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Abstract: In this work, laser-heated electrospinning (LES) process using carbon dioxide laser was
explored as an eco-friendly method for producing ultrafine fibers. To enhance the thinning of fibers
and the formation of fiber structure, planar or equibiaxial stretching and subsequent annealing
processes were applied to poly(ethylene terephthalate) (PET) fiber webs prepared by LES. The
structure and properties of the obtained webs were investigated. Ultrafine fiber webs with an average
diameter of approximately 1 µm and a coefficient of variation of 20–25% were obtained when the
stretch ratios in the MD (machine direction) × TD (transverse direction) were 3 × 1 and 3 × 3 for
the planar and equibiaxial stretching, respectively. In the wide-angle X-ray diffraction analysis of
the web samples, preferential orientation of crystalline c-axis were confirmed along the MD for
planar stretching and only along the web plane for equibiaxial stretching, which was in contrast to
the stretching of film samples, where additional preferential orientation of benzene ring along the
film plane proceeded. The results obtained suggest that PET fiber webs fabricated through LES and
subsequent planar or biaxial stretching processes have potential for a wide variety of applications,
such as packaging and battery separator materials.

Keywords: poly(ethylene terephthalate); melt electrospinning; ultrafine fibers; birefringence; crys-
tallinity; planar stretching; biaxial stretching

1. Introduction

Spun bonding, melt blowing, and electrospinning are widely used to produce non-
woven fabrics. In particular, the electrospinning method has been actively used to form
nonwoven materials with submicron- and nanoscale fibers [1–18]. Electrospinning can be
classified into solution and melt types. Melt electrospinning has the advantages of lower
toxicity and cost reduction compared to conventional solution electrospinning [16]. In
melt electrospinning, electric heaters and carbon dioxide lasers are mainly used as heat
sources [7–18].

In previous studies from our group, the melt-electrospinning technique with CO2
laser irradiation, i.e., laser-heated electrospinning (LES), was used to investigate the for-
mation of submicron- and nanoscale fibers [10–15,17,18]. We applied LES to thermoplastic
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polymeric materials, such as poly(L-lactide) (PLLA), PLLA copolymers, and PLLA-based
composites, to generate webs consisting of relatively uniform fibers with an average di-
ameter and coefficient of variation (CV) of approximately 700–1000 nm and less than 50%,
respectively [15,17].

More recently, we prepared the webs of poly(ethylene terephthalate) (PET) fibers
through the LES and subsequent annealing at 116 ◦C for 5 min [18]. The as-spun PET webs
exhibited a unique noncrystalline structure with extremely high orientation. After the
annealing of the webs, a further increase in the degree of orientation and crystallinity was
confirmed through birefringence, wide-angle X-ray diffraction (WAXD) and differential
scanning calorimetry (DSC) measurements. It is expected that further thinning of fibers
and development of highly ordered fiber structure in the web can be achieved by applying
stretching and subsequent annealing to the PET webs obtained by LES.

Many studies are available in the scientific literature on planar and biaxial stretching
of PET films for the development of products with highly ordered structure [19–28], and
products of stretched films have been used in many applications, such as packaging
sheets [19,22,24,27]. For PET fiber webs, there is a possibility of widening applications, such
as packaging and battery separator materials, by applying the stretching process because
of their superior mechanical and thermal properties. However, fabrication of ultrafine PET
fiber webs through planar or biaxial stretching of the webs from electrospinning has not
yet been reported.

In this study, planar or equibiaxial stretching and subsequent annealing processes
were applied to poly(ethylene terephthalate) (PET) fiber webs prepared through LES. The
structure and properties of the obtained webs were investigated. Similar analyses were
performed for planarly or equibiaxially stretched and subsequently annealed PET films for
comparison purpose.

2. Materials and Methods
2.1. Materials

The PET polymer pellets (UNITIKA Ltd., MA-2103) had an intrinsic viscosity of
0.68 dL/g and contained a small amount of TiO2.

2.2. Laser-Heated Electrospinning (LES) Process

Melt-spun PET fibers (fiber diameter: 151 ± 8 µm (CV: 5%)) were supplied as raw
fibers. The melt-spinning conditions of the raw fibers were identical to those reported
in the literature [18]. The PET fiber webs were prepared using an LES system (NEU-010,
Katotech Co., Ltd., Kyoto, Japan) with a CO2 laser light source (PIN-30R, Onizca Glass
Co., Ltd., Oume, Japan). Details of the LES apparatus have been reported in a previous
publication [18]. The thinning behavior of the fiber in the process was observed using a
charge-coupled device (CCD) camera equipped with a telecentric lens with 2× magnifica-
tion and a personal computer with the software WinROOF 2015 (MITANI Corp., Fukui,
Japan). The laser power and applied voltage needed to be varied between 16 and 22 W
and 11 and 24 kV, respectively, to stabilize the spin line near the nozzle. The adjustment
was performed based on in situ observation of the thinning behavior of the protruded
raw fibers.

2.3. Planar and Biaxial Stretching Processes

A schematic for sample preparation and photographs of the planar and simultaneous
equibiaxial stretching processes are shown in Figure 1. After preparation of PET webs
via LES, a web specimen with dimensions of 50 mm × 50 mm and an area density of
approximately 5 mg/m2 was placed on an amorphous PET film of the same size. The
thickness of the film was 246 ± 3 µm (CV: 1%). The web and film were adhered using
a double-sided adhesive tape with a width of 5 mm around the outer rim of the film
(Figure 1a,b). The prepared sample was set to the biaxial film stretching equipment (18B4,
Imoto Machinery, Co., Ltd., Kyoto, Japan). The net sample size, excluding the portion
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for chucking, was 30 mm × 30 mm in size. Subsequently, the temperature of the oven
containing the film stretching system was increased at a rate of approximately 3 ◦C/min
up to a stretching temperature of 90 ◦C. Planar or equibiaxial stretching of the set PET fiber
web samples was performed to various stretch ratios at a stretching speed of 10 mm/min.
The maximum stretch ratios for planar and equibiaxial stretching were MD (machine
direction) × TD (transverse direction) = 4 × 1 (Figure 1c) and 4 × 4 (Figure 1d). The
stretched samples were annealed under fixed-size condition by raising the temperature of
the oven from 90 to 116 ◦C at a heating rate of approximately 3 ◦C/min and maintaining at
116 ◦C for 5 min.
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Figure 1. (a) Schematic for the preparation of web sample by stretching. Photographs of the samples
in the oven (b) before stretching, i.e., MD (machine direction) × TD (transverse direction) = 1 × 1, and
after planar and simultaneous equibiaxial stretching with the stretch ratios of (c) MD × TD = 4 × 1,
and (d) MD × TD = 4 × 4.

2.4. Scanning Electron Microscopy (SEM)

The PET web samples were coated with Au via ion sputtering (E-1010, Hitachi Co. Ltd.,
Tokyo, Japan) and observed on a scanning electron microscope (SEM; VE-7800, KEYENCE
Co. Ltd., Osaka, Japan). For each prepared PET web specimen, the diameters of 100 fibers
were measured using an image analysis software (ImageJ version 1.52v), and the average
diameter and coefficient of variation (CV) were obtained.

The distribution of the fiber orientation angle was analyzed from SEM images using
a fiber orientation analysis software (Eizokun ver. 2.50, Asahi Kasei Engineering Co.,
Kawasaki, Japan).

Assuming that all fibers are aligned parallel to the MD–TD plane, a planar orientation
factor, fMD−TD, is defined by Equation (1):

fMD−TD = 2
〈

cos2 φ
〉
− 1, (1)
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where φ is the fiber orientation angle with respect to MD, and
〈
cos2 φ

〉
is the mean value of

cos2 φ [29,30]. The fMD−TD values of 1 and −1 correspond to perfect orientation along the
MD and TD, and the fMD−TD values of zero correspond to random orientation of fibers in
the MD–TD plane.

2.5. Polarizing Microscope Analysis

The diameter and optical retardation of the fibers in the PET web samples were mea-
sured using a polarizing microscope (BX53-P, Olympus Co. Ltd., Tokyo, Japan) equipped
with a polarizing filter and a Berek or Senarmont compensator [18]. The birefringence
values, ∆n, were calculated using Equation (2):

∆n =
R
d

, (2)

where d is the fiber diameter, and R is the optical retardation.

2.6. Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry (DSC) was performed on the PET web and the film
samples using a Q100 MI analyzer (TA Instruments Co, Inc., New Castle, DE, USA). The
samples were measured in a temperature range between 25 and 300 ◦C at a heating rate of
10 K/min. Approximately 1 and 3 mg of the web and film samples were weighed for DSC
measurements. The crystallinity of the samples was determined using the crystal melting
endotherm, which was obtained by subtracting the exothermic heat of cold crystallization
from the endothermic heat of melting. A heat of fusion of 140.1 J/g for 100% crystallinity
was employed in the calculation of crystallinity [31].

2.7. Wide-Angle X-ray Diffraction (WAXD)

The WAXD measurements were performed using an X-ray generator (Rigaku Co.,
Akishima, Japan) and a CCD detector by generating an X-ray beam at a voltage of 45 kV
and a current of 60 mA [18]. A Ni-filtered CuKα beam was used to obtain WAXD 2D
intensity distributions for the PET web and film samples.

3. Results and Discussion
3.1. Fiber Diameters

The fiber diameter distribution for the as-spun web sample and the web samples
annealed at 116 ◦C for 5 min after planar stretching and simultaneous equibiaxial stretching
at 90 ◦C are shown in Figure 2. The corresponding SEM images and the average and
CV values of the diameter distribution are also shown in the figure. The relationship
between the average fiber diameter of the unstretched web samples and annealed web
samples after planar stretching and simultaneous equibiaxial stretching for various stretch
ratios is summarized in Table 1. For both planar and equibiaxial stretching web samples,
we found that the average fiber diameter decreased with an increase in the stretch ratio.
The stretch ratio of fibers in the webs, estimated from the diameter changes, was lower
than the applied stretch ratios, as shown in Table 1. When the stretch ratio exceeded
MD × TD = 3 × 1 for planar stretching and MD × TD = 3 × 3 for equibiaxial stretching, the
average fiber diameter hardly changed. Nevertheless, thinning of the fiber was achieved by
applying the stretching process to the LES webs, and ultrafine fiber webs with an average
fiber diameter of approximately 1 µm and a CV of 20–25% were obtained.
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Figure 2. Diameter distribution of fibers in (a) the as-spun PET web and (b) the web after an-
nealing (MD × TD = 1 × 1). The annealed webs after planar stretching at the stretch ratio of
MD × TD = (c) 2 × 1, (d) 3 × 1, and (e) 4 × 1. The annealed webs after simultaneous equibiaxial
stretching at the stretch ratio of MD × TD = (f) 2 × 2, (g) 3 × 3, and (h) 4 × 4. Average diameter and
its coefficient of variation (CV) as well as the SEM image are shown for each web.

Table 1. Diameter and stretch ratio of the fibers in the stretched and annealed webs of various
stretch ratios.

No.

Unstretched (As-Spun) Web Stretched and Annealed Web

Fiber Diameter Stretch Ratio:
MD × TD

Fiber Diameter Stretch Ratio
of Fiber in WebAverage (µm) CV (%) Average (µm) CV (%)

1 1.66 19 1 × 1 1.54 21 1.16
2 1.38 17 2 × 1 1.23 20 1.26
3 1.43 12 3 × 1 0.93 25 2.36
4 1.65 22 4 × 1 1.05 20 2.47
5 1.56 11 2 × 2 1.14 19 1.87
6 1.46 13 3 × 3 1.00 20 2.13
7 1.61 24 4 × 4 0.99 25 2.64

3.2. Fiber Orientation

The orientation distribution and planar orientation factors of the fibers in the webs
analyzed from SEM images are shown in Figure 3 and Table 2. The planar orientation
factors were calculated from the fiber orientation angles using Equation (1). In the case
of planar stretching and subsequent annealing, the fibers were oriented towards the MD
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(orientation angle of 0◦), which corresponds to the narrowing of the orientation distribution
and increase in the planar orientation factor with an increase in the stretching ratio. In
contrast, in the case of simultaneous equibiaxial stretching and subsequent annealing, the
planar orientation factor was close to zero for all samples. This means that there was no
preferential orientation of the fibers, and the web was isotropic in the web plane.
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Figure 3. Orientation distribution of fibers in (a) the as-spun PET web and (b) the web after an-
nealing (MD × TD = 1 × 1). The annealed webs after planar stretching at the stretch ratio of
MD × TD = (c) 2 × 1, (d) 3 × 1, and (e) 4 × 1. The annealed webs after simultaneous equibiaxial
stretching at the stretch ratio of MD × TD = (f) 2 × 2, (g) 3 × 3, and (h) 4 × 4.

Table 2. Fiber orientation factor in the webs.

No. Stretch Ratio: MD × TD Planar Orientation Factor: fMD−TD = 2〈cos2φ〉−1

0 Unstretched (as-spun) −0.0669
1 1 × 1 0.0117
2 2 × 1 0.2532
3 3 × 1 0.5515
4 4 × 1 0.4905
5 2 × 2 −0.0855
6 3 × 3 −0.0968
7 4 × 4 −0.1452

3.3. Observation under Polarizing Microscope

Micrographs of the PET fibers observed under a polarizing microscope with cross-
polarization are shown in Figure 4. The relationship between birefringence and diameter
for various fibers is shown in Figure 5. Micrographs of raw material fibers and as-spun and
annealed webs reported in a previous paper [18] are included in the figure for comparison
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purpose. Similar to the as-spun and annealed web samples [18], various interference colors
are evident in the stretched and annealed webs under cross-polarization. The birefringence
values of the fibers in the annealed webs after planar and equibiaxial stretching were
approximately 147–172 × 10−3 and 104–174 × 10−3, respectively. These birefringence
values are equivalent to the values reported for highly oriented yarns (HOY) [32]. In the
as-spun web and annealed webs, a bimodal distribution of birefringence was observed [18].
Although the number of measurements was limited, it appears that the fibers with low
birefringence were selectively stretched during planar and equibiaxial stretching because
the birefringence of all the fibers in the stretched and annealed web were almost comparable
with the higher birefringence values of the annealed web sample.
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Materials 2022, 15, 2209 8 of 15Materials 2022, 15, x FOR PEER REVIEW 8 of 15 
 

 

 
Figure 5. Correlation between fiber diameter and birefringence of a raw fiber and fibers in the web 
samples of various processing conditions. 

3.4. DSC Analysis 
The DSC thermograms of the various web and film samples are shown in Figure 6. 

The crystallinity values are shown in Figure 7. After applying planar or biaxial stretching 
and subsequent annealing to the web samples, the cold crystallization peak disappeared. 
In contrast, after applying planar or biaxial stretching and subsequent annealing to the 
film samples, the planarly stretched 2 × 1 film sample still exhibited a small cold crystalli-
zation peak at the lower temperature of around 117 °C as in the case of the annealed 1 × 1 
film sample, in which cold crystallization peak was observed at around 132 °C. The dif-
ference between the web and film samples after stretching and annealing is attributable 
to the fact that the fiber in the as-spun web had a certain degree of molecular orientation 
compared to practically no orientation in the as-received film, which was confirmed from 
the lower cold crystallization temperature of the as-spun web compared to the as-received 
film. 

Variation of crystallinity with stretching was analyzed from the results of DSC, as 
shown in Figure 7. For the web samples, the original 1 × 1 sample already exhibited a 
crystallinity of about 30%, and there was not much variation in crystallinity after applying 
planar or biaxial stretching. On the other hand, for the film samples, crystallinity suddenly 
increased by applying stretching to the original 1 × 1 sample, and there was an additional 
increase in crystallinity with the increase in stretch ratio. This behavior originated from 
the difference in the degree of orientation between the as-received film and as-spun fiber 
web samples, as discussed in the previous section. 

Figure 5. Correlation between fiber diameter and birefringence of a raw fiber and fibers in the web
samples of various processing conditions.

3.4. DSC Analysis

The DSC thermograms of the various web and film samples are shown in Figure 6.
The crystallinity values are shown in Figure 7. After applying planar or biaxial stretching
and subsequent annealing to the web samples, the cold crystallization peak disappeared.
In contrast, after applying planar or biaxial stretching and subsequent annealing to the film
samples, the planarly stretched 2 × 1 film sample still exhibited a small cold crystallization
peak at the lower temperature of around 117 ◦C as in the case of the annealed 1 × 1 film
sample, in which cold crystallization peak was observed at around 132 ◦C. The difference
between the web and film samples after stretching and annealing is attributable to the fact
that the fiber in the as-spun web had a certain degree of molecular orientation compared to
practically no orientation in the as-received film, which was confirmed from the lower cold
crystallization temperature of the as-spun web compared to the as-received film.
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Figure 7. Crystallinity analyzed from DSC thermograms for the web and film samples prepared by
annealing after (a) planar stretching and (b) simultaneous equibiaxial stretching. Data for the raw
fiber for LES, as-spun web, and as-received film are also included.

Variation of crystallinity with stretching was analyzed from the results of DSC, as
shown in Figure 7. For the web samples, the original 1 × 1 sample already exhibited a
crystallinity of about 30%, and there was not much variation in crystallinity after applying
planar or biaxial stretching. On the other hand, for the film samples, crystallinity suddenly
increased by applying stretching to the original 1 × 1 sample, and there was an additional
increase in crystallinity with the increase in stretch ratio. This behavior originated from the
difference in the degree of orientation between the as-received film and as-spun fiber web
samples, as discussed in the previous section.

3.5. WAXD Analysis

The 2D WAXD patterns obtained from the through and edge directions of the web
and film samples after stretching and annealing are shown in Figure 8. In this figure, the
MD, TD, and ND correspond to the winding/machine direction, transverse direction, and
normal direction, respectively. The WAXD intensity profiles of the annealed web and film
samples of various stretch ratios obtained by averaging the intensity along the azimuthal
direction from 0 to 180◦ are shown in Figure 9. Data for the web and film samples without
stretching and the raw fiber for LES, which were reported in a previous paper [18], are also
included for comparison purpose in Figures 8 and 9. The intensity profiles at azimuthal
angles (ϕ) of 0 and 90◦ for the stretched web and film samples, including the annealed
1 × 1 samples for comparison [18], are presented in Figures 10 and 11, respectively. The
intensity peaks at approximately 2θ = 17, 23, and 26◦ correspond to the (0–11)/(010), (–110),
and (100) reflections, respectively, of the triclinic crystalline unit cell for PET [33].
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Figure 9. WAXD intensity profiles against diffraction angle for the (a) web and (b) film samples
annealed after stretching to various stretch ratios. The intensity profiles were obtained by averaging
the intensity along the azimuthal angle of 0 to 180◦. Data for the as-received film, raw fiber for LES,
and as-spun web are also included.
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Figure 10. WAXD intensity profiles against diffraction angle for the azimuthal angles (ϕ) of 0 and
90◦ for the (a) annealed web (stretch ratio of 1 × 1), (b) annealed web after planar stretching (stretch
ratio of 4 × 1), (c) annealed web after simultaneous equibiaxial stretching (stretch ratio of 4 × 4).
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Figure 11. WAXD intensity profiles against diffraction angle for the azimuthal angles (ϕ) of 0 and
90◦ for the (a) annealed film (stretch ratio of 1 × 1), (b) annealed film after planar stretching (stretch
ratio of 4 × 1), and (c) annealed film after simultaneous equibiaxial stretching (stretch ratio of 4 × 4).

As reported in a previous paper [18], for all the unstretched samples, that is, as-spun
(unstretched) web prepared by LES, melt-spun fiber for LES, and as-received film, only an
amorphous halo was evident in both the 2D WAXD patterns and WAXD intensity profiles.
For samples with a stretch ratio of 1 × 1 (no stretch) and annealing temperature and period
of 116 ◦C and 5 min, respectively, only an amorphous halo was apparent in the through and
edge views of the film samples, while the crystalline reflections of isotropic rings appeared
in the through and edge views of the web samples.

The characteristics of the WAXD patterns of the stretched and annealed web and film
samples shown in Figure 8 were as follows. It is known that stretched PET film exhibits
unique preferential orientation of benzene ring along the film plane [19–31]. For PET film
samples annealed at 116 ◦C for 5 min after planar stretching at 90 ◦C, (100) reflections were
weaker compared to (0–11) and (010) reflections in the through view, (100) reflections were
stronger compared to (0–11) and (010) reflections in the edge view, and (−110) and (100)
were evident in the ND whereas (0–11)/(010) were evident in the TD in the end view. For
the PET film samples annealed at 116 ◦C for 5 min after equibiaxial stretching at 90 ◦C,
(0–11)/(010) selectively appeared in the through view, while (−110) and (100) appeared in
the ND in the edge (and end) view(s). These were typical characteristics of WAXD patterns
for stretched PET films in that (100), which contains a benzene ring, selectively aligned
along the film plane. On the other hand, for the PET web samples, despite applying planar
or equibiaxial stretching at 90 ◦C and subsequent annealing at 116 ◦C for 5 min, selective
intensity variation of each crystalline reflection, as observed in the through, edge, and
end views for film samples, was not detected. This implies that axial symmetry around
the c-axis oriented along the web plane was maintained, and there was no tendency of
uniplanar–axial orientation.

A similar tendency can be confirmed in Figure 9, where the degree of uniplanar–axial
orientation appears to increase with an increase in the stretch ratio for both planar and
equibiaxial stretching of films. No change in the ratio of intensity of crystalline planes was
evident in the stretched and annealed web samples. As reported in a previous paper [18],
after annealing at 116 ◦C, the web sample crystallized while the film sample remained in
an amorphous state.
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To clarify the effect of orientation on the WAXD patterns, diffraction intensities at
azimuthal angles of 0 and 90◦ in the through, edge, and end views are compared in
Figures 10 and 11 for the web and film samples, respectively. For the annealed film
samples, the unstretched film was still in an amorphous state without any orientation,
whereas the film equibiaxially stretched at 90 ◦C and subsequently annealed at 116 ◦C
for 5 min showed a crystalline structure with a uniplanar orientation of (100) in the film
plane. This was confirmed by the disappearance of the (0–11)/(010) reflections in the edge
view and the (100) reflection in the through view. The film planarly stretched at 90 ◦C
and subsequently annealed at 116 ◦C for 5 min was expected to exhibit a uniplanar–axial
orientation where the c-axis was oriented to MD. The stronger intensity of the (−110)
reflection in the through view and the appearance of the (0–11)/(010) reflection in the end
view suggested that the degree of uniplanar orientation along (100) was weaker compared
to the equibiaxially stretched and subsequently annealed film, especially for the molecules
oriented perpendicular to the MD.

Similar to the annealed web (unstretched: 1 × 1) samples, the webs annealed after pla-
nar and equibiaxial stretching showed a crystalline structure with a mild c-axis orientation
along the web plane. This was confirmed by the slightly higher equatorial intensity than
the meridional intensity in the edge view. From the through views, it could be observed
that the crystalline c-axes were randomly oriented in the web plane of the web equibiaxially
stretched at 90 ◦C and subsequently annealed at 116 ◦C for 5 min, whereas the c-axes were
uniaxially oriented along the MD in the web planarly stretched at 90 ◦C and subsequently
annealed at 116 ◦C for 5 min. The orientation distribution of the fiber axis was evidently
narrower in the MD–ND plane than in the MD–TD plane. There was no indication of the
uniplanar orientation along (100) in the web samples.

In the case of applying stretching and subsequent annealing to the webs prepared by
LES, it should be noted that the crystalline orientation in the obtained webs can be affected
by two major factors, i.e., the degree of orientation of individual fibers in the web and the
degree of orientation of crystallites in individual fibers.

In the webs after planar stretching, the fibers in the web were oriented towards the
MD, and the molecules and crystallites in the fiber were uniaxially oriented along the
fiber axis. The orientation distribution of the fiber axis was evidently narrower in the
MD–ND plane than in the MD–TD plane, whereas crystallites in the individual fibers were
expected to exhibit uniaxial orientation. On the other hand, in the webs after simultaneous
equibiaxial stretching, there was no preferential orientation of the fibers in the web plane,
but the orientation of fibers along the web plane as well as the orientation of molecules and
crystallites in the individual fibers along the fiber axis were promoted as in the planarly
stretched web samples. Independent evaluation of the degrees of orientation of the fiber
axis in the web and the molecular chain axis in the individual fiber is an important subject
that needs to be studied in future work.

4. Conclusions

PET fiber webs were prepared through laser-heated electrospinning (LES) and sub-
sequent planar or simultaneous equibiaxial stretching processes. We found that for both
planarly and equibiaxially stretched web samples, the average fiber diameter decreased
with an increase in the stretch ratio until MD × TD was 3 × 1 and 3 × 3 for planar and
equibiaxial stretching, respectively. Ultrafine fiber webs with an average fiber diameter of
approximately 1 µm and a CV of 20–25% were obtained.

In terms of fiber orientation, in planar stretching, the fibers were oriented towards
the stretching direction and narrowing of the orientation distribution and increase in the
planar orientation factor were confirmed. On the other hand, in simultaneous equibiaxial
stretching, there was no preferential orientation of the fibers and the web was isotropic in
the web plane.

Investigation on the structure of fibers in the stretched and annealed webs revealed
that the fibers had high birefringence, equivalent to the values reported for highly oriented
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yarns (HOY). The DSC measurements showed that the crystallinity of the web sample
hardly changed with the stretch ratio, while the crystallinity of the film sample increased
with increasing stretch ratio. The WAXD results indicated that the films after planar or
simultaneous equibiaxial stretching exhibited preferential orientation of the (100), which
includes a benzene ring in the main chain of PET, along the film plane. However, for the
annealed webs after planar or simultaneous equibiaxial stretching, although preferential
orientation of the molecular chain along the web plane was confirmed, no preferential
orientation of the crystallographic plane was observed. It was also noted that the orientation
distribution of the fiber axis for planar stretching was narrower in the MD–ND plane than
in the MD–TD plane.

The results obtained reveal that further thinning and structural development of PET
fibers in webs prepared through LES can be accomplished through planar or biaxial stretch-
ing and annealing processes. Because PET fibers in the web are expected to have high
mechanical properties and high thermal stability, fabricated webs have potential for a wide
variety of applications, such as packaging and battery separator materials.

Author Contributions: Conceptualization, W.T., T.K. and M.T.; methodology, W.T., T.K. and M.T.;
investigation, T.T., R.T. and T.H.; resources, W.T., T.K. and M.T.; data curation, T.T., R.T., T.H., Z.H.
and M.T.; writing—original draft preparation, T.K. and M.T.; results discussions, review and editing,
H.K., K.T., W.T., T.K., J.P.H., J.M.R. and M.T.; visualization, T.T., R.T., T.H., Z.H. and M.T.; supervision,
T.K. and M.T.; project administration, T.K. and M.T.; funding acquisition, W.T., T.K. and M.T. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by JSPS KAKENHI grant numbers JP18H00965 and JP18K18600.

Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to express their sincere thanks to Y. Nishikawa (Kyoto
Institute of Technology) for his support with the SEM observations. The authors would also like
to express their sincere thanks to A. Odake, W. Kita, S. Nambu, T. Ito, and M. Tsurudome (Kyoto
Institute of Technology) for their support in the experiments.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Spivak, A.F.; Dzenis, Y.A.; Reneker, D.H. A model of steady state jet in the electrospinning process. Mech. Res. Commun. 2000, 27,

37–42. [CrossRef]
2. Yarin, A.L.; Koombhongse, S.; Reneker, D.H. Bending instability in electrospinning of nanofibers. J. Appl. Phys. 2001, 89,

3018–3026. [CrossRef]
3. Lyons, J.; Li, C.; Ko, F. Melt-electrospinning part I: Processing parameters and geometric properties. Polymer 2004, 45, 7597–7603.

[CrossRef]
4. Malakhov, S.N.; Khomenko, A.Y.; Belousov, S.I.; Prazdnichnyi, A.M.; Chvalun, S.N.; Shepelev, A.D.; Budyka, A.K. Method of

manufacturing nonwovens by electrospinning from polymer melts. Fiber Chem. 2009, 41, 355–359. [CrossRef]
5. Zhou, H.; Green, T.B.; Joo, Y.L. The thermal effects on electrospinning of polylactic acid melts. Polymer 2006, 47, 7497–7505.

[CrossRef]
6. Zhmayev, E.; Cho, D.; Joo, Y.L. Modeling of melt electrospinning for semi-crystalline polymers. Polymer 2010, 51, 274–290.

[CrossRef]
7. Ogata, N.; Yamaguchi, S.; Shimada, N.; Lu, G.; Iwata, T.; Nakane, K.; Ogihara, T. Poly(lactide) nanofibers produced by a

melt-electrospinning system with a laser melting device. J. Appl. Polym. Sci. 2007, 104, 1640–1645. [CrossRef]
8. Ogata, N.; Shimada, N.; Yamaguchi, S.; Nakane, K.; Ogihara, T. Melt-electrospinning of poly(ethylene terephthalate) and

polyalirate. J. Appl. Polym. Sci. 2007, 105, 1127–1132. [CrossRef]
9. Tian, S.; Ogata, N.; Shimada, N.; Nakane, K.; Ogihara, T.; Yu, M. Melt electrospinning from poly(L-lactide) rods coated with

poly(ethylene-co-vinyl alcohol). J. Appl. Polym. Sci. 2009, 113, 1282–1288. [CrossRef]
10. Takasaki, M.; Fu, H.; Nakata, K.; Ohkoshi, Y.; Hirai, T. Ultra-fine fibers produced by laser-electrospinning. Sen’i Gakkaishi 2008, 64,

29–31. [CrossRef]
11. Nakata, K.; Kinugawa, S.; Takasaki, M.; Ohkoshi, Y.; Gotoh, Y.; Nagura, M. The effect of applied voltage and laser power on the

molecular orientation of laser-electrospun poly(ethylene terephthalate) fibers. Sen’i Gakkaishi 2009, 65, 257–261. [CrossRef]
12. Takasaki, M.; Sugihara, K.; Ohkoshi, Y.; Fujii, T.; Shimizu, H.; Saito, M. Thermoplastic polyurethane ultrafine fiber web fabricated

by laser electrospinning. Sen’i Gakkaishi 2010, 66, 168–173. [CrossRef]

http://doi.org/10.1016/S0093-6413(00)00060-4
http://doi.org/10.1063/1.1333035
http://doi.org/10.1016/j.polymer.2004.08.071
http://doi.org/10.1007/s10692-010-9204-0
http://doi.org/10.1016/j.polymer.2006.08.042
http://doi.org/10.1016/j.polymer.2009.11.025
http://doi.org/10.1002/app.25782
http://doi.org/10.1002/app.26150
http://doi.org/10.1002/app.30096
http://doi.org/10.2115/fiber.64.29
http://doi.org/10.2115/fiber.65.257
http://doi.org/10.2115/fiber.66.168


Materials 2022, 15, 2209 15 of 15

13. Takasaki, M.; Hara, K.; Ohkoshi, Y.; Fujii, T.; Shimizu, H.; Saito, M. Preparation of ultrafine polyurethane fiber web by laser-
electrospinning combined with air blowing. Polym. Eng. Sci. 2014, 54, 2605–2609. [CrossRef]

14. Takasaki, M.; Morie, K.; Ohkoshi, Y.; Hirai, T. Effects of laser beam width on the diameter and molecular weight of laser-
electrospun polylactide fiber. Sen’i Gakkaishi 2015, 71, 232–235. [CrossRef]

15. Takasaki, M.; Nakashima, K.; Tsuruda, R.; Tokuda, T.; Tanaka, K.; Kobayashi, H. Drug Release Behavior of a Drug-Loaded
Polylactide Nanofiber Web Prepared via Laser-electrospinning. J. Macromol. Sci. Phys. 2019, 58, 592–602. [CrossRef]

16. Zhang, L.H.; Duan, X.P.; Yan, X.; Yu, M.; Ning, X.; Zhao, Y.; Long, Y.Z. Recent advances in melt electrospinning. RSC Adv. 2016, 6,
53400–53414. [CrossRef]

17. Hou, Z.; Itagaki, N.; Kobayashi, H.; Tanaka, K.; Takarada, W.; Kikutani, T.; Takasaki, M. Bamboo Charcoal/Poly(L-lactide) Fiber
Webs Prepared Using Laser-Heated Melt Electrospinning. Polymers 2021, 13, 2776. [CrossRef]

18. Tokuda, T.; Tsuruda, R.; Hara, T.; Kobayashi, H.; Tanaka, K.; Takarada, W.; Kikutani, T.; Hinestroza, J.P.; Razal, J.M.; Takasaki,
M. Structure and Properties of Poly(ethylene terephthalate) Fiber Webs Prepared via Laser-Electrospinning and Subsequent
Annealing Processes. Materials 2020, 13, 5783. [CrossRef] [PubMed]

19. Kikutani, T.; Takarada, W. 9-Structure Development in Uniaxial and Biaxial Film Stretching. In Film Processing Advances, 2nd ed.;
Kanai, T., Campbell, G.A., Eds.; Carl Hanser Verlag GmbH & Co. KG: Munich, Germany, 2014; pp. 263–283.

20. Matsumoto, K.; Ieki, H.; Imamura, R. Relationship between the Structure and the Surface State of the Simultaneously Biaxially
Stretched poly(ethylene terephthalate) Films. Sen’i Gakkaishi 1971, 27, 516–524. [CrossRef]

21. Matsuo, M.; Ooki, J.; Harashina, Y.; Ogita, T.; Manley, R.S.J. Theoretical Estimation of Segmental Orientation in Deformed
Polymeric Networks Using a Lattice Model and Application to Orientation of Amorphous Chain Segments of Poly(ethylene
terephthalate) and Oriented Crystallization of Polyethylene. Macromolecules 1995, 28, 4951–4960. [CrossRef]

22. Khan, M.B.; Kenner, C. An Investigation of the Spatial and Optical Behavior of Biaxially Drawn PET Film. Polym. Eng. Sci. 1996,
36, 1290–1299. [CrossRef]

23. Champchesnel, J.B.F.; Tassin, J.F.; Monnerie, L.; Sergot, P.; Lorentz, G. Amorphous phase orientation in biaxially drawn
poly(ethylene terephthalate) films. Polymer 1997, 38, 4165–4173. [CrossRef]

24. Kim, H.H.; Kang, C.K.; Chang, C.G.; Ihim, D.W. Molecular orientation angle of biaxially stretched poly(ethylene terephthalate)
films. Eur. Polym. J. 1997, 33, 1633–1638. [CrossRef]

25. Viny, M.; Tassin, J.F.; Lorentz, G. Study of the molecular structure of PET films obtained by an inverse stretching process Part 2:
Crystalline reorganization during longitudinal drawin. Polymer 1999, 40, 397–406.

26. Adams, A.M.; Buckley, C.P.; Jones, D.P. Biaxial hot drawing of poly(ethylene terephthalate): Measurements and modelling of
strain-stiffening. Polymer 2000, 41, 771–786. [CrossRef]

27. Horn, B.L.V.; Winter, H.H. Conoscopic measurement of birefringence and orientation in biaxially stretched polymer films and
sheets. Macromolecules 2003, 36, 8513–8521. [CrossRef]

28. Kawakami, D.; Hsiao, B.S.; Ran, S.; Burger, C.; Fu, B.; Sics, I.; Chu, B.; Kikutani, T. Structural formation of amorphous poly(ethylene
terephthalate) during uniaxial deformation above glass temperature. Polymer 2006, 39, 2909–2920. [CrossRef]

29. White, J.L.; Spruiell, J.E. Specification of biaxial orientation in amorphous and crystalline polymers. Polym. Eng. Sci. 1981, 21,
859–868. [CrossRef]

30. Rawal, A.; Lomov, S.; Verpoest, I. An environmental scanning electron microscope study of a through-air bonded structure under
tensile loading. J. Text. Inst. 2008, 99, 235–241. [CrossRef]

31. Furushima, Y.; Ishikiriyama, K.; Higashioji, T. The characteristic length of cooperative rearranging region for uniaxial drawn
poly(ethylene terephthalate) films. Polymer 2013, 54, 4078–4084. [CrossRef]

32. Shimizu, J.; Okui, N.; Kikutani, T.; Toriumi, K. High Speed Melt spinning of Polyethylene terephthalate (PET); Effect of Molecular
weight. Sen’i Gakkaishi 1978, 34, 35–40.

33. Tomashpol’skill, Y.Y.; Markova, G.S. An electron diffraction study of the crystalline structure of polyethylene terephthalate by
means of the Fourier synthesis. Polym. Sci. USSR 1964, 6, 316–324. [CrossRef]

http://doi.org/10.1002/pen.23811
http://doi.org/10.2115/fiber.71.232
http://doi.org/10.1080/00222348.2019.1615193
http://doi.org/10.1039/C6RA09558E
http://doi.org/10.3390/polym13162776
http://doi.org/10.3390/ma13245783
http://www.ncbi.nlm.nih.gov/pubmed/33352872
http://doi.org/10.2115/fiber.27.516
http://doi.org/10.1021/ma00118a024
http://doi.org/10.1002/pen.10523
http://doi.org/10.1016/S0032-3861(96)01001-4
http://doi.org/10.1016/S0014-3057(97)00053-0
http://doi.org/10.1016/S0032-3861(98)00834-9
http://doi.org/10.1021/ma0347262
http://doi.org/10.1016/j.polymer.2003.11.027
http://doi.org/10.1002/pen.760211309
http://doi.org/10.1080/00405000701404197
http://doi.org/10.1016/j.polymer.2013.06.030
http://doi.org/10.1016/0032-3950(64)90311-9

	Introduction 
	Materials and Methods 
	Materials 
	Laser-Heated Electrospinning (LES) Process 
	Planar and Biaxial Stretching Processes 
	Scanning Electron Microscopy (SEM) 
	Polarizing Microscope Analysis 
	Differential Scanning Calorimetry (DSC) 
	Wide-Angle X-ray Diffraction (WAXD) 

	Results and Discussion 
	Fiber Diameters 
	Fiber Orientation 
	Observation under Polarizing Microscope 
	DSC Analysis 
	WAXD Analysis 

	Conclusions 
	References

