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A B S T R A C T

In the present work, Al2O3-SiO2-B2O3 composite nanofibers with mullite-type structure were prepared using
electrospinning technique. The microstructure and elastic modulus of the composite nanofibers obtained at
elevated temperatures were studied. The results showed that Al4B2O9 phase formed at 900 °C and then trans-
formed to Al18B4O33 at 1100 °C. Mullite was also detected in the nanofibers prepared at 1100 °C. Amorphous
SiO2 existed in all samples even the calcination temperature reached up to 1400 °C. The continuous and uniform
structure of the composite nanofibers was kept after calcining at different temperatures, while rougher surface
was evident due to the growth of the grain caused by the elevated temperature. An increase of elastic modulus of
the samples from 9.47 ± 1.91 GPa to 27.30 ± 2.61 GPa was observed when calcination temperatures in-
creased from 800 °C to 1400 °C.

1. Introduction

Continuous mullite (3Al2O3·2SiO2) fibers, as a kind of promising
ceramic materials, have been used in various areas, including insula-
tion, filtration, catalyst and reinforcement of metals, ceramics and re-
sins due to their outstanding dielectric properties, chemical stability,
low thermal conductivity and excellent high temperature properties
[1–3]. Amongst all the physical properties of ceramic fibers, good
flexibility is essential to allow the fiber products to be converted into
required shapes and forms, and expands their applications eventually
[1,4]. With respect to mullite fibers, a serious problem is their relatively
high elastic modulus [4], which lead up to a low flexibility and restrict
their applications consequently.

To date, researches prove that diminishing the grain sizes is an
available approach to improve the flexibility of mullite fibers [1,5]. To
achieve this purpose, adding B2O3 into the mullite was investigated. EA
Richards et al. [5] found that B2O3 is the most effective additive to
decrease the grain sizes of mullite fibers compared with P2O5, Cr2O3

and their mixture. They also confirmed that small grain size was cor-
related with high tensile strength of the fibers. Though the addition of
B2O3 significantly decreased the mullite formation temperature, the
boron doped mullite fibers still showed enormous advantages when
they were converted into textiles (i.e. yarn, sleevings or fabrics) owing

to their relatively high flexibility. Currently, the most widely known
flexible commercial ceramic fibers in Al2O3-SiO2-B2O3 ternary system
are Nextel™ 312 fibers produced by 3 M Company (USA) [4,6]. The
chemical composition of the fibers in wt.% is 62% Al2O3, 24% SiO2 and
14% B2O3. The filament tensile modulus of Nextel™ 312 fibers is about
150 GPa, which is the smallest among the Nextel™ ceramic oxide fibers,
indicating the best flexibility and lowest weaving difficulty. Nextel™
440 fiber is another type of Al2O3-SiO2-B2O3 composite fiber with lower
B2O3 content (2 wt.%) and a higher modulus (190 GPa) [4]. With the
exception of the good flexibility, the introduction of B2O3 also decreases
the density of mullite fibers. This feature is benefit to reduce the total
weight of those objects which the Al2O3-SiO2-B2O3 ternary ceramic fi-
bers are used in large amount.

For ceramic fibers, which involve mullite fibers undoubtedly, re-
ducing their diameters was also a meaningful method to improve their
flexibility [1,7]. Particularly, ceramic nanofibers, apart from the good
flexibility, are also gifted with larger surface area to volume, lower
density, lower conductivity of heat and other superior properties, and
have drawn a lot of attention [8,9]. Obviously, the smaller diameters of
ceramic fibers are related to the disparate preparation technology. The
conventional techniques used to prepare ceramic fibers are melt ex-
traction [10], melt spinning [11,12], pyrolysis of cured polymer fiber
[13] and sol-gel processing [14–16], etc. However, such methods are
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still not available to produce ceramic fibers in nano-scale independently
as investigated previously. Consequently, the method of a combination
of electrospinning and sol-gel processing was developed in the past two
decades to prepare continuous ceramic nanofibers. Dai et al. [17]
prepared ultra-fine alumina-borate oxide fibers for the first time using
this method. Soon afterwards, other ceramic nanofibers such as SiO2

[18], Al2O3 [19], ZrO2 [20] and so on were derived. As to electro-
spinning technique, it involves the use of a high voltage to charge the
surface of a polymer solution droplet through a spinneret, and then a
liquid jet ejects. The jet is stretched to form continuous and ultrafine
fibers due to the electric field force acting on them. While fabricating
ultrafine ceramic fibers using this method, precursor sol is initially
added into a polymer additive solution to acquire the composite spin-
ning solution. Then the spinning solution is electrospun to obtain the as-
spun composite nanofibers and the as-spun fibers are calcined to pro-
duce the desired products. To summarize, this method has been de-
monstrated to be an effective way to generate various kinds of ceramic
nanofibers with high purity, good homogeneity, fine grain sizes and
sufficiently small diameters, and has been regarded as a promising
technique in generating continuous ultrafine ceramic fibers in the fu-
ture.

As has been introduced, mullite nanofibers were also prepared by
electrospinning combined with sol-gel method. Wu et al. [21] prepared
high purity polycrystalline mullite nanofibers with diameters of about
200 nm using aluminum nitrate (AN), aluminum isoproxide (AIP) and
tetraethyl orthosilicate (TEOS) as raw materials. They focused on the
influence of the PVP content on the morphology development of mullite
nanofibers and they observed that large grains formed in the fibers after
heat treatment at 1200 °C. M. Mohammad Ali Zadeh et al. [22,23] also
studied the impact of the proportions of polymer additives on the
properties of spinning solution and morphology of mullite precursor
nanofibers, but their fiber products were not uniform and could not
retain a stable structure under high temperature. Chen et al. [24] fab-
ricated mullite fibers with diameters ranging from 400 nm to 10 um
using electrospinning technique. They considered that the most con-
venient way to obtain fibers with well-controlled diameters was to
control the solid concentration and the rheology of the mullite sol. Peng
et al. [25] prepared uniaxially aligned mullite fibers by electrospinning,
but the average diameter of the fibers calcined at 1300 °C was 1.78 um,
which were not in nanoscale apparently. Based on these introductions it
can be seen that researchers are still focusing on fabricating pure
mullite without the additions of second phases, which means that
continuous mullite nanofibers with B2O3 added synthesized by elec-
trospinning have not raised much interest yet. S. Tanriverdi et al. [26]
once prepared electrospun ceramic nanofibers in Al2O3-SiO2-B2O3

ternary system with a Al2O3:SiO2:B2O3 ratio of 1:8:1. But the fibers
could hardly be regarded as a type of mullite fibers since SiO2 had
crystallized at 1000 °C due to its large amount and the final products
lost fiber-like structure after calcined at temperatures beyond 1000 °C.
Apart from that, the synthesis of Al2O3-SiO2-B2O3 composite nanofibers
has never been reported. Thus, it is meaningful to prepare the Al2O3-
SiO2-B2O3 composite nanofibers with mullite-type structure. Ad-
ditionally, little attention has been paid on the mechanical properties of
the electrospun mullite nanofibers and little research has been done
regarding the relationship between elastic modulus and calcination
temperatures. Consequently, the aim of the present work was to prepare
mullite-type nanofibers in Al2O3-SiO2-B2O3 ternary system with good
flexibility. The phase transformation, microstructure evolution and
room temperature elastic modulus of the composite nanofibers after
calcining at elevated temperature were investigated.

2. Experimental

2.1. Synthesis of stable spinning solution

Aluminum acetate (Al(OH)2(OOCCH3)·1/3H3BO3) purchased from

Strem Chemicals, Inc. (Boston,USA) was used as the sources of alumina
and boron oxide. Boric acid contained in the aluminum acetate acts as a
stabilizer. Tetraethyl orthosilicate (TEOS) with a SiO2 content of 28 wt.
% offered by Xilong Chemical Co., Ltd. (Guangzhou, China) was used as
the silica source. Deionized water and pure ethanol were used as the
solvent to prepare the composite precursor sols. The molar ratio of
Al:Si:B of the target nanofibers was designed to be 3:1:1. To obtain
homogeneous precursor sols, aluminum acetate stabilized with boric
acid, TEOS, deionized water and pure ethanol were mixed together
simultaneously. The mass percentages of the four materials in the
mixture were 15, 7.2, 38.9 and 38.9 wt.%, respectively. The mixture
solution was stirred at 40 °C for 12 h to obtain the composite precursor
sol. Polyvinyl pyrrolidone (PVP, Mw= 1,300,000) provided by Bodi
Chemical Reagent Plant (Tianjin, China) was applied as the polymer
additive. It was added into alcohol and stirred at room temperature for
3 h to acquire a 16 wt.% PVP alcohol solution. Then the PVP solution
was mixed with the precursor sol with a mass ratio of 3:2 and stirred for
1 h to obtain a composite spinning solution which was homogeneous
and suitable for electrospinning.

2.2. Electrospinning and calcination

The composite spinning solution was transferred into a plastic syr-
inge equipped with a metallic needle. The needle was connected to a
negative voltage supply. During electrospinning, the voltage supply was
set to generate a voltage of−7.45 kV and the feeding rate controlled by
a syringe pump was kept at 0.45 ml/h. A piece of aluminum foil was
used as the collector and the distance between the needle tip and the
collector was 15 cm. After electrospinning, the as-spun composite na-
nofibers mats were dried by an oven at 50 °C for 5 h to remove the
residual solvent. The dried fiber mats were put in Al2O3 plates and
calcined in a muffle furnace from room temperature to 800 °C in air
circumstance with a heating rate of 5 °C/min. After calcining at 800 °C
for 1 h, PVP and organic matters existed in the as-spun fibers were
basically decomposed and removed. Then the nanofibers were calcined
at temperatures varied from 800 to 1400 °C for an extra 1 h to obtain
the Al2O3-SiO2-B2O3 composite nanofibers.

2.3. Characterization

The X-ray powder diffraction (XRD) data of calcined samples were
recorded by a diffractometer (D8 Advance, Bruker, German) with CuKα
radiation in the region of 10 < 2θ < 80°. Diffraction peaks were in-
dexed with Jade 6.0 software. Fourier transform infrared (FT-IR) ab-
sorption spectra of the calcined nanofibers were recorded using a
spectrometer (Model 6700, Nicolet, USA) at wave number ranged from
400 to 1500 cm−1. The calcined fibers were ground to powders to
prepare KBr pelltes for FT-IR measurements. The morphology of the
nanofibers was examined by scanning electron microscopy (SEM)
(Quanta FEG 250, FEI, USA) and transmission electron microscopy
(TEM) (JEM-2100F, JEOL, Japan). To prepare SEM samples, the as-
spun nanofibers should not be exposed to air for too long to avoid the
absorption of the moisture and protect the fiber morphology. The cal-
cined nanofibers were sputtered with relatively thicker gold layer due
to the low conductivity. The diameters of the nanofibers were calcu-
lated using the image analysis software Image J. As to the samples to be
detected by TEM, calcined fibers were placed into ethanol and treated
by ultrasonic subsequently. The suspensions with separated nanofibers
were obtained and then were dripped on carbon-coated copper grids,
where the nanofibers were left for TEM examination. The elastic
modulus of a single ceramic nanofiber was measured using the three-
point bending method by atomic force microscope (AFM) (Multimode
8, Veeco, USA) under the force mode. For AFM samples preparation,
Al2O3-SiO2-B2O3 nanofibers were placed into ethanol and ultrasonic
treated for 30 min to obtain a suspension. The suspension was dropped
on a customized silicon wafer with many etched grooves, each of which
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was 4 μm wide. Then the silicon wafer was dried by a heating lamp. The
nanofibers deposited right across the grooves were selected to be tested.
The spring constant and deflection sensitivity of the cantilever we used
were obtained from the force curve of a sapphire standard sample of-
fered by Veeco Co. They were measured to be 155.11 N/m and 35.622
nN/V, respectively. Five readings were taken from each fiber to obtain
the modulus value.

3. Results and discussion

3.1. Crystal phase and chemical structure

Fig. 1 shows the XRD patterns of the Al2O3-SiO2-B2O3 nanofibers
calcined between 800 °C and 1400 °C. As observed from Fig. 1(a), there
was no distinct diffraction peak appearing on pattern of the sample
calcined at 800 °C(A in Fig. 1(a)), the broad hump revealed between the
2θ of about 12° and 38° suggesting the presence of amorphous phase.
This amorphous phase was identified as amorphous silica. When the
calcination temperature increased to 825 °C (B in Fig. 1(a)), some weak
diffraction peaks emerged, which indicated the formation of crystalline
phases, but it was difficult to find out their identities. After calcined at
900 °C (C in Fig. 1(a)), the weak diffraction peaks emerged at 825 °C
turned to be obvious. The diffraction peaks were detected as Al4B2O9

(card #47-0319) phase. Sowman and his co-workers [27] once reported
that B2O3 reacted with Al2O3 to form aluminum borate 9Al2O3·2B2O3

(Al18B4O33) first when it was added to mullite gels to prepared ceramic
fibers. However, researches about alumina borate materials showed
that Al4B2O9 phase generated first commonly and only when reaction
temperature was higher than the melting point of Al4B2O9 (about
1030 °C), can Al4B2O9 phase slowly convert to Al18B4O33 phase

[28,29]. What’s more, some researches regarding the structure evolu-
tion about the Al2O3-SiO2-B2O3 ternary system also showed that
Al4B2O9 phase generated first and then transformed to Al18B4O33 phase
gradually [30,31]. Our results are consistent with these conclusions.

At 1000 °C (D in Fig. 1(a)), the crystallinity of Al4B2O9 phase in-
creased, which indicated that the structure was stable. As reported,
mullite derived from monophasic gel usually formed at about 980 °C
[32], but it could not be detected from the XRD pattern. For most
crystal planes in Al4B2O9 and pure mullite (card #15-0076), the d-
spacings are nearly equal, which makes them difficult to be dis-
tinguished. However, for those crystal planes with larger d-spacing
differences, the corresponding split peaks could not be observed neither
in Al2O3-SiO2-B2O3 ternary system investigated by Zhang et al. [31].
They ascribed this to that the boron-doped mullite was a solid solution
which includes some units with the same structure as mullite and
Al4B2O9, instead of a simple mixture of pure mullite and Al4B2O9. Even
so, it was still unable to confirm the formation of the mullite phase in
our nanofibers after calcining at 1000 °C by XRD measurement.

When calcination temperature reached to 1100 °C (E in Fig. 1(a)),
the pattern exhibited similar features as that of 1000 °C, but four weak
diffraction peaks emerged at the 2θ of about 20.3, 23.7, 48.5 and 75.1°,
which indicated that Al18B4O33 phase (card #32-0003) formed at this
temperature. This was consistent with the above conclusion about the
phase transition from Al4B2O9 to Al18B4O33. In addition, the relative
intensities of the diffraction peaks at the 2θ of about 16° and 26° re-
versed as well. To our knowledge, the intensity of the first peak is
stronger than that of the second one for Al18B4O33, but a reversal of the
ratio of intensities of the two peaks can be observed for mullite.
Sowman [27] discussed the relative intensities of the two diffraction
peaks from XRD patterns of Al2O3-SiO2-B2O3 fibers lie between mullite
and aluminum borate, and pointed out that the ratio of relative in-
tensities of the two diffraction peaks moved toward that of mullite as
temperature increased. It is clear that Al2O3 will react with SiO2 to form
mullite with the increasing temperature. That is to say, the formation of
mullite could be confirmed by observing the relative intensities of the
diffraction peaks at the 2θ of about 16° and 26° in Al2O3-SiO2-B2O3

ternary system. Beyond that, no other diffraction lines could be used to
identify the mullite phase. This was because that the diffraction lines of
mullite are partially similar to or even overlapped with that of
Al18B4O33 due to their similar crystal structure and lattice parameters
[31]. To summarize, it could be concluded that mullite phase had
formed at 1100 °C.

After calcined at 1200 and 1300 °C (F and G in Fig. 1(a)), the in-
tensities of the second diffraction peaks were much stronger than the
first ones, which indicated that the increasing crystallinity and content
of mullite phase. However, all other diffraction peaks in the patterns
were much closer to Al18B4O33. Although Al18B4O33 decomposed con-
stantly with calcination time extended, it was still the dominant phase
after calcining 1 h at 1200 and 1300 °C. While at temperature up to
1400 °C (H in Fig. 1(a)), nearly pure mullite (card #15-0076) was ob-
tained (the impurity phase were discussed below), which meant that a
large proportion of B2O3 in the calcined composite nanofibers evapo-
rated.

The patterns of nanofibers obtained at different temperatures at
around the 2θ of 26° are exhibited in Fig. 1(b), which verified that the
phase evolution discussed above was reliable. The peak position shifted
to higher diffraction angle when temperature increased from 900 °C to
1100 °C, which also confirmed that Al4B2O9 transformed to Al18B4O33.
When temperature increased to 1300 °C, the peaks shifted back to lower
angles, revealing that mullite was the main component. Specially, the
diffraction peak in sample of 1300 °C was asymmetrical (G in Fig. 1(b)).
The asymmetrical feature was ascribed to the two faintly split peaks
emerged at the 2θ of 26.19 and 26.38° corresponding to the crystal
planes (120) and (210) of mullite. At 1400 °C, the peaks correlated to
the (120) and (210) crystal planes were split and became sharpening,
which indicated the increase of crystallinity of mullite.

Fig. 1. XRD patterns of Al2O3-SiO2-B2O3 nanofibers calcined at elevated temperatures: (a)
patterns in the region of 10 < 2θ < 80°; (b) patterns at around the 2θ of 26°, showing
the evolution of the nearby diffraction peaks; (c) patterns in the region of
12 < 2θ < 30°, exhibiting the presence of amorphous SiO2 and Al18B4O33 phase.
Patterns A to H were obtained after calcining the fibers at 800, 825, 900, 1000, 1100,
1200, 1300 and 1400 °C, respectively.
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The enlarged view of the patterns in the region of 12 < 2θ < 30°
is showed in Fig. 1(c). It could be seen that humps stood for amorphous
SiO2 existed after calcining from 900 to 1400 °C, despite the formation
and transformation of crystal phases. Besides, for the pattern obtained
at1400 °C (H in Fig. 1(c)), the peak at the 2θ of 20.3° did not vanish,
which revealed that Al18B4O33 did not decompose completely. The in-
itial mol ratio of Al:Si for the Al2O3-SiO2-B2O3 nanofibers was designed
as 3:1, which was identical to that of mullite. Therefore, amorphous
SiO2 would always be as long as alumina borate phase did not vanish
theoretically. In fact, such phase composition was benefit for Al2O3-
SiO2-B2O3 nanofibers to keep a stable structure at high temperatures
because the presence of amorphous SiO2 could prevent the growth of
crystal grains and promote the closure of tiny holes and cracks effec-
tively.

FT-IR spectra of the Al2O3-SiO2-B2O3 nanofibers obtained at dif-
ferent temperatures in the range of 1500–400 cm−1 were measured to
study the chemical structure evolution. Fig. 2 displays the spectra and
Table 1 lists the corresponding band locations and assignments. At
800 °C, the band appeared at 1433 cm−1 was corresponded to the anti-
symmetric stretching vibrations of BO3 groups and the band at
698 cm−1 was due to the symmetric bending vibrations of BO3 groups

[30,33–35]. After calcining at 900 °C, absorption bands at 890, 630 and
493 cm−1 ascribed to the AleO stretch in AlO4, OeAleO bend in AlO4

and AleOeAl bend in AlO6 emerged [36–38]. The above mentioned
structural units including BO3, AlO4 and AlO6 are the main components
of Al4B2O9 phase [33], suggested that Al4B2O9 formed at this tem-
perature. For spectra from 900 to 1200 °C, no reliable feature showed
the transition from Al4B2O9 to Al18B4O33, but the sharpening of bands
located at around 688 cm−1 with the increasing calcination tempera-
tures indicated that the nanofibers were becoming more crystalline on
alumina borate phase. Additionally, absorption bands at around
562 cm−1 ascribed to the BeO bending vibrations in BO3 units [30,35]
in samples of 900–1100 °C vanished in the sample obtained at 1200 °C
indicated that alumina borate was decomposing when calcination
temperatures increased. However, upon further heating to 1400 °C,
though the bands at 1294 and 687 cm−1 became shoulders due to the
decomposition of Al18B4O33, Al18B4O33 still existed. As deduced in XRD
analyses, for the products involved in the current study, if Al18B4O33 do
not decompose completely, amorphous SiO2 will not vanish either. It
was verified by FT-IR accurately since the absorption bands at around
1104 cm−1, which were assigned to the stretching vibration of SieOeSi
in amorphous SiO2 [36,38], were found in all samples though their
intensities weakened with the increasing calcination temperature. Be-
sides, when temperature exceeded 1200 °C, shoulder peaks appeared at
around 426 cm−1 was ascribed to the bending vibration of SieOeSi in
SiO2 as well [38]. These results revealed that the amount of amorphous
SiO2 decreased gradually but did always exist after calcining at elevated
temperatures as XRD showed. When the nanofibers were calcined at
1100 °C, the absorption bands around 1007 cm−1 and 737 cm−1 cor-
responded to the stretching vibration of Si-O in SiO4 and bending vi-
bration of T-O-T in TO4 emerged [37,38]. The TO4 units, known to act
as the nucleation sites for mullite, demonstrated that mullite had al-
ready formed at 1100 °C. And when calcination temperature increased,
the peaks at around 737 cm−1 broadened, which exhibited that the
amount and crystallinity of mullite increased simultaneously.

3.2. Morphology and microstructure

SEM images of as-spun composite nanofibers and Al2O3-SiO2-B2O3

nanofibers heated at set temperatures are shown in Fig. 3. It could be
observed from Fig. 3(a) that continuous fibers with smooth surface and
cylindrical morphology were successfully prepared. The fibers were
randomly distributed with diameters in the range of 700–1050 nm and
an average diameter of about 865 nm. The well-proportioned diameter
distribution and uniform structure were attributed to the high chemical
homogeneity and suitable rheological property of the composite spin-
ning solution, as well as the good electrospinning parameters and
conditions [39]. As observed in Fig. 3(b), the nanofibers retained

Fig. 2. FT-IR spectra of the Al2O3-SiO2-B2O3 nanofibers calcined at different tempera-
tures: (a) 800 °C; (b) 900 °C; (c) 1000 °C; (d) 1100 °C; (e) 1200 °C; (f) 1300 °C; (g)
1400 °C.

Table 1
Band locations and assignments derived from FT-IR spectra of the nanofibers calcined at different temperatures.

800 °C 900 °C 1000 °C 1100 °C 1200 °C 1300 °C 1400 °C Assignment [30,33–38]

1433 1302 1299 1293 1291 1292 1294 BeO stretch (BO3) [30,33,34]
– – – – 1148 1153 1161 SieO stretch (SiO4) [37]
– 1134 1136 1136 1131 1131 1133 SieO stretch (SiO4) [37]
1104 1106 1104 1104 1110 1109 1107 SieO stretch (SiO2) [36,38]
– – – 1004 1009 1011 1011 SieO stretch (SiO4) [37,38]
– 890 892 894 892 892 894 AleO stretch (AlO4) [37,38]
804 810 801 804 801 799 820 AleO stretch (AlO4) [37,38]
– – – 737 737 737 738 TeOeT bend (TO4) [37,38]
698 689 685 689 688 688 687 BeO bend (BO3) [30,35]
– 630 625 622 616 616 608 OeAleO bend (AlO4) [37,38]
– – – – 594 564 563 AleO stretch (AlO6) [37,38]
– 562 558 561 – – – BeO bend (BO3) [30,35]
– 493 493 499 496 496 499 AleOeAl bend (AlO6) and

OeSieO bend (SiO4) [37,38]466 463 466 468 466 468 466
– – – – 426 429 435 SieOeSi bend (SiO2) [38]
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Fig. 3. SEM images of (a) as-spun composite nanofibers
and Al2O3-SiO2-B2O3 nanofibers calcined at (b) 1000 °C,
(c) 1200 °C and (d) 1400 °C.

Fig. 4. (a) SEM of surface morphology, (b) TEM, (c) HRTEM
and (d) ED pattern of the Al2O3-SiO2-B2O3 nanofibers cal-
cined at 1000 °C.
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continuous and cylindrical morphology after calcining at 1000 °C, de-
spite a sharp decrease in diameter compared to the as-spun fibers. The
decreased diameters were caused by the decomposition of PVP and
organic groups during calcination, which confirmed that PVP was a
good structure-directing polymer additive. While for the sample cal-
cined at 1200 °C and 1400 °C, the structure of the nanofibers remained
stable as observed in Fig. 4(c) and (d). This was superior to the elec-
trospun pure mullite nanofibers prepared by Iranian scientists since
their fibers had become discontinuous and irregular at 1400 °C [23].
One reason for such phenomenon was that mullite formed at 1000 °C in
their study, which resulted in larger grain sizes. Another reason should
be that the relatively larger diameters of our nanofibers kept the better
structural stability. Notably, the stable structure is beneficial to the
application of the Al2O3-SiO2-B2O3 nanofibers.

To explore the microscopic differences between the Al2O3-SiO2-
B2O3 nanofibers prepared at 1000, 1200 and 1400 °C, the SEM of sur-
face morphology, TEM, HR-TEM and electronic diffraction (ED) pattern
images are displayed in Figs. 4–6, respectively.

For the sample calcined at 1000 °C, both Fig. 4(a) and (b) allowed us
to confirm that the nanofibers were uniform with smooth surface,
which were beneficial to keeping their mechanical properties. As we
know, when as-spun composite nanofibers are calcining, many physical
and chemical reactions take place, including the removal of residual
water and the decomposition of boric acid, acetate radical, PVP and
other organic groups that existed. Some of these reactions were drastic,
so the rapid release and diffusion of gaseous products may cause some
non-repaired defects to the nanofibers. In terms of our fibers, when
heated up to 800 °C with a heating rate of 5 °C/min, the gaseous pro-
ducts tended to diffuse easily. Thus, the surface was uniform and
smooth. And the good feature remained after the calcination of 1000 °C
for 1 h because the crystal grains were small. As observed in Fig. 4(b),
the sizes of Al4B2O9 grains ranged from 4 to 25 nm. The grains were
disconnected with each other because they were surrounded by amor-
phous silica normally. HRTEM image shown in Fig. 4(c) revealed that

the crystallographic orientations of Al4B2O9 phase were mainly in (110)
and (210) crystal planes. And ED pattern verified that Al4B2O9 was the
main phase (Fig. 4(d)), which was in consistent with the XRD result.

As obviously shown in Fig. 5(a), a lot of tiny particles appeared on
the surface of the nanofibers calcined at 1200 °C. According to the XRD
and FT-IR results, Al4B2O9 transformed to Al18B4O33 and mullite when
temperature was 1100 °C and the crystallinity increased when calci-
nation temperature reached to 1200 °C. All these results implied that
the grains of the crystal phase became larger. This was why the fiber
surface became rough. This inference could also be illustrated by
comparing the TEM images of fibers obtained at the two temperatures.
In Fig. 5(b), grains distributed in a disordered manner had sizes varied
from 10 to 65 nm and an average size of approximately 35 nm, which
were much smaller than that of the grains in pure mullite nanofibers
(∼100 nm) displayed in Wu’s study [21]. The existence of amorphous
SiO2 was confirmed by the HRTEM image of the fiber (Fig. 5(c)). What
is more, the verdict that diffraction lines of Al18B4O33 and mullite are
difficult to be distinguished mentioned in XRD analyses could be tes-
tified in Fig. 5(c) likewise. For example, the grain at the top of Fig. 5(c)
showed a 0.54 nm d-spacing of the crystal plane, which was equal to
that of (110) crystal plane for Al18B4O33, as well as that of (120) crystal
plane for mullite. Therefore, to identify the two crystal phases by this
crystal plane was impossible. As we know, with the exception of the
relative intensities of two diffraction peaks, another significant differ-
ence between the two crystal phases is that a (111) crystal plane with d-
spacing of 0.43 nm presents in Al18B4O33 particularly. At the bottom of
Fig. 5(c), the (111) crystal plane was detected, but it could not be used
to testify that the entire grain belonged to Al18B4O33. This was because
that aluminum borate was regarded as an epitaxial substrate for the
nucleation and growth of mullite due to their similar crystal structure
and lattice parameters as studied before [27,40]. The ED pattern dis-
played in Fig. 5(d) showed that the diffraction rings corresponding to
the (111), (200) and (031) crystal planes for Al18B4O33 could not be
observed, which made the pattern seemed much similar to that of

Fig. 5. (a) SEM of surface morphology, (b) TEM, (c) HRTEM
and (d) ED pattern of the Al2O3-SiO2-B2O3 nanofibers cal-
cined at 1200 °C.
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mullite phase. One reason for this was that the three diffraction rings
were slight inherently (not shown in this work). Another reason might
be that the amount of pure Al18B4O33 phase, rather than mullite-type
Al18B4O33 phase, was too small to generate these diffraction rings.

For the nanofibers prepared at 1400 °C, the particles on the surface
were larger and more irregular as shown in Fig. 6(a). In Fig. 6(b), the
grains with sizes in the range of 30–100 nm were connected to each
other mostly. Furthermore, many elongated grains generated due to the
anisotropic grain growth in Al2O3-SiO2-B2O3 ternary system [40]. Ob-
viously, the growth of crystal grains led to the rough surface feature.
Since mullite had became the dominant phase at this temperature, the
grains in the HRTEM image (Fig. 6(c)) were identified to be mullite
grains and they grew up mainly in the direction of (210) and (121)
crystal faces. The ED patterns (Fig. 6(d)) further confirmed what have
been observed.

3.3. Elastic modulus and flexibility

Fig. 7(a) shows the 3D AFM image of a single Al2O3-SiO2-B2O3

nanofiber suspended over a groove on silicon wafer. It was evident that
the fiber attached closely to the surface of the silicon wafer and de-
posited right across the groove, which demonstrated that the beam
structure was desired. As far as we know, this method of acquiring the
elastic modulus of electrospun nanofibers have been studied by many
researchers [41–43], who normally focused on the relationship between
modulus values and fiber diameters and concluded that elastic modulus
increased when fiber diameter reduced to a certain value. Therefore, in
order to avoid the effects of fiber diameters on modulus of the different
samples, nanofibers with similar diameters were selected to be mea-
sured. In addition, an intact force curve obtained by AFM is composed
of an approaching part and a retracting part as exhibited in Fig. 7(b), of

Fig. 6. (a) SEM of surface morphology, (b) TEM, (c) HRTEM
and (d) ED pattern of the Al2O3-SiO2-B2O3 nanofibers cal-
cined at 1400 °C.

Fig. 7. (a) 3D AFM image of a single Al2O3-SiO2-B2O3 nanofiber suspended over a groove of silicon wafer and (b) a representative force curve of a single nanofiber obtained by AFM.
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which the approaching part is appropriate be used for calculating the
elastic modulus. The modulus value was calculated using the following
formula:

=E FL
δI192

3

(1)

where F is the force applied, L is the suspended length, δ is the de-
flection of the beam at midspan, and I is the second moment of area of
the beam. The applied force F was calculated by:

= −F k d d m( )0 (2)

where k is the spring constant of the cantilever, d − d0 is the deflection
voltage and m is the deflection sensitivity, respectively. δ was calcu-
lated by the formula given as:

= − − −δ z z d d m( ) ( )0 0 (3)

where z − z0 is the displacement of the cantilever. The ceramic nano-
fibers in this work were regarded as solid, so I could be obtained by the
following formula:

=I πD /644 (4)

where D is the diameter of the beam.
The elastic modulus of Al2O3-SiO2-B2O3 nanofibers obtained at 800,

1000, 1200 and 1400 °C are shown in Fig. 8. The diameters of the four
nanofibers acquired from the 2D AFM images by measuring the height
of the deposited fibers were 413 nm, 425 nm, 439 nm and 420 nm,
respectively. The elastic modulus of the fiber obtained at 800 °C was
9.47 ± 1.91 GPa, which revealed that the flexibility was quite good.
XRD showed that no crystal phase generated at this temperature. For
nanofibers in amorphous phase, atoms were less constrained and the
bond energy was not too strong. Therefore, the nanofibers were easy to
deform under stress from the radial direction, and consequently led to a
low elastic modulus. The sample prepared at 1000 °C displayed an
elastic modulus of 13.00 ± 2.28 GPa. The modulus increased by about
34% as compared with that of the sample prepared at 800 °C. This was
because that the reaction between Al2O3 and B2O3 lowered the content
of amorphous phase and the formative Al4B2O9 crystal grains had the
effect to impede deformation. With respect to the nanofiber prepared at
1200 °C, the elastic modulus increased to 18.19 ± 1.26 GPa. Tao et al.
[44] studied the elastic modulus of Al4B2O9 and Al18B4O33 nanowires
and drew the conclusion that Al18B4O33 nanowires have higher elastic
modulus. Thus, one reason for the increase in elastic modulus would be
the transformation of phase composition from Al4B2O9 to Al18B4O33.
Besides, the reduction of amorphous SiO2, the formation of mullite and
the growth of crystal grains also contributed to higher modulus. After
calcining at 1400 °C, the nanofibers exhibited an elastic modulus of

27.30 ± 2.61 GPa. As discussed above, to fibers obtained at this
temperature, very few Al18B4O33 and amorphous silica existed, mullite
had been the dominant component and the grains was the largest.
Therefore, the modulus value was the highest, which indicated that the
flexibility of the nanofibers was the worst.

It was evident that the modulus values of the Al2O3-SiO2-B2O3 na-
nofibers were much lower than that of the Nextel™ 312 fibers. Many
factors led to such difference. A significant one was that the higher
surface-to-volume ratio of the nanofibers. Atoms on fiber surface were
less constrained than those in the inner [45], therefore, electrospun
ceramic nanofibers with higher surface-to-volume ratio were easier to
deform than the commercial fibers. Consequently, lower elastic mod-
ulus was achieved. Beyond that, tiny voids and cracks would generate
in electrospun ceramic fibers due to the use of PVP [46], whose ex-
istence promoted the fiber deformation, thereby leading to a lower
modulus.

Al2O3-SiO2-B2O3 nanofiber mats obtained at 1000 °C, 1200 °C and
1400 °C were bended and folded to test their flexibility. The optical
photographs and SEM images of the bended and folded fiber mats are
shown in Fig. 9. As seen in Fig. 9(a), details of optical photograph of the
fiber mat exhibited no fractures when it was bended to ∼ 0.5 mm ra-
dius and the bended fiber mat kept the intact form after releasing. The
SEM image in Fig. 9(b) showed that the nanofibers retained continuous
structure when they were folded to a very small radius. While for the
fiber mat prepared at 1200 °C as displayed in Fig. 9(c), the fiber mat
could not be bended to the arc structure and a folding line was ob-
served. The released mat could not retain the intact form since visible
and irreparable cracks generated. The mat would eventually break into
two pieces when bended it for two or three times. SEM image of the
folded region (Fig. 9(d)) revealed that though some nanofibers were
continuous, a large fraction of broken fibers emerged. When the calci-
nation temperature increased to 1400 °C, the fiber mat fractured into
pieces while bending it (Fig. 9(e)), revealing that the nanofibers could
not deform. This could be testified by the SEM image of the folded mat
as displayed in Fig. 9(f) since all nanofibers broke into two parts at
around the folded region. These results were in consistent with the
results of the elastic modulus. Considering the outstanding flexibility of
the composite nanofiber mat prepared at 1000 °C, it would be easy to
convert the fiber product into required shapes or forms. This is sig-
nificant for expanding its practical applications, e.g. ceramic nanofiber
based nanocomposites, high-performance auto exhaust catalyst sup-
ports, filtration materials for high-temperature filters, and insulation
membrane for subtle objects to keep them from being destroyed during
their service lifetime under high temperatures.

4. Conclusions

For Al2O3-SiO2-B2O3 composite nanofibers prepared at elevated
temperatures, Al4B2O9 phase, instead of γ–Al2O3 or mullite, formed first
at 900 °C due to the reaction between Al2O3 and B2O3. When calcina-
tion temperature reached up to 1100 °C, Al4B2O9 transformed to
Al18B4O33 and mullite formed as well. The crystal grains grew bigger at
higher preparation temperatures, which made the surface of the con-
tinuous nanofibers turn from smooth to rough. To ascertain the domi-
nant phase between Al18B4O33 and mullite by XRD, FT-IR or TEM and
to distinguish the Al18B4O33 grains and mullite grains by HRTEM were
difficult since the two phases had similar crystal structure and lattice
parameters. The elastic modulus increased constantly with the elevated
calcination temperatures. The nanofibers obtained at 1000 °C displayed
excellent flexibility owing to the small Al4B2O9 grains and the large
content of amorphous SiO2.
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