2.1. Fibre preparation

The alumina sols were prepared by minor modi®ca-
tions of the well known oxychloride route [6,7]; silica
was added to the sol composition in the form of a
commercial silica sol (16.5% SiO2). No organic poly-
mers or other compounds were added. The sols thus
prepared were heated for several hours at 50±60�C to
increase their viscosity for making ®bre formation pos-
sible. The ®nal viscosity of the sols prior to ®bre for-
mation was around 100 poise. This highly viscous sol
was poured into a home-designed centrifugal spinerette
with 140 holes of about 0.4mm diameter rotating at
2000±3000 rpm. The gel ®bre webs (with mat like struc-
ture) generated in situ were collected in a drum under
controlled heating. The mats thus formed were dried
initially at 200�C for 4 h and ®nally calcined at 500±
1300�C at a rate of 240�Chÿ1.

2.2. Characterization of ®bres

The elemental compositions of the ®bres were
checked by a X-ray ¯uorescence (XRF) unit (Oxford;
Link QX2000). Di�erential thermal analysis (DTA) was
carried out at 25±1200�C at a rate of 4�Chÿ1 on a
Netzsch STA 409c equipment. The weight loss of the gel
®bres between the ambient temperature and 1200�C was
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recorded on a Thermogravimetry (TG) unit (Shimadzu
TGA 50). Microstructural features were observed under
a scanning electron microscope (Cambridge S250, SEM)
and an optical microscope (Prior B2000). Surface areas
of the ®bres were measured on a multipoint BET sur-
face area analyzer (Quantachrome Autosorb 1). The
various crystalline phases were identi®ed from powder
di�raction patterns (Philips PW 1730 X-ray unit). The
®bre mats were generally calcined at 950 and 1100�C for
comparison. However, phase developments were stu-
died by calcination of the gel ®bres at di�ererent tem-
peratures from 500 to 1300�C. The tensile strengths of
the ®bres were determined by using a laboratory setup
as used by Kamiya et al. [8] The measurement followed
the relationship [9]

Tensile strength � Fractional load=

Fibre cross sectional area
�1�

The gauge length of the ®bres tested was 4mm. An
average of 15±20 ®bres were tested for each composition.

3. Results and discussion

3.1. Formation of web-like structures in gel ®bres

It has been clearly indicated in the literature [4,5] that
gel or similiar ®bres obtained through a wet chemical
route must be carefully and immediately dried before
they come in contact with one another. The logic behind
this cautionary step is that wet gel ®bres easily join with
each other, leading to thick junctions which become
centres of crack formation during subsequent calcina-
tion. Karlsson et al. [10] showed that these junctions
cause formation of rigid ®bre mats with poor handle-
ability after calcination. Breakage of these mats occurs
at these contact points. The present work reveals that
the joining between wet ®bres could be e�ected by the
centrifugal spinning technique which forced the ®bres
not only to fuse and join but also to stretch into a mat
or web-like structure of gel ®bres, convertible to thin
alumina mats on calcination. Fig. 1 shows the micro-
graph of one such web of alumina gel ®bres where the
points of fusion are easily discernible. It has further
been observed that the fusion points were strong enough
to resist catastrophic crack formation during calcina-
tion. Accordingly, the degree of dust formation was also
tolerably small.

3.2. Products of drying and calcination

XRF spectra of alumina ®bres indicated that the pri-
mary elements were Al and Si with trace impurities of
Ca and Fe.

The DTA and TG curves showed similiar results for
all the compositions. Endothermic peaks in the DTA
curve, observed at 110, 280 and 360�C, indicated
removal of bound water and most of the chlorine [11].
The corresponding TG curve showed a weight loss of
about 42% up to about 360�C. The DTA curve showed
an exothermic peak at 460�C attributable to the crys-
tallization of g-Al2O3 from amorphous Al-hydroxide
[12]. The corresponding (360±460�C) weight loss was
about 4%. Further weight loss (469±760�C) corre-
sponded to the loss of hydroxyl groups and chlorine
[13]. Beyond 760�C the loss was less than 1%, bringing
the total to about 56%.

The ®bres obtained after calcination had a smooth
surface, minimum number of shots, uniform diameter
and were ¯exible, as shown in Figs. 2(a) and (b). The
diameter of the gel ®bres varied between 10 and 12 mm
and that of the calcined ®bres between 3 and 5 mm. As
mentioned earlier, the gel ®bre mats showed a network
of interlinked ®bres forming a continuous web-like
structure. These interlinked points of fusion were seen
to be retained up to 1100�C in ®bre mats having SiO2 as
a second phase additive. Thus, mats with reasonably
high strength and very little dust formation were routi-
nely obtained even by folding gel ®bre webs and sub-
sequent calcination as in Fig. 3(a)±(c). The ®bres in the
present study were calcined at a rate of 240�Chÿ1. A
slower heating schedule (60�Chÿ1), however, destroyed
the points of fusion and a near dusty product was
obtained even in ®bre mats containing 2 and 4 wt% SiO2

(Fig. 4). Pure alumina ®bres exhibited very brittle beha-
viour and a dusty product was obtained at both the
heating rates.

It is now well-known [14] that for prolonged applica-
tions of alumina ®bres for high temperature insulation,
it is necessary to start with a transition alumina phase as the
crystalline product (preferably d-alumina) which, at service
temperatures, would slowly transform to the a-phase.

Fig. 1. Optical micrograph of alumina ®bre mats showing the web-like

structure (�200).
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Fig. 3. (a) Alumina±4wt% silica gel ®bre mat (200mm diameter); (b) Alumina±4wt% silica gel ®bre mat folded twice; (c) Alumina±4wt% silica

®bre mats calcined at 950�C (240�Chÿ1) having reasonable strength and resilience.

Fig. 2. (a) Scanning electron micrograph of alumina ®bres calcined at 950�C showing surface smoothness and uniform ®bre diameter. (b) Scanning

electron micrograph of alumina ®bre strand calcined at 1100�C showing good ¯exibility.
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Growth of the alpha phase leads to a loss of strength
and a dusty ®bre product.

It has been shown [5,12,15±19] that phase develop-
ments during crystallisation of amorphous alumina
under thermal treatment take place through the follow-
ing route

Amorphous! Eta��� ! Gamma�
� ! Delta���
! Theta��� ! Alpha���

Apart from the fact that the Z-phase was not detected in
this work, the above route was apparently followed by
the gel ®bres (Table 1). However, clear di�erences
(qualitative at this stage) in the rate of progress of crys-
tallisation were observed with change in composition.
The results of Table 1 can thus be summarized in the
following way:

1. For all compositions the ®rst transition alumina
phases to be detected (500�C) were g- and d-alumina.
The former decreased in amount and converted to

the latter with increasing temperature. By 950�C
the g-phase was totally obliterated.

2. In case of pure alumina (AP), the a-phase started
crystallizing below 900�C and by 1000�C became
practically the only phase.

3. With 2wt% silica (A2S), a-alumina ®rst appeared
only above 950�C and the product was phase pure
at 1200�C.

4. When the silica content was increased to 4wt% the
a-phase appeared above 950�C as in (3) above, but
was accompanied by the y-phase and mullite at
temperatures as high as 1300�C. This has also been
observed by Stacey [20].

The retardation of the formation of a-alumina as a
consequence of the addition of silica in the composi-
tions was evident. Addition of silica has been shown to
increase the stability of g-, d- and y- forms of alumina
and slow down the conversion to a-alumina. Stabilisa-
tion of transition forms of alumina and retardation of
the conversion to a-alumina may be e�ected by varying
the number of point defects (cation vacancy and
impurity ions) in the structure by incorporating dopant
cations, e.g., Cr6+, B3+, P5+, Si4+ etc. [16±19] Silica
also acts as a crystal growth inhibitor once the a-phase
is formed through the formation of mullite at the grain
boundaries [4,5]. Increasing addition of silica has also
been observed to increase the surface area of the ®bres
(Table 2). This is commensurate with the earlier
observation that progressive obliteration of the transition
phases leads to gradual removal of porosity before
transformation to alpha alumina, as also increase in the
a-phase. The validity of this observation was proved by
the fact that at 1100�C pure alumina ®bres consisting
only of the a-phase, became signi®cantly dense (surface

Table 1

Crystal phases of ®bres at various calcination temperatures

Calcination

temperature (�C)
Sample

designation

AP A2S A4S

500 g+d(m) g+d(m) g+d(m)

700 d+g(m) d+g(m) g+d(m)

900 d+y+a(m) d+g d+g(m)

950 d+y+a(m) d+y d+y(m)

1000 a+y(m) y+a(m)+d(m) d+y+a(m)

1050 a y+a(m) y+a+d(m)

1100 a a+y(m) y+a
1200 a a y+a
1300 Ð Ð y+a+mullite

m, minor; AP, pure (undoped) alumina; A2S, alumina with 2wt%

silica; A4S, alumina with 4wt% silica.

Table 3

Tensile strength (GPa) of calcined ®bres at selected temperatures

Calcination

temperature (�C)
Sample

designation

AP A2S A4S

950 0.3±1.1(0.6) 0.5±1.4(0.95) 0.6±1.8(1.2)

1100 Could not

be determined

0.1±0.8(0.5) 0.4±1(0.65)

Figures in brackets indicate average values of tensile strength.

Fig. 4. Brittle alumina ®bre mats obtained using a slow calcination

schedule at 950�C (60�Chÿ1).

Table 2

Surface areas (m2 gÿ1) of calcined ®bres for selected temperatures

Calcination temperature (�C) Sample designation

AP A2S A4S

950 66 80 85

1100 7 50 58
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area 7m2 gÿ1) while those with 2 and 4wt% SiO2 still
possessed a surface area of 50 and 60 m2 gÿ1 respec-
tively.

Table 3 shows that the phase content of the calcined
®bres also controlled their tensile strength at room
temperature. The e�ect was so pronounced that after
calcination at 950�C pure alumina (AP) containing
minor quantities of alpha alumina along with other
transition phases showed only about half the strength of
A4S ®bres which contained d-alumina as the major
phase. The AP ®bres (containing only a-alumina)
became very brittle after calcination at 1100�C, while
A4S still retained some strength. The fall in strength of
the A4S ®bres calcined at 1100�C was again related to
the development of a- and y±phases.

4. Conclusions

Alumina ®bres have been prepared from a sol by the
spinning technique. The spun gel ®bres formed web-like
structures which were subsequently calcined into mats.
It has been shown in the present work that for the
development of relatively strong ®bres it is required to
extend the range of metastable existence of the transi-
tion phases g,d and y to as high a temperature as possi-
ble by the addition of suitable oxide additives.
Development of alpha alumina leads to a decrease in the
strength of the ®bres. The points of fusion in the gel
®bre mats helped in the formation of a web-like ®brous
body having reasonable strength and very little dust
formation after calcination. The present work also
demonstrates that by judiciously controlling the various
processing parameters, strong and resilient ®bre mats
could be obtained by a single step sol-gel method fol-
lowed by a thermal treatment.
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