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Preparation of poly(ethylene terephthalate) nonwoven fabric from endless
microfibers obtained by CO2 laser-thinning method
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Abstract

Poly(ethylene terephthalate) (PET) nonwoven fabric was prepared from microfibers obtained by using a carbon dioxide laser-thinning
method. The PET nonwoven fabric obtained was made of the endless mircofibers with a uniform diameter without droplets. The fiber diameter
can be varied by controlling airflow rate into the air jet and supplying speed of an original fiber into a laser-irradiating point. The fiber diameter
decreased, and its birefringence increased as the airflow rate increased and the supplying speed decreased. When the microfiber prepared by
irradiating the laser operated at a power density of 4.8 W cm�2 to the original fiber supplied at Ss¼ 0.15 m min�1 was dragged at an airflow
rate of 30 L min�1, the thinnest microfiber with a diameter of 3.6 mm was obtained.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Nonwoven fabrics are industrially produced by a meltblow-
ing [1e3], spunbonding [4e6] and flashspinning, and the
nonwoven fabrics made of nanofibers are obtained by an elec-
trospinning [7e10]. The spunbonding is the integrated process
combining fiber spinning, web formation, and bonding. The
spunbonded fabrics are made of the continuous filament
with a diameter of about 10 mm. The meltblown and flashspun
fabrics are composed of staple fibers with an inhomogeneous
diameter in the range of 1e10 mm, and the meltblown fabrics
included droplets sometimes.

The nonwoven fabrics are exploited in a large number of
applications such as membrane [11e13], reinforcing fibers
[14], biomedical devices [15], and scaffold for tissue engineer-
ing [16e20]. The nonwoven fabrics made of the microfiber
and nanofiber are most useful in the tissue engineering be-
cause of large surface area per unit mass and very small
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pore size. However, the flashspun and the electrospun fabrics
will not be able to implant in a living body because the sol-
vents harmful to the living body are used in their producing
processes. Although the solvent contained in the electrospun
fabric evaporates in the electric field formed between the
capillary tube and the metallic collector, it is difficult to
completely remove the solvent.

Microfibers are very valuable from the viewpoint of indus-
trial and medical materials and are now manufactured with
highly skilled techniques, such as conjugate spinning and
islands-in-a-sea fiber spinning. On the other hand, a carbon
dioxide (CO2) laser-thinning method developed by us could
easily produce the microfiber without using a highly complex
spinneret such as the conjugate spinning [21]. The CO2 laser-
thinning method was previously applied to poly(ethylene tere-
phthalate) (PET) [22], nylon 6 [23], isotactic polypropylene
[24], nylon 66 [25], and poly(L-lactic acid) (PLLA) [26], to
produce their microfibers, and then their microfibers with a di-
ameter of about 2 mm were obtained. The CO2 laser-thinning
apparatus preparing the microfiber could be also produced
the nonwoven fabric by using an air jet and a collecting net
in place of a winder. The nonwoven fabric was obtained by
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this method without using any solvent such as electrospun and
flashspun fabrics and composed of endless microfibers with
a uniform diameter. The obtained microfiber was slightly
oriented along fiber axis by the flow-induced crystallization.

We present here the results pertaining to the PET nonwoven
fabric obtained by CO2 laser-thinning method.

2. Experimental

2.1. Material

The original PET fiber used in the present study was a com-
mercial grade fiber (Mw ¼ 55; 000, Mn ¼ 33; 000) and had a
diameter of 143.6 mm, degree of crystallinity of 4.5%, and bi-
refringence of 0.070. The original fiber was almost amorphous
and isotropic fiber.

2.2. Measurements

The morphology of microfiber was determined with scan-
ning electron microscopy (SEM) (JSM-6060LV, JEOL Ltd.,
Japan). SEM micrographs of the fibers were observed with
an accelerating voltage of 10 kV. Before the observation, the
samples were coated with gold using a sputter coater. The
average diameter and the diameter distribution were obtained
by using imaging analyzer (SMile View, JEOL Ltd., Japan).

Birefringence was measured with a polarizing microscope
equipped with a Berek compensator (Olympus Optical Co.,
Ltd., Japan).

Wide-angle X-ray diffraction images of the nonwoven fab-
rics were taken with an imaging-plate (IP) film and an IP de-
tector R-AXIS DS3C (Rigaku Co., Akishima, Japan). The IP
film was attached to the X-ray generator (Rigaku Co.) oper-
ated at 40 kV and 200 mA. The radiation used was Ni-filtered
Cu Ka. The sample-to-film distance was 40 mm. The fiber was
exposed for 5 min to the X-ray beam from a pinhole collimator
with a diameter of 0.4 mm.

Fig. 1. CO2 laser-thinning apparatus used for web formation.
Fig. 2. Relationship between supplying speed and the optimum laser power

density to make the microfiber.

Fig. 3. Airflow dependence of fiber diameter (a) and birefringence (b) of webs

obtained various supplying speeds (Ss), �: Ss¼ 0.15 m min�1, B: Ss¼
0.30 m min�1, -: Ss¼ 0.45 m min�1, ,: Ss¼ 0.60 m min�1, :: Ss¼
0.75 m min�1.



Fig. 5. SEM photographs of 1500 magnifications for the microfibers obtained at four different airflow rates (qa) (supplying speed: 0.15 m min�1).

Fig. 4. Fiber diameter distributions of microfibers obtained at five different airflow rates (qa) (supplying speed: 0.75 m min�1).
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The DSC measurements were carried out using a THERM
PLUS 2 DSC 8230C calorimeter (Rigaku Co.). The DSC scans
were performed within the temperature range of 25e280 �C,
using a heating rate of 10 �C min�1. All DSC experiments
were carried out under a nitrogen purge. The DSC instrument
was calibrated with indium. The degree of crystallinity (Xc)
was determined from heat of fusion (DHm) and enthalpy of
cold crystallization (DHcc) as follows:

Xc ð%Þ ¼ ½ðDHmþDHccÞ=�126:6� � 100

where �126.6 J g�1 is used as the heat of fusion of the crystal-
line phase of PET [27].

2.3. CO2 laser-thinning apparatus used for web
formation

The CO2 laser-thinning apparatus to continuously produce
the web consists of supplying motor with spool with a diameter
of 90 mm, a continuous wave CO2 laser emitter, supplying
system composed of a fiber guide and nipping rolls, an air
jet, and a collecting net as shown in Fig. 1. The continuous
wave CO2 laser emitted at 10.6 mm, and the laser beam was
a 2.0 mm diameter spot. The laser power was measured by
the power meter during the laser irradiation. The laser power
density was estimated by dividing the measured laser power
in the area of the laser spot. The laser power of more than
90% is obtained in the area of the laser spot. It is necessary
to supply the original fiber to a laser-irradiating point at a con-
stant speed in order to stably obtain the microfiber web with
a uniform diameter. The supplying system pulls out the origi-
nal fiber of the supplying spool and supplies it to the laser-
irradiating point at a constant speed. The supplying system
plays an important role in the CO2 laser-thinning apparatus.
The fiber attenuated at the laser-irradiating point is pulled
out on the collecting net by the air jet, and the webs with a uni-
form diameter are formed by reciprocating the collecting net at
constant speed.
Fig. 6. Wide-angle X-ray diffraction patterns for the microfibers obtained at four different airflow rates (qa) (supplying speed: 0.15 m min�1).
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2.4. Annealing of nonwoven fabrics

To make nonwoven fabrics from the web corrected on the
net and to improve its mechanical properties, the web was an-
nealed in a vacuum oven. The four edges of the web were fixed
with four clamps, and the fixed web was annealed at different
temperatures varying from 130 to 190 �C for various annealing
times ranging from 5 to 20 min.

3. Results and discussion

3.1. Web formation

In the web formation by the laser-thinning apparatus, the
fiber diameter of the web was determined by the supplying
speed, the laser power density, and airflow rate.

Fig. 2 shows the relationship between supplying speed and
an optimum laser power density to stably make the microfiber.
The laser power density increased linearly as the supplying
speed increased and was closely related with the supplying
speed. There was optimum laser power density for each sup-
plying speed. Henceforth the laser thinning at each supplying
speed was carried out at the optimum laser power density.

Fig. 3(a) and (b) shows the airflow rate dependence of the
diameter and the birefringence for the PET webs obtained at
five different supplying speeds (Ss). The increase of airflow
led to an increase in the air suction speed and drag force.
The diameter of the microfiber web obtained at each Ss de-
creases as the airflow increased. The decrease in throughputs
led to an increase in the draw force and then the reduction
in fiber diameter. When the fiber prepared by irradiating the
laser operated at a power density of 4.8 W cm�2 to the original
fiber supplied at Ss¼ 0.15 m min�1 was dragged at an airflow
rate of 30 L min�1, the thinnest microfiber web with a diameter
of 3.6 mm was obtained. The fiber diameter decreases with an
increase in the air suction speed.

Fig. 3(b) shows the airflow rate dependence of the birefrin-
gence for the microfibers obtained at five different supplying
speeds (Ss). The birefringence of the microfiber produced at
each Ss increased as the airflow rate increased. The highest
birefringence of 0.028 was obtained when the fiber, obtained
by irradiating the laser to the original fiber supplied at
0.15 m min�1, was dragged at an airflow rate of 30 L min�1.
This birefringence was lower than that of the laser-thinned
PET microfiber wound up on a spool, previously reported
[22]. The microfiber wound at the speed of 2000 m min�1

had a birefringence of 0.097 and a diameter of 2.8 mm. The
difference in degree of the orientation between the web and
the wound microfiber is attributable to the difference in the
drawing force between the air suction and the winding.

In general, the total birefringence is the sum of the crystal-
line and amorphous birefringence values [28], and when the
birefringence of PET was �0.070, the strain-induced crystalli-
zation is assumed to occur [29]. The increase of birefringence
with the airflow rate is attributed to the increases in the degree
of the molecular chain orientation without a flow-induced
crystallization because the web had no reflections due to
crystallites. The detailed discussion of crystallization is found
later (see Fig. 6).

Fig. 4 shows the distribution of diameters of microfibers
obtained at five different airflow rates. As the airflow rate in-
creased, the diameter distribution becomes gradually narrower,
and the average fiber diameter decreased. In the web formation
carried out at the airflow rate above 30 L min�1, however, the
diameter distribution is becoming gradually broader with in-
creasing airflow rate. The uniformity of web decreased and
the average fiber diameter increased because the higher airflow
rate above 30 L min�1 swayed the fiber at laser-irradiation
point.

Fig. 7. DSC curves of original fiber and webs at five different airflow rates (qa).

Fig. 8. Annealing time dependence of fiber diameter in the nonwoven fabrics

treated at various annealing temperatures (Tan) in a vacuum oven.

�: Tan¼ 190 �C, B: Tan¼ 170 �C, -: Tan¼ 150 �C, ,: Tan¼ 130 �C.
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Fig. 5 shows the SEM photographs of 1500 magnifications
for the webs obtained at four airflow rates. The four webs
were obtained by laser-irradiating the original fiber supplied at
Ss¼ 0.15 m min�1. The observation by the SEM photographs
shows that the webs have a smooth surface without a surface
roughened by laser ablation, and there is no droplet in the webs.

Fig. 6 shows that the wide-angle X-ray diffraction (WAXD)
patterns of the webs were dragged at four different airflow
rates (qa). The supplying speed was 0.15 m min�1. The webs
have no reflections due to crystallites, and only an amorphous
halo was observed. The results show that the flow-induced
crystallization did not take place in the web formation
processing.
Fig. 7 shows the DSC curves for the original fiber and the
webs obtained at various airflow rates (qa). The original fiber
shows a change in slope in the specific heat at 76 �C, which
corresponds to the Tg; an exothermic transition at 132 �C
caused by a cold crystallization; and a broad melting endo-
therm peaking at 255 �C. Its melting peak can be ascribed to
the lamellar crystals crystallized during the DSC scanning
[30,31].

The web obtained at an airflow rate of 30 L min�1 has
a cold crystallization temperature (Tcc) of 110 �C and a melting
temperature (Tm) of 255 �C. Its Tcc is 22 �C lower than that of
the original fiber. The decrease in the Tcc was caused by the
increase in the degree of orientation of amorphous chains.
Fig. 9. Wide-angle X-ray diffraction patterns of the nonwoven fabrics annealed under various conditions.
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The crystals existed in the web obtained at various airflow
rates were ascribed to the lamellar crystals formed during the
DSC scanning because their Tms are the same as that of the
original fiber.

3.2. Annealing of web

To make nonwoven fabrics from the microfiber web and to
improve its mechanical properties, the web fixed with the
clamps was annealed under various annealing conditions.
The annealing at fixed length induced the thermal shrinkage
of microfibers and led to closer packing of microfiber.

Fig. 8 shows annealing time dependence of fiber diameter
in the nonwoven fabrics treated at various annealing tempera-
tures in a vacuum oven. The webs used for the annealing car-
ried out under various conditions were obtained at a supplying
speed of 0.75 m min�1 and an airflow rate of 30 L min�1 and
had a diameter of about 5 mm. As the annealing time in-
creased, the diameter increased further and the microfibers an-
nealed for 20 min at the annealing temperatures except 130 �C
had a diameter of about 7.5 mm. The annealing at higher tem-
perature induced the larger thermal shrinkage. The larger
shrinkage increased further the fiber diameter because the vol-
umes of microfibers before and after the annealing were con-
sidered to be approximately constant.

Fig. 9 shows the WAXD patterns of the nonwoven fabrics
annealed under various conditions. The nonwoven fabrics an-
nealed at 130 �C do not have reflections due to crystallites, and
only an amorphous halo was observed. The intensity of
DebyeeScherrer rings due to crystallites increased as the an-
nealing temperature and annealing time increased. The inside
ring is attributable to the (010) reflection, and outside rings to
(110 and 100) reflections. In the nonwoven fabric annealed at
190 �C even for an annealing time of 5 min, the Debyee
Scherrer rings were observed.

Fig. 10 shows the DSC curves for nonwoven fabrics an-
nealed at four different annealing temperatures (Tan) for
20 min. All the annealed nonwoven fabrics show the cold
crystallization temperature (Tcc) of 116 �C caused by cold
crystallization; and a broad melting endotherm peaking at
256 �C. The exothermic peak due to the cold crystallization
decreased as the annealing temperature increased, and that
of the nonwoven fabric annealed at 190 �C shows only the
trace of the peak. The area of the melting peak increased as
the annealing temperature increased. The melting points
(Tm) of all the annealed nonwoven fabrics are similar to that
of the original fiber. These melting peaks can be ascribed to
the lamellar crystals, which crystallized during the annealing
and the DSC scanning. Elenga et al. [32] suggested from the
standpoint of kinetics that the low-temperature melting peak
was ascribed to the fringed-micelle crystals built up by chain
unfolding, and the high-temperature one corresponds to the
untransformed fraction of the lamellar crystals that undergo
reorganization during the heating scan. The fringed-micelle
crystals were not existed in the annealed nonwoven fabrics be-
cause the melting peak lower than that based on the lamellar
crystals cannot be observed in their DSC curves.
The decrease in area of the cold crystallization peak and the
increase in that of melting peak with increasing the annealing
temperature and annealing time mean that the lamellar crystals
formed during the annealing increased.

Fig. 11 shows the changes in the degree of crystallinity
(Xc), which was estimated from the DSC data of the nonwoven
fabrics annealed at the temperature range of 130e190 �C, with
annealing time. The Xc value at each annealing time increased

Fig. 10. DSC curves of nonwoven fabrics annealed at four different annealing

temperatures (Tan) for 20 min.

Fig. 11. Changes in the degree of crystallinity (Xc), which was estimated from

the DSC data of the nonwoven fabrics annealed at the temperature range of

130e190 �C, with annealing time.
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as the annealing temperature increased, and that at each an-
nealing temperature increased with annealing time. The non-
woven fabrics annealed at 190 �C for 20 min had the highest
Xc value of 48%.

4. Conclusions

The CO2 laser-thinning method was applied to the PET fi-
ber to prepare the PET nonwoven fabric without using the sol-
vent. The nonwoven fabric obtained was made of the endless
microfibers with a uniform diameter without droplet.

The laser-thinning method was found to be effective in pro-
ducing other nonwoven fabrics such as poly(L-lactic acid)
(PLLA) and poly(glycolic acid) (PGA). The PLLA and PGA
nonwoven fabrics prepared by using the laser-thinning method
will be reported at a later date.
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