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a b s t r a c t

Poly(ethylene terephthalate) (PET) nanofibers were prepared by irradiating a PET fiber with radiation
from a carbon dioxide (CO2) laser while drawing it at supersonic velocities. A supersonic jet was
generated by blowing air into a vacuum chamber through the fiber injection orifice. The flow velocity
from the orifice was estimated by computer simulation; the fastest flow velocity was calculated to be
401 m s�1 at a chamber pressure of 6 kPa. A nanofiber obtained using a laser power of 8 W and a chamber
pressure of 6 kPa had an average diameter of 193 nm and a draw ratio of about 900,000. This technique is
a novel method for producing nanofibers.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Nanofibers have been produced by electrospinning [1–9], melt
electrospinning [10–12], sea-island-type conjugated melt spinning,
single-orifice melt blowing, [13] and jet blowing [14]. Out of these
methods, electrospinning is the most widely used for preparing
nanofibers. Poly(ethylene terephthalate) (PET) nanofibers have
been prepared by electrospinning [15] and PET/nylon 6 sea-island
conjugated melt spinning [16]. Electrospun PET nanofibers were
prepared by spraying a solution of PET–trifluoroacetic acid onto
a metallic collector under a high voltage. A PET nanofiber with
a diameter of less than 100 nm was formed by PET/nylon 6 sea-
island conjugated melt spinning together with laser-heated flow
drawing. In this method, the melt-spun fiber was drawn at a draw
ratio of 174 by laser heating, and the PET nanofiber was formed by
removing the nylon 6 sea component from the drawn conjugated
melt-spun fiber.

Recently, we proposed a new approach for producing nano-
fibers. It involves irradiating a fiber with radiation from a carbon
dioxide (CO2) laser while drawing it at a supersonic velocity. A
supersonic jet was generated by blowing air into a vacuum
chamber through the orifice used to inject the fiber into the
vacuum chamber. The adiabatic expansion of air across the orifice
uki).
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cools the jet. The fiber is instantly melted by the high-power laser
beam that irradiates the cold supersonic jet. It is then tremendously
deformed by the shear force generated by the supersonic flow, and
ultradrawn to a draw ratio of the order of 105. We named this
preparation method CO2-laser supersonic drawing. Supersonic
drawing has already been applied to poly(L-lactic acid) (PLLA) [17]
and poly(ethylene-2,6-naphthalate) [18], and in both cases nano-
fibers were obtained without using any solvent or without
removing the second component. The nanofiber obtained by
supersonic drawing is basically endless nanofiber because a fiber
supplied at a constant speed was continuously laser-irradiated.

The CO2 laser has been applied to drawing and annealing of
various fibers because it can rapidly and uniformly heat fibers. We
used the CO2 laser to draw and anneal fibers and to prepare
microfibers. A CO2 laser-thinning method producing microfibers
was previously applied to PET [19], PLLA [20,21], nylon 6 [22],
isotactic polypropylene [23] fibers, and their microfibers were
obtained, but no fiber of 1 mm or less in diameter was produced by
the CO2 laser-thinning method. Other groups also proposed
drawing methods by using the CO2 laser, but the CO2 laser drawing
methods including our method could not produce nanofibers by
using only CO2 laser-irradiation to fiber [24–26]. On the other hand,
the CO2-laser supersonic drawing can easily prepare various
nanofibers by only CO2 laser-irradiation without combining any
process.

In this paper, we prepare PET nanofibers by CO2-laser super-
sonic drawing.
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Fig. 1. Wide-angle X-ray diffraction pattern of the original PET fiber.
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2. Experimental

The PET fiber used in the present study was prepared from
a commercial-grade PET pellet by using a lab melt spinning
machine. The as-spun PET fiber had a diameter of 183 mm and
a birefringence of 0.27�10�3. It was almost amorphous and
isotropic (see Fig. 1). Number- and weight-average molecular
weights of this fiber were 3570 and 8380, respectively.

The morphology of the produced nanofiber was determined by
scanning electron microscopy (SEM) (JSM-6060LV, JEOL Ltd., Japan)
using an accelerating voltage of 10 kV. Before SEM observation, the
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Fig. 2. Schematic diagram of apparatus us
samples were coated with gold using a sputter coater. The average
diameter and the diameter distribution of the nanofiber were
measured using an imaging analyzer. The average diameter of
a fiber was determined by averaging the diameters measured at
100 locations in a webbed fiber.

The weight-average molecular weight (Mw) and number-
average molecular weight (Mn) were measured by gel permeation
chromatography (GPC-14, Waters Co.). GPC analysis was performed
using two 30 cm gel columns (Shodex HFIP-806M). The measure-
ments were carried out at a column temperature of 40 �C in hexa-
fluoroisopropanol and a flow rate of 0.5 mL/min. A differential
refractive-index detector was used as the detector.

Differential scanning calorimetry (DSC) measurements were
conducted using a calorimeter (Therm Plus 2 DSC 8230C, Rigaku
Co.). The DSC scans were performed within the temperature range
25–280 �C at a heating rate of 10 �C min�1. All DSC experiments
were carried out under a nitrogen purge. The DSC instrument was
calibrated using indium.

Fig. 2 shows the apparatus used for the CO2-laser supersonic
drawing. It consists of a spool to supply the fiber, a continuous-
wave CO2 laser with an output wavelength of 10.6 mm and
a maximum power of 8 W, an acrylic vacuum chamber with Zn–Se
windows and a 0.5-mm diameter orifice for injecting the fiber,
a power meter, a movable platen, and a vacuum pump. The vacuum
chamber was placed on the movable platen that consists of a micro-
alignment stage and a laboratory jack that can be moved parallel to
the Y and Z axes allowing the laser irradiation point on the fiber to
be finely adjusted.

The velocity distribution from the orifice and the force exerted
on the fiber in the air jet were estimated by performing fluid
analysis using a three-dimensional (3D) finite element method
(FEM) with ANSYS� CFZ 11.0 software.
3. Results and discussion

When performing CO2-laser supersonic drawing using an air jet,
it is very important to determine the velocity distribution in the air
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Fig. 3. Flow velocity distribution of the air jet in the XZ-plane obtained by the FEM.

Table 1
Flow velocity (v), Mach number (M), temperature (T) in the supersonic jet at four
different chamber pressures (pch).

pch/kPa v/m s�1 M at 298.5 K T/K

50 295 0.9 261
30 348 1.0 249
20 372 1.1 243
6 402 1.2 235

Sonic speed (C) at 298.5 k: 346.5 ms-1
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jet and the force that is imparted to the fiber surface. A shear force
is imparted to the fiber in the supersonic jet in the fluid flow
direction and a compressive force is applied in the vertical direction
because the airflow is a viscous fluid. The resultant force acts as the
drag force to draw the molten fiber to a draw ratio of the order of
105 and it determines the fiber diameter and its superstructure. To
elucidate the supersonic drawing mechanism it is necessary to
analyze the forces applied to the fiber in the air jet.

Fig. 3 shows the flow velocity distribution of the air jet in the XZ-
plane calculated by the 3D FEM. This simulation was performed for
a chamber pressure of 6 kPa and a 200-mm diameter fiber centered
on a 0.5-mm diameter orifice. The flow from the orifice was
generated by blowing air into the vacuum chamber to produce
a supersonic jet that does not have any accompanying flow that
makes the airflow turbulent. This stable airflow generates a fast
flow that enables the fiber to be irradiated by the laser beam
without causing it to swing. The fastest flow velocities are produced
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Fig. 4. Flow velocities obtained by the computer simulation at four chamber pressures.
about 3 mm below the orifice and are in the range 361 and
401 m s�1, making them supersonic. As the distance from the orifice
increases, the flow velocity along the fiber decreases rapidly (e.g.,
the flow velocity at a distance of 14 mm from the orifice is about
40 m s�1). The diameter of the airflow at a distance of 14 mm from
the orifice is about 3 mm, and its spread is small.

Fig. 4 shows the flow velocities calculated by computer simu-
lation for four different chamber pressures. The flow velocity
increases linearly as the chamber pressure decreases. The
maximum flow velocity is 401 m s�1 at a chamber pressure of
6 kPa.

The adiabatic expansion of air across the orifice cools the jet.
Because the conservation of energy applies along streamlines, the
following relation holds between the ratio of the temperature
before adiabatic expansion (T0) to the temperature after adiabatic
expansion (T) and the Mach number (M) [27]:

T
T0
¼
(

1þ ðg� 1ÞM2

2

)�1

; (1)

where g(¼ Cp/Cv) is the ratio of heat capacity at constant pressure
(Cp) to that at constant volume (Cv); in the case of air, g is 1.4
because it consists principally of diatomic gases. The flow velocity is
converted into a Mach number by dividing it by the sonic speed at
a temperature of T0:

M ¼ n

C
¼ n

331:5þ 0:6ðT0 � 273:5Þ (2)

Table 1 lists the flow velocity (v), Mach number, temperature (T) in
the supersonic jet for four different chamber pressures. The flow
velocity exceeds the speed of sound only at chamber pressures
under 30 kPa. The Mach number at a chamber pressure of 6 kPa is
1.2. The temperature (T) of the supersonic jet at Mach 1.2 is as low
as 235 K.

To estimate the drag force acting on the fiber in the supersonic
jet, the forces parallel and perpendicular to the surface of the fiber
(the shear force and the compressive force, respectively) were
analyzed by the 3D FEM. Fig. 5 shows the variation in (a) the shear
force and (b) the compressive force which is imparted to the fiber
surface in the Z-axis direction as a function of distance from the
orifice, and (c) the 3D model used to simulate these forces. The
shear force and the compressive force are the values at the nodes
along the fiber axis in Fig. 5(c). As the distance from the orifice
increases, the shear force decreases rapidly after reaching
a maximum value at a distance of 2.2 mm from the orifice. The
compressive force is a maximum at the orifice outlet and decreases
rapidly with distance from the orifice. The shear force and the
compressive force are simultaneously high at about 3 mm from the
orifice. The resultant of the shear force and the compressive force is
critical for supersonic drawing of a molten fiber heated by a high-
power laser beam.

The experimental factors that determine the fiber diameter are
the laser power, the chamber pressure, the fiber supply speed,
and the laser beam irradiation position. First, the effects of the



Fig. 7. Variation in the average diameters of the fibers obtained at three different laser
powers (PL) with supply speed, -: PL¼ 4 W, B: PL¼ 6 W, C: PL¼ 8 W.

Fig. 6. Chamber pressure dependence of the average diameters obtained at three
different laser powers (PL), -: PL¼ 4 W, B: PL¼ 6 W, C: PL¼ 8 W.

Fig. 5. Variation in the (a) shear force and (b) compressive force at the node of fiber
surface in Z-axis direction with distance from the orifice, and (c) the 3D model used to
simulate the shear force and the compressive force.
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laser power, the chamber pressure, and the fiber supply speed on
the fiber diameter were investigated. The laser irradiation posi-
tion was kept constant during a series of experiments; the laser
beam was not blocked by the orifice shield at this position. Other
details regarding the laser irradiation position are described
below.

Fig. 6 shows the dependence of the average fiber diameters at
three different laser powers on the chamber pressure. The fiber
supply speed was held constant at 0.1 m min�1 during this series of
experiments. The upper X-axis shows the flow velocity obtained
from the linear relation shown in Fig. 4. As the chamber pressure
decreases, the average diameter at each laser power decreases
significantly; it is less than 1 mm at a chamber pressure of 6 kPa (i.e.,
at a flow velocity of about 400 m s�1) for all three laser powers. An
increase in the flow velocity implies an increase in the drag force. A
larger drag force induces a higher plastic flow rate, resulting in
a thinner nanofiber being produced.

Henceforth, CO2-laser supersonic drawing was conducted only
at a chamber pressure of 6 kPa, at which fibers with diameters
below 1 mm can be obtained irrespective of the laser power.

Fig. 7 shows the variation in the average fiber diameter with the
supply speed for three different laser powers. As the supply speed is
reduced, the fiber diameter at each laser power tends to decrease,
and the nanofiber with an average diameter of 313 nm was



Table 2
Number-average molecular weight (Mn), weight-average molecular weight (Mw),
and Mw/Mn for original fiber and the nanofiber obtained by laser irradiation at a laser
power of 8 W and a supply speed of 0.1 m/min.

Fiber Mn Mw Mw/Mn

Original fiber 3570 8380 2.35
Nanofiber 3640 8130 2.23

Fig. 8. SEM photographs at magnifications of 5000 for fibers obtained at three different laser powers (PL) and supply speeds (Ss) of 0.1 and 0.3 m min�1, (a): PL¼ 8 W,
Ss¼ 0.1 m min�1, (b): PL¼ 6 W, Ss¼ 0.1 m min�1, (c): PL¼ 4 W, Ss¼ 0.1 m min�1, (d): PL¼ 8 W, Ss¼ 0.3 m min�1, (e): PL¼ 6 W, Ss¼ 0.3 m min�1, (f): PL¼ 4 W, Ss¼ 0.3 m min�1.
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obtained when the fiber was supplied at a speed of 0.1 m min�1 and
was irradiated with a laser power of 8 W. Irradiating at a higher
laser power instantly reduces the polymer viscosity, causing the
polymer flow rate to increase. Reducing the supply speed, reduces
the rate at which polymer mass is supplied to the laser irradiation
position. The deformation of the molten polymer increases because
the same drag force acts on a smaller mass of polymer that is
melted by the laser irradiation.

Fig. 8 shows SEM micrographs at a magnification of 5000 for
fibers obtained by varying the laser power and the supply speed. As
the laser power is increased and the supply speed is reduced, the
reduction in the diameter is confirmed visually by the SEM
micrographs. The SEM micrographs reveal that the nanofiber has
a smooth surface that has not been roughened by laser ablation and
without droplets.

It is well known that the molecular weight is reduced by the
thermal degradation that occurs during melt spinning. To investigate
whether thermal degradation occurred during irradiation by the
CO2 laser beam, GPC measurements were conducted for a nanofiber
produced by CO2-laser supersonic drawing. Table 2 lists Mw and Mn

of the original fiber and the nanofiber obtained by irradiating the
laser at a power of 8 W onto a fiber supplied at 0.1 m min�1, and
Fig. 9 shows the molecular distributions for these fibers. Laser
irradiation causes no noticeable changes in Mw and Mn, and the
molecular distribution of the nanofiber is similar to that of the



Fig. 9. Molecular distributions of the original fiber and the nanofiber produced at
a laser power of 8 W.
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original fiber. The GPC results imply that the nanofiber was
prepared without thermal degradation induced by irradiation at
a high laser power.

Fig. 10 shows the diameter distributions of the fibers obtained at
three different laser powers for fiber supply speeds of 0.1 and
0.3 m min�1. As the laser power increases and the supply speed
Fig. 10. Diameter distributions of the fibers obtained at three different laser powers (PL) and
Ss¼ 0.1 m min�1, (c): PL¼ 4 W, Ss¼ 0.1 m min�1, (d): PL¼ 8 W, Ss¼ 0.3 m min�1, (e): PL¼ 6 W
decreases, the diameter distribution gradually becomes narrower,
and the average diameter decreases. The thinnest nanofiber
produced had an average diameter of 313 nm, a minimum diameter
of 177 nm, a maximum diameter of 569 nm, and a standard devi-
ation of 0.078. The thinner the fiber diameter, the higher the
uniformity became.

Next, the effect of the laser irradiation position on the fiber
diameter was examined. It is very important to investigate this
because the shear force and the compressive force depend strongly
on the distance from the orifice.

Fig. 11(a) and (b) shows respectively the laser power and the
average diameter as a function of the displacement (x) of the
vacuum chamber in the Z direction. The laser power, fiber supply
speed, and chamber pressure were kept constant at 8 W,
0.1 m min�1, and 6 kPa during the series of the experiments,
respectively. When the vacuum chamber was lowered using the
laboratory jack in the Z-axis direction and the laser beam operated
at 8 W is completely blocked by the orifice shield attached to the
vacuum chamber, the displacement is set to x¼ 0. The laser power
absorbed by the fiber increases when the vacuum chamber is raised
and it becomes constant at a displacement above x¼ 3 mm. This
result implies that the actual laser beam diameter is 3 mm, whereas
the nominal beam diameter of the CO2 laser used in this study is
2.4 mm. The nominal beam diameter is defined as the diameter at
which more than 90% of the total beam power can be obtained. The
laser power near the edge of the beam is weaker than that at the
center of the beam because the laser beam has a near-Gaussian
profile.
supply speed (Ss) of 0.1 and 0.3 m min�1, (a): PL¼ 8 W, Ss¼ 0.1 m min�1, (b): PL¼ 6 W,
, Ss¼ 0.3 m min�1, (f): PL¼ 4 W, Ss¼ 0.3 m min�1.



Fig. 11. (a) Relationship between displacement (x) of the orifice in the Z direction and laser power, and (b) the variation in the average diameter with the displacement distance (x).
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As the displacement is increased, the fiber diameter initially
decreases remarkably and then increases after attaining
a minimum diameter of about 200 nm in the x range of 2.0–3.0 mm.
The average diameter increases as the laser irradiation position is
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moved away from the orifice. The thinnest nanofiber was obtained
at x¼ 2.75 mm and it had a diameter of 193 nm. The laser power in
the range of x¼ 0–1.0 mm is insufficient to produce a thinner fiber
since the laser power is lower at the edge of the beam than at the
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Fig. 13. DSC curves of the original fiber and the original fiber and the nanofibers
obtained at various displacements (x) of chamber.
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center. The fiber diameter increases as x is increased beyond 3 mm
because the shear force decreases rapidly as the distance from the
orifice increases (see Fig. 5). In order to obtain a thinner nanofiber it
is necessary to irradiate the fiber with a higher laser power at
a position where a higher drag force is generated.

The draw ratio (l) can be calculated easily using the following
equation:

l ¼
�

d0

d

�2

; (3)

where d0 is the diameter of the original fiber and d is that of the
nanofiber, and the volumes before and after drawing are assumed
to be equal. The estimated draw ratio of the thinnest nanofiber is
about 900,000. A very large plastic deformation occurs momen-
tarily during CO2-laser supersonic drawing.

Fig. 12 shows the diameter distributions of nanofibers produced
at six different displacements and the average (dav), minimum
(dmin) and maximum (dmax) diameters. The thinnest nanofiber
obtained at x¼ 2.75 mm has the narrowest diameter distribution.
Thin nanofibers with high uniformities can be obtained by laser
irradiation for x in the range 2–3 mm. This region is approximately
the same as that in which high shear and compressive forces were
obtained (see Fig. 5). Even thinner nanofibers should be obtainable
by using a higher power laser to irradiate the fiber in the region
where a high drag force is generated.

Fig. 13 shows DSC curves of nanofibers obtained at various
displacements of the vacuum chamber (x). All the nanofibers and
the original fiber exhibit a broad melting endothermic peak at
256 �C. These melting peaks can be ascribed to lamellar crystals,
which crystallized during the DSC scanning. Elenga et al. [28]
suggested from the standpoint of kinetics that the low-temperature
melting peak could be ascribed to the fringed-micelle crystals
produced by chain unfolding, and that the high-temperature peak
corresponds to the untransformed fraction of the lamellar crystals
that undergo reorganization during the heating scan. Fringed-
micelle crystals are not present in the nanofibers because the
melting peak of the nanofibers was lower than ascribed to lamellar
crystals, and it is not visible in the DSC curves.

The original fiber has an exothermic single peak at 127 �C due to
cold crystallization. The nanofibers produced at x¼ 1.5 and 4.0 mm
have exothermic double peaks at 108 and 127 �C, and the other
nanofibers have an exothermic single peak at 108 �C and a shoulder
on the high-temperature side of this peak. The shoulder is observed
the cold crystallization temperature (Tcc) of the original fiber and
a higher Tcc was obtained for the nanofibers produced at x¼ 1.5 and
4.0 mm. The shifting of Tcc to lower temperatures is caused by the
increase in the degree of orientation of the amorphous chains and
the existence of crystal seeds formed during supersonic drawing.
The existence of a double cold crystallization peaks and a single
cold crystallization peak with a shoulder suggests that there is
difference in the degree of orientation of the amorphous chains.
Nanofibers having a broad diameter distribution obtained at x¼ 1.5
and 4.0 mm (see Fig. 12) exhibit double cold crystallization peaks,
while nanofibers with a narrow diameter distribution have a single
exothermic peak with a shoulder. These results imply that thinner
nanofibers have a higher degree of the orientation of the amor-
phous chains.

4. Conclusion

The PET nanofiber with a uniform diameter was continuously
produced by CO2-laser supersonic drawing. CO2-laser supersonic
drawing could easily produce nanofibers by irradiating a high-
power laser beam onto as-spun fibers in a supersonic jet. The
resultant force of the shear force and the compressive force
generated in the supersonic jet acts as a drag force on the partially
molten fiber. A nanofiber with a uniform diameter was obtained
when a high-power laser beam is irradiated on the fiber at the
position where the drag force is maximized in the supersonic jet.
The thinnest nanofiber produced had a diameter of 193 nm and was
obtained when the supersonic drawing was carried out at a laser
power of 8 W, a chamber pressure of 6 kPa, a fiber supply speed of
0.1 m min�1, and a displacement of 2.75 mm. The laser irradiation
at the position where the maximum drag force is obtained causes
a large instantaneous deformation, which further thins the fiber
resulting in flow-induced orientation and the formation of
a nucleus, although flow-induced crystallization does not occur.

CO2-laser supersonic drawing can be used for all thermoplastic
polymers without using any solvent and without removing the
second component, and the nanofibers obtained are endless nano-
fiber because a fiber supplied at a constant speed was continuously
laser-irradiated. The CO2-laser supersonic drawing can easily
prepare various nanofibers by only CO2 laser-irradiation without
combining any process. The CO2-laser supersonic drawing is a new
method that nanofiber is produced by using only the CO2 laser.
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