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Abstract. Ethylene tetrafluoroethylene (ETFE) nanofibers were prepared by carbon dioxide (CO2) laser irradiation of asspun ETFE fibers with four different melt flow rates (MFRs) in a supersonic jet that was generated by blowing air into a
vacuum chamber through the fiber injection orifice. The drawability and superstructure of fibers produced by CO2 laser
supersonic drawing depend on the laser power, the chamber pressure, the fiber injection speed, and the MFR. Nanofibers
obtained using a laser power of 20 W, a chamber pressure of 20 kPa, and an MFR of 308 g·10 min–1 had an average diameter of 0.303 µm and a degree of crystallinity of 54%.
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1. Introduction

Nanofibers are used in various applications including membranes [1–3], biomedical devices [4], and
tissue engineering scaffolding [5–9]. Nanofibers can
be prepared by electrospinning [10–13], sea-island
conjugated melt spinning, single-orifice melt blowing [14], and jet blowing [15]. While electrospinning is widely used to fabricate various nanofibers,
it cannot be applied to polymers that show really
high resistance to solvents, such as polyolefins and
fluoropolymers.
We have developed a new approach for producing
nanofibers, which we term carbon dioxide (CO2)
laser supersonic drawing (CLSD). CLSD can be
used to easily prepare various nanofibers because it
involves only CO2 laser irradiation; it does not
require any other processes or solvents. It involves
irradiating a fiber with radiation from CO 2 laser
while air drawing it at a supersonic velocity. A supersonic jet is generated by blowing air into a vacuum

chamber through the orifice used to inject the fiber
into the vacuum chamber. Adiabatic expansion of
the injected air across the orifice cools the jet. Irradiating the cold supersonic jet by a high-power laser
beam instantly melts the fiber. It is then tremendously deformed by the shear and compressive
forces generated by the supersonic flow and is ultradrawn to a draw ratio of the order of 105. Nanofibers obtained by CLSD can be made indefinitely
long because the fiber is supplied at a constant
speed and is continuously irradiated by the laser
beam. Both its amorphous and crystalline phases are
oriented parallel to the fiber axis. Because CLSD is
performed in vacuum, the nanofibers are not scattered in air. This closed-system technique also offers
superior environmental safety than electrospinning
and melt blowing, which are performed in open systems. CLSD has been used to produce poly(L-lactic
acid) [16], polyethylene terephthalate [17], poly(ethylene-2,6-naphthalate) [18], poly(glycolic acid) [19],
and isotactic polypropylene [20] nanofibers.
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Ethylene tetrafluoroethylene (ETFE) is a thermoplastic fluororesin that is formed from the copolymers tetrafluoroethylene (C2F4) and ethylene (C2H4).
It is chemically resistant and has electrical properties equivalent to those of poly(tetrafluoroethylene)
(PTFE), poly(tetrafluoroethylene-co-perfluoropropyl
vinyl ether) (PFA), and poly(tetrafluoroethyleneco-hexafluoropropylene) (FEP), which are typical
fluororesins. ETFE exhibits an excellent chemical
resistance in almost all reagents including strong
acids and alkalis, has a high weather resistance, and
has stable mechanical and electrical properties over
a wide temperature range. However, ETFE nanofibers cannot be produced by electrospinning due to
the excellent chemical resistance of ETFE.
In this study, ETFE fibers having various melt flow
rates (MFRs) were drawn at various air drawing
conditions. We investigated the relationship between
the drawability and the MFR and the properties of
ETFE nanofibers produced by CLSD.

2. Experimental

As-spun ETFE fibers with four different MFRs supplied by Asahi Glass Co., Ltd., Japan (see Table 1)
were used as the initial ETFE fibers used in this
study. The morphologies of the produced nanofibers
were investigated by scanning electron microscopy
(SEM; JSM-5700, JEOL Ltd., Japan) using an accelerating voltage of 10 kV. Prior to SEM observations,
the samples were sputter coated with platinum. The
average diameter and the diameter distribution of
the nanofibers were measured using an image analyzer. The average fiber diameter was obtained by
averaging the diameters measured at 100 different
locations on the collected nanofibers.
To observe the supersonic drawing process, necking
of the fiber formed by heating laser was observed
using a high-speed camera (Motion Analysis Microscope VW-6000, Keyence, Japan) equipped a longrange zoom lens (VH-Z50L/W, Keyence, Japan). This
high-speed camera can record up to 24 000 frames·s–1

and the zoom lens has a focal distance of 85 mm at
a maximum magnification of !500.
Wide-angle X-ray diffraction (WAXD) patterns of
the nanofibers were obtained using an imagingplate (IP) film and an IP detector (R-AXIS DS3C,
Rigaku Co. Japan). The IP film was attached to an
X-ray generator (Rigaku Co. Japan) operated at
40 kV and 200 mA. The radiation used was Ni-filtered Cu K". The sample-to-film distance was
40 mm. The fiber was exposed for 5 min to the X-ray
beam from a 0.4 mm-diameter pinhole collimator.
The d-spacing and crystal size were determined
from the WAXD patterns with using the software
for data analysis (RIGAKU R-AXIS, Rigaku Co.
Japan).
Differential scanning calorimetry (DSC) measurements were conducted using a calorimeter (Therm
Plus 2 DSC 8230C, Rigaku Co., Japan). DSC scans
were performed in the temperature range 25–290°C
at a heating rate of 10°C·min–1. All DSC measurements were performed under a nitrogen purge. The
DSC instrument was calibrated using indium. The
degree of crystallinity (Xc) was determined from the
heat of fusion (#Hm) using Equation (1):
Xc 5

DHm
100
2 113.4 ~

(1)

where the heat of fusion of ETFE was taken to be
–113.4 J·g–1 [21].
Figure 1 shows the apparatus used for CLSD. It
consists of a spool that supplies the fiber, a continuous-wave CO2 laser (output wavelength: 10.6 $m;
maximum power: 40 W), a vacuum chamber with
Zn–Se windows and a 0.5 mm-diameter fiber injec-

Table 1. Fiber diameters (dav) of initial fibers with four different melt flow rates (MFRs)
Fiber
MFR308
MFR653
MFR899
MFR1473

MFR
[g!10 min–1]
308
653
899
1473

dav
[µm]
125.1
116.6
120.2
123.1

Figure 1. Schematic diagram of apparatus used for CO2
laser supersonic drawing
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Figure 3. Chamber pressure dependence of the average
diameters of the fibers obtained by air drawing
the initial fibers with MFRs of % 308, & 653,
' 899, and ( 1473 g·10 min–1
Figure 2. Photograph of nonwoven fabric collected on the
net

tion orifice for supplying the fibers to the laser irradiation point, a power meter, a movable platen, and
a vacuum pump. The vacuum chamber was placed
on the movable platen, which consists of a microalignment stage, a laboratory jack, and a turntable.
The turntable can be moved parallel to the Y and Z
axes and can be rotated about the laser irradiation
point on the fiber, allowing fine adjustments to be
made. Over 90% of the laser power was contained
in a 3.6 mm-diameter spot. The nanofiber was collected as a nonwoven fabric on the net placed about
10 cm away below the orifice, as shown in Figure 2.

3. Results and discussion

The fiber drawability in CLSD strongly depends on
the melt viscosity of the necking formed by laser
irradiation of the initial fiber. To elucidate the superdrawing mechanism in CLSD, fibers produced
using four different MFRs were drawn under various air drawing conditions and the relationship
between the air drawing conditions, the MFR, and
their characteristics was investigated.

3.1. MFR dependence of drawability
The drag force that draws the fiber in CLSD is generated in the supersonic jet when the chamber pressure is low. In a previous study [17], we investigated
the relationship between the chamber pressure, the
flow rate of the air jet, and the drag force by using a
three-dimensional finite element method to esti-

mate the drag force acting on a fiber in the supersonic jet. The drag force is the result of the parallel
and perpendicular forces acting on the fiber surface
(shear and compressive forces, respectively). It
increases with decreasing chamber pressure.
Figure 3 shows the chamber pressure dependences
of the average diameter of fibers obtained by air
drawing initial fibers with four different MFRs. In
this series of experiments, the fiber supply speed
was 0.1 m·min–1 and the laser power was 20 W. As
the chamber pressure (pch) decreases, the average
fiber diameter decreases significantly for each
MFR; it is less than 1 µm at pch = 70 kPa for all four
MFRs. The MFR dependence of the average diameter is large at high chamber pressures, but is small at
low chamber pressures. A reduction in the chamber
pressure implies an increase in the drag force and a
larger drag force induces a higher plastic flow rate,
resulting in a thinner nanofiber being produced.
Figures 4 and 5 show histograms of the diameter
together with SEM micrographs and the MFR
dependence of the standard deviation of the fiber
diameter for fibers obtained by air drawing the initial fibers with four different MFRs at pch = 20 and
90 kPa. For pch = 20 kPa, the nanofiber diameter
depends very little on the MFR; it is in the range
0.30–0.35 µm and the diameter distributions are
narrow. The standard deviation at pch = 20 kPa is
0.1 µm or smaller and is almost independent of the
MFR. For pch = 90 kPa, the fiber diameter hardly
depends on the MFR, and the fiber distributions are
considerably wider than those of fibers obtained at
521
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Figure 4. Histograms of fiber diameters along with SEM micrographs of fibers obtained by air drawing initial fibers with
four different MFRs at pch = 20 and 90 kPa

Figure 5. MFR dependence of standard deviations of diameter of fibers obtained at chamber pressures of
& 20 and % 90 kPa

pch = 20 kPa. The average diameters of the fibers
obtained at pch = 90 kPa are over 1.0 µm, and the
standard deviation increases linearly with decreas-

ing MFR. The fiber with the lowest MFR (i.e., highest melt viscosity) is not stably drawn because the
drag force is low at the higher chamber pressure.
Unstable air drawing widens the fiber diameter distribution and increases the average fiber diameter.
For air drawing at pch = 20 kPa, even the fiber with
the lowest MFR is stably drawn and it has a uniform diameter due to the large drag force.
Figure 6 shows photographs (magnification: !500)
showing necking produced by laser heating of the
initial fibers with four different MFRs at pch = 20
and 90 kPa. These photographs were taken perpendicular to the laser beam using the high-speed camera equipped with the long-range zoom lens. The
initial fibers were irradiated by light from a laser
located on the left side of the photographs.
In melt spinning, a melted polymer ejected from the
spinneret expands; this phenomenon is known as the
Barus effect [22]. In the case of CLSD performed at
pch = 20 kPa, all the initial fibers were drawn without exhibiting the Barus effect, whereas in CLSD
performed at pch = 90 kPa, except for the MFR1473

Figure 6. Photographs (magnification: !500) of necking during laser heating of initial fibers with four different MFRs at
pch = 20 and 90 kPa
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Figure 7. Fiber supply speed dependence of average fiber
diameter for fibers drawn with MFRs of % 308,
& 653, ' 899, and ( 1473 g·10 min–1

fiber, the initial fibers were drawn with the Barus
effect. In CLSD performed at pch = 20 kPa, the
larger drag force generated in the supersonic jet
inhibits expansion of the melt fiber due to its viscoelasticity, but the melted fiber expands because
the drag force generated at pch = 90 kPa is small.
The MFR1473 initial fiber has the lowest melt viscosity; consequently, it did not exhibit the Barus
effect even at pch = 90 kPa.
Figure 7 shows the fiber supply speed dependence
of the average fiber diameter for the drawn fibers
with four different MFRs. In this series of experiments, the chamber pressure was 20 kPa and the
laser power was 20 W. The average fiber diameter
of the MFR308 fiber is largely influenced by the
fiber supply speed; those with higher MFRs are little affected by the fiber supply speed. In CLSD of
the MFR308 initial fiber, the melt viscosity does not
decrease enough because the heating time is too
short when the fiber supply speed is fast. Thus, the
fiber diameter does not decrease. In contrast, nanofibers are produced when the supply speed is sufficiently low that the fiber is melted by laser heating,
even at the lowest MFR. For very low MFRs, the
fiber supply speed is strongly dependent on the
MFR.

3.2. MFR dependence of superstructure
To investigate the effect of the MFR on the superstructure and thermal properties of the fibers
obtained for various air drawing conditions, the

fibers were characterized by WAXD and DSC measurements.
Figure 8 shows WAXD patterns obtained from the
initial fibers with four different MFRs and the
fibers obtained by air drawing the initial fibers at
pch = 20 and 90 kPa. The WAXD patterns of the initial and drawn fibers were obtained from bundles
and nonwoven fabrics as shown in Figure 2, respectively. Only the WAXD pattern of the initial MFR308
fiber exhibits equatorial arc reflection due to oriented crystallites. The WAXD patterns of the other
initial fibers exhibit Debye–Scherrer rings due to
the crystallites being randomly oriented. These reflections are attributable to hexagonal (100) reflections
[23] from crystallites that formed by strain-induced
crystallization during melt spinning. The initial fibers,
which were produced by conventional melt spinning, generally exhibit Debye-Scherrer rings, whereas
only the initial MFR308 fiber has oriented crystallites formed by strain-induced crystallization during
melt spinning. Because MFR308 was melt spun at a
high pressure due to its high melt viscosity, the
melted MFR308 was subjected to a large shear
force at the spinneret so that crystallites oriented
parallel to the fiber axis formed without orientation
relaxation.
The nonwovens of the air-drawn fibers exhibit
Debye-Scherrer rings in their WAXD patterns. In
addition, the drawn fibers contain crystallites that
formed by flow-induced crystallization during CLSD.
These WAXD patterns, which were obtained from
nonwoven fibers, do not indicate whether the crystallites are oriented parallel to the fiber axis.
To confirm the existence of oriented crystallites
formed by flow-induced crystallization during CLSD,
WAXD measurements were performed on nanofiber bundles. Figures 9a and 9b respectively show
an SEM micrograph and a WAXD pattern of the
MFR1473 nanofiber drawn at pch = 20 kPa. The
WAXD pattern shows a wide equatorial arc reflection due to oriented crystallites because the filaments are not perfectly aligned in the bundle, as the
SEM micrograph shows. However, the equatorial
arc reflection indicates that even the MFR1473 initial
fiber with the highest MFR, CLSD forms crystallites aligned with the fiber axis. The equatorial reflection observed in the MFR308 initial fiber is also
observed in the WAXD pattern of the MFR1473 fiber
drawn by CLSD, although the equatorial reflection
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Figure 8. WAXD patterns of initial fibers with four different MFRs and fibers obtained by drawing them at pch = 20 and
90 kPa

Figure 9. (a) SEM micrograph and (b) WAXD pattern of MFR1473 nanofiber drawn at pch = 20 kPa

is not visible in the WAXD pattern of the MFR1473
initial fiber. These WAXD patterns experimentally
demonstrate that the crystallites formed by flowinduced crystallization during CLSD are oriented
parallel to the fiber axis and they did not undergo
orientation relaxation. Even for the initial fiber with
the highest MFR (i.e., the lowest intermolecular

force) oriented crystallites were formed by supersonic-drawing and quenching in the low-temperature supersonic jet, which was cooled by adiabatic
expansion at the fiber injection orifice.
Figure 10 shows DSC curves obtained from the initial fibers with the four different MFRs and from
the fibers produced from them at pch = 20 and
524

Suzuki and Hayashi – eXPRESS Polymer Letters Vol.7, No.6 (2013) 519–527

Figure 10. DSC curves of initial fibers with four different MFRs and of their fibers obtained at pch = 20 and 90 kPa

90 kPa. The initial and drawn fibers exhibit a broad
endothermic peak (melting) in the temperature
range 245–250°C. This melting peak can be attributed to crystals formed by strain-induced crystallization during melt spinning and that grew during
DSC scanning. Except for the MFR1473 initial fiber,
which has a melting point (Tm) of 249°C, the initial
fibers have Tm > 253°C (see Table 2). For all four
MFRs, the Tm of the drawn fibers is 1–4°C lower
than that of the initial fibers. This reduction in Tm
indicates that the degree of perfection of the crystal
decreases and that the crystal formed by flowinduced crystallization during CLSD has a lower
degree of perfection than the crystal formed by
strain-induced crystallization during melt spinning.
The MFR308 fiber has the smallest difference in Tm

between the initial and drawn fibers of the four
MFR fibers. CLSD of the MFR308 initial fiber is
likely to form crystallites with the highest degree of
perfection because effectiveness of the air drag
force to elongate the molecular chains in the
MFR308 fiber is the strongest.
Table 2 lists the melting temperature (Tm), the degree
of crystallinity (Xc) estimated from the heat of
fusion, the d-spacing, and the crystal size of the initial fibers with the four different MFRs and the
fibers drawn from them at pch = 20 and 90 kPa. The
MFR1473 initial fiber has Xc = 42% and the highest
Xc of the initial fibers. The MFR1473 ETFE fiber that
has a high fluidity is easy to crystallize during melt
spinning, whereas ETFE fibers with low MFRs are
difficult to crystallize during melt spinning due to

Table 2. Melting temperature (Tm), degree of crystallinity (Xc), d-space (d), and crystal size (Xs) for initial fibers with four
different melt flow rates (MFRs) and fibers drawn them at chamber pressures (pchs) of 20 and 90 kPa
Sample

Initial fiber
pch = 20 kPa
pch = 90 kPa

Tm
[°C]
253
252
252

MFR308
Xc
d
[%] [Å]
36
5.01
54
4.98
47
5.01

Xs
[Å]
57
46
44

Tm
[°C]
253
252
251

MFR630
Xc
d
[%] [Å]
39
4.97
45
5.01
43
5.04
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Xs
[Å]
60
41
42

Tm
[°C]
256
254
253

MFR899
Xc
d
[%] [Å]
35
5.03
54
5.00
49
5.03

Xs
[Å]
57
53
45

Tm
[°C]
249
245
246

MFR1473
Xc
d
[%] [Å]
42
5.00
49
5.04
48
5.04

Xs
[Å]
67
48
45
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its lower fluidity. The Xc values of the initial fibers
depend on MFR: as MFR decreases, Xc tends to
decrease.
Xc increases on CLSD and nanofibers obtained at
pch = 20 kPa have higher Xc values than the initial
fibers and the fibers obtained at pch = 90 kPa. The
MFR308 and MFR889 nanofibers obtained at pch =
20 kPa have the highest Xc of the drawn fibers.
CLSD promotes crystallization of fibers with a low
MFR more effectively than melt spinning. CLSD
performed at the lower chamber pressure generates
a larger drag force, which rapidly deforms the molten
polymer at a higher plastic flow rate and the larger
MFR produces a stronger intermolecular force. The
larger drag force and the stronger intermolecular
force are effective in promoting flow-induced crystallization.
The d-spacing values are independent of the MFR
and whether the fiber has been drawn; they have a
constant value of about 5 Å. The crystal sizes of the
drawn fibers are obviously smaller than those of the
initial fibers although the drawn fibers have larger
Xc values than the initial fibers. This suggests that
CLSD produces a superstructure in which many
small crystals are dispersed. The crystal size tends
to increase at lower chamber pressures, whereas no
clear relation was observed between the crystal size
and the MFR.

indefinitely long nanofibers because the fiber is
supplied at a constant speed and is continuously
irradiated by a laser beam. CLSD can easily be used
to prepare various nanofibers using only CO2 laser
irradiation; it does not require any additional
processes. It is a novel technique for simple production of nanofibers using only a CO2 laser.
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