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Abstract

The preparation of precursor sol is the first and crucial step in fabricating oxide fibers by the sol—gel method. In this study,
different aluminum-silica sols were prepared by adjusting the alumina and silica source mixing procedure using aluminum
carboxylate sol and tetracthoxysilane (TEOS) as the aluminum source and silicon source, respectively. Continuous alumina-
mullite precursor fibers were obtained by dry spinning and the effects of alumina and silica source mixing procedure on the
phase transition and microstructure evolution of alumina-mullite composite fibers were investigated. The results showed that
the mullite formation temperature in the fibers obtained by adding TEOS during the preparation of aluminum carboxylate sol
was about 1300 °C, while it was 800 °C in the fibers obtained by mixing aluminum carboxylate sol and TEOS. In addition,
the grain size of the fibers obtained by adding TEOS during the preparation of aluminum carboxylate sol was significantly
smaller than that obtained by mixing aluminum carboxylate sol and TEOS. The mechanism of this difference was that the
aluminum-silica sol obtained by adding TEOS during the preparation of aluminum carboxylate sol was a diphasic sol, while
the aluminum-silica sol obtained by adding TEOS in the prepared aluminum carboxylate sol was a monophasic sol.
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Highlights

e Different alumina-mullite fibers precursor sols were prepared by adjusting the alumina and silica source mixing

procedures.

e The phase transformation and microstructural evolution of alumina-mullite composite fibers obtained by different
alumina and silica source mixing procedures were investigated systematically.

e The grain size of the fibers obtained by adding TEOS during the preparation of aluminum carboxylate sol was
significantly smaller than that obtained by mixing aluminum carboxylate sol and TEOS.

1 Introduction

During the past few decades, with the vigorous develop-
ment of aviation, aerospace, military and other technical
fields, the demand for high-performance ceramic fibers has
increased rapidly [1-4]. Compared with carbon fibers or
other non-oxide fibers, alumina-based fibers have attracted
much attention due to their low density, strong oxidation
resistance and stable chemical properties [5—7]. Based on
the excellent properties of alumina-based fibers, many dif-
ferent types of commercial alumina-based fibers have been
developed and marketed by foreign companies. The most
successful and widely used is the Nextel™ series of
alumina-based fibers produced by 3 M company [8]. In the
Nextel™ series, the Nexte]™ 720 alumina-mullite fibers
composed of 85 wt.% Al,O; and 15 wt.% SiO, have
excellent creep resistance and are the first choice for high-
temperature service, with a long-term stable service tem-
perature up to 1100 °C [9]. The grains size of mullite in
Nextel™ 720 fibers is about 500 nm, and the grains size of
a-Al,O; is 70nm. Due to the size and morphology of
mullite grains, Nextel™ 720 fibers can inhibit the slip of
grain boundary at high temperature and has excellent creep
resistance [10].

There are several methods to prepare alumina-mullite
composites, such as melting method, infiltration process,
sol—gel method and so on [11-13]. The sol-gel process has
become the preferred method for preparing alumina-based
fibers due to its mild reaction conditions, high product
uniformity and high purity [14]. In the process of preparing
fibers by sol-gel method, the precursor sol is obtained by
hydrolysis and polymerization of the reactants, and then the
precursor sol is concentrated to obtain a suitable spinning
viscosity, and the gel fibers were prepared by dry or wet
spinning. Subsequently, the excess material in the precursor
fibers is removed by low-temperature pyrolysis, and the
ceramic fibers are obtained by high-temperature sintering
[15]. The preparation of precursor sol is the first and crucial
step in the preparation of alumina-based fibers, which
directly affects the behavior of fibers at high temperature,
such as phase composition, phase transition temperature,
phase transition path and microstructures [16].

Many researchers used TEOS and aluminum nitrate as
raw materials to prepare alumina-mullite composites by
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sol-gel method, and sintered at about 1000 °C to obtain
ceramics with mullite as the only phase [17]. Chakraborty
et al. [18] prepared mullite using TEOS and aluminum
nitrate as raw materials. It was found that the ceramic
composed of mullite and spinel was obtained after sintering
at 1000 °C, and the pure mullite phase was only sintered
above 1250 °C. The difference was that the reaction tem-
perature used was 80 °C, while the commonly used reaction
temperature was 60 °C. In addition, different raw materials
also affect the phase transition and microstructures. Seda-
ghat et al. [19] studied the effects of different silicon sources
on the preparation of alumina-mullite composites by sol—gel
method using aluminum chloride, silica sol, TEOS and
ethanol as raw materials. Compared with alumina-mullite
composites obtained by silica sol as silicon source, the
relative density and average grain size of alumina-mullite
composites obtained by tetraethyl orthosilicate as silicon
source increased and accelerated. Dong et al. [20] synthe-
sized diphasic mullite sol by using polymethyl siloxane and
aluminum sec-butoxide as raw materials, and successfully
prepared mullite nanofibers. y-Al,O; appeared in mullite
nanofibers at 1000 °C, mullite was formed at 1200 °C, and
the corresponding grain size of nanofibers was about
100 nm after sintering at 1500 °C. Wu et al. [21, 22] pre-
pared mullite nanofibers by monophasic precursor sol
electrospinning using aluminum isopropoxide, aluminum
nitrate and polymethyl siloxane as raw materials. The
results showed that the mullite phase was directly formed
by the amorphous phase at 980 °C. The grain size of mullite
nanofibers sintered at 1200 °C was about 100 nm, but the
grain size grew obviously after sintering at higher
temperatures.

From the above studies, there have been many and suf-
ficient studies on the influence of precursor sol on alumina-
mullite composites or mullite nanofibers. However, the
effect of precursor sol difference on the phase transforma-
tion and microstructure of continuous alumina-mullite
composite fibers has not been reported. Therefore, in this
study, different aluminum-silica sols were prepared by
adjusting the mixing procedures of Al and Si by using
aluminum carboxylate sol and TEOS as the aluminum
source and silicon source, respectively. Continuous
alumina-mullite precursor fibers were obtained by dry
spinning. The effects of Al and Si mixing procedures on the
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phase transition and microstructure evolution of alumina-
mullite composite fibers were investigated.

2 Experimental
2.1 Preparation process of fibers

The alumina-mullite composite fibers precursor sols were
prepared using aluminum powder, formic acid (HCOOH),
acetic acid (CH3;COOH), nitric acid (HNO;) and tetra-
ethoxysilane (CgH»yO4Si, TEOS) as raw materials. Two types
of alumina-mullite composite fibers precursor sols were pre-
pared by adjusting the mixing procedures of Si and Al, which
were pre-addition and post-addition, respectively. The pre-
addition of TEOS was as follows: Aluminum powder, formic
acid, acetic acid, nitric acid and deionized water were placed in
a water bath reactor, the molar ratio of Al: HCOOH:
CH;COOH: HNOj3: H,0 was 1:0.67:0.6:0.35:30. After stirring
at 90 °C for 1 h, TEOS was added dropwise, and the stirring
reaction was continued until the aluminum powder was fully
dissolved, the generated gas was discharged by the con-
densation tube. The sol was filtered by vacuum filtration at a
pressure of 3000 Pa, and the filter paper pore size was 0.7 um.
After filtering the impurities, an aluminum-silica sol with a
mass ratio of Al,Oj3 to SiO, of 85: 15 was obtained, which was
recorded as AM-1 sol. The post-addition of TEOS was as
follows: The corresponding mass aluminum powder, formic
acid, acetic acid, nitric acid and deionized water were weighed
and placed in a water bath reactor. The reaction was stirred in a
water bath at 90 °C until the aluminum powder was fully
dissolved. After filtering the impurities, the aluminum car-
boxylate sol was obtained. Then, the appropriate amount of
aluminum carboxylate sol was placed in a beaker, the weighed
TEOS was added, the mouth of the bottle was sealed and the
sol was stirred. After stirring for 12 h at room temperature, the
aluminum-silica sol with a mass ratio of Al,O5: SiO, of 85: 15
was obtained, which was recorded as AM-2 sol. Figure 1
shows the overall manufacturing process.

2.2 Spinning of precursor fibers

In order to obtain a sol suitable for spinning, poly-
vinylpyrrolidone (PVP) was used as a spinning aid, and the
addition amount was 5 wt.%. After stirring for 1 h, The sol
was concentrated on a rotary evaporator to remove the
excess solvent to a sui‘ viscosity for spinning (40-60 Pa-s).
The concentration process temperature was 50 °C, the
rotation speed was 50 r/min, and the vacuum degree was
30Pa. Then continuous alumina-mullite precursor fibers
were fabricated by a dry spinning device. In the spinning
process, 0.6 MPa gas was used as the injection force, the
diameter of spinneret was 80 pum, the number of holes was

Al, HCOOH, CH;COOH, HNO; and water

AM-1 sol | Alsol le— TEOS |

v

AM-2 sol |
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Fig. 1 The process of preparing aluminum-silica sol and fibers by
different TEOS introduction procedures, AM-1 sol was the aluminum-
silica sol prepared by adding TEOS during the preparation of alumi-
num carboxylate sol, AM-2 sol was the aluminum-silica sol prepared
by mixing the prepared aluminum carboxylate sol with TEOS

100, the temperature in the spinning tunnel was set at
40-100 °C, and the rate of fibers collection was 120 m/min.
The spun alumina-mullite precursor fibers were stored in a
constant temperature and humidity box at 25 °C.

2.3 Pyrolysis and sintering

Precursor fibers were pyrolyzed in a muffle furnace in the
air to remove water and organic components to obtain the
pyrolyzed fibers. The precursor fibers were placed in a
corundum burner, and the sample was pyrolyzed in the
middle of the muffle furnace in order to be heated evenly.
The heating rate of the pyrolysis process was as follows:
3 K/min from room temperature to 100 °C, followed by 5 K/
min to 400 °C, then finally 3 K/min to 500 °C and held for
30 min, and finally cooled with the furnace. To receive
alumina-mullite fibers, the pyrolyzed fibers were sintered in
a high-temperature tube furnace in the air at 800-1400 °C
for a certain time. After sintering, the fibers were directly
taken out and cooled at room temperature.
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2.4 Characterization of fibers

The morphology of the obtained sol was characterized by
Titan G2 60-300 (FEI, USA) spherical aberration corrected
transmission electron microscope (TEM) with an accelera-
tion voltage of 300kV. The particle size of the obtained
precursor sol was tested by Zetasizer Nano ZS (Malvern,
UK) nanoparticle size analyzer. The 2’Al and *Si NMR of
the precursor sol were tested by Ascend-400 (Bruker,
German) nuclear magnetic resonance spectrometer. The FT-
IR spectroscopy of the fibers was characterized by Nicolet
6700 (Thermo, USA) infrared spectrometer, the fibers were
ground into powder and pressed with KBr, the wavenumber
range of scanning was 2500—400 cm !, The phase compo-
sition of the fibers was analyzed by D8 ADVANCE (Bru-
ker, German) X-ray diffractometer, the light source of the
equipment was CuKa ray, the scanning speed was 0.5 °/
min, and the scanning range was 10° <20 < 80°. The mor-
phology of the fibers was analyzed using a Regulus 8230
(Hitach, Japan) cold field emission scanning electron
microscope (SEM). The tensile strength of the fibers was
tested at room temperature using a fiber strength tester
(XS(08)XT-3, Xu Sai, China) at a speed of 1 mm/min. The
gauge length of the fiber for tensile testing was 15 mm. A
total of 20 samples were tested for strength, and the dia-
meter of each fiber was measured by SEM.

3 Results

Aluminum carboxylate sol and aluminum-silica sol
obtained by different Al-Si mixing methods were char-
acterized by TEM and laser particle size analyzer, respec-
tively, to analyze the effects of different aluminum-silicon
mixing procedures on the morphology and size of the pre-
cursor sol. The relevant results are shown in Fig. 2. As can
be seen from Fig. 2a—c, the particles of the three sols are
spherical with uniform size distribution, and no particle
agglomeration occurs. The average particle sizes of the
three sols obtained by laser particle size analyzer (Fig. 2d)
were 5.1, 6.8 and 5.9 nm, respectively. From the above
characterization, it can be seen that the morphology of
AM-1 sol and AM-2 sol was not much different from that of
aluminum carboxylate sol, indicating that the pre-addition
and post-addition of TEOS can be well mixed with alumi-
num carboxylate sol to form alumina-mullite precursor sol
with uniform size. The difference was the particle size, the
addition of TEOS increased the particle size of sol, and the
size of the sol obtained by the pre-addition method of TEOS
was larger.

Figure 3 shows the A1 NMR and *’Si NMR spectra of
the three sols. It can be seen from Fig. 3a that the alumi-
num carboxylate sol has three chemical shift peaks at 0.7
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ppm, 5.4 ppm and 77 ppm. The peak at 0.7 ppm was
assigned to the AlOg monomer such as [Al(H,0)6]*™,
[AI(HCOO)(H,0)6]*", [AI(CH;COO)(H,0)6]*" [23]. The
peak at 5.4 ppm was assigned to the AlO¢ oligomer such as
Aly3, and the peak at 77 ppm was assigned to the AlO,
structure in the aluminum polymer. When TEOS was
added to form AM-1 sol during the preparation of alumi-
num carboxylate sol, it can be seen that the peak intensity
of AlOg monomer increased, and the peak shift of AlO,
structure in the sol was 83 ppm. The peak intensity of AlOg
monomers in AM-2 sol was further enhanced, and the peak
intensity of AlOg oligomers was reduced. The results
indicated that the addition of TEOS promotes the forma-
tion of AlOg monomers in the aluminum-silicon sol, and
the aluminum-silicon sol obtained by the post-addition
procedure of TEOS was more obvious. Figure 3b shows
the 2°Si NMR spectra of the two alumina-mullite precursor
sols. It can be seen that the chemical structure of silicon in
the two precursor sols was not much different, and peaks
appeared at the chemical shifts of —81, —83 and —91 ppm.
The peak at —81 ppm was attributed to the connection of
silicon atoms with four hydroxyl groups (Si(OH),) [24],
the peak at —83 ppm was attributed to the connection of
silicon atoms with three hydroxyl groups ([SiIO(OH);3] "),
and the peak at —91 ppm was attributed to the connection
of silicon atoms with two hydroxyl groups ([SiO,(OH),]
7). The peak proportion of —81 ppm in both precursor
sols was the highest, indicating that silicon in the two
precursor sols mainly exists in the form of Si(OH). In
addition, the peak intensity of [SIO(OH);3]™ and [SiO,(OH)
2]2’ in AM-2 sol was higher than that in AM-1 sol, indi-
cating that there is a certain amount of [SIO(OH);]™ and
[SiO»(OH),]*~ in AM-2 sol.

Both AM-1 and AM-2 precursor sols could be con-
centrated to a suitable viscosity to fabricated continuous
alumina-mullite precursor fibers by dry spinning. Figure 4 is
the morphology of precursor fibers spun by different pre-
cursor sols. It can be seen that the surface of the two
spinning precursor fibers was smooth, without defects such
as pores and cracks, and the diameter distribution was
uniform. The diameters of AM-1 fibers and AM-2 fibers
were 17.08 = 1.05 pm, 15 +0.52 um, respectively.

Through the above results, it can be seen that the
aluminum-silica sols with uniform size were obtained by
pre-addition and post-addition of TEOS. In terms of che-
mical structure, alumina in the precursor sol obtained by the
pre-adding TEOS procedure mainly exists in the form of
AlOg oligomers, and silicon mainly exists in the form of
Si(OH)4. In the precursor sol obtained by the post-adding
TEOS procedure, aluminum mainly exists in the form of
AlO¢ monomers, silicon mainly exists in the form of
Si(OH),4, and a small part exists in the form of [SiIO(OH);]™
and [SiO,(OH),]*".
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Fig. 2 TEM images and particle
size distribution of precursor sol,
a aluminum carboxylate sol,

b AM-1 sol, ¢ AM-2 sol,
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In order to compare the structural changes of the two
fibers during pyrolysis and sintering, the fibers after heat
treatment at different temperatures for 1 h were character-
ized by FT-IR. The results are shown in Fig. 5. It can be
seen that both AM-1 and AM-2 precursor fibers contain
obvious vibration peaks of organic and inorganic groups.
The difference is that AM-2 precursor fibers has a stretching
vibration peak belonging to Al-O-Si linkages at 1180 cm ™!
[25], while AM-1 precursor fibers does not appear, indi-
cating that the mixed scale of aluminum and silicon in the
AM-2 precursor sol was atomic scale. In the pyrolysis stage
before 500 °C, the vibration peak intensity of -OH, -CHj,
NO;~ and other groups in the vicinity of 1300-1700 cm™!
of AM-1 and AM-2 fibers gradually weakened with the
increase of temperature, and basically disappeared at
500 °C, indicating that the organic and inorganic groups in
the fibers have been removed. In addition, after pyrolysis at
300 °C, the stretching vibration peak of Si-O-Si linkages
appeared in AM-1 fibers at 1087 cm™!, but not in AM-2
fibers.

In the sintering stage above 500 °C, with the increase of
sintering temperature, the stretching vibration peak of Al-
O-Al linkages at 1087 cm ™' in AM-1 fibers disappeared at
1300 °C. At the same time, the bending vibration of T-O-T
(TO4, T= Al or Si) linkages and the stretching vibration
peak of Al-O-Si linkages appeared at 740 and 1180 cm ™!,
and the vibration peaks of AlO, and AlOg¢ disappeared
during pyrolysis also appeared again. For AM-2 fibers, the
vibration peaks of T-O-T, AlO4 and AlOg¢ appeared after
sintering at 1000 °C. It can be seen from the FT-IR results
that the different introduction methods of TEOS have little
effect on the removal of substances in the pyrolysis pro-
cess of precursor fibers, mainly on the chemical structure
evolution of the fibers. The vibration peaks of Al-O-Si and
TO, appeared in AM-1 fibers after sintering at 1300 °C,
while the vibration peak of Al-O-Si and TO, appeared in
AM-2 fibers after sintering at 1000 °C, suggesting that the
crystallization temperature of mullite in AM-1 fibers was
about 1300°C, and that in AM-2 fibers was about
1000 °C.

@ Springer

1 1 1
1000 500 2500 2000 1500 1000 500
Wavenumber (cm™)

The phase transition process of alumina-mullite compo-
site fibers with different TEOS addition procedures was
further analyzed by XRD. As shown in Fig. 6, it can be
found that the AM-1 and AM-2 fibers after pyrolysis at
500 °C were amorphous. The diffraction characteristic
peaks of y-Al,O3 appeared in AM-1 fibers after 800 °C, and
the diffraction characteristic peaks intensity of y-Al,O3
increased with the increase of sintering temperature. After
sintering at 1300 °C, the diffraction characteristic peaks of
v-AlL,O3 in AM-1 fibers disappeared, and the characteristic
peaks of mullite and «-Al,O; appeared. From the
20 =25-27 ° enlarged figure in Fig. 6b, the formed mullite
was stable orthorhombic mullite (aluminum-poor mullite)
[26]. Before sintering at 1300 °C, there was no diffraction
characteristic peak of SiO, in AM-1 fibers. Only amorphous
peak was observed at 260 = 20°, which was attributed to the
characteristic peak of amorphous SiO,. It showed that the
mullite in AM-1 fibers was formed by the reaction of
amorphous SiO, and y-Al,O5 [27]. For AM-2 fibers (Fig.
6¢), the characteristic peaks of mullite appeared after sin-
tering at 800 °C. It can be found from Fig. 6d that the
generated mullite was metastable tetragonal mullite (alu-
minum-rich mullite). Before 1200 °C, the diffraction char-
acteristic peaks intensity of tetragonal mullite increased
with the increase of sintering temperature. At 1300 °C, the
diffraction characteristic peaks of «-Al,O; appeared in
AM-2 fibers. After sintering at 1400 °C, tetragonal mullite
transformed into orthorhombic mullite.

In order to further clarify the difference of phase transi-
tion paths between AM-1 and AM-2 fibers, the fibers sin-
tered at 1400 °C for a different time were analyzed by XRD.
As shown in Fig. 7a, the diffraction characteristic peaks of
v-Al,O5 appeared after AM-1 fibers was sintered at 1400 °C
for 1 min, and it was the only phase. The diffraction char-
acteristic peaks of mullite appeared after sintering at
1400 °C for 5 min. From the 20 = 25-27° enlarged figure in
Fig. 7b, it can be determined that the formed mullite was
stable orthorhombic mullite. When the sintering time was
extended to 10 min, the diffraction characteristic peaks of
0-Al,05 and a-Al,O3 appeared in addition to the diffraction
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Fig. 6 XRD patterns of fibers (a) ¢ mullite (b) ¢ mullite
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characteristic peaks of mullite. After sintering for 30 min,  Fig. 7c, d that the diffraction characteristic peak of tetra-
the diffraction characteristic peaks of 0-Al,O5 disappeared, gonal mullite appeared after sintering at 1400 °C for 1 min.
and only the diffraction characteristic peaks of a-Al,0; and ~ When the sintering time was extended to 30 min, the dif-
mullite remained. For AM-2 fibers, it can be found from  fraction characteristic peaks of 6-Al,O; and a-Al,O;
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appeared in the AM-2 fibers. After sintering for 60 min, the
diffraction characteristic peaks of 8-Al,O5 disappeared, and
the mullite in the fibers changed from a tetragonal structure
to an orthorhombic structure.

From the above XRD results, it can be seen that the
phase transition path of AM-1 fibers obtained by adding
TEOS in the preparation process of the aluminum sol was:
Amorphous — y-Al,03 — y-Al,O3 + orthorhombic ~ mul-
lite — 6-Al,03 + a-Al,O5 + orthorhombic mullite — a-
Al,O;3 + orthorhombic mullite; the phase transition path of
AM-2 fibers obtained by mixing the alumina sol and TEOS
was: Amorphous — tetragonal mullite — 0-Al,03, a-Al,O3,
tetragonal + mullite — a-Al,O3 + orthorhombic mullite.

The AM-1 and AM-2 fibers sintered at 1200-1400 °C for
1 h were characterized by SEM to analyze the effect of dif-
ferent TEOS introduction procedures on the microstructure
evolution of alumina-mullite composite fibers. As shown in
Fig. 8a, after sintering at 1000 °C or 1200 for 1 h, the AM-1
fibers have a fine grain size of about 20 nm with a dense
structure, and no pores were observed. It can be seen that
when the temperature increased to 1300 °C, grain with a size
of about 200 nm appeared in AM-1 fibers (Fig. 8c), and there
were also grains with a size of less than 100 nm. Combined
with XRD patterns (Fig. 6a), it can be known that the large
grains were mullite grains. The average grain size of AM-1
fibers sintered at 1400 °C was about 500 nm, and the grain
size of 100 nm can also be observed. The internal structure of
the fiber was still dense, and pores caused by grain growth
could also be observed inside the grains. Different from AM-1
fibers, the average grain size of AM-2 fibers was about
100 nm after sintering at 1000 °C for 1h, and the average
grain size increased to about 400 nm after sintering at 1200 °C
for 1 h. After sintering at 1300 °C, the average grains size has
exceeded 1um. The average grain size of AM-2 fibers sintered
at 1400 °C for 1 h was decreased, but many pores could be
observed inside the fibers, which was caused by the trans-
formation of tetragonal mullite into orthorhombic mullite. By
comparing the fracture morphologies of AM-1 fibers and AM-
2 fibers during high-temperature sintering, it can be found that
the AM-1 fibers obtained by pre-addition of TEOS could
effectively inhibit the growth of grain at the high-temperature
sintering process. However, the average grains size of the
AM-2 fibers obtained by the post-addition of TEOS procedure
after sintering at 1300 °C for 1 h has exceeded 1 pum.

In order to compare the effect of silicon addition pro-
cedure on the properties of alumina-mullite composite
fibers, the mechanical properties of two groups of pyrolyzed
fibers obtained by different silicon addition methods were
tested after sintering at 1400 °C for 5 min. Figure 9 shows
the average monofilament tensile strength of the sintered
fibers. Among the two groups of sintered fibers, AM-1
fibers showed the best performance, and the tensile strength
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reached 1.52 +0.13 GPa, while the tensile strength of AM-2
fibers was only 0.51 £0.17 GPa.

4 Discussion

When aluminum powder and formic acid, acetic acid, nitric
acid in an aqueous solution in the preparation of aluminum
carboxylate sol, aluminum powder first with H;0" and H,O
to obtain hydrated aluminum ions, and then hydrolysis,
which could be expressed by the following reaction equa-
tion:

6H30" + Hy0 + 2A1 — Al(H,0)2"+3H, | (1)

Al(H,0);" +H,0 — Al(OH)(H,0):" +H;0" (2)

Al(OH)(H,0)" +H,0 — AI(OH),(H,0) +H;0"  (3)

The pH of the aluminum carboxylate sol obtained after
the reaction was 3.8. According to relevant literature reports
[28, 29], when the reaction environment pH of the sol
system was 3 <pH<4.3, AI(OH) (H,0)s*>" was the pre-
ferred product after the aluminum powder was dissolved in
formic acid, acetic acid and nitric acid aqueous solution. At
the same time, there was a certain amount of hydrated
aluminum ions such as Al(H,0)s’" and Al(OH),(H,0),".
Then carboxylate ions further replace the coordinated water
in AI(OH)(H,0)s>" and Al(H,0)¢>" to form different car-
boxylate aluminum salts or ions. The generated carboxylate
aluminum salts or ions were continuously polymerized to
form AlOg polymers with different degrees of polymeriza-
tion. The possible polymerization reactions are as follows:

Al(H,0);" +HCOO™ + H3;CCOO~

— Al(0,CH)(0,C,H3)(H,0); + 2H;0* )
2[Al(0,CH)(0,C,H;3)(H,0),] "
— [AL(OH),(0,CH)(0,C>H;), (H,0)s] " +HCOOH + H30™*
(6)

3[A1(0,CH) (0,C,Hs) (H,0),] *

— [Al;(OH),(02CH), (0,C>H;); (H20)y] © +HCOOH + 2H;0*
(7)

6[Al1(0,CH)(0,C,H;3)(H,0),] "

— [Alg(OH) ,4(02CH), (02C2Hs), (H0),,]** (8)
+3HCOOH + 3CH;COOH + 4H;0*

13[Al(0,CH)(0,C,H;3)(H,0),] "

— [Al13(0),(OH) ,(0:CH); (0>, Hs), (H;0) 1] ** ©)
+7HCOOH + 6CH3COOH + 8H,0 + 7H;0"
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Fig. 8 SEM images of fracture
morphologies of AM-1 and
AM-2 fibers sintered at different
temperatures for 1h. a—d were
the fracture morphologies of
AM-1 fibers sintered at 1000,
1200, 1300 and 1400 °C for 1 h,
respectively, e-h were the
fracture morphologies of AM-2
fibers sintered at 1000, 1200,
1300 and 1400 °C for 1h,
respectively

For TEOS, it can be hydrolyzed by acid catalysis or
alkali catalysis [30, 31]. The acid-catalyzed hydrolysis
reaction process can be explained by the electrophilic
reaction mechanism, that is, the positively charged
hydrated hydrogen ion (H;0™) in the solution was easy to
attack the Si atom with more OR groups, forming an
intermediate transition state that H;O" was adsorbed by
non-shared electrons, and then ROH was removed to
complete hydrolysis [32]. The reaction process was shown
in Fig. 10.

It can be found from the above hydrolysis process that
the effective rate of TEOS acid-catalyzed hydrolysis process
depends on the concentration of acid. The higher the con-
centration, the faster the hydrolysis rate. When TEOS was
added in the preparation process of the aluminum sol,
because the aluminum powder was not completely dis-
solved, the acid in the solution was in an excessive state,
and the concentration of H;O" was high. Therefore, the
hydrolysis rate of TEOS was very fast, and silica sol can be
formed in a short time. The formed silica sol does not react
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with the aluminum sol to form a diphasic sol. When the
prepared aluminum carboxylate sol was mixed with TEOS,
the concentration of H;O™ in the aluminum carboxylate sol
was greatly reduced, so the hydrolysis rate of TEOS was
significantly reduced. At the same time, AI(OOCH)(OOCH)
(H,0),", AI(OOCH)(OOC,H5)(H,0)," and other ions in
the aluminum sol reacted with Si-OH, which promoted the
reaction between aluminum and silicon. Therefore, alumi-
num and silicon were mixed at the atomic level to form a
monophasic sol.

Combined with the above results and analysis, the
influence mechanism of TEOS addition method on the

wn
T
—

Tensile strength (GPa)
=
T

f=1
(9%}

T
—

0.0

AM-1 AM-2

Fig. 9 Tensile strength of the alumina-mullite composite fibers sin-
tered at 1400 °C for 5 min in air

Fig. 10 Hydrolysis diagram of
TEOS under acid catalysis [29]

preparation of alumina-mullite composite fibers by sol-gel
method is shown in Fig. 11. The difference of precursor sol
eventually leads to the difference of fibers in the sintering
process. The diphasic alumina-mullite precursor sol was
formed by the pre-addition of TEOS. There were no Al-O-
Si linkages between Al and Si in the sol, which belonged to
the physical scale mixing. Therefore, during the sintering
process of the fiber, y-Al,O; was first formed, and then
amorphous SiO, reacted with y-Al,O; to form stable
orthorhombic mullite. The generated mullite inhibited the
slip of grain boundaries, thereby inhibiting the growth of
grains. The post-addition method of TEOS formed a
monophasic aluminum-silicon sol. There were Al-O-Si
linkages between aluminum and silicon in the sol, which
belongs to atomic-scale mixing. During the sintering pro-
cess, mullite was formed at around 800 °C dues to the
presence of Al-O-Si linkages. In addition, because the
mullite formation temperature was low, there was no other
phase to inhibit the growth of mullite, so the grain size of
the fibers sintered at high temperature was large.

5 Conclusion

Different aluminum-silica sols were prepared by adjusting
the mixing procedure using aluminum carboxylate sol and
TEOS as the aluminum source and silicon source, respec-
tively. The effects of Al and Si mixing procedures on the
phase transition and microstructure evolution of alumina-

R RO RO-.
.----Q . “H* H
H: ~H----0R
i ) | — Si + 0
/ & Nor é N
..-=OR RGO O—H R

Dry spinning Pyrolysis
500°C

Precursor fibers

Amorphous fibers Alumina-mullite fibers

Alumina sol

Dry spinning Pyrolysis
500°C o

Sintering %
—3

Fig. 11 The mechanism diagram of the effect of Al-Si mixing methods on the preparation of alumina-mullite composite fibers by sol-gel method
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mullite composite fibers were investigated. The different
mixing procedures of aluminum and silicon affect the phase
transition of alumina-mullite composite fibers. The phase
transition path of the fiber obtained by adding TEOS during
the preparation of alumina sol was: Amorphous alu-
mina — y-Al,O3 — y-Al,O3 4 orthorhombic  mullite — 6-
Al O3 + a-Al,O3 + orthorhombic mullite - a-Al,O3 +
orthorhombic mullite. The phase transition path of AM-2
fibers obtained by mixing the aluminum carboxylate sol and
TEOS was: Amorphous — tetragonal mullite — 6-Al,03, a-
Al,O3, tetragonal + mullite — a-Al,O3 + orthorhombic
mullite. The different mixing procedures of aluminum and
silicon also affect the morphology of alumina-mullite
composite fibers. The fibers obtained by adding TEOS
during the preparation of aluminum carboxylate sol showed
a dense structure with fine grains after sintering at 1300 °C
for 1 h, and the grains size was about 500 nm after sintering
at 1400 °C for 1 h. However, after sintering at 1300 °C for
1 h, the grain size of fibers obtained by mixing aluminum
carboxylate sol and TEOS was larger than 1 um. The dif-
ference in phase transition and microstructure evolution
between the two fibers obtained by different aluminum-
silicon mixing procedures was that the precursor sol
obtained by adding TEOS during the preparation of alu-
minum sol is a diphasic sol, and the precursor sol obtained
by adding TEOS in the prepared aluminum carboxylate sol
was a monophasic sol.
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