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ABSTRACT

In the present work, homogeneous and flexible mullite nanofibers were suc-
cessfully prepared by electrospinning method through the conventional
diphasic mullite sol-gel route for the first time. Alumina sol prepared using
aluminum acetate (stabilized with boric acid) was mixed with colloidal silica to
prepare the precursor mullite sol. Polyvinyl pyrrolidone (PVP) was applied as
polymer additive. General rules for preparing desired as-spun nanofibers and
fiber morphological evolution were discussed, and elemental analyses and
mechanical properties of mullite nanofibers were studied. It was found that
uniform as-spun nanofibers were obtained when the mass ratio of PVP solution
to precursor sol was 1.5. Upon calcining, Al4B,Oy and Al;sB4O33 phase formed
instead of y-Al,O3 due to the introduction of boron. Average fiber diameter
decreased unceasingly with the calcination temperatures increased from 800 to
1200 °C because of the densification related to the phase transformation and the
presented amorphous SiO,. After calcining at 1000 °C, relatively smooth fiber
surface was obtained owing to the self-repairing ability for surface defects.
Mullite nanofibers with preferable morphology possessed Al/Si molar ratio of
2.98, homogeneous elemental distribution, elastic modulus of 25.18 £+ 1.29 GPa
and outstanding flexibility.
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filtration and catalyst, or been used as reinforcement
for ceramics, metals and resins in the past several

Introduction

As one of the most important ceramic materials,
mullite (3A1,03-25i0,) fibers are famous due to the
outstanding dielectric properties, superior chemical
stability, low thermal conductivity and excellent
high-temperature properties [1-3]. They have been
found extensive applications in areas of insulation,

decades [4-6]. In recent years, with the rapid devel-
opment of nanomaterials science, ceramic nanofibers,
owing to the ultralow thermal conductivity, superior
flexibility and ultrahigh mechanical properties, have
been used to prepare insulating materials and draw
intensive attention. Si et al. [7] fabricated an
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ultralight, highly compressible and resilient nanofi-
brous ceramics using silica nanofibers as one of the
starting materials. The product exhibited an ultralow
thermal conductivity due to the extremely high
porosity generated by the use of the nanofibers.
Wang et al. [8] also synthesized multifunctional
ceramic nanofiber sponges successfully using a vari-
ety of oxide ceramic nanofibers, including TiO,
nanofibers, ZrO, nanofibers, yttria-stabilized ZrO,
nanofibers and BaTiO; nanofibers. Apparently, mul-
lite nanofibers, which have better thermal and
mechanical properties than those ceramic nanofibers
theoretically, are promising materials to prepare
nanofibrous ceramics used in insulation area. There-
fore, it is meaningful to prepare lightweight and
flexible mullite nanofibers with excellent structural
stability under high temperature.

To fabricate ceramic fibers in nanoscale, electro-
spinning is one of the most promising techniques [9].
Undoubtedly, mullite nanofibers have been success-
fully fabricated by electrospinning [10-12]. When
fabricating electrospun mullite nanofibers, a major
step is to prepare mullite precursor sol. As we know,
mullite precursor sol can be divided into monophasic
sol and diphasic sol according to the homogeneity
degree of the aluminum and silicon [13]. Monophasic
sol forms when aluminum and silicon are mixed at
atomic level, and diphasic sol generates when the
homogeneity scale of aluminum and silicon is
between 1 and 100 nm. Most commercial mullite
fibers are produced through the diphasic sol-gel
route, such as Nextel™ 312, 440 and 550 ceramic
fibers from 3 M Company [3, 14, 15]. A main reason
for this is that the mullite formation temperatures of
the diphasic gels (> 1200 °C) are much higher than
that of the monophasic gels (< 1000 °C) [13], which
means that the diphasic gel-derived mullite fibers
have more stable structure and mechanical properties
while applied under high-temperature circumstance.
However, most electrospun mullite nanofibers were
prepared by the monophasic sol-gel route according
to their raw materials and preparation processes. Wu
et al. [10] selected hydrous aluminum nitrate (AN),
aluminum isopropoxide (AIP) and tetraethoxysilane
(TEOS) as the starting materials. The precursor sol
was prepared when aluminum and silicon hydro-
lyzed simultaneously. This was a typical synthetic
route of the monophasic sol. It was found that the
mullite nanofibers were nonuniform with large grain
sizes after calcining at 1200 °C. Mohammad et al.
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[11, 16] fabricated electrospun mullite fibers using
AN, AIP and TEOS as raw materials as well, and
their fiber products were not uniform and could not
retain a stable structure under high-temperature cir-
cumstance. Other researches normally selected AN-
AIP-TEOS system and similar preparing processes to
prepare mullite nanofibers [17-19]. Dong et al. [20]
fabricated electrospun mullite nanofibers derived
from diphasic sol for the first time. Mullite phase
formed at 1200 °C for their fiber product, and a grain
size of approx. 100 nm was obtained after calcining at
1500 °C, which was much smaller than that of elec-
trospun mullite nanofibers derived from monophasic
sol. Aluminum tri-sec-butoxide and polymethyl-
siloxane, as two novel raw materials, were used as
the sources of alumina and silica. When preparing
the diphasic sol, dibutyltin dilaurate was used as the
cross-linking catalyst and a mixture of isopropanol
and ethylacetoacetate was used as the solvent. The
common and low-cost route to fabricate diphasic
mullite sol is mixing alumina sol and silica sol toge-
ther. Obviously, the mullite precursor sol in Dong’s
study was not prepared through the conventional
diphasic sol synthetic route. Considering that their
preparation process was a bit complex and the pro-
duce cost was relatively high, making efforts to syn-
thesize electrospun mullite nanofibers using the
conventional diphasic mullite sol was meaningful.
Based on the above discussion, the present work
aimed to prepare homogeneous and flexible electro-
spun mullite nanofibers through the conventional
diphasic mullite sol-gel route and explore general
rules for preparing spinning solution, electrospinning
and fiber morphological evolution. Aluminum acet-
ate stabilized with boric acid was used to prepare the
alumina sol. Commercial colloidal silica was used as
the silica source. Polyvinyl pyrrolidone (PVP) was
used as the spinning additive. It should be noted that
the introduction of boron could lower the formation
temperature of mullite phase [2, 21], but it would not
affect the feasibility of preparing diphasic mullite
nanofibers theoretically. Besides, the introduced
boron could exert beneficial influences on the prop-
erties of mullite fibers. Specifically, it contributed to
improve the flexibility and decrease the density
effectively, and would widen their applications
actually [2, 21]. To produce uniform as-spun nanofi-
bers, spinning solutions with different mass ratios of
PVP solution to precursor sol were prepared. The
morphology and chemical structure of as-spun
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nanofibers, the microstructure evolution of diphasic
mullite nanofibers during calcination, and the ele-
mental analyses and mechanical properties of the
nanofiber product were investigated in detail.

Experimental procedure
Materials

Aluminum acetate stabilized with boric acid
(AI(OH),(OOCCH,;)-1/3H3BO;) was supplied by
Strem Chemicals, Inc. (Boston, USA). The content of
boron was approximately 2.5 wt% as introduced and
the sodium concentration was ~ 0.72 wt% as detec-
ted. Commercial colloidal silica (LUDOX® LS) with
the original pH value of 8.2 was obtained from
Sigma-Aldrich (St Louis, USA). The SiO, content was
30 wt%. PVP (Mw = 1,300,000) was provided by Bodi
Chemical Co., Ltd. (Tianjin, China). Absolute ethanol
was purchased from Hengxing Chemical Reagent
Co., Ltd. (Tianjin, China). All chemicals were used as
received. Deionized water was prepared in the
laboratory.

Synthesis of diphasic mullite nanofibers

Aluminum acetate was added into deionized water
to acquire a 20 wt% aqueous solution and stirred at
40 °C for 12 h to obtain alumina sol. By zeta potential
analysis, the colloid particles in alumina sol got
positive charge. However, the surface of silica parti-
cles in commercial colloidal silica is charged with
negative electricity. To avoid generating precipitation
when mixing the two sols, dilute nitric acid (1 wt%)
was added into colloidal silica to make the silica
particle surface carry positive charge by adjusting the
pH from 8.2 to 4.3. The molar ratio of Al,O5:5i0;:
B,O; was designed to be 3:2:1. Alumina sol and
acidulated colloidal silica were mixed together to
acquire the mullite precursor sol. All sol products
were colorless and transparent. PVP was dissolved
into alcohol with a concentration of 16 wt% to pre-
pare PVP solution. To obtain a spinning solution that
is suitable for electrospinning and able to prepare
uniform nanofibers, PVP solution and precursor sol
were mixed with the mass ratios of 0.75, 1.0, 1.5 and
2.5, respectively. After stirring for 1 h at room tem-
perature, homogeneous spinning solutions were
obtained. Afterward, each spinning solution was
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transferred into a plastic syringe equipped with a
metallic needle. The needle was connected to a neg-
ative voltage supply. Electrospinning was carried out
using a voltage of —6.45KkV, a feeding rate of
0.2 ml h™' and a distance of 15 cm between the nee-
dle tip and the grounded collector. As-spun precur-
sor nanofibers were dried at 40 °C for 5 h to remove
the residual solvent for morphology investigation.
The optimal fibers were heated to 800 °C in air cir-
cumstance with a heating rate of 5 °C min~"' and kept
for 1 h. After that, the samples were calcined from
800 to 1200 °C for an extra 1 h.

Characterization

The conductivity of the spinning solutions was
measured by a DDS-11A digital conductivity meter
(Leici, China) at 25 °C.

The morphology of the nanofibers was examined
by a Quanta FEG 250 (FEI, USA) scanning electron
microscope (SEM). The image analysis software
Image ] was used to calculate the diameters of the
nanofibers. For each sample, 200 fibers were selected
randomly for measurement to acquire accurate data.
The chemical structures of the precursor gel, PVP and
as-spun nanofibers were investigated by Fourier
transform infrared (FT-IR) absorption spectra mea-
sured by a Model 6700 spectrometer (Nicolet, USA)
using the KBr pellet method. All samples were
ground to powders for FT-IR analyses. Thermal
analyses (TG-DSC) of the as-spun precursor nanofi-
bers were performed on a STA-449C thermoanalyzer
(Netzsch, German) in air atmosphere at a heating rate
of 10 °C min~' with an end temperature of 1280 °C.
The X-ray powder diffraction (XRD) data of the cal-
cined samples were recorded by a D500 diffrac-
tometer (SIEMENS, German) using CuKa in the
region of 10 < 20 < 80°. Diffraction peaks were
indexed with Jade 6.0 software. The morphology of
crystal grains was observed by a JEM-2100F (JEOL,
Japan) transmission electron microscope (TEM). The
elemental analyses of calcined nanofibers were
examined by a Titan G2 60-300 (FEI, USA) transmis-
sion electron microscope equipped with an energy-
dispersive X-ray spectroscopy (EDS). The elastic
modulus of a single nanofiber was measured by a
Multimode 8 atomic force microscope (AFM; Veeco,
USA) using the three-point bending method under
the force mode. The samples were prepared by
depositing the as-calcined nanofibers on a silicon
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wafer. The wafer had many 4-um-wide etched
grooves. The nanofiber deposited across the grooves
was tested. The spring constant and deflection sen-
sitivity of the cantilever were 155.11 Nm™' and
35.622 nN V™!, respectively. The modulus value was
calculated according to the following formula
[22, 23]:

_FLB
19241

where F is the applied force, L is the suspended
length, 0 is the deflection of the beam at midspan and
I is the second moment of area of the beam (where
I = nD*/64 and D is the fiber diameter). Five readings
were taken from the measured fiber to obtain the
modulus value.

Results and discussion

Morphology and chemical structure of
as-spun nanofibers

The SEM images and diameter distribution his-
tograms of the as-spun precursor nanofibers pre-
pared from spinning solutions with different mass

Figure 1 SEM images of as-
spun precursor nanofibers
prepared using different mass
ratios of PVP solution to
precursor sol: a 0.75, b 1.0,

¢ 1.5 and d 2.5; the top insets
show the diameter distribution
histograms and the bottom
insets show the needle
appearance after
electrospinning for 3 min.
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ratios of PVP solution to precursor sol are displayed
in Fig. 1. All samples showed the fiber-like structure,
revealing that electrospinning the solutions prepared
using diphasic mullite sol was feasible. Besides, it
was evident that the diameters increased with the
increased mass ratio of PVP solution to precursor sol.
These results could be explained by the rheological
properties and conductivity of the spinning solutions
as shown in Fig. 2. It was credible that continuous
electrospun fibers were formed since all the four
solutions showed share thinning behavior [20].
Moreover, the increased viscosity and decreased
conductivity of the spinning solutions were the main
reasons that led to the increase in fiber diameters [24].
When the mass ratio of PVP solution to precursor sol
was 0.75, Fig. la showed that the fibers with an
average diameter of 91 nm were disconnect and lots
of beads generated. When the mass ratio increased to
1.0 (Fig. 1b), average fiber diameter increased to
167 nm. Though the fibers owned straight and con-
tinuous structure, the electrospinning process did not
run continuously. As observed in the bottom in
Fig. 1b, a liquid bead, which was affirmed to be the
precursor sol, appeared on the needle tip after elec-
trospinning for 3 min and would drop down within
limited time. During the entire electrospinning
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Figure 2 a Rheological properties and b conductivity of spinning solutions prepared with different mass ratios of PVP solution to

precursor sol.

process, lots of liquid beads dropped, which meant
that a certain amount of precursor sol could not be
carried by PVP to form the fiber-like structure since
the PVP content was too low. While at the mass ratio
of 1.5 (Fig. 1c), straight and continuous nanofibers
with smooth surface and cylindrical structure were
obtained. Such fibers had diameters ranging from 400
to 800 nm and an average diameter of 631 nm. As
revealed in the bottom in Fig. 1c, no liquid bead
appeared on the needle tip any more during the
entire electrospinning process, indicating the
stable spinning performance. When the mass ratio
was 2.5 (Fig. 1d), the joints of the as-spun nanofibers
bonded together mostly. This was because that the
solvent in the as-spun nanofibers did not evaporate
completely during the electrospinning process due to
the large fiber diameters (1396 nm). Based on the
above analyses, the proper mass ratio of PVP solution
to precursor sol in the present work was 1.5.

The miscibility between precursor sol and polymer
additive had significant effects on the morphology of
electrospun ceramic nanofibers [25, 26]. Generally,
when smooth as-spun fibers undergone calcination,
good miscibility led to smooth surface while bad
miscibility resulted in rough feature. Therefore, the
miscibility between the diphasic mullite sol and PVP
solution was discussed. Previous research proposed
that the alumina sol, which was prepared using the
same aluminum source, mixed well with PVP solu-
tion [24]. But the colloidal silica might not because of
the interaction of silica colloidal particles with PVP
[27]. The appearance of the mixture of acidulated
colloidal silica and PVP solution and the spinning

solution is shown in Fig. 3. The mass ratios of
acidulated colloidal silica to PVP for the two samples
were same. As observed, the former mixture was
gray-white and opaque, indicated that the miscibility
between colloidal silica and PVP solution was not
good. However, the spinning solution was transpar-
ent. This might be due to that the interfacial proper-
ties of the colloidal particles of silica changed by
mixing with alumina sol, which improved the mis-
cibility with PVP solution consequently. Even so, it
could still not be concluded that the immiscibility
between PVP solution and colloidal silica had van-
ished at this point.

The chemical structure of diphasic mullite gel, PVP
and as-spun nanofibers is investigated. Figure 4 dis-
plays the corresponding FT-IR spectra in the
2000-400 cm™" range. For as-spun nanofibers, the

Figure 3 Optical photographs of a mixed solution of acidulated
colloidal silica and PVP solution and b spinning solution.
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Figure 4 FT-IR spectra of a diphasic mullite gel, b PVP and ¢
as-spun nanofibers.

majority of the characteristic peaks of precursor gel
and PVP retained. The peaks at 1420 and 1024 cm ™"
were due to the B-OH bend in boric acid introduced
by aluminum acetate [28]. The band at 1593 cm™"
could be ascribed to the C-O bonding with Al in
Al(OH),(OOCCH3) [29]. The peaks at 1118 and
420 cm™" were corresponded to the Si-O-Si group in
5i0, [30, 31] while the peaks located in 1055 and
698 cm~! were assigned to the Al-OH bend from
precursor gel [31, 32]. In addition, the bands observed
at 673, 563 and 470 cm ™' were attributed to the Al-O
stretch in AlOg normally [32-34]. Other peaks were
basically due to the characteristic groups of CH,, C-
H, C-C, C-N and N-C=0 in PVP [35]. However,
some weak peaks of precursor gel were covered by
the adjacent strong peaks of PVP after mixing the
precursor sol and PVP solution, and vice versa. For
example, the peaks at 1384 and 869 cm™' corre-
sponding to the N=O symmetric stretching vibration
in NO;™ [30, 31] and the Al-O stretching vibration in
AlOy [32] appeared in gel could not be observed in
as-spun fibers. Besides, the bands at 1045 and
578 cm ™! assigned to bonds of C-O-C and N-C=0O
[35] which existed in PVP vanished either. These
analyses revealed that no chemical reaction took
place while preparing the spinning solution and as-
spun nanofibers despite the immiscibility between
colloidal silica and PVP solution.
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Microstructure evolution of diphasic mullite
nanofibers during calcination

Heat treatment

The thermal behavior of as-spun composite nanofi-
bers is shown in Fig. 5. Three major mass losses
during the heating process could be observed from
the TG curve. The mass loss of 5.5 wt% below 160 °C
was caused by the removal of absorbed water. The
corresponding endothermic peak was evident at
89 °C in the DSC curve. While from 160 to 396 °C, a
significant mass loss of about 40 wt% was observed.
This was associated with two endothermic peaks at
228 and 301 °C and one exothermic peak at 389 °C in
the DSC curve, which was induced by the decom-
position of boric acid and organic groups existed in
the precursor gels and the thermal oxidative degra-
dation of PVP. The third mass loss of 24.6 wt%
between 396 and 1000 °C was caused by the decom-
position of residual organic groups and PVP, and the
elimination of the decomposition gaseous products
such as CO,, H,O. The exothermic peak at 507 °C
was attributed to these reactions. When calcination
temperature reached to 1200 °C, a ceramic yield of
29.9% was obtained. Additionally, an exothermic
peak emerged at 893 °C. To pure diphasic mullite,
alumina in gamma form usually generates first.
However, due to the presence of B,O3;, amorphous
AlL,O; will react with B,O5; to form Al;B,Og phase
generally [36, 37]. Considering the introduced boron
content, the peak was assigned to the formation of
AlB,Oy phase. As we know, AlB,Oy would trans-
form to Al;gB4sOs3 and mullite would form with
temperature increased [36, 37], but no exothermic
peak corresponded to the two reactions was found.
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Figure 5 TG-DSC curves of as-spun nanofibers at a heating rate
of 10 °C min™ ",
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Phase transformation

Figure 6 shows the XRD patterns of the ceramic
nanofibers calcined at 800, 1000 and 1200 °C. As
observed, no distinct diffraction peak appeared at
800 °C, implying that no phase formed at this tem-
perature. A distinct broad hump appeared between
the 20 of about 12° and 38° was attributed to the
presence of amorphous S5iO,. When the temperature
reached up to 1000 °C, Al3B,Oy phase was detected
and this was in consistent with the DSC analyses. The
hump assigned to amorphous SiO, could also be
observed. While for the sample calcined at 1200 °C,
four additional diffraction peaks with low intensity at
the 20 of 20.3°, 23.7°, 48.5° and 75.1° were observed,
indicating that AlsB,Oy phase had transformed to
Al;gB4O35 phase. Besides, the intensities of the two
diffraction peaks located at the 20 of 16.5 and 26.2°
reversed. This was a significant evidence to verify
that mullite phase had formed in Al,O3;-5iO,-B,O3
ternary ceramics [38]. Since mullite phase formed,
amorphous SiO, decreased in content, but it still
existed.

From these analyses, the phase evolution of the
boron-containing diphasic mullite nanofibers in the
present work could be summarized as follows:

Amorphous — AlB,Og + amorphous Si0, —
Al;gB4O33 + mullite + amorphous 5iO;.

Such process was same with the typical phase
transformation route of pure diphasic mullite prod-
ucts from amorphous state to mullite phase after
replacing alumina borate phases by y-Al,O; [13]. SiO,

3 v—Mullite +—AI,B,O,,
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2
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Figure 6 XRD patterns of mullite nanofibers calcined at different
temperatures.
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in amorphous state was benefit for the diphasic
mullite nanofibers to acquire preferable flexibility
under deformation and keep stable structure at high
temperatures.

Morphology evolution

SEM images and diameter distribution histograms of
mullite nanofibers obtained at 800, 1000 and 1200 °C
are displayed in Fig. 7. It could be observed from
Fig. 7a, c, e that all fiber samples kept straight, con-
tinuous and uniform structure after calcining at ele-
vated temperatures. But the calculated average
diameters were different. For the sample prepared at
800 °C, the average diameter was 318 nm. This was
much smaller than that of the as-spun nanofibers
because of the removal of PVP and other organics.
When temperature increased to 1000 °C, the average
diameter decreased to 285 nm. XRD results showed
that Al4B,Oy formed at this temperature. Thus, the
densification took place and the average fiber diam-
eter decreased. In addition, owing to the formation of
the viscous flow of amorphous phase, the closure of
tiny voids or cracks occurred and the dispersive
grains became compact. The densification process
was promoted then, which contributed to the diam-
eter decrease. After calcining at 1200 °C, the average
diameter decreased to 261 nm. Though the content of
amorphous SiO, reduced due to the formation of
mullite, the densification process still proceeded.
Beyond that, distinct microscopic differences were
found from the high-magnification SEM images
(Fig. 7b, d, f). The fiber surface was rough after cal-
cining at 800 °C, but it became relatively smooth at
1000 °C, and the surface turned back to rough again
at 1200 °C. This was a novel rule for surface evolution
while preparing electrospun mullite nanofibers at
elevated temperatures. The schematic diagram of
possible formation mechanism for the different sur-
face morphology at different temperatures is illus-
trated in Fig. 8a. TEM images of mullite nanofibers
obtained at 800, 1000 and 1200 °C are displayed in
Fig. 8b, c, d to verify the inferences. Since XRD results
showed that no crystal phase formed at 800 °C, the
surface particles should not be regarded as crystalline
grains, but amorphous Al,O;, B;O; and SiO, parti-
cles. This conclusion is confirmed by Fig. 8b. From
the rough surface feature, it could be concluded that
the immiscibility between colloidal silica and PVP
solution did not vanish and the phase separation of
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Figure 7 SEM images of
mullite nanofibers obtained at
a, b 800 °C, ¢, d 1000 °C and
e, f 1200 °C, the insets show
the diameter distribution
histograms.

precursor gel and PVP in as-spun nanofibers occur-
red. As shown in Fig. 8a, many interspaces between
silica gel and PVP emerged due to the phase sepa-
ration. During the decomposition process, indepen-
dent particles of alumina gel and boric acid moved to
the fiber axes. However, the motions of silica gel and
composite gel were hindered by the interspaces.
When PVP and other organics decomposed com-
pletely, rough fiber surface was obtained.

For nanofibers calcined at 1000 °C, the reasons for
the relatively smooth surface could be deduced easily
according to the discussions about the decrease in
fiber diameters. On the one hand, as seen in Fig. 8a,
some raised amorphous particles melted to transform

@ Springer

J Mater Sci (2018) 53:14871-14883

to the viscous flow state, which was benefit to
improve the smooth degree. On the other hand, some
unmelted particles on the surface might move into
the fiber inner due to the motion of the viscous flow

[39, 40]. Therefore, the rough degree reduced signif-
icantly. It could be concluded that the diphasic gel-
derived electrospun mullite nanofibers possessed
self-repairing ability for surface defects owing to the
viscous flow generated from the amorphous phase.
However, there were still some small promontories
on the surface. It was believed that they were inher-
ited from the imperfect morphology obtained at
800 °C, instead of generating by grain growth. Such
deduction is verified by the observation of grains
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Figure 8 a Schematic
diagrams of possible

Smooth surface
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mechanism for surface
evolution and TEM images of
mullite nanofibers obtained at
b 800 °C, ¢ 1000 °C and

d 1200 °C.
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shown in Fig. 8c. As observed, some large grains did
not grow to the surface layer, and those located at the
surface layer were normally small.

After calcining at 1200 °C, AliB,Oy had trans-
formed to Al;gB,O3; and mullite had formed. As
reported, alumina borate could act as epitaxial sub-
strates for mullite nucleation and growth [41]. Mullite
could grow directly on alumina borate grains along
an assigned crystal orientation. As a consequence,
large and elongated crystal grains were generated
(Fig. 8d), and this was the main reason for the rough
fiber surface.
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Elemental analyses and mechanical
properties of mullite nanofibers

Elemental distribution and chemical composition

Considering the ideal morphology, the elemental
distribution and chemical composition of mullite
nanofibers obtained at 1000 °C were detected. Fig-
ure 9 exhibits the HAADF STEM image, elemental
mappings and EDS spectrum of a single mullite
nanofiber. Table 1 lists the chemical composition
derived from EDS. As displayed in Fig. 9a, the center
axis portions of the fiber were much lighter than the
two edges. This apparent contrast indicated that the
sample was thicker in the axes than at the edges,
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Figure 9 a HAADF STEM image, b elemental mappings of (i) Al, (ii) Si, (iii) B, (iv) O, (v) C and (vi) Na, and ¢ EDS spectrum of mullite

nanofibers calcined at 1000 °C.

Table 1 Chemical composition of mullite nanofibers derived
from EDS spectrum

Elements Al Si B (0] C Na Al/Si

Wt (%) 3396 11.87 2.79 4880 128 1.30
At (%) 2442 820 5.00 59.19 207 1.10 298

which verified the cylindrical structure of the nano-
fibers. The elemental mappings presented in Fig. 9b
demonstrated that Al, Si, B, O, C and Na were all
uniformly distributed, revealing the homogeneous
feature of the prepared nanofibers. Such result also
demonstrated that no segregation of any element
emerged though the miscibility between colloidal
silica and PVP solution was not good and the phase
separation of precursor gel and PVP occurred. And it
could also be concluded that the densification process
during calcination proceeded uniformly.

The EDS spectrum verified the presence of these
elements (Fig. 9¢). Table 1 showed that the detected
molar ratio of Al to Si was 2.98, which was basically
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equal to the designed value (3.0, same with that of
pure mullite). However, the content of boron was
lower than the stoichiometric amount (4.3 wt%). The
experimental error was an important reason for this
because B could not be detected accurately by EDS
method. In addition, Stachewicz et al. [42] had
reported that surface elements of electrospun nano-
fibers prepared using different electrostatic polarities
were different due to the different electrostatic forces
acted on the atoms. Since EDS only provided exact
element compositions of the fiber surface within
depth of 5-10 nm, one possible explanation for the
low content was that boron might run to the core of
the nanofibers during electrospinning. Beyond that,
Na was introduced by the raw materials and C was
caused by the incomplete decomposition of PVP and
acetate. Undoubtedly, the incoming Na and the
residual C had significant effects on mechanical
properties and high-temperature structural stability
of the mullite nanofibers. Therefore, purifying the
colloidal silica before using and removing the total
carbon during calcination would be important issues
for further study.
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Elastic modulus and flexibility

The room temperature elastic modulus of the mullite
nanofibers obtained at different temperatures was
measured. Figure 10a shows the 3D AFM image of a
single nanofiber suspended over a groove on silicon
wafer. The fiber attached closely to the wafer surface
and deposited across the groove, suggesting the
desired beam structure for three-point bending
method. Figure 10b exhibits an intact force curve
composed of an approaching part and a retracting
part obtained by AFM. The approaching curve was
used to calculate the elastic modulus. The diameter of
the fiber was determined from the height profile of
the beam structure. The diameters and calculated
modulus values of the nanofibers are listed in
Table 2. As could be seen, the elastic modulus
increased from 16.76 £ 1.52 to 25.18 & 1.29 GPa with
the calcination temperatures increased from 800 to
1000 °C. This was mainly caused by the formation of
AlB,Oy phase. The modulus value reached to
37.45 £+ 2.07 GPa for sample prepared at 1200 °C.
The increased grain sizes, phase transformation and
decreased amount of amorphous phase were ascri-
bed to this [43]. Obviously, the modulus values were
much lower than that of Nextel™ 312 fibers (152

Figure 10 a 3D AFM image (a)
of a single mullite nanofiber
suspended over a groove, b a
representative force curve
obtained by AFM, ¢ optical
photographs showing the
outstanding flexibility, and

d SEM image of the folded
nanofiber mat.

(c)
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Table 2 Elastic modulus of mullite nanofibers obtained at dif-
ferent temperatures

Temperature (°C) Diameter (nm) Elastic modulus (GPa)

800 307 16.76 + 1.52
1000 295 25.18 £ 1.29
1200 311 37.45 £ 2.07

GPa) [3]. For mullite fiber products, the lower elastic
modulus indicated the better flexibility. The sample
prepared at 1000 °C was tested to show its flexibility.
As observed in Fig. 10c, the fiber mat could be ben-
ded to a small radius and retain continuous after
releasing. Moreover, it could also be wrapped on a
cylindrical glass rod and a quadrangle rod tightly
without any fracture. In Fig. 10d, details of the folded
fiber mat showed that even no breakage emerged in
the folded region. Such results revealed the out-
standing flexibility of the mullite nanofibers. Owing
to the flexible feature, the diphasic mullite nanofibers
show potential application within the thermal insu-
lation area. They are also promising to be used as the
starting materials to prepare mullite nanofiber-based
sponges, aerogels or composites for industrial
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application, or used as catalyst carriers, adsorbing
materials or filter materials.

Conclusions

Homogeneous and flexible mullite nanofibers
derived from conventional diphasic mullite sol were
successfully prepared by electrospinning technique
for the first time. When the mass ratio of PVP solution
to precursor sol was 1.5, the electrospinning perfor-
mance and the morphology of the as-spun nanofibers
were preferable. No chemical reaction took place
during the process of preparing spinning solution
and electrospinning though the miscibility between
colloidal silica and PVP solution was not good. Upon
heating under air circumstance, a ceramic yield of
29.9% at 1200 °C was obtained. Al;B,O9 and Al;gB4
O3 phase formed due to the reaction between Al,O3
and B,O;. After calcining at 1200 °C, mullite phase
was detected. With the calcination temperature
increased from 800 to 1200 °C, the average fiber
diameter decreased from 318 to 261 nm unceasingly
because the densification occurred. Rough fiber sur-
face emerged at 800 °C because of the phase separa-
tion of precursor gel and PVP. The surface turned to
be relatively smooth at 1000 °C owing to the viscous
flow of amorphous SiO,, and be rough again at
1200 °C due to the grain growth. For mullite nanofi-
bers obtained at 1000 °C, the Al/Si molar ratio was
2.98 and all elements distributed uniformly, showing
the homogeneous feature. The low elastic modulus of
25.18 £ 1.29 GPa and the good bended and folded
features revealed the outstanding flexibility.
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