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A B S T R A C T

Alumina borate nanofibers were fabricated by electrospinning combined with sol-gel method using aluminum
acetate (Al(OH)2(OOCCH3)·1/3H3BO3, stabilized with boric acid) and polyvinyl pyrrolidone (PVP) as raw
materials. As-spun composite nanofibers were electrospun from the spinning solutions prepared with different
PVP contents. The as-spun nanofibers were calcined at 1000 ℃ and the microstructures of the calcined
nanofibers were investigated. The results showed that with the content of PVP increased, the diameters of the
alumina borate nanofibers increased, and the temperatures at which the Al4B2O9 phase formed and Al4B2O9

transformed to Al18B4O33 also increased. However, the crystallinity of the calcined nanofibers decreased with
the increase of the PVP content. The grains became smaller and more uniform due to the increasing amount of
voids and cracks generated by the decomposition of PVP.

1. Introduction

Alumina borate materials in Al2O3-B2O3 binary system are attrac-
tive ceramic materials with excellent mechanical properties, high
melting point, low thermal expansion, low density and good chemical
inertness [1,2]. In recent years, one-dimensional (1D) micro-/nano-
scale materials have become the focus of a significant research effort
due to their novel properties, unique structure and potential applica-
tions in many areas [3]. A variety of advanced techniques have been
used to prepare 1D micro-/nano-scale materials with desired chemical
composition and morphology. Consequently, alumina borate materials
with 1D micro-/nano-structure, such as whiskers, nanorods, nanowires
and nanotubes, have been fabricated [4–8]. They are widely used as
reinforcement for metal matrix composites (MMCs), heating-insulating
materials, and filter media, etc [2,9]. The conventional methods to
prepare these products include chemical vapor deposition, molten salt
method, catalytic synthesis, high-temperature solid-state reaction, low-
heating-temperature solid-state precursor method, direct calcinations
of a precursor, flux method and sol-gel method [6,8,10,11]. However,
disadvantages can hardly be avoided for most of the mentioned
methods, including high energy consumption, inevitable formation of
by-products which leads to the low yield of the products, and
additionally, the multistep process are more complicated to control.
Furthermore, the relatively small aspect ratio of the alumina borate
nanorods, nanowires, or nanowhiskers also limits their potential
applications.

Dai et al. [12] were the first to prepare alumina borate fibers in
nano-scale successfully. Compared with the nano-scale products men-
tioned above, such fibers were continuous with more uniform dia-
meters and larger aspect ratio, which might significantly expand their
applications. In their study, electrospinning was adopted to synthesize
the fibers. This technique is superior to the preparation method
mentioned above because it is relatively less complicated to process,
easily-controlled and high-yielding. It has been regarded as the most
versatile method to prepare nanofibers made of various materials in the
past decades [13,14]. When preparing ceramic nanofibers, electrospin-
ning is normally combined with the sol-gel method. The spinning
solution is obtained by mixing the precursor sol and the dissolved
polymer. The polymers serve as the carriers of precursor gels in
transforming the spinning solution to fiber-like structure. Ozdemir
et al. [15] synthesized alumina borate nanofibers using PVA with
different concentrations. It was found that nanofibers with larger
diameter were obtained when the content of PVA contained in the
spinning solution increased. Researchers within this area also reported
that the morphology of the ceramic nanofibers could be influenced by
the polymers addition in the spinning solution [16,17]. Thus, for the
purpose of preparing nanofibers with desired diameters, controlling the
proportions of polymers in spinning solutions is an effective way.

The growth of the grains during crystallization can hardly be
ignored for alumina borate nanofibers. Particularly, the crystallization
behavior of the alumina borate nanofibers is associated with their
structure stability under high-temperature environment. Dai et al. [12]
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also studied the crystalline phase of the ultra-fine alumina borate fibers
calcined at different temperatures. It was found that the Al4B2O9 phase
formed at 1000 ℃, with slight concentration of the Al18B4O33 phase.
Grains can be easily observed with large quantity on the coarse surface
of the fibers. When calcination temperature increased to 1200 ℃,
increasing amount of Al18B4O33 phase formed and the grain sizes
increased significantly. They also pointed out that the PVA they
selected as the polymer additive decomposed during calcination, which
is consistent with other studies regarding the removal of polymers
while preparing ceramic nanofibers by electrospinning [18,19].
Although the decomposition of the polymers during calcining was
observed, very little information has been reported about the influence
of the use of polymers or the content of polymers in as-spun fibers on
the crystallization behavior and grain growth of the alumina borate
nanofibers, as well as other ceramic oxide nanofibers after heating.

In the current work, alumina borate nanofibers were fabricated
using aluminum acetate stabilized with boric acid and polyvinyl
pyrrolidone (PVP) as raw materials. The spinning solutions were
prepared with different mass ratio of PVP solution to precursor sol.
The as-spun composite nanofibers were calcined at 1000 ℃ to obtain
the final fiber products. The morphology, crystallization temperatures
and grain sizes of the alumina borate nanofibers were investigated. The
mechanism of which the voids and cracks influence on grain sizes of the
ceramic nanofibers was also discussed.

2. Experimental procedure

Aluminum acetate (Al(OH)2(OOCCH3)·1/3H3BO3, stabilized with
boric acid) was supplied by Strem Chemicals, Inc.. PVP with a
molecular weight of 1,300,000 was supplied by Tianjin Bodi
Chemical Co., Ltd.. Ethanol was offered by Tianjin Hengxing
Chemical Reagent Co., Ltd.. Deionized water was prepared in the
laboratory.

1 g aluminum acetate was added into 4 g solvent (2 g deionized
water mixed with 2 g alcohol) and stirred at 40 ℃ for 12 h to prepare
precursor sol. Part of the precursor sol was dried at 60 ℃ to form
precursor gel and then was grounded to powders for comparative
studies. PVP solution with a concentration of 16 wt% was prepared
using alcohol as the solvent. To prepare homogeneous spinning
solutions with different PVP contents, pre-prepared PVP solution and
precursor sol were mixed with different mass ratio and stirred for 1 h at
room temperature. The mass ratio of PVP solution to precursor sol, as
well as the conductivity and viscosity, of the spinning solutions were
detailed in Table 1.

The spinning solutions were transferred into a plastic syringe
equipped with a metallic needle, which was connected to a negative
voltage supply. Electrospinning was operated at the voltage of −6 kV.
The feeding rate controlled by a syringe pump was kept at 0.45 ml/h
and the distance between the needle tip and the collector was 15 cm.
The as-spun composite nanofibers were dried by an oven to remove the
residual solvent. Then the fibers were heated to 1000 ℃ with a heating
rate of 5 ℃/min and kept at 1000 ℃ for 1 h to obtain alumina borate
nanofibers.

The conductivity and viscosity of the spinning solutions were
measured by a digital conductivity meter (DDS-11A, Leici, China)

and a digital viscometer (SNB-1A, Fangrui, China) at 25 ℃, respec-
tively. The average value of each parameter was calculated after five
measurements for each sample. The morphology of the as-spun
composite nanofibers and alumina borate nanofibers was examined
by scanning electron microscopy (SEM, Helios NanoLab G3 UC, FEI,
Czech). The diameters of the fibers were calculated using the image
analysis software Image J. Thermogravity-differential scanning calori-
meter (TG-DSC) analysis of as-spun composite nanofibers was per-
formed on a thermoanalyzer (STA449C, Netzsch, German) in air
atmosphere at a heating rate of 10 ℃/min. The X-ray powder diffrac-
tion (XRD) data of calcined samples were obtained by a diffractometer
(D/max2500 PC, Rigaku, Japan) with CuKα radiation in the region of
5 < 2θ < 80°. Additionally, transmission electron microscope (TEM,
JEM-2100F, JEOL, Japan) was also employed to observe the distribu-
tion of the crystal grains in the alumina borate nanofibers.

3. Results and discussion

3.1. Fiber morphology

Fig. 1 shows the SEM images and diameter distribution histograms
of the as-spun composite nanofibers. As can be observed, continuous
fibers with smooth surface and cylindrical morphology were obtained
by electrospinning the spinning solutions with different mass ratio of
PVP solution to precursor sol. When the ratio was 0.6, the average
diameter of the nanofibers was about 404 nm. When the ratio
increased to 1.28, the average diameter reached up to 813 nm and
when the ratio went up to 3, the diameter was 1154 nm. As illustrated
in Table 1, the viscosity of the spinning solution increased along with
the mass ratio, and the conductivity of the spinning solution showed
the contrary tendency. Consequently, the as-spun fibers had larger
diameters. Since alcohol and water were almostly removed during
electrospinning and drying process, it could be concluded that the as-
spun fibers which generated from spinning solutions containing larger
amount of PVP solution also had larger PVP content.

Fig. 2 exhibits the SEM images and diameter distribution histo-
grams of alumina borate nanofibers calcined at 1000 ℃. As displayed in
Fig. 2, the continuous and cylindrical morphology of the nanofibers was
kept after the calcination process. Such phenomenon revealed that PVP
was a good structure-directing polymer additive. High magnification
SEM images showed that the surface of the calcined nanofibers was
covered with large number of tiny particles, and the dimension of such
particles increased when PVP content increased. However, it was
unable to ensure from SEM measurement individually that the
particles were caused by the grain growth, or the rapid removal of
decomposed products in the present work. In addition, voids and
cracks were also observed on the fiber surface, and they increased in
size and number with PVP content increased as well. Obviously, this
was ascribed to the escape of the increasing amount of the decomposi-
tion products resulted from higher content of PVP in the as-spun fibers.
The average diameters of the alumina borate nanofibers decreased to
287 nm, 397 nm and 481 nm, respectively. The reduction in diameters
of the nanofibers was ascribed to the removal of PVP and other
organics. According to the investigation, the larger shrinkages in
diameters of the calcined nanofibers were associated with the increased
contents of PVP in as-spun composite nanofibers.

3.2. Heating process

TG curves of the precursor gel, as-spun composite nanofibers with
different PVP contents, as well as pure PVP fibers are shown in Fig. 3.
For alumina gel (Fig. 3(a)), weight loss could hardly be observed after
630 ℃, indicating that the decomposition products of boric acid and
organic groups had been removed entirely. Fig. 3(e) showed that the
weight residue of the pure PVP fibers became zero at 675 ℃, which
revealed that PVP decomposed completely at that temperature.

Table 1
The mass ratio of PVP solution to precursor sol, conductivity and viscosity of the
spinning solutions.

Sample No. Mass ratio of PVP solution
to precursor sol

Conductivity (μS/
cm)

Viscosity
(mPa s)

1# 0.6 297 577
2# 1.28 204 692
3# 3.0 141 989
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However, to the as-spun composite nanofibers shown in curves (b), (c)
and (d), the temperatures that the residue weight started to remain
unchanged were approximately 740 ℃, 770 ℃ and 805 ℃, respectively.
It can be deduced that the precursor gel and PVP in as-spun composite
nanofibers slowed down the decomposition rate of each other during
heat-treatment process. In addition, the as-spun nanofibers with larger
diameters had smaller surface areas, which would weaken the heat and
mass transfer process and reduce the reaction interface of decomposi-
tion. So the decomposition rate of PVP and other organics, as well as
the removal rate of the decomposition products, would be decreased

while heating. This may explain the feature of the TG curves. Therefore,
a proper PVP content is necessary for an efficient calcination when
fabricating alumina borate nanofibers by electrospinning.

Fig. 4 shows the DSC curves of precursor gel and as-spun composite
nanofibers with different PVP contents. Only one exothermic peak was
evident for the precursor gel but two exothermic peaks could be
observed for the as-spun nanofibers. The exothermic peak at 891 ℃
for precursor gel showed in Fig. 4(a) was associated with the onset of
crystallization of the Al4B2O9 phase [20]. However, the corresponding
exothermic peaks of the as-spun nanofibers appeared at 897 ℃, 912 ℃

Fig. 1. SEM images and diameter distribution histograms of as-spun composite nanofibers prepared from (a) sample 1#, (b) sample 2# and (c) sample 3#.
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and 921 ℃ respectively, which indicated that the temperatures of
crystallization increased. The broad exothermic peaks at 1095 ℃,
1120 ℃ and 1131 ℃ as seen in Fig. 4(b), (c) and (d) were attributed
to the phase transition from Al4B2O9 to Al18B4O33 [20], revealing that
the temperatures of phase transition rose as well with PVP content
increased.

3.3. Grain size

Fig. 5 shows the XRD patterns of alumina borate powders and
alumina borate nanofibers calcined at 1000 ℃. For all samples, phase

transformation to Al4B2O9 can be observed, while the Al18B4O33 phase
cannot be detected. This was consistent with the conclusion given from
the DSC curves. However, the intensities of the characteristic peaks of
the calcined samples were different. As observed, lower intensities were
evident along with the increased PVP contents. Since no other phase
generated in the current situation, the weaker diffraction peaks
indicated that the crystallinity of Al4B2O9 was lower.

The data from XRD patterns were used to calculate the crystallite
sizes of the alumina borate powders and nanofibers by Scherrer
equation as followed:

Fig. 2. SEM images at various magnifications and diameter distribution histograms of alumina borate nanofibers prepared from (a) sample 1#, (b) sample 2# and (c) sample 3# after
calcining at 1000 ℃.
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Kλ
β θ

s =
cos1/2

where s is the crystallite size (Å), λ is the wave length of the incident
radiations, β1/2 is the FWHM of the Bragg peak, θ is the Bragg angle of
diffraction peaks that selected to calculate the crystallite size and K is
the Scherrer constant. The K value varies between 0.9 and 1.2
depending on the shape of the particle (e.g. spherical, cubic or
otherwise). In the present work, we used a value of 0.94 for K for the
most intense diffraction peak of (110) planes that displayed in the
insert in Fig. 5. The crystallite sizes of the calcined samples are shown
in Fig. 6. The alumina borate powders had an average crystallite size of
33.0 nm. While for the calcined nanofibers prepared from solutions
with increased amount of dissolved PVP, the crystallite sizes reduced
from 30.3 nm to 24.7 nm.

The crystallite sizes obtained by the calculation based on the XRD
results could also be verified from the TEM images of the ceramic
nanofibers shown in Fig. 7. The calcined nanofibers prepared from
spinning solution sample 1# displayed in Fig. 7(a) were composed of
many interconnected and nonuniform grains. While for the nanofibers
obtained from sample 2# exhibited in Fig. 7(b), the grains became
small and relatively uniform. And the grains in the nanofibers prepared
from sample 3# were the smallest and most uniform as observed in
Fig. 7(c). Besides, it could also be seen that the fibers obtained from the
sample with lower PVP content showed worse crystallization behavior
determined by the HRTEM images and the electronic diffraction (ED)
patterns in Fig. 7.

Based on the analyses above, it could be concluded that the particles
on the fiber surface observed from SEM images should not be
considered as crystal grains and they were normally formed due to
the rapid removal of decomposed gases. Therefore, the sizes of these
particles were proportional to the PVP content in as-spun fibers.

3.4. Influencing mechanism

For alumina borate nanofibers, during the calcination process, tiny
grains will grow up and the adjacent grains also tend to combine with
each other to form larger grains. As discussed in Section 3.1, voids and
cracks on the nanofibers increased in size and number when PVP
content increased. This had significant effects on the grain sizes of the
alumina borate nanofibers. The possible influencing mechanism is
illustrated in Fig. 8. Fig. 8(a) displays the effect of these defects on the
sizes of the grains for the fibers obtained from solutions with low
content of PVP. At stage I, tiny primary grains generated first. While at

Fig. 3. TG curves of (a) precursor gel, as-spun composite nanofibers prepared from (b)
sample 1#, (c) sample 2# and (d) sample 3#, and (e) pure PVP fibers.

Fig. 4. DSC curves of (a) precursor gel and as-spun composite nanofibers prepared from
(b) sample 1#, (c) sample 2# and (d) sample 3#.

Fig. 5. XRD patterns of (a) alumina borate powders and alumina borate nanofibers
prepared from (b) sample 1#, (c) sample 2# and (d) sample 3# after calcining at 1000 ℃.

Fig. 6. Crystallite sizes of alumina borate powders and alumina borate nanofibers
obtained from sample 1#–3#.

X. Song et al. Ceramics International 43 (2017) 9831–9837

9835



stage II, large fraction of tiny grains grew individually or merged with
adjacent ones to form large Al4B2O9 grains. This was because that less
voids and cracks hindered the diffusion of the grain boundaries. Thus,
large and nonuniform grains were formed. However, for the fibers
produced by high content of PVP as displayed in Fig. 8(b), increased
number of voids and cracks emerged at the positions between the tiny
primary grains, which made the grain boundaries difficult to diffuse.
Therefore, the grains were small and uniform.

4. Conclusions

Alumina borate nanofibers were fabricated by calcining the as-spun

composite nanofibers electrospun from the spinning solutions with
different mass ratio of PVP solution to precursor sol at 1000℃. The
precursor sol was prepared using aluminum acetate stabilized with boron
as raw materials. With the increase of PVP content in the spinning
solution, the obtained alumina borate nanofibers became thicker and
coarser, and the voids and cracks on fiber surface increased in size and
number. In addition, the crystallization temperatures of Al4B2O9 phase
increased, the intensities of the characteristic peaks of Al4B2O9 phase
weakened, and the grain sizes became smaller and more uniform. The
current work revealed that PVP content in spinning solution had
significant influences on the microstructure of the alumina borate
nanofibers, which might eventually affect their properties.

Fig. 7. TEM images of alumina borate nanofibers prepared from (a) sample 1#, (b) sample 2# and (c) sample 3# after calcining at 1000 ℃.
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