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ABSTRACT: A zone-drawing and zone-annealing method
was applied to the poly(r-lactic acid) (PLLA) microfiber
obtained by using a carbon dioxide (CO,) laser-thinning to
develop its mechanical properties. The microfiber used for
the zone-drawing and zone-annealing was prepared by
winding at 800 m min ' the microfiber that was obtained by
irradiating the laser at 8.0 W cm™? to an as-spun fiber
supplied at a speed of 0.5 m min~ " and had a diameter of 1.5
pm and a birefringence of 20.3 X 10 °. The zone-drawing
was carried out at a drawing temperature of 85°C under an
applied tension of 150 MPa, and the zone-annealing at an
annealing temperature of 110°C under 181 MPa. The zone-
drawing and the zone-annealing were carried out at a treat-

ing speed of 0.1 m min~'. The diameter of microfiber de-
creased, and its birefringence increased stepwise with pro-
cessing. The zone-annealed microfiber finally obtained had a
diameter of 1.2 um, a birefringence of 43.3 X 1073, a tensile
modulus of 14.0 GPa, and a tensile strength of 1.5 GPa. The
wide-angle X-ray diffraction pattern of the zone-annealed
microfiber showed the existence of the highly oriented crys-
tallites. © 2006 Wiley Periodicals, Inc. J Appl Polym Sci 102:
472-478, 2006
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INTRODUCTION

The microfibers are very valuable from the viewpoint
of industrial and medical materials, and are now man-
ufactured by highly skilled techniques such as a con-
jugate spinning, an islands-in-a-sea-type fiber spin-
ning, a melt blowing, and a flash spinning.l_4

The new preparation method of microfiber based on
an entirely different conception from the conventional
methods was developed by us. The developed method
was carried out by irradiating a continuous-wave car-
bon dioxide (CO,) laser to fibers. The fiber is locally
melted by the irradiation of the high output power
laser, and that the instantaneous plastic flow occurs
after the melt viscosity becomes low sufficiently. The
cold drawing occurring after the instantaneous plastic
flow induces the molecular orientation and crystalli-
zation in spite of a large deformation just like in the
flow drawing and then gives the oriented microfiber.
The thinning by the laser-heating can be considered as
a die-less spinning.

The CO, laser-thinning method easily yields micro-
fibers without using highly skilled techniques, and it
is suitable for producing microfibers of various poly-
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mers at a small scale. The CO, laser-thinning method
was previously applied to poly(ethylene terephtha-
late) (PET),>® nylon 6,” nylon 66,® isotactic polypro-
pylene,’ and poly(r-lactic acid) (PLLA),'® and then
their microfibers with a diameter of about 2 um were
obtained. SEM showed that the laser-thinned (LT) mi-
crofibers had smooth surfaces not roughened by laser
ablation, which were uniform in diameter. The change
in the molecular weight during the CO, laser-thinning
hardly occurred as compared with its melt spinning.'*

Although the CO, laser-thinning was characterized
by the plastic flow accompanied by a molecular ori-
entation and a strain-induced crystallization, the me-
chanical properties of the obtained microfiber were
insufficient because of the lack of the highly oriented
amorphous chains and crystallites.”'® Therefore, it
was necessary to draw and anneal the microfiber ob-
tained to improve its mechanical properties.

To improve the mechanical properties of fibers and
films, a zone-drawing and zone-annealing method
was developed in our laboratory. In this method, the
drawing and annealing were carried out by moving
the thin zone-heater of about 3 mm thickness at con-
stant speed along the fiber applied a weight. This
method was previously applied to various polymers,
such as PET and nylon 6 etc, to develop their mechan-
ical properties'>™'® and was suitable for improving the
mechanical properties of fibers and films. The zone-
drawing and zone-annealing method was also applied
to the PET" and nylon 66'" microfibers obtained by
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Original fiber

Figure 1 WAXD pattern of original PLLA fiber.

CO, laser-thinning to develop their mechanical prop-
erties, and then high-modulus and high-strength mi-
crofibers were obtained.

In this study, the zone-drawing and zone-annealing
method was applied to the PLLA microfiber prepared
by the CO, laser-thinning to prepare high-modulus
and high-strength microfiber. We present here the
results pertaining to the zone-drawn (ZD) and zone-
annealed (ZA) PLLA microfibers.

EXPERIMENTAL
Material

The original fiber used in this study was an as-spun
PLLA fiber with M, = 80,000 and M, = 140,000,
supplied by Unitika (Osaka, Japan). The original fiber
had a diameter of 75 uwm and birefringence of 6.3
X 107°. The glass transition temperature (T,) and
melting point (T,,) of the as-received fiber, as mea-
sured by a differential scanning calorimetry (DSC),
were 57 and 178°C, respectively. The original fiber was
amorphous and isotropic from a wide-angle X-ray
diffraction (WAXD) pattern as shown in Figure 1.

Measurements

The diameter of microfiber was measured with a scan-
ning electron microscopy (SEM). SEM micrographs of
the mircrofibers were taken with a JSM6060LV (Jeol

Tokyo, Japan), with an acceleration voltage of 3 or 4
kV.

Birefringence was measured with a polarizing mi-
croscope equipped with a Berek compensator (Olym-
pus Optical Co., Japan).

WAXD images of the microfibers were taken with
an imaging-plate (IP) film and an IP detector R-AXIS
DS3C (Rigaku Co., Akishima Japan). The IP film was
attached to a X-ray generator (Rigaku Co.) operated at
40 kV and 35 mA. The radiation was Ni-filtered Cu
Ka. The sample-to-IP film distance was 65 mm. The
bundle was exposed for 30 min to the X-ray beam
from a pinhole collimator with a diameter of 1.0 mm.

The degree of crystal orientation () 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  value is given by the following equation:

7 (%) = [(180 — H)/180] X 100

The DSC measurements were carried out using a
Therm Plus 2 DSC 8230C calorimeter (Rigaku Co.,
Akishima, Japan). The DSC scans were performed
within the temperature range of 25-200°C at a heating
rate of 10°C min~". All DSC experiments were carried
out under a nitrogen purge. The DSC instrument was
calibrated with indium.

The degree of crystallinity (X.) was determined
from heat of fusion (AH,,) and an enthalpy of cold
crystallization (AH,) as follow:

X. (%) = [(AH,, + AH.)/93.0] X 100

where 93.0 ] g ™' is used as the heat of fusion of the
crystalline phase of PLLA.'®

A thermal shrinkage was measured with a Therm
Plus TMAS8310 (Rigaku Co.) at a heating rate of 5°C
min~'. The measurements were performed over the
temperature range from 25 to 175°C. The specimens
(15 mm long) were given a very small tension (5 mN)
to stretch the specimen tightly.

Tensile properties were measured at 23°C and a
relative humidity of 50% with EZ Graph (Shimadzu
Co., Kyoto Japan). A gauge length of 20 mm and
elongation rate of 10 mm min~" were used. The ex-
perimental results are the average of 10 measure-
ments.

Zone-drawing and zone-annealing of the
microfiber bundle

It is difficult to draw and anneal only a microfiber
obtained, since its diameter and its tensile strength are
too small, but the microfibers in a bundle could be
drawn and annealed by a zone-heating. The microfi-
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Figure 2 Schematic diagram of apparatus used for zone-
drawing and zone-annealing of microfiber bundle.

ber bundle was made by winding on a spool without
a traverse in the CO, laser-thinning apparatus de-
scribed previously.'® To zone-draw and zone-anneal
the microfiber bundle, an apparatus was specially con-
structed as shown in Figure 2. This apparatus consists
of a temperature-controlled zone-heater and a Linead
motor (Oriental Motor Co. Ltd.) capable of moving the
zone heater at an arbitrary speed. One end of the
microfiber bundle was connected to a fixed support
while the other was connected to a weight after pass-
ing through a pulley. The drawing and annealing
treatments were carried out by moving the zone-
heater along the fiber direction under an optimum
tension.

RESULTS AND DISCUSSION

To improve the mechanical properties of the PLLA
microfiber obtained by the laser-thinning, the zone-
drawing and the zone-annealing method was applied
to the microfiber with a diameter of 1.5 um and a
birefringence of 20.3 X 10~°. The microfiber used in
this study was prepared by winding at 800 m min !
the microfiber that was obtained by irradiating the
laser at 8.0 W cm ™2 to the original fiber supplied at a
speed of 0.5 m min~'. The microfiber obtained by the
laser-thinning is designated as a LT microfiber. Pre-
liminary experiments were carried out to decide opti-
mum zone-drawing and zone-annealing conditions
for the LT microfiber.

The purpose of the zone-drawing is to fully orient
amorphous chains in the drawing direction without a
thermal crystallization and to further thin the LT mi-
crofiber. The zone-drawing was carried out around
the T, to avoid any thermal crystallization because the
crystallites inhibit the molecular chains from highly
orienting along a drawing direction. To uniformly
zone-draw the LT microfiber around T,, the zone-
drawing carried out at a treating speed of 0 1 m min~!
was found to be optimum. This treating speed was
used throughout the zone-drawing and the zone-an-
nealing. The optimum condition for the zone-drawing
was determined by measuring the diameter and the
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Figure 3 Applied tension dependence of the diameters of
microfibers drawn at various drawing temperatures (T): [,
65°C; W, 75°C; O, 85°C; and @, 95°C.

birefringence of the microfibers drawn under various
conditions.

Figure 3 shows the applied tension dependence of
the diameters of microfibers drawn at various draw-
ing temperatures (T;) above the T, (=57°C). The di-
ameter decreased as the applied tension increased at
each T, and the thinner microfiber was obtained by
drawing the LT microfiber at 85 and 95°C.

Figure 4 shows the applied tension dependence of

40

35

(\%] (&%)
n ()
1
A
|
o
% (9
A\

[)e]
o
T

Birefringence x 10°
[
\

i
(%)}
1

10

0 50 100 150 200 250 300
Applied tension / MPa

Figure 4 Applied tension dependence of the birefringence
(An) of microfibers drawn at various drawing temperatures
(T,): O, 65°C; W, 75°C; O, 85°C; and @, 95°C.
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Figure 5 Applied tension dependence of the diameter for
the microfibers zone-annealed at three different annealing
temperatures (T,,): ®, 90°C; O, 100°C; and M, 110°C.

the birefringence (An) of microfibers drawn at various
T,'s. The An value increased with increase in the ap-
plied tension. The highest An value was 32.8 X 10”2 in
the microfiber drawn at 85°C under 150 MPa and is
equal to the intrinsic crystallite birefringence (A,
=30 X 107?) of the PLLA." Consequently, the con-
dition giving the highest An value was chosen as the
optimum condition for the zone-drawing. The micro-
fiber obtained under the optimum zone-drawing con-
dition is designated as a ZD microfiber.

The purpose of the zone-annealing is to crystallize
the ZD microfiber drawn at 85°C under 150 MPa.
Figures 5 and 6 show the applied tension dependence
of the diameter and An for the microfibers zone-an-
nealed at 90, 100, and 110°C. The diameter decreased
with increase in the applied tension at each annealing
temperature (T,,), and the An value increased as the
applied tension increased. The microfiber annealed at
110°C under 181 MPa had the thinnest diameter of 1.2
um and the maximum A#n value of 43.3 X 1072, and
then this condition was found to be optimum to pro-
duce the thinnest microfiber. The microfiber zone-
annealed under the optimum condition is designated
as a ZA microfiber.

The optimum conditions for the zone-drawing and
the zone-annealing are summarized in Table I. The
microstructure and mechanical properties of the PLLA
microfiber obtained under each optimum condition
will be discussed later.

Figure 7 shows SEM photographs of the LT, ZD,
and ZA microfibers. The SEM photographs at 10,000X
showed that these microfibers had smooth surfaces
not roughened by laser ablation and that were uni-
form in diameter.
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Figure 6 Applied tension dependence of the birefringence
for the microfibers zone-annealed at three different anneal-
ing temperatures (T,,): ®, 90°C; O, 100°C; and M, 110°C.

The PLLA crystallizes in two polymorphic forms: a
form (orthorhombic) and B form (trigonal).zo*22 The «
form has 10/7 helix and can be obtained by crystalli-
zation from the melt or from the solution. The a—f
crystal transition took place by hot drawing and solid-
state extrusion.”>

Figure 8 shows the WAXD patterns of the LT, ZD,
and ZA microfibers. The equatorial reflection due to
oriented crystallites is observed in the WAXD pat-
terns. The WAXD patterns of the ZD and ZA micro-
fibers show strong equatorial reflections due to the
highly oriented crystallites, and the strong equatorial
reflections is attributable to the (0010)« reflection of «
form crystal. The WAXD pattern of the ZA microfiber
shows the {(0010)a + (023)B} doublet and the (003)3
slight reflection of 8 form crystal on the lower 26 side
of the doublet reflection. The sharpening of the dif-
fraction spots indicates improvements in crystalline
orientation and crystal perfection. The WAXD photo-
graph of the ZA microfiber shows that the zone-draw-
ing and zone-annealing achieved the high levels of
crystallinity and crystalline orientation, as shown
later.

TABLE I
Optimum Conditions for the Zone-Drawing
and Zone-Annealing

Treating temperature Applied tension

Treatment (°C) (MPa)
Zone-drawing 85 150
Zone-annealing 110 181
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LT microfiber

ZD microfiber

ZA microfiber

Figure 7 SEM photographs of the LT, ZD, and ZA microfibers.

Figure 9 shows DSC curves for the original fiber, LT,
ZD, and ZA microfibers. The original fiber shows a
change in slope in the specific heat at 62°C, which
corresponds to the Tg,' an exothermic transition at 90°C
caused by a cold crystallization; and a broad melting
endotherm peaking at 166°C. Its melting peak can be
ascribed to the lamellar crystals of a form, which
crystallized during the DSC scanning®**® because the
a form was obtained by crystallization from the melt.
No melting peak of the 8 form, which is about 10°C
lower than that of the a crystal,® is observed in the
DSC curve of the original fiber.

The LT microfiber has a cold crystallization temper-
ature (T..) of 72°C, a melting endotherm peaking at
169°C, and the trace of shoulder on the lower temper-
ature side of their peaks, but the melting peak due to
the B form was not observed in the DSC curves of the
LT microfiber. The T_. of the LT microfiber is 19°C
lower than that of the original fiber. The decrease in
the T.. was caused by the increase in the degree of
orientation of amorphous chains. The T,, of the LT
microfiber is 3°C higher than that of the original fiber.
The appearance of the shoulder on the lower temper-
ature side of the melting peak is based on the fringed-
micelle « crystals formed by the flow-induced crystal-
lization. Elenga et al.*® 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 corre-
sponds to the untransformed fraction of the lamellar

crystals that undergo reorganization during the heat-
ing scan.

The T,, of ZD microfiber is 165 and 4°C lower than
that of the LT microfiber. The drop of T,, was attrib-
utable to imperfect fringed-micelle crystals formed by
unfolding the lamellar crystals during the zone-draw-
ing process. The ZA microfiber had the higher T,,
(=168°C), and the increase in the T,, was caused by the
increase in the degree of crystallinity and crystallized
crystals with higher perfection.

Table Il lists the diameter, birefringence (An), degree
of crystallinity (X.), and degree of crystal orientation
() for the LT, ZD, and ZA microfibers. The 7 value
estimated from the half-width (H) of the meridian
(0010)cx reflection peak.

The diameter decreases and the An value increases
stepwise with the processing, and then the ZA micro-
fiber obtained finally has a diameter of 1.2 wum and An
= 43.3 X 107°. The observed An value exceeds the
Any,, value of PLLA reported previously, and this was
often found in other polymers such as PET.'® It will be
necessary to reexamine the An;,, value of PLLA.

The X. value increases stepwise with processing,
but the 7 value was high even at the LT microfiber.
The X, value of the LT microfiber was 42% and its o
value was 93%, although the LT fiber was obtained by
an instantaneous plastic flow from the nearly molten
state. The existence of the highly oriented crystallites
in the LT microfiber suggested that the cold drawing

LT microfiber

ZD microfiber

ZA microfiber

Figure 8 WAXD patterns of the LT, ZD, and ZA microfibers.
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Figure 9 DSC curves for the original fiber, LT, ZD, and ZA
microfibers.

occurring after the laser heating induces the molecular
orientation and the strain-induced crystallization.

The increase of X, by the zone-drawing was mainly
attributable to the strain-induced crystallization and
that by the zone-annealing to thermal crystallization.
The ZA microfiber finally obtained has X. = 58%. The
o value already reached a high value in the LT micro-
fiber and increased further by the zone-drawing and
zone-annealing.

Figure 10 shows the temperature dependence of the
thermal shrinkage for the original fiber, LT, ZD, and
ZA microfibers. The development of the thermal
shrinkage during heating is associated with the chain
coiling in the oriented amorphous regions and is de-
pendent on draw ratio and the degree of crystallinity.
The original fiber stretches rapidly above 67°C, and
the stretch exceeds the instrumental limitation after a

TABLE 1I
Diameter, Birefringence (An), Degree of Crystallinity
(X)), and Degree of Crystal Orientation () for the
Original Fiber, LT, ZD, and ZA Microfibers

Diameter An X X, T
Fiber (um) 1073 (%) (%)
Original fiber 75 6.3 15 -
LT microfiber 1.5 20.3 42 93
ZD microfiber 1.3 32.8 56 94
ZA microfiber 1.2 43.3 58 96

15
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Figure 10 Temperature dependence of the thermal shrink-
age for the original fiber, LT, ZD, and ZA microfibers.

slight thermal shrinkage occurred at 64°C. The rapid
stretch of the original fiber shows that no physical
network, which was built up by the crystallites pre-
venting the fluid-like deformation, exists, and that no
strain-induced crystallization occurs during the mea-
surement. The LT microfiber shrinks rapidly in the
temperature range of 50-70°C, stretches gradually in
the temperature range of 70-160°C, shrinks rapidly
near the T,, and then shrinks rapidly. The peak of
thermal shrinkage near the T,, shows that the physical
network was broken and that the fluid-like deforma-
tion occurred.

The ZD microfiber stretches gradually with increase
in temperature after the rapid shrinkage occurred in
the temperature range of 65-75°C, and then the rapid
shrinkage takes place near the T,,,.

The ZA microfiber shrinks gradually as the temper-
ature increased and shrinks rapidly within a narrow
range of temperature around the T,,. The difference in
the behavior of the shrinkage between ZD and ZA
microfibers mainly depends on the molecular mobility
of the amorphous regions. The crosslink density of the
physical network built up by the crystallites is influ-
encing the molecular mobility in the amorphous re-
gion.

Table III lists the mechanical properties of the LT,
ZD, and ZA microfibers. The tensile modulus and the
tensile strength increase stepwise with increase in pro-
cessing. The tensile modulus and the tensile strength
of the ZA microfiber are 14.0 and 1.5 GPa, respec-
tively.

There are many approaches to produce the PLLA
fibers with high modulus and high strength. The high-
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TABLE III
Mechanical Properties for the Original Fiber,
LT, ZD, and ZA Microfibers

Tensile Tensile Elongation
modulus strength at break
Fiber (GPa) (GPa) (%)
Original fiber 2.7 0.09 -
LT microfiber 5.2 0.66 39
ZD microfiber 134 0.93 21
ZA microfiber 14.0 1.50 14

strength PLLA fiber with a tensile modulus of 16 GPa
and tensile strength of 2.1 GPa was produced by dry
spinning of a PLLA solution and a hot-drawing.”” The
PLLA fiber, having a tensile modulus of 9 GPa and
tensile strength of 0.87 GPa, was prepared by the melt
spinning and drawing method.”® Melt spinning and
spin drawing method prepared the PLLA fiber having
a Young’s modulus of 6 GPa and tensile strength of
0.46 GPa.”

The LT PLLA microfiber could be drawn and an-
nealed by the zone-drawing and zone-annealing to
improve its mechanical properties. Its mechanical
properties are almost equivalent to those of the PLLA
fibers with high-modulus and high-strength.

The improvement of mechanical properties is
closely related to rigid amorphous regions restricted
strongly by the physical network built up by the crys-
tallites. The existence of the rigid amorphous regions
is clarified by the temperature dependence of the ther-
mal shrinkage as shown in Figure 10.

CONCLUSIONS

The PLLA microfiber obtained by the laser-thinning
was zone-drawn and zone-annealed to improve its
mechanical properties. The diameter of microfiber de-
creased and mechanical properties increased with the
zone-drawing and the zone-annealing. The ZA micro-
fiber finally obtained had a diameter of 1.2 um, a
birefringence of 43.3 X 107>, a tensile modulus of 14

SUZUKI AND MIZUOCHI

GPa, and a tensile strength of 1.5 GPa. The zone-
drawing and zone-annealing method was found to be
effective in producing the PLLA microfiber with high-
modulus and high-strength.
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