
JOURNAL OF MATERIALS SCIENCE 27 (1992) 6053-6061 

Phase evolution in AI203 fibre prepared from an 
oxychloride precursor 
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The formation of polycrystalline 0~-alumina during the heat treatment of aluminium oxychloride 
fibres occurs via transitions through various intermediate crystalline alumina phases. The dif- 
ferent phases show a strict pseudomorphism, i.e. the external shape of the crystal is retained 
and there is an orientational relationship between the crystal axes, before and after the phase 
transition. Consequently, the phase sequences and microstructure are interdependent and con- 
trolled by the heat-treatment conditions, which determine the final properties of the fibres. The 
effects of water content in the fibre formulation, and sintering temperature and heating rate on 
the phase development from amorphous oxychloride to crystalline cz-alumina fibres, were in- 
vestigated. The transition path for the phase evolution during heat treatment to 1200~ (when 
the formation of 0~-alumina is completed) was established and correlated with fibre micro- 
structure. In fibres with higher water content, the transition temperature for y- and 8-alumina 
phase formation was higher. Only for a very high heating rate was 0-alumina observed as an 
intermediate phase during phase evolution. The axial porosity appeared to be eliminated more 
rapidly in the fibres at temperatures below 1 200 ~ Consequently, residual porosity, compris- 
ing closed pores, in the final stage of sintering, was mainly observed radially oriented toward, 
and on, the fibre surface. A high diametral shrinkage was measured and plotted as a function 
of the sintering temperatures used for fibre heat-treatment. 

1. Introduct ion 
Ceramic fibres, in particular alumina fibres, are of 
growing interest and importance for a variety of appli- 
cations, from high-temperature insulation to metal 
and polymer reinforcement [1-10]. The fibre proper- 
ties are determined by the microstructure formed 
during the transition from the amorphous to poly- 
crystalline s-alumina phase in the sintering process 
[3-10]. It is well known that cz-alumina formation 
occurs in monolithic ceramics through various trans- 
itional aluminium oxide phases. Boehmite transforms 
into ~-alumina through intermediate polycrystalline 
y-, 6- and 0-alumina phases as the temperature in- 
creases [11, 12]. Nevertheless, there are persistent 
problems in 0~-alumina synthesis involving the trans- 
formation path and microstructural evolution. The 
last sequence of the transformation results in gross 
microstructural changes. Chemically controlled nucle- 
ation can tailor the microstructure by diminishing the 
grain growth [11-t3]. 

The microstructure of alumina fibres differs con- 
siderably from traditional monolithic alumina ceram- 
ics. In particular, the crystallite and pore size are on a 
much finer scale. This requires close control and 
adjustment of the sintering process. Most studies on 

alumina fibre synthesis, microstructure and properties 
[1-10] used fibres containing 2 to 20 wt % silica as a 
second component to control the microstructure 
[3 7], although pure s-alumina fibres are currently 
produced [1, 23. s-alumina fibres have also been 
prepared by a unidirectional freezing route and the 
phase evolution has been determined [8, 9]. This 
paper describes the phase evolution from amorphous 
aluminium oxychloride to pure polycrystalline 
s-alumina in fibres, during heat treatments at temper- 
atures from 200 to 1200~ using a heating rate of 
600 ~ h -  1. Very high heating rates (70 to 3000 ~ s- 1) 
and significantly shorter soak times were also investig- 
ated. A transformation path similar to the transition 
from boehmite to s-alumina, with the various trans- 
itional phases coexisting, was identified. Some typical 
aspects related to fibre densification are also outlined. 

2. Experimental procedure 
An aluminium oxychloride solution with a viscosity in 
the range 2000 to 4000 cP (mPa s), with polyethylene 
oxide and polyvinylpyrrolidone (about 5 wt %) in- 
cluded as fibreizing agents, was used to produce fibres. 
These were spun and blown through a tubular furnace 
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heated at 500 ~ that raised the estimated fibre tem- 
perature to 150-200 ~ Batches of fibre were prepared 
from solutions with differing solid to water ratios (s/w): 
one with s/w = 13/7, defined as low water-content 
fibres (LWC), and a second with s/w = 5/6 (high-water 
content batch of fibres (HWC)). Both formulations 
produced continuous "green" fibres with a nominal 
diameter of 24 gin. Samples of "green" fibres (about 
5 g each) were then heat-treated in air at various 
temperatures ranging from 200 to 1200~ using a 
heating rate of 600~ -1 and l h  soak time, and 
investigated for crystalline phases and microstructure. 

A third batch of fibres from the LWC formulation 
was dried during preparation by increasing the fibre 
apparatus furnace temperature to 900~ so these 
"dry" fibres attained a temperature of about 
350-400 ~ The dry LWC fibres were used to invest- 
igate high heating rates (in the calculated range of 70 
to 3000 ~ s-1 and corresponding soak times of 15 to 
0.25 s), by passing a bundle with a constant speed 
through a tubular furnace preheated at 1600 ~ The 
various speeds used to pull the specimen, in the range 
of 1.5 to 80 cm s- 1, provided the different heating rates 
and times through the hot zone (the region with a 
temperature higher than the transition temperature to 
m-alumina). 

The fibres, fired at various temperatures, were rap- 
idly cooled and the various phases were determined 
on powder specimens by X-ray diffraction (XRD). 
Differential thermal analysis (DTA) was used on the 
green fibres over a temperature range from 25 to 
1400 ~ with a 10 ~ min-1 heating rate. The weight 
loss between room temperature and 900~ was re- 
corded by thermogravimetric analysis (TGA). Micro- 
structural features of the fibres were revealed by 
scanning electron microscopy (SEM) of the fibre sur- 
faces and fractured cross-sections. 

3. Results  
The phase development from amorphous aluminium 
oxychloride to highly crystalline m-alumina fibres 
takes place through several transitional phases. The 
diffraction patterns of the HWC and LWC fibres, 
heat-treated at various temperatures between 200 and 
1200 ~ using a heating rate of 600 ~ h-  1, are shown 
in Fig. 1, and demonstrate the different alumina 
phases formed. The DTA plot from the HWC fibres 
showed a strong endothermic reaction in the 100 to 
350 ~ temperature range, followed by an exothermic 
peak at 400 ~ and two more small exothermic peaks 
at 920 and 1140 ~ (Fig. 2). For the LWC fibres, the 
DTA showed similar features: an even stronger end- 
othermic peak between 100 and 400~ and three 
exothermic peaks, with the second peak displaced 
toward a lower temperature (790~ Total weight 
losses of 53 and 50 w % were determined for the HWC 
and LWC fibres, respectively (Fig. 3). The small differ- 
ence shows that the HWC "green" fibres lost more 
water during fabrication. The weight loss rises rapidly 

in the 100 to 500 ~ range and increases slowly up to 
1000 ~ 

The green fibres displayed a typical amorphous 
diffraction pattern (Fig. 1) with two very broad peaks. 
The fibre surface was smooth and featureless and the 
average fibre diameter was estimated to be 23 gm, by a 
linear interception method, from ten different SEMs 
(Fig. 4). On heating the fibres to 350-400 ~ most of 
the water and chlorine was lost and the aluminium 
oxychloride decomposed into amorphous aluminium 
oxide hydroxide. This stage corresponds to the end- 
othermic peak in the DTA curve (Fig. 2) and explains 
the high weight loss observed in this temperature 
range (Fig. 3). The stronger endothermic peak intens- 
ity recorded for the LWC fibres suggests a higher 
energy of the reaction due to the greater oxychloride 
content. A larger oxychloride content means more 
HC1 had to be removed, a fact confirmed by the 
measurements of the C1 content in the fibres.* 

?-alumina crystallized at 400 and 700~ for the 
LWC and HWC fibres, respectively (Fig. 1). The broad 
peaks of the diffraction pattern are explained by the 
very fine crystallites nucleated from the amorphous 
fibres. A few other weak reflections (arrows in Fig. 1) 
belong to some crystallized aluminium oxide hydrox- 
ide formed in the LWC fibres at 400 ~ These reflec- 
tions disappeared as the firing temperature was raised 
to 600~ The nucleation of 7-A1203 occurred at a 
higher temperature (700 ~ in the HWC fibres than in 
the LWC fibres (400 ~ The exothermic peak around 
400-450 ~ in the DTA does not involve 7-alumina 
formation. The DTA run for the fibreizing agent and 
the black colour of the fibres heat-treated at 400 and 
500 ~ were evidence that the exothermic reaction is 
due to the pyrolysis of the fibreizing agent. The forma- 
tion of ?-A120 3 does not change the fibre micro- 
structure drastically. The fibres retain the smooth 
surfaces of the amorphous green stage. Tiny, sub- 
micrometre crystallites constitute the microstructure, 
as shown in the SEM of a fibre fractured surface 
(Fig. 5a). 

With increased firing temperature, a mixture of 
•- and g-aluminas coexists at 800 and 900 ~ for the 
LWC and HWC fibres, respectively (Fig. 1). The 
presence of the g-phase is revealed by its distinct 
reflections. The transition from ~- to g-alumina in- 
volves an exothermic reaction marked by the ex- 
othermic peaks at 790 and 920 ~ in the DTA curve 
for the LCW and HCW fibres, respectively. The dia- 
meter of the LWC fibres heat-treated at 800 ~ ranges 
from 17 to 21 gm with an average diameter of 18 gm, 
representing a diametral shrinkage of 22% (Fig. 4). 
Fracture surfaces show tiny crystallites in a relatively 
dense inner core (about 10 gm wide) and slightly 
larger crystallites in an outer shell (Fig. 5b). Small 
pores ( < 0.2 gm) are also observed in the outer shell. 
The porosity increases along the radius toward the 
fibre surface. A thin, compact layer shields the outer 
shell. The two regions reflect the presence of the two 
alumina phases found by XRD: y-alumina crystallites 

* The amount of C1 measured from the LWC fibres heat-treated at 100 ~ was 15.2 wt % and decreased to 0.5 wt % at 400 ~ compared to 
9.9 wt % at 100 ~ and 0.3 wt % at 400 ~ determined for the HWC fibres; a t  800 ~ about 0.03 wt % C1 was found in both fibre batches. 
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Figure 1 Phase evolution in alumina fibres with low and high water content as function of firing temperature. The X-ray diffraction pat terns  
were recorded at room temperature. (V) ~-, ( ~ )  ~-, ( 0 )  7-alumina; (1) a |umin ium oxide hydroxide. 

constitute the inner core with 6-alumina formed in the 
outer shell. 

At higher firing temperatures, 900 ~ for the LWC 
fibres and t000 ~ for the HWC fibres, 8-alumina is 
the major phase along with some re~  y-phase, as 
well as newly formed m-alumina. The reflections of 
8- and ,/-phase are broad compared with those of the 
well-crystallized ~-phase. The occurrence of the 
x-phase and the presence of y-alumina at these tem- 
peratures suggest a direct transformation of y-into 

x-alumina, which is known to take place at lower 
temperatures than the transition from ~- to ~-alumina 
[4]. x-alumina (about 38 vol % for LWC fibres and 
7 vol % tbr HWC fibres, estimated from the intensity 
of the XRD reflections) is formed from 7-alumina at 
1000 ~ The weight loss of 6% recorded for temper- 
atures in the range of 600 to 1000~ (Fig. 3) can be 
explained by the loss of surface-bond groups in the 
fibre structure. The LWC fibre diameters, after heat- 
treatment at 900 ~ range from 14 to 20 gin, with an 
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Figure 3 Weight loss of alumina fibres versus firing temperature; 
the curve was recorded by TGA and the weights denoted by 
symbols were measured during heat-treatment tests for XRD ana- 
lysis. LWC fibres: ( - - )  TGA, ( 0 )  weight. HWC fibres: (- - -) TGA, 
( � 9  weight. 

average value of 16.5 gin, which corresponds to a 
shrinkage of 28% (Fig. 4). The fracture surface shows a 
homogeneous microstructure with small pores radial- 
ly oriented in the fibre cross-section. 

The amount of cz-alumina increases as the temper- 
ature increases. At ll00~ a-alumina is the main 
phase, along with a small amount of g-alumina still 
present in both fibre batches. No evidence of 0-alum- 
ina was found in the XRD patterns. The trans- 
formation of g- into m-alumina is defined by the 
exothermic peak just above 1100 ~ in the DTA curve 
of both batches (Fig. 2). The surface of the HWC fibres 
heat-treated at 1100 ~ presents numerous submicro- 
metre pores. The fracture surface shows a dense inner 
core formed by small crystallites and an outer region 
with a radial alignment of larger crystallites (Fig. 6c). 
The coexistence of the ~- and g-aluminas detected by 
XRD and the microstructure suggest that the core 
region consists of 6-alumina crystallites and, in the 
outer shell, cz-alumina grains formed with radial ori- 
entation. The radial pore distribution in the cross- 
section, and the presence of surface porosity, hint 
toward radial removal of the pores. Radially oriented 

Aluminium Aluminium 

pores were previously observed in A1203-SiO 2 fibres 
[3]. The fibre densification starts practically only at 
this temperature, when the phase development is al- 
most completed. 

At a sintering temperature of 1200~ highly 
crystalline a-alumina fibres were obtained (Fig. 1). The 
complete formation of a-phase at this temperature is 
reflected in the fibre microstructure formed by small 
grains of a-alumina elongated along the fibre radius 
(Fig. 5d). A small remnant internal porosity is still 
present. However, most of the pores migrated toward 
the fibre surface, increasing the surface porosity. The 
average fibre diameter was estimated as 13.5 gm (dia- 
metral shrinkage of 41%) (Fig. 4). 

A rapid sintering cycle consisting of high heating 
rates and short soak times is an attractive approach 
for a preparation-sintering on-line production of the 
alumina fibres. Experimental results using various 
speeds through a furnace preheated to 1600~ 
showed that the transition from amorphous to poly- 
crystalline y-alumina was attained for the highest 
speed (0.25 s through the hot zone), y-alumina was 
identified by broad XRD peaks (Fig. 6) and about 
75% crystallinity was estimated. In spite of the high 
heating rate, no major disruptions or damage were 
observed in the fibre microstructure (Fig. 7). As the 
speed decreased (lower heating rate and longer time 
through the hot zone), transitional alumina phases 
corresponding to higher temperature formed in the 
fibres (Fig. 6). Although similar transitional alumina 
phases were identified for the high heating rates and a 
regular heating rate of 600~ from a kinetics 
point of view the phase transformation processes may 
be different. 0-alumina, which has not been found in 
the fibres heat-treated at various temperatures using 
the 600 ~ h-1 heating rate, was also identified for a 
heating rate of 400 ~ s-1, along with g- and a-alum- 
ina (Fig. 6). For the lowest speed of 1.5 cm s- 1 (heating 
rate 70~ 1; 15 s through the hot zone) mainly 
a-alumina formed, but the transformation was not 
completed (some remnant g-alumina was present). 
The fast firing cycles yielded transformation into dif- 
ferent transitional alumina phases without major 
disruptions in the fibre microstructure. 

4. D i s c u s s i o n  
The formula A12 (OH)sC1 for aluminium oxychloride 
defines only the degree of hydrolysis and does not 
correspond to a stoichiometric compound; rather, it 
refers to a complex mixture of amorphous species, 
which is the precursor for alumina fibres in many 
patented preparation routes [10]. However, the phase 
development from amorphous oxychloride to poly- 
crystalline a-alumina fibres has not been investigated 
in these previous studies. 

The experimental results in this investigation show 
that phase evolution in fibres prepared from alurni- 
nium oxychloride involves several transitional stages 
before highly crystalline cz,alumina is formed: 

oxychloride --* oxide hydroxide --* y-Al20 3 ~ ~-A120 3 ~ (0-A1203) ---* a-A120 3 
(amorphous) (amorphous) (at very high heating rates) 
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Figure 4 Diametral shrinkage for various firing temperature and corresponding scanning electron micrographs of the heat-treated fibres. 

The water content in the fibre formulation did not 
change the transformation path, but significantly shif- 
ted the transitional alumina phases toward higher 
transformation temperatures for the HWC fibres 
(Fig. 8). This path is similar to that reported for 
boehmite transformation [3], except that 0-alumina 
was identified in the fibres only for one high heating 
rate. In the first stage, the aluminium oxychloride 

decomposes into amorphous aluminium oxide hy- 
droxide by a strong endothermic reaction. In previous 
work [8], aluminium oxychloride was decomposed 
into aluminium oxide hydroxide, which was then in- 
corporated in a sol used to form fibres by unidirec- 
tional freezing. Fibres were found to form only from 
sols that contained mostly amorphous aluminium 
oxide hydroxide particles. This result is consistent 
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Figure 5 Secondary electron images of fibre cross-sections showing the fibre microstructure for the various firing temperatures (HWC fibre 
batch): (a) 700 ~ (b) 900 ~ (c) 1100 ~ (d) 1200 ~ 
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Figure 6 Phase evolution in alumina fibres fired at high heating 
rates. The diffraction patterns were recorded at room temperature. 
(V)  ~-, ( ~ )  g-, (O) 3,-alumina. 

with the decomposition of the oxychloride into 
amorphous aluminium oxide hydroxide observed in 
the first stage of the phase evolution in our fibres. 

Crystalline v-alumina formed from amorphous 
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Figure 7 (a) Fibre surface and (b) microstructure after heat-treat- 
ment using a heating rate of 3000 ~ s -  1 (0.25 s through the hot 
zone). 
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Figure 8 Phase evolution identified in alumina fibres with low and high water content, prepared from aluminium oxychloride, compared with 
the transformation from b0ehmite to ~z-alumina. 

aluminium oxide hydroxide at a lower temperature 
(400 ~ in the LWC fibres, and at a higher temper- 
ature (700 ~ in the HWC fibres, compared with the 
500 ~ reported for the boehmite transformation [3]. 
y-alumina was found to exist through an extended 
temperature range in both batches of alumina fibres. 
The formation of the y-alumina phase at a lower 
temperature in the LWC than in the HWC fibres 
might be related to differences in the aluminium 
oxide-hydroxide species due to the water content, that 
lead to an earlier nucleation for the LWC fibres. In the 
alumina fibres prepared by unidirectional freezing 
[8, 9], q-alumina has been reported to form from 
aluminium oxide hydroxide. In fact, the X-ray reflec- 
tions of the y- and q-alumina are overlapped but the 
intensities are different. In fibres, the intensities can be 
altered by preferential orientation, which is eliminated 
for powder specimens. 

The transition from y- to 8-alumina involves an 
exothermic reaction at 790 and 920 ~ for the LWC 
and HWC fibres, respectively. These DTA results are 
supported by the XRD results that identified 8-alum- 
ina at 800 and 900 ~ respectively. The temperature 
span of the 8-alumina phase is shifted towards lower 
temperatures for the LWC fibres. The transition takes 
place gradually over a temperature range of about 
300 ~ for the LWC (700 to 1000 ~ and 100 ~ for 
the HWC fibres (900 to 1000~ respectively. The 
fibre microstructure reflects the existence of the two 
phases in the SEM micrographs of fibre cross-sections. 

The exothermic ~--, ~ transition occurred at the 
same temperature of 1125 ~ in both LWC and HWC 
fibre batches. However, cz-alumina was already detec- 
ted in the LWC and HWC XRD patterns at 900 and 
1000~ due to the direct transformation of y- into 
Q~-alumina that takes place in alumina fibres at lower 
temperature. Thus, cz-alumina is formed in fibres by 
the direct transformation of y- into a-alumina in the 
900 to 1100 ~ temperature range and by the trans- 
ition of 8 into ~ at temperatures above 1100 ~ The 
transition temperature from 8 to ~, defined by the 
exothermic peak in the DTA, is in good agreement 
with the previously reported data [3, 4]. 0-alumina, 

found as a transitional phase for high heating rates, 
might exist as well in a narrow temperature range for 
the low heating rate of 600 ~ h -  1 

The XRD data show a close pseudomorphism for 
the various identified transitional phases. The external 
shape of the crystal is retained and there is an orienta- 
tional relationship between the crystal axes, before 
and after the phase transition. The differences in the 
XRD patterns of transitional alumina phases (Fig. 2) 
are due to the redistribution of the A1 ions in the 
interstices of the oxygen lattice. The cubic close- 
packed oxygen structure is preserved through the 
various transitions [3]. This can explain the relatively 
strong fibres obtained after each heat-treatment stage. 
Transmission electron microscopy (TEM) and 
selected-area electron diffraction (SAED) on the fibres 
heat-treated at 1100 ~ brought additional evidence of 
the pseudomorphism. The SAED from a fibre chip 
(Fig. 9a) showed the coexistence of the newly nu- 
cleated a- and remnant 8-alumina crystallites with 
related orientation of the crystal axis (Fig. 9b). 

Consequently, the phase sequences and the micro- 
structure are interdependent. The fibre formulation 
and the heat-treatment conditions affect the phase 
development and are related to the microstructure. A 
critical step is the formation of a-alumina at lower 
temperatures directly from y-alumina. This can cause 
excessive grain growth in some regions and create 
disruptions in the fibre microstructure. 

The diametral shrinkage of the fibres, summarized 
as a function of the temperature, is also plotted in 
Fig. 4. The error bars were estimated from the statist- 
ical error of the fibre diameter measurements. The 
data show a higher rate of shrinkage before the 
s-alumina is formed, explained by the volume changes 
involved in the phase transition from y- to 8/a-alum- 
inas. A similar high rate of linear shrinkage was 
previously reported in alumina-silica fibres for the 
various transition phases heated up to 1400~ [7]. 
Volumetric shrinkage of alumina fibres was previously 
determined from density and porosity data [5]. Com- 
pared with the diametral shrinkage, the volumetric 
shrinkage is lower. The mismatch between the two sets 
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Figure 9 (a) TEM micrograph from alumina fibre chip sintered at 1100 ~ (b) associated SAED pattern with contribution from two different 
crystallites corresponding to ~- and ~-phases with related crystal axes. 

of data can be attributed to a non-isotropic shrinkage 
and, consequently, a much lower axial shrinkage 
should take place in the fibres. 

The fibre surfaces are smooth, even at temperatures 
above ll00~ where densification effects were ob- 
served. The axial porosity appears to be eliminated at 
1200 ~ The remnant porosity is radially distributed 
and the pores migrate to the fibre surface (Fig. 5c and 
d). Sintering at higher temperature reduces the poro- 
sity, but extensive radial grain growth occurs. The 
phase development from amorphous to polycrystal- 
line alumina can be achieved in fibres by a fast firing 
process. 

5. Conclusions 
In summary, this investigation pointed out some gen- 
eral features of the phase evolution in alumina fibres 
prepared from an oxychloride precursor, as well as 
some aspects related to fibre formulation and firing 
conditions. The phase sequences and microstructure 
are interdependent and controlled by the heat- 
treatment conditions, which determine the final fibre 
properties. In particular, for a heating rate of 
600 oc h-  1: 

1. The transformation path for alumina fibres pre- 
pared from an oxychloride precursor is similar to the 
phase evolution from boehmite to m-alumina. 

2. The formulation and/or firing conditions affect 
the phase evolution by shifting the temperature range 
of the transitional alumina phases. 

3. The decomposition of oxychloride into alumi- 
nium oxide hydroxides takes place below 400 ~ by a 
strong endothermic reaction and the transitions from 
7- to 8-alumina, and ~- to m-alumina, are marked by 
exothermic reaction. 

4. A direct transition from 7- to s-alumina was 
observed to take place in fibres around i000 ~ before 
the usual transformation of ~- into 0~-alumina above 
ll00~ 
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5. Highly crystalline, monophase, m-alumina fibres 
are obtained at temperatures of  1200 ~ and above, 
with a homogeneous microstructure and small 
remnant porosity. 

6. The different transitional phases show a strict 
pseudomorphism, so the phase sequences and micro- 
structure are interdependent and controlled by the 
heat-treatment conditions. 

7. The axial porosity appears to be eliminated more 
rapidly and, consequently, the residual porosity con- 
sists of small closed pores, mainly radially oriented 
toward/on the fibre siarface at 1200 ~ 

Polycrystalline fibres without any major disruptions 
in the microstructure were attained with a fast firing 
process. 
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