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The development of macroscopic nanofiber orientation and microscopic crystallite and molecular chain
orientation have been investigated during uniaxial stretching of electrospun poly(vinyl alcohol) (PVA)
non-woven nanofiber mats. Scanning electron microscopy and stress-strain/small-angle X-ray scattering
show that the macroscopic nanofiber orientation significantly increases during the initial stage of
deformation, and approaches a plateau on the way of stretching. Detailed analyses of the stress-strain/
wide-angle X-ray diffraction measurement and polarized Fourier transform infrared spectroscopy indi-
cate that the microscopic crystallite and molecular chain orientation rapidly increase at the initial stage
of stretching due to macroscopic nanofiber orientation. At higher deformation, the microscopic modes of
orientation continuously develop as a result of the nanofiber stretching. The complicated deformation
process of non-woven nanofiber mats is discussed in terms of macroscopic nanofiber orientation and the
microscopic crystallite and molecular chain orientation.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Polymer nanofibers exhibit a number of unique properties, such
as high mechanical strength and high glass transition temperature
[1,2]. Non-woven fabrics composed of nanofibers are of particular
interest due to their exceptionally high surface area to volume ratio.
Non-woven nanofiber mats have potential applications for
a number of fields, such as nanoparticle carriers, electronic sensors,
filter membranes, and biodegradable scaffolds [3,4]. Electro-
spinning is a versatile technique for nanofiber fabrication [5e9],
because the fiber diameter can be easily controlled from the nano-
to sub-micron scale by manipulating fiber fabrication conditions
and solvent [10e13]. The crystalline structure and crystalline
orientation of electrospun semi-crystalline polymer nanofibers are
significantly affected by fiber geometry and fabrication conditions
[14e17], which will strongly influence physical properties. For
example, Schaper et al. reported that the crystalline structure and
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molecular orientation of electrospun polyethylene (PE) nanofibers
depend on fiber diameter [14]. The PE nanofibers exhibit a shish-
kebab structure consisting of discotic lamellar kebabs that extend
perpendicular from a high molecular weight interior shish struc-
ture. Larger diameter fibers show relatively weak orientation of the
kebabs, whereas fibers with diameter below 400 nm form highly
extended chain structures along the fiber axis, with much higher
degree of crystalline orientation. Chirachanchai et al. have reported
control of the crystal structure of electrospun poly(oxymethylene)
(POM) nanofibers by manipulating the applied voltage and take-up
velocity [15]. They experimentally demonstrated that the extended
chain crystal component increases with take-up velocity, whereas
the folded chain crystal component decreases. Most previous
studies have focused on the crystalline structure of nanofibers
induced by the fabrication process and the post-annealing process.

Various attempts have been undertaken to understand the
mechanical properties of electrospun nanofiber mats [18,19].
Stress-strain behavior of the nanofibermat strongly depends on the
fiber geometry and processing conditions, and is generally attrib-
uted to crystalline and molecular chain orientation. However,
electrospun nanofiber mats contain a large number of defects due
to the random orientation of fibers and the presence of dangling
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fibers, which result in inhomogeneous stress distribution.
Furthermore, the crystalline structure and molecular chain orien-
tation are modified during mechanical deformation, and in the case
of nanofiber mats, macroscopic fiber orientation will also take
place. The development of both macroscopic and microscopic
orientation will certainly contribute to the non-woven fiber mat
mechanical properties. However, the presence of structural defects
significantly complicates this process and has so far prevented
detailed investigation of structural development of the non-woven
nanofiber mats during mechanical deformation.

In-situ simultaneous stress-strain small-angle X-ray scattering
(SAXS)/wide-angle X-ray diffraction (WAXD) measurement with
synchrotron radiation is a powerful tool for the investigation of
structural development of polymer materials. Combining the high
intensity of a synchrotron radiation X-ray source with precision
detectors enables a wide range of structural details to be studied on
a single specimen during mechanical deformation. This technique
has been previously applied to investigate structural development
in polymer films [20e25]. The influence of crystalline orientation,
orientation-induced crystallization, crystal transition, fibrillar
formation and cavitation on the film deformation process has been
demonstrated. However, it has not previously been applied to the
in-situ structural development investigation for the non-woven
nanofiber mat stretching because of the aforementioned struc-
tural defects and complicated orientation development process.

The present paper deals with structural development of elec-
trospun PVA non-woven nanofiber mat during uniaxial stretching.
The macroscopic fiber orientation was evaluated by scanning
electron microscopy (SEM) observation and in-situ stress-strain
SAXS measurement. The macroscopic fiber orientation distribution
was quantified by air void scattering in the vicinity of the beam
center. Crystallite andmolecular chain orientationwere interpreted
based on in-situ stress-strain WAXD measurement and polarized
Fourier transform infrared spectroscopy (FT-IR) measurement,
respectively.

2. Experimental

2.1. Fiber preparation

PVA (PVA217, degree of polymerization: 1700, degree of hydro-
lysis: 87.0e89.0%, manufactured by Kuraray Co., Ltd.) was dissolved
in awater/N,N-dimethylformamide (DMF, Kishida Chemicals, 99.5%)
(70/30, wt/wt) mixed solvent at 8.0 wt% concentration by stirring at
353K.Waterwaspurifiedwith aNanoPureWater system(Millipore,
Billerica). Electrospun non-woven fiber mats were fabricated using
a drum collector rotating at 50 rpmwith a NANON-01A (MECC Co.,
Ltd.) nanofiber electrospinning device operating below 30%
humidity. Diameter and width of the drum were 200 mm and
300mm, respectively. The drumcollectorwas used to fabricate large
area non-woven mats with homogeneous surface characteristics.
Significant nanofiber orientation was not observed on the non-
woven nanofiber mats. The collector surface was covered with Al-
foil to easily remove the nanofibers. The polymer solution was
loaded into a plastic syringe and discharged from the nozzle
(0.41mm) at feed rate of 1.0mL/hwith applied voltage of 20 kV. The
nozzle to collectordistancewasfixedat 150mm.The fabricatednon-
woven nanofiber mats were dried under vacuum.

2.2. SEM observation

The non-woven nanofiber mat was held at both ends of the
paper filters, and manually extended slowly. The elongated non-
woven nanofiber mat was fixed on aluminum plates with double-
faced tape. SEM observation was carried out using Real Surface
View VE7800 (Keyence Co., Ltd.) with applied voltage of 1e10 kV.
Samples were coated with an osmium layer (w3 nm) using HPC-
1SW Hollow Cathode Plasma CVD (Shinkuu Device Co., Ltd.).

2.3. In-situ simultaneous SAXS and WAXD measurement during the
tensile testing

In-situ simultaneous SAXS andWAXDmeasurements during the
tensile testing were carried out at the BL03XU and BL40B2 beam
line of SPring-8 (Japan Synchrotron Radiation Research Institute,
Hyogo, Japan) using an X-ray source with wavelength, l, of 0.1 nm.
The scattering intensity was detected by a 3000 x 3000 pixel
imaging plate for SAXS measurements, and a 1032 � 1032 pixel flat
panel for WAXD measurements. The imaging plate and flat panel
detectors were positioned 2230 mm and 71 mm from the sample,
respectively. The scattering vector, q ¼ (4p/l) sinq, where q is the
scattering angle, was calibrated by the peak positions of silver
behenate for SAXS and cerium dioxide for WAXD measurements.
The non-woven nanofiber mat was clamped at both ends with
a tensile tester (Sentech Co., Ltd.), which was installed on the
sample stage. The fixture allows a non-woven nanofiber mat to be
stretched symmetrically in the lateral direction, which ensures that
the X-ray beam always irradiates the same position during
stretching. The sample dimensions were 30 mm length by 10 mm
width, with 20 mm between clamps prior to deformation. Thick-
ness of the sample was 160 mm. The non-woven nanofiber mat was
symmetrically deformed stepwise to 10, 20, 30, 50, 100, 150%
elongation at room temperature. The humidity was fixed at 55%.
The stretching rate was set at 10 mm/min (50% strain/min).
Measurements were made at each elongation step to obtain
simultaneous SAXS and WAXD patterns. The sample was dried in
a desiccator prior to testing, and the amount of adsorbed water was
determined by thermal gravimetry analysis to be 5-8 wt%. The
stretching speed, humidity and amount of adsorbed water were
carefully controlled, to minimize their influence on orientation
development.

2.4. Polarized FT-IR measurement

The deformed non-woven nanofiber mat was prepared by the
same procedure described for SEM observation. Polarized FT-IR
measurement was carried out at the BL43IR beam line of SPring-
8 with a microscope system equipped with mercury-cadmium
telluride detector operating in transmission mode. The aperture
size was about 100 mm � 100 mm. A synchrotron radiation IR light
source was used because of its high brilliance and wide wave-
number range from the visible to far IR regions [26]. The spectra
were recorded from 800 to 4000 cm�1 with 4 cm�1 resolution.

3. Results and discussion

3.1. PVA nanofiber preparation

The quality of nanofibers fabricated by the electrospinning
method is strongly influenced by the physical properties of the
solvent, such as boiling point, volatility, viscosity, and surface
tension. We found out that the water/DMF (70/30, wt/wt) solution
allows stable PVA nanofiber fabrication for long period. The
diameter of the nanofibers can be varied from about 190 nm to
1.5 mm by varying PVA concentration from 6.0 wt% to 16.0 wt%.
Below 6.0 wt.% and above 16.0 wt.%, it is challenging to form high
quality PVA nanofibers due to either extensive bead formation or
solidification at the edge of syringe nozzle, respectively. At PVA
concentration of 8.0 wt.% in water/DMF (70/30, wt/wt), an ideal
Taylor cone structure was observed at feed rate of 1.0 mL/h with



Fig. 2. Stress-strain curve for electrospun PVA non-woven nanofiber mat obtained by
the homemade tensile testing device deformed at rate of 10 mm/min.

Fig. 1. SEM images of electrospun PVA non-woven nanofiber mat; (a) 0%, (b) 10%, (c) 30%, (d) 50%, (e) 100% and (f) 150% elongation.
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applied voltage of 20 kV [27]. SEM observation revealed that the
non-woven nanofiber mat was composed of randomly oriented
PVA nanofibers with an average diameter of 360 nm and standard
deviation of 36.3 nm (Fig. 1(a)).

3.2. Nanofiber orientation

The non-woven nanofiber mat was uniaxially deformed step-
wise to 10, 20, 30, 50, 100, 150% elongation. The macroscopic
nanofiber orientation was confirmed by SEM observation (Fig. 1).
The as-spun non-woven nanofiber mat appears to be completely
random. As deformation is applied, the nanofibers orient along the
stretching direction. The average fiber diameter gradually reduces
with elongation from 360 nm at initial to 300 nm at 150% elonga-
tion. These findings indicate that the nanofibers are simultaneously
oriented and stretched in the tensile deformation. In the case of
pure nanofiber orientation under deformation, there will be no
change in fiber diameter.

In order to quantify the development of nanofiber orientation,
stress-strain/SAXS measurements were performed at the BL40B2
beamlineofSPring-8. TheSAXSmeasurementwascarriedout ateach
elongation step. Fig. 2 shows the stress-strain curve on the experi-
ment. Fig. 3 shows the 2-D SAXS patterns of the elongated PVA non-
woven nanofiber mat at each elongation step. Scattering in the
vicinity of the beam center is a result of the difference in electron
density between the nanofibers and air voids, although some X-ray
reflection from the edge of nanofibers may also be present. The
scattering resulting from differences in the fibril structure and
lamellar structure in the nanofibers can be ignored because the
electrondensitydifferenceof the structures ismuch smaller than that
of the nanofibers and air voids. The isotropic scattering is confirmed
by the SAXS pattern of the as-spun non-woven nanofiber mat
(Fig. 3(a)). As the sample is deformed, the homogeneous intensity
distribution becomes strongly anisotropic. Ruland’s method was
applied for the analysis of the streaks around thebeamcenter [28,29].
This method is often used for the investigation of shish structure
[30e32]. In this study, the angular spread (Bobs) of each azimuthal
profile was determined as a function of the scattering vector, q. From
the angular spread, the fibril length, lf, and misorientationwidth, Bf,
were obtained from the following equation:
Bobsq ¼ 2p
l

þ Bfq (1)

f

where Bobs is the full width at half maximum (FWHM) of the
azimuthal profile from the equatorial streak fitted with a Lorentz
function. The misorientation width was obtained from the slope of
the Bobsq vs. q plot. The value of Bf represents the orientation
distribution of longitudinal voids in the non-woven nanofiber mat.
Therefore, narrowmisorientationwidth represents a high degree of
nanofiber orientation. Fig. 4 shows development of the misorien-
tation width with elongation. The misorientation width rapidly
decreases at the beginning of stretching, which is attributed to the
macroscopic orientation of the nanofibers along the stretching
direction. Above 50% elongation, the misorientation width
approaches a saturation value. The misorientationwidth of at 100%
elongation (19.7), is almost same as that of at 150% elongation



Fig. 5. 2-D WAXD patterns of elongated electrospun PVA non-woven nanofiber mat
collected under uniaxial deformation; (a) 0%, (b) 50%, (c) 100% and (d) 150% elongation.

Fig. 3. 2-D SAXS patterns of elongated electrospun PVA non-woven nanofiber mat; (a)
0%, (b) 50%, (c) 100% and (d) 150% elongation.
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(19.4). Therefore, the macroscopic nanofiber orientation levels off
above 50% elongation.

3.3. Crystallite orientation

Typical 2-D WAXD patterns obtained simultaneously on the
uniaxial stretching are shown in Fig. 5. The as-spun non-woven
nanofiber mat exhibits a circular 2-D diffraction pattern with
homogeneous intensity distribution. The strongest intensity
diffraction at q ¼ 13.8 nm�1 is identified as the (101) and (101)
diffraction of PVA crystallites [33]. The diffraction intensity is found
to converge on the equator with increasing strain, which suggests
that the (101) and (101) lattice planes rotate along the equator with
increasing strain. The intensity distribution of the (101) and (101)
reflection on the azimuthal WAXD profile were used to quantify
Fig. 4. Variation of the misorientation width as a function of elongation.
crystallite orientation. Herman’s orientation function (f) is given by
the following equation:

f ¼ 1
2

�
3 < cos2 f>� 1

�
(2)

where, f is the angle between the polymer chain axis and the (101)
and (101) lattice planes. A square averaged cosine of f is defined by

D
cos2 f

E
¼ cos2 q

D
cos2 b

E
¼

cos2 q
Z p=2

0
IðbÞsinbcos2 bdb

Z p=2

0
IðbÞsinbdb

(3)

where I(f) is the 1-D intensity profile along with the azimuthal
angle, b is the azimuthal angle, and q is scattering angle. The value
of f is 1 and �0.5 when the polymer chains are aligned either
perfectly parallel or perpendicular to the fiber axis, respectively.
When f is zero, there is random orientation. The simplified method
for the calculation of orientation function was applied in this case.
The f value is calculated from the equation

f ¼ 180� FWHM
180

(4)

where f is the orientation factor of the crystallites. The azimuthal
profiles of the (101) and (101) peaks were calculated through peak
fitting with a Lorentz to determine FWHM [15].

The relationship between the orientation factor and elongation
is shown in Fig. 6. The orientation factor is almost zero for the as-
spun non-woven nanofiber mat, which is consistent with SEM
and SAXS measurements discussed earlier and confirms that there
is no initial orientation in the sample. Below 50% elongation, the
rapid increase in orientation factor can be attributed to two
different mechanisms: macroscopic nanofiber orientation, and
microscopic orientation of the crystallites and molecular chains.
Within each filament, the crystallites and molecular chains should
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Fig. 7. Polarized FT-IR spectra of elongated electrospun PVA non-woven
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initially be oriented in the fiber axial direction due to the combi-
nation of shearing forces when the polymer solution flows through
the capillary needle, and Coulombic forces when the jet is elon-
gated by the applied electric field during the electrospinning
process [14e17]. The shear force and Coulombic force promote
microscopic orientation of the crystallites and molecular chains
within the fibril, which are then fixed due to the combination of
confinement within the small diameter of the nanofiber, and rapid
solvent evaporation. Therefore, the orientation of the nanofibers at
the initial stage of stretching should be responsible for the rapid
increase in orientation factor. However, the continuous increase in
orientation factor above 50% elongation is in contrast with the
plateau observed with the misorientation width in Fig. 4. This
indicates that the microscopic crystallite orientation continues to
develop as the nanofiber is stretched, which is independent from
the macroscopic nanofiber orientation.

The polarized FT-IR spectra of the as-spun and the elongated
non-woven nanofiber mat are shown in Fig. 7. The solid and dotted
lines correspond to polarized FT-IR spectra of the parallel and
perpendicular electric vector of the incident IR beam with respect
to the stretching direction, respectively. The dashed line is the
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nanofiber mat; (a) 0%, (b) 50%, (c) 100% and (d) 150% elongation.
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polarized FT-IR spectra measured with electric vector of the inci-
dent IR beam oriented 45-degrees from the stretching direction.
The absorbance band at 1141 cm�1 is sensitive to crystallization
[34e38], and shows differences in absorbance between the parallel
and perpendicular polarized IR measurements for the elongated
non-woven nanofiber mat. This crystallization-sensitive band is
useful to determine crystallite orientation because there is
Nanofibers
Elongation direction

0 %

50 %

150 %

Fig. 9. Schematic representation of macroscopic and microscopic structural de
a perpendicular transition moment against the polymer chain axis,
which results in strong dichroism [37,38]. In order to quantify the
degree of molecular chain orientation, the dichroic ratio, D, and
Herman’s orientation function, f, were evaluated by the following
expressions:

D ¼ A0

A90
(5)

f ¼ 2
3cos2 a� 1

D� 1
Dþ 2

(6)

where A0 and A90 are the parallel and perpendicular polarized IR
absorbance intensities of the crystallization-sensitive band,
respectively, and a is the angle between the chain axis and the
transition dipole moment of a particular vibration mode. The
orientation function calculated from the dichroic ratio represents
the degree of the molecular chain orientation. For a randomly
oriented sample, f is equal to 0, and for a perfectly uniaxially
oriented sample, where all molecular chains orient along the fiber
axis, f is equal to 1. Fig. 8 shows the evolution of the orientation
function as a function of nanofiber mat elongation. The orientation
function rapidly increases up to 50% elongation, similar to the
WAXD results, which suggests that the b-axis direction of the PVA
crystallites is oriented in the stretching direction. As elongation is
increased further, the orientation function continues to increase.
This indicates that the microscopic molecular chain orientation
consisting of both crystallite regions and amorphous chains
develops by the nanofiber stretching after saturation of the
macroscopic nanofiber orientation.
Crystallite and Amorphous 

velopment during uniaxial stretching of PVA non-woven nanofiber mats.
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Stress-induced crystallization is a potential mechanism that
may occur during uniaxial stretching deformation. In the case of
PVA, IR absorption at the crystallization-sensitive region around
1141 cm�1 increases linearly with degree of crystallinity [34,35]. In
Fig. 7, the crystallization-sensitive band intensity of the nanofiber
mat is constant throughout the stretching. Furthermore, there is no
evidence of stress hardening from the stress-strain curve of the
non-woven nanofiber mats. These results indicate that stress-
induced crystallization is negligible during the uniaxial deforma-
tion of PVA non-woven nanofiber mats.

4. Conclusion

We have presented the structural development of electrospun
non-woven PVA nanofiber mats during uniaxial stretching. The
development of structure was discussed in terms of macroscopic
nanofiber orientation and microscopic crystallite and molecular
chain orientation. Our proposed structural model for the uniaxial
stretching of the nanofiber mat consists of macroscopic orientation
of the initial isotropic nanofiber mat that saturates on the way of
stretching, and a continuous microscopic orientation that persists
up to higher deformation. This mechanism of orientation is shown
schematically in Fig. 9. This is the first report on the in-situ analysis
of the uniaxial stretching of an electrospun nanofiber mat, and we
have considered nanofiber orientation and the crystallite and
molecular chain orientation.We anticipate that this knowledgewill
contribute to material design of non-woven nanofiber materials for
industrial applications.
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