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ABSTRACT: An isotactic polypropylene hollow micro-
fiber was continuously produced by using a carbon diox-
ide (CO2) laser-thinning method. To prepare the hollow
microfiber continuously, the apparatus used for the thin-
ning of the solid fiber was improved so that the laser can
circularly irradiate to the hollow fiber. Original hollow
fiber with an outside diameter (OD) of 450 mm and an in-
ternal diameter (ID) of 250 mm was spun by using a melt
spinning machine with a specially designed spinneret to
produce the hollow fiber. An as-spun hollow fiber was
laser-heated under various conditions, and the OD and
the ID decreased with increasing the winding speed. For
example, when the hollow microfiber obtained by irradiat-
ing the CO2 laser to the original hollow fiber supplied at

0.30 m min�1 was wound up at 800 m min�1, the obtained
hollow microfiber had an OD of 6.3 mm and an ID of 2.2 mm.
The draw ratio calculated from the supplying and the
winding speeds was 2667-fold. The hollow microfibers ob-
tained under various conditions had the hollowness in the
range of 20–30%. The wide-angle X-ray diffraction patterns
of the hollow microfibers showed the existence of the
highly oriented crystallites. Further, the OD and ID de-
creased, and the hollowness increased by drawing hollow
microfiber obtained with the laser-thinning. � 2006 Wiley
Periodicals, Inc. J Appl Polym Sci 102: 2600–2607, 2006
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INTRODUCTION

Hollow fibers have been produced by various poly-
mers, such as an isotactic polypropylene (i-PP),1 poly
(ethylene terephthalate) (PET),2 poly(ether ether ke-
tone),3 and polysulfone,4 and their properties have
been studied by a large number of researchers. The
i-PP hollow fiber is particularly studied from various
viewpoints such as melt spinning, drawing, filtration
properties, etc.5,6 The i-PP hollow fiber can be used
for special end uses such as membranes and artificial
kidneys because a microporous structure is induced
by annealing and drawing the i-PP hollow fiber.7

The hollow fibers, usually used, have their diame-
ters ranging from 200 to 300 mm, and its diameter is
ten times larger than that of solid fibers. It is difficult
to make the hollow microfiber from technical point of
view because the spinning techniques,8–11 such as a
conjugate spinning and an islands-in-a-sea type fiber
spinning, to produce the solid microfibers cannot
make the microfiber with hollow structure.

It was found that microfibers were prepared by irra-
diating a carbon dioxide (CO2) laser to solid fibers.
The apparatus developed in our laboratory to contin-

uously prepare the microfibers can wind up the
microfiber as a monofilament in the winding speed
range of 100–2500 mmin�1. The laser-thinning method
was already applied to the PET,12 nylon 613 and the
i-PP fibers,14 poly(L-lactic acid),15 and poly(glycolic
acid) fibers to make their microfibers. The obtained
microfiber had a diameter of 1–5 mm.

The CO2 laser-thinning method gives easily the
microfibers of various polymers without especially
highly skilled techniques when compared with the
especially highly skilled techniques such as a conju-
gate spinning, an islands-in-a-sea type fiber spinning,
a melt blowing, and a flash spinning. In the laser thin-
ning, the temperature of the fiber irradiating the CO2

laser beam instantly reaches near its melting tempera-
ture (Tm), and the melt viscosity in the part of the fiber
heated becomes sufficiently low without elongation or
cutting, and the heated part enters nearly a molten
state. The fiber is continuously thinned by the plastic
flow occurring from the nearly molten state, and then
the microfiber, having fallen down because of its own
weight, is wound on the winding spool. The instanta-
neous plastic flow at a high strain rate induces the
molecular orientation and crystallization despite a
large deformation, just like in flow drawing, and gives
an oriented microfiber. The laser-thinning occurred an
instantaneous large deformation differs largely from
conventional drawings and melt spinnings in defor-
mation process.
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In this study, the i-PP hollow microfibers were pro-
duced by laser-thinning carried out under various
conditions. We present here the results pertaining to
the properties of the i-PP hollow microfiber obtained
by using the improved apparatus.

EXPERIMENTAL

Material

The hollow fibers were produced from commercial
grade i-PP pellets by using a laboratory-scale melt ex-
truder with a tube-in-orifice spinneret. Nitrogen gas
was injected in the center of the molten filament to pro-
duce the hollow structure. Its tacticity was highly iso-
tactic, � 96%, which was determined by using nuclear
magnetic resonance techniques. The original hollow
fiber having an outside diameter (OD) of 450 mm and
an internal diameter (ID) of 250 mmwas spun at a spin-
ning temperature of 2308C, and had a degree of crystal-
linity of 45.9% estimated from heat of fusion. The origi-
nal hollow fiber had a hollowness (h) of 32% and a tube
wall with a uniform thickness as shown in Figure 1.
The h value is the percentage void in the cross section
and is defined as h (%)¼ (ID/OD)2� 100.

As-spun hollow fibers were found to be slightly ori-
ented from wide-angle X-ray diffraction images as
shown in Figure 2.

Measurements

The OD and ID of hollow microfiber were measured
by a scanning electron micrograph (SEM). SEM was
observed on a JSM6060LV (JEOL, Japan) with an
acceleration voltage of 19 kV.

Wide-angle X-ray diffraction (WAXD) images were
taken using an imaging-plat reader (Rigaku, Japan).

The imaging-plate was attached to a Rigaku X-ray
generator (Rigaku, Japan) that was operated at 36 kV
and 18 mA. The radiation used was Ni-filtered Cu Ka.
The sample to imaging-plat distance was 40 mm. The
hollow microfiber was exposed for 20 min to the
X-ray beam from a pinhole collimator with a diameter
of 0.4 mm.

The degree of crystal orientation (p) was estimated
from the half-width (H) of the meridian reflection
peak. The H value was estimated from WAXD pattern
measured by the imaging-plate through the software
for analyzing data.

The p value is given by the equation:

pð%Þ ¼ ½ð180�HÞ=180� � 100

Differential scanning calorimetry (DSC) measure-
ments were carried out using a Rigaku THERM PLUS
2 DSC 8230C calorimeter. The DSC scans were per-
formed within the temperature range of 25–1808C,
using a heating rate of 108C min�1. All DSC experi-
ments 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) as follows:

Xcð%Þ ¼ ½DHm=DH0
m� � 100

where the heat of fusion of the crystalline phase
(DH0

m) is 146.5 J g�1.16

A thermal mechanical analysis (TMA) was carried
out with a THERM PLUS TMA8310 (Rigaku, Akish-
ima, Japan) at a heating rate of 58C min�1. The mea-
surements were performed over the temperature
range from 25 to 1758C. The specimens (15 mm long)
were given a very small tension (5 mN) to stretch the
specimen tightly.

Figure 1 SEM photograph of original i-PP hollow fiber.

Figure 2 Wide-angle X-ray diffraction pattern of original
i-PP hollow fiber.
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CO2 laser-thinning apparatus

The CO2 laser-thinning apparatus to stably and con-
tinuously produce the hollow microfiber consists of
supplying and winding motors with spools, a contin-
uous wave CO2 laser emitter, supplying system com-
posed of a fiber guide and nipping rolls, a optical sys-
tem, and a traverse as shown in Figure 3. The optical
system to circularly irradiate the laser to the original
hollow fiber was composed of four mirrors as shown
in Figure 3. The continuous wave CO2 laser emitted
light at 10.6 mm, and the laser beam was a 4.0 mm
diameter spot. A laser power was measured by the
power meter during the laser-irradiating. The laser
power density (PD) 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. The laser with the PD range of
6–9 W cm�2 was irradiated to the hollow fiber. It is
necessary to supply the original hollow fiber to a laser
irradiating point at a constant speed and to circularly
irradiate the CO2 laser to stably prepare the hollow
microfiber. The supplying system pulls out the origi-
nal hollow fiber of the supplying spool and supplies it
to the laser irradiating point at a constant speed. The
supplying system and the optical system play an im-
portant role in the CO2 laser-thinning apparatus. The
hollow microfiber thinned at the laser irradiating
point is wound up on the spool in the winding speed
range of 100–2500 m min�1. Draw ratio can be calcu-
lated easily using the following equation:

Draw ratio ¼ ðwinding speed=supplying speedÞ:

Drawing of hollow microfiber

The bundle hollow microfibers obtained by the laser-
thinningwere drawn at 238C and a relative humidity of
50%with EZGraph (Shimadzu, Kyoto, Japan). A gauge
length of 30 mm and elongation rate of 10 mm min�1

were used.

RESULTS AND DISCUSSION

CO2 laser-thinning of hollow fiber

Figure 4 shows the winding speed (Sw) dependence of
the OD and ID for the hollow microfibers obtained at
two different supplying speeds (Ss). The OD and ID of
the microfiber obtained at each Ss decrease with
increasing Sw. The obtained hollow microfibers when
the microfiber prepared by irradiating the laser to the
original fiber supplied at Ss ¼ 0.30 m min�1 was
wound up at Sw ¼ 800 m min�1, and the thinnest hol-
low microfiber with ID ¼ 2.2 and OD ¼ 6.3 mm was
obtained, and its draw ratio reaches 2667-fold.

Figure 5 shows the SEM photographs for the hollow
microfibers wound up at various Sws when the origi-
nal hollow fiber was supplied at 0.3 and 0.6 m min�1.
The cross section of the hollow microfiber was de-
formed by the cutting of the hollow microfiber. The
degree of deformation in the cross section increased
with decreasing the hollow fiber’s diameter, because
its strength decreased as fiber’s diameter decreased.
However, the observation by the SEM photographs
shows that the hollow microfibers have the tube wall
with a uniform thickness.

Figure 6 shows the SEM photographs of the necks
of hollow fibers obtained at four different Sws. The
spindle-shaped neck formed at the laser-irradiating

Figure 3 Schematic diagram of apparatus used for laser-
thinning of hollow fiber.

Figure 4 Winding speed dependence of an outside diameter
(OD) and an internal diameter (ID) for hollow fibers obtained
at two different supplying speeds (Ss): *, OD (Ss ¼ 0.3 m
min�1); l, ID (Ss ¼ 0.3 m min�1); &, OD (Ss ¼ 0.6 m min�1);
n, ID (Ss¼ 0.6mmin�1).
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point suggested that the laser-thinning was instantly
induced by the plastic flow from the nearly molten
state. The hollow microfiber was not occluded by the
melting induced by the laser-irradiation, and the hol-
low structure was maintained.

Figure 7 shows the Sw dependence of the h for hol-
low microfibers obtained at two different Sss. The h
value at each Ss decreased with increasing the Sw after
the h value passed through maximum value. How-
ever, the hollow structure with uniform wall thickness
was maintained, although the h value decreased by
the laser-thinning. The decrease of the h value sug-
gests that thinning of the hollow microfiber at the

higher Sw was induced not only by the plastic flow
but also by the thermal shrinkage in cross section.

Figure 8 shows equatorial wide-angle X-ray diffrac-
tion (WAXD) in intensity and the WAXD patterns of
the hollow microfibers wound up at four different
winding speeds. The hollow microfibers obtained have
three strong equatorial reflections [(110), (040), and
(130)], and two reflections [(041) and (131)]. The sharp-
ening of the diffraction spot indicates an improvement
in crystal perfection and an increase in the degree of
crystal orientation and the crystal size. This fact indi-
cates that not only the molecular flow but also the
molecular orientation and crystallization are induced
by the higher strain rate during the thinning process.

The i-PP crystallizes in three polymorphic forms: a-
monoclinic, b-hexagonal,17–19 and g-orthorhombic crys-
tal forms.20,21 The a form is the most stable crystalline
phase and can be easily obtained by crystallization
from the melt or from solution.22 The a form is further
classified in two limiting modifications, that is, a1 and

Figure 5 SEM photograph of i-PP hollow microfibers obtained at various winding speeds (Sw) at supplying speeds (Ss) of
0.3 and 0.6 m min�1.

Figure 6 SEM photographs of the necks of hollow fibers
obtained at four different winding speeds (Sw): (a) Sw
¼ 1200 m min�1, (b) Sw ¼ 800 m min�1, (c) Sw ¼ 400 m
min�1, (d) Sw ¼ 200 m min�1 (at a supplying speed of
0.6 m min�1).

Figure 7 Winding speed dependence of the hollowness
for hollow microfibers obtained at two different supplying
speeds (Ss): *, Ss ¼ 0.3 m min�1; l, Ss ¼ 0.6 m min�1.
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a2.
23,24 The a1 form is characterized by a statistical

disorder like that described for the space group C2/c.
The a2 form is characterized by regularity of up and
down positioning of the chains, as in the space group
P21/c.

Both the a1 and a2 forms have substantially identi-
cal X-ray spectra. However, while only reflections
with (h þ k) even are allowed in the a1 form, reflec-
tions with (h þ k) odd may be present in the a2 form.25

All reflections observed are reflections with (h þ k)
even. It is known that the b form exhibits a strong
equatorial reflection (300) at 2y ¼ 16.108, and that g
form26 is observed (113) at 2y ¼ 14.988 and (117) at

20.068. However, no reflections due to the b and g
form are observed in Figure 8. Therefore, these wide-
angle X-ray diffraction photographs show that only a1
form exists in the microfibers. The results obtained are
very much in agreement with the results of the DSC
measurements that will be described below.

Table I lists the degree of crystal orientation (p) for
the original hollow fiber and the hollow microfibers
obtained by the laser-thinning at various winding
speeds. The p value reached about 90%, although the
laser-thinned fiber was obtained by an instantaneous
plastic flow from the nearly molten state. The exis-
tence of the highly-oriented crystallites suggested that
the large deformation occurring after the laser heating
induces the molecular orientation and the strain-
induced crystallization.

Figure 9 shows DSC curves for the original hollow
fiber and the hollow microfibers wound up at four dif-
ferent winding speeds, and Table II lists the melting
temperature (Tm), heat of fusion (DHm), and degree of

Figure 8 Equatorial wide-angle X-ray diffraction (WAXD)
in intensity and the WAXD patterns of the hollow micro-
fibers wound up at four different winding speeds (at a
supplying speed of 0.6 m min�1).

Figure 9 DSC curves for the original hollow fiber and the
hollow microfibers wound up at four different winding
speeds (at a supplying speed of 0.6 m min�1).

TABLE I
Degree of Orientation of Crystallites for the Original
Hollow Fiber and the Hollow Fibers Obtained by the

Laser-Thinning At Various Winding Speeds (Sw)

Fiber p (%)

Original hollow fiber 67

Sw
200 m min�1 91
400 m min�1 88
800 m min�1 89
1200 m min�1 93

TABLE II
Melting Temperature (Tm), Heat of Fusion (DHm), and
Degree of Crystallinity (Xc) for the Original Hollow
Fiber and the Hollow Fibers Obtained by the Laser-

Thinning at Various Winding Speeds (Sw)

Fiber Tm (8C) DHm (J g�1) Xc (%)

Original hollow fiber 160.1 67.27 45.9
Sw

200 m min�1 162.4 71.33 48.7
400 m min�1 162.5 73.00 49.8
800 m min�1 162.6 75.91 54.8
1200 m min�1 163.6 66.83 45.6
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crystallinity (Xc) estimated from the DHm. The original
hollow fiber has the single melting endotherm peak
at 160.18C. The Tm increased slightly as the Sw in-
creased, and that of the hollow microfiber wound up
at 1200 m min�1 has the single melting endotherm
peak at 163.68C. The higher the Sw, the higher is the
Tm. The melting peak becomes sharp with increasing
the Tm. Its sharpening is caused by an increase in the
degree of perfection of the crystallites.27,28

The melting behavior of i-PP crystallized in differ-
ent ways has been studied by several workers.29–35 An
endotherm peaking at 1618C is due to the melting of
the a1 form, and the high endotherm peaking above
1708C is due to the melting of a2 form.32 Jacoby et al.24

reported that the melting endotherm due to the melt-
ing of b form was observed at about 1508C.

These DSC curves obtained have only the single
melting endotherm peak around 1608C, but no melt-
ing endotherm peaks at 150 and 1708C are observed.
It means, therefore, that all melting peaks are due to
the melting of the a1 form, and that no melting endo-
therm peaks due to the b and a2 forms are observed.
The results obtained agree well with the results of the
wide-angle X-ray diffraction as mentioned above.

The Xc value increased as the Sw increased up to
Sw ¼ 800 m min�1, but slightly decreased at Sw
¼ 1200 m min�1. The Xc value of the hollow micro-
fiber obtained by the laser-thinning were lower than
that (Xc ¼ about 70%) of the zone-drawn i-PP fiber
reported previously. The high winding speeds inhib-
ited the crystallization because of a very short heating
time and rapid cooling at the laser-irradiating point.

Figure 10 shows the TMA curves of the original hol-
low fiber and the hollow microfibers wound up at var-
ious winding speeds. The TMA behavior during heat-
ing is associated with the chain coiling in the oriented
amorphous regions and is dependent on degree of
amorphous orientation and the degree of crystallinity.
The original hollow fiber stretched as the temperature
increased. The rapid stretch with the temperature
shows that no physical network, which was built up
by the crystallites, preventing the fluid-like deforma-
tion exists. The hollow microfiber wound up at Sw
¼ 200 m min�1 stretched gradually in the temperature
range of 25–1508C, shrank rapidly, and then drasti-
cally stretched near the Tm. The peak near the Tm sug-
gested that the physical network was broken by the
melting of crystallites, and that the fluid-like deforma-
tion occurred. The hollow microfibers at Sw ¼ 400,
800, and 1200 m min�1 stretch with increasing temper-
ature and have the sharp peaks near the Tm due to the
breakdown of the physical network. The thermal
shrinkage in the temperature range of 25–1508C
depended on the Sw, the higher Sw, the larger is the
thermal shrinkage. The hollow microfiber wound at
the Sw ¼ 1200 m min�1 exhibited the largest thermal
shrinkage due to not only highly oriented amorphous
chains but also the lower degree of crystallinity com-
pared with the hollow microfibers obtained at the
other Sws. This TMA behavior shows that the degree
of amorphous orientation increased as the Sw in-
creased, but that the crosslink density of the physical
network due to the crystallites did not increased.

Figure 11 shows the temperature dependence of the
DSC and the TMA curves for the hollow microfiber
wound at 800 m min�1. The melting peak agrees well
with the TMA peak, which shows the breakdown of
the physical network due to melting of the crystallites.
The fact suggests that the physical network constructed

Figure 10 TMA curves of the original hollow fiber and
the hollow microfibers wound up at various winding
speeds.

Figure 11 Temperature dependence of the DSC and the
TMA curves for the hollowmicrofiber wound at 800 mmin�1

(at a supplying speed of 0.6 mmin�1).
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in the hollow microfiber supports the applied stress
until immediately before when the physical network
was broken by the melting of crystallites. It is well
known that the mechanical properties are supported
by the physical network built up the crystallites.

Drawn hollow microfiber

Figure 12 shows draw ratio dependence of the OD,
ID, and hollowness for hollow microfibers drawn at
various draw ratio. The hollow fiber used in the draw-
ing had OD ¼ 20.1, ID ¼ 8.9 mm, and a hollowness of
20%. The OD and ID decreased, and the hollowness
increased as the draw ratio increased. The wall thick-
ness decreased with increasing draw ratio. The hollow
microfiber drawn at five times had OD ¼ 10.7, ID
¼ 6.6 mm, and a hollowness of 34%.

Figure 13 shows the WAXD patterns of the hollow
microfibers drawn at a draw ratio of five times. Three
strong equatorial reflections [(110), (040), and (130)],
and two reflections [(041) and (131) become sharper
than those of the laser-thinned hollow microfibers as
shown in Figure 8. The sharpening of the diffraction
spot indicates an improvement in crystal perfection
and an increase in the degree of crystal orientation
and the crystal size.

CONCLUSIONS

The CO2 laser-thinning method was applied to the
i-PP hollow fiber to obtain the hollow microfiber. The

ID and OD decreased with increasing winding speed,
and its hollowness decreased slightly when compar-
ing with the original one. In spite of the laser-thinning
due to the partial melting induced by the laser-irradia-
tion, the hollowness was hold, and such hollow struc-
ture will not be able to be made by any conventional
spinning. As the microfibers are fit for various pur-
poses, many applications of the hollow microfiber will
be found in medical and industrial fields.
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