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ABSTRACT: Nlon 6 fibers were zone drawn and zone annealed by using a continuous

wave carbon dioxide laser to develop their mechanical properties. A laser-heating zone
drawing was carried out under a applied tension of 35.4 MPa at a power density of 9.65
W cm 2, and then the zone-drawn fiber was annealed. A laser-heating zone annealing
was carried out in two steps at a power density of 9.65 W - cm ™ 2; the first step was
carried out under 423 MPa and the second under 517 MPa. The treating temperature
of the fiber heated by the CO, laser was measured by using an infrared thermographic
camera equipped with a magnifying lens. The treating temperature at the zone drawing
is 138°C, and those at the first and the second zone annealing are 121 and 125°C,
respectively. The second laser-heated zone-annealed fiber has a birefringence of 65.2
X 1073, a degree of crystallinity of 54%, and a storage modulus of 21 GPa at 25°C.
Wide-angle X-ray diffraction patterns for the laser-heated zone-drawn and the zone-
annealed fibers show (200) reflection and (002/202) doublet due to only an « form on the
equator. The laser-heated zone-drawn fiber has a melting endotherm peaking at 216°C
and a trace of shoulder on the higher temperature side of its peak, and the laser-heated
zone-annealed fibers have a single melting endotherm peaking at 216°C. © 2002 John

Wiley & Sons, Inc. J Appl Polym Sci 83: 1711-1716, 2002
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INTRODUCTION

A carbon dioxide (CO,) laser has been used in a
laser cladding to improve surface wear and corro-
sion resistance properties of ceramic or metallic
matrix composites and in a laser cutting of me-
tallic coated sheet steels.'”® The CO, laser, how-
ever, was hardly applied to a drawing and anneal-
ing of polymers.”®

We have so far applied a CO, laser-heating
zone-drawing and zone-annealing method to poly-
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(ethylene terephthalate) (PET) fiber.? This method
was found to be improving the mechanical prop-
erties of the PET fiber. Unlike the laser cutting
and coating carried out at a high power, the CO,
laser used in the zone drawing and zone anneal-
ing was a continuous-wave carbon dioxide (CW
CO,) laser with a low laser power of about 1 W.

In this study, we present here the results per-
taining to the mechanical properties and micro-
structure of the nylon 6 fibers zone drawn and
zone annealed by the CW CO, laser.

EXPERIMENTAL

Material

The original material used in the present study
was as-spun nylon 6 fibers supplied by Toray Ltd
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and a commercial-grade fiber. The original fiber
had a diameter of about 0.262 mm, the degree of
crystallinity of 28%, and birefringence of 1.2
X 1073, The original fiber was found to be isotro-
pic from a wide-angle X-ray diffraction photo-
graph.

Apparatus for CW CO, Laser-Heating Method

A schematic diagram of the apparatus used for
the CO, laser-heating zone drawing and zone an-
nealing is given in Figure 1. The apparatus con-
sists of a CW CO, laser emitter (PIN10S, ON-
IZCA glass Ltd.), a power meter with a thermal
head, a tensile testing machine (Orientec Co.
Ltd.) to achieve a downward movement of the
fiber at 100 mm/min, an air cylinder used to raise
and lower the thermal head, an infrared thermo-
graphic camera (TH3101MR, NEC San-ei Instru-
ments, Ltd.) equipped with a magnifying lens,
and a computer used to visualize data from the
infrared thermographic camera. The CO, laser
emitted light at 10.6 um, and the laser beam was
a 4.3-mm diameter spot. A beam power was mea-
sured by the power meter before the laser heat-
ing.

One end of the as-spun fiber was connected to a
jaw equipped with crosshead of the tensile testing
machine, while the other is attached to an arbi-
trary weight after passing through the two fixed
pulleys. The laser beam was irradiated to the
fiber, and can be absorbed fully by the fiber. The
fiber was moved downward by moving the cross-
head at a speed of 100 mm/min and drawn or

100 mm/min

Computer

Crosshead

«— As-spun fiber
Shutter
Laser beam

Infrared
thermographic
camera

Magnifying lens

Pully

Weight  Air cylinder ‘
Power meter

Figure 1 Scheme of apparatus used for laser heating
zone drawing and laser heating zone annealing.

annealed by irradiating the CW CO,, laser rang-
ing in power from 0.5 to 0.9 W.

Measurement

The draw ratio was determined in the usual way,
by measuring the displacement of ink marks
placed 10 mm apart on the fiber before drawing.
Birefringence was measured with a polarizing mi-
croscope equipped with a Berek compensator.

Density (p) was measured at 23°C by a flotation
technique using a carbon tetrachloride and tolu-
ene mixture. The degree of crystallinity, ex-
pressed as a weight fraction (X,,), was obtained
using the relation:

X, ={pp — p)I{p(p. — pa)} X 100 (1)

where p, and p, are densities of crystalline and
amorphous phases, respectively. In this measure-
ment, a value of 1.230 g/cm® was assumed for p,,°
and a value of 1.084 g/cm?® was assumed for p,.!!
The density of amorphous polymer was assumed
to be constant, independent of treatments.

Equatorial wide-angle X-ray diffraction pat-
terns for the fibers were obtained with a Rigaku
X-ray generator and diffractometer equipped with
a fiber specimen attachment. The X-ray unit was
operated at 40 kV and 20 mA, and the radiation
used was Ni-filtered CuK, . Wide-angle X-ray dif-
fraction photographs of the fibers were taken us-
ing a laue camera. The laue camera was attached
to a Rigaku X-ray generator that was operated at
36 kV and 18 mA. The radiation used was Ni-
filtered CuK,,. The sample-to-film distance was 40
mm. The fiber was exposed for 4 h to the X-ray
beam from a pinhole collimator with a diameter of
0.4 mm.

Dynamic viscoelastic properties were mea-
sured at 110 Hz with a dynamic viscoelastometer
Vibron DDV-II (Orientec Co. Ltd.). A 20-mm
length of monofilament was needed between two
jaws. Measurements were carried out over a tem-
perature range of 25°C to about 200°C at an in-
terval of 5°C. The average heating rate was 2°C/
min.

RESULTS AND DISCUSSION
Optima Conditions for Laser Heating Zone
Drawing and Laser Heating Zone Annealing

A significant improvement in the mechanical
properties of crystalline polymers can be obtained
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Figure 2 Changes in draw ratio and birefringence of
the fibers zone drawn by laser heating at various power
densities: (m) o, = 31.8 MPa, (O) ¢, = 35.4 MPa, (@) o,
= 38.9 MPa.

by increase in fraction of taut tie chains. The
increase of the tie chains would be promoted by
the conversion of an original spherulitic lamellar
structure into an extended microfibrillar form.
The optimum drawing temperature to induce the
a pronounced morphological change and the in-
crease in overall molecular orientation lies be-
tween the glass transition and the melting
point.'? Furthermore, the evolution of crystalliza-
tion is needed for the subsequent annealing. To
achieve these objects, the laser heating zone
drawing and the zone annealing were examined
at powers varying from 0.5 to 0.9 W.

To determine the optimum condition of the la-
ser heating zone drawing, the as-spun nylon 6
fiber was drawn under various conditions. A
drawing speed used throughout the zone drawing
was 100 mm/min. The optimum drawing condi-
tion was determined by measuring the draw ratio
(A) and the birefringence (An) of the drawn fibers.

Figure 2 shows the changes in the A and the An
of the fibers drawn under three different applied
tensions (o,) with a power density (PD). The A
depends on the PD, and the o, but the difference
in the A between the fibers drawn under 35.4 and
38.9 MPa is small. The An value increases with
increasing the PD, but Ans at o, = 38.9 MPa are
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lower than those at o, = 35.4 MPa at each PD.
The maximum value is given by the fiber drawn
under 35.4 MPa at PD = 9.65 W - cm ™ 2 and is 62
X 1073, The decrease in the An at the highest o,
is attributable to molecular relaxation originated
from chain rupture induced by an excessive load-
ing. Consequently, the condition giving the max-
imum An was chosen as an optimum one for the
laser heating zone drawing. Furthermore, though
we attempted the zone drawing at the higher PD,
the An could not be remarkably improved. The
fiber zone drawn under the optimum condition
will hereinafter abbreviated the LH-ZD fiber.

To optimize the condition of the laser heating
zone annealing, the LH-ZD fibers were zone an-
nealed under conditions of varying o,s and PDs.
The laser heating zone annealing was carried out
in two steps, and an annealing speed used
throughout the zone annealing was 100 mm/min.
The optima conditions for the first and second
zone annealing were also determined in the same
way as in the case of the zone drawing. The con-
dition giving the maximum An at each step was
chosen as the optimum condition. The fibers ob-
tained by the first and second zone annealing
under the optima conditions are designated as the
LH-ZA1 and LH-ZA2 fiber, respectively. The op-
tima conditions for the laser heating zone draw-
ing and zone annealing, together with the treat-
ing temperature measured using the infrared
camera, are summarized in Table I. The micro-
structure and the dynamic viscoelastic properties
of the fiber obtained under each optimum condi-
tion will be discussed below.

Relation between Treating Temperature and CO,
Laser Power

In the laser-heating treating, it is impossible to
measure the treating temperature of the thin fi-

Table I Optimum Conditions for the Laser
Heating Zone Drawing, and Zone Annealing

Applied Treating Power
Tension/ Temperature/ Density/
Step MPa °C W - cm ™2
Zone drawing 35.4 138
First zone
annealing 423 121 9.65
Second zone
annealing 517 125
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Figure 3 Relation between the treating temperature
in the zone drawing and zone annealing and the power
density: (m) zone drawing, (O) first zone annealing, (®)
second zone annealing.

ber using a thermocuple because only the part
that absorbed the laser beam becomes hot. There-
fore, to measure the real treating temperature of
the thin fiber, we used the infrared thermo-
graphic camera equipped with a magnifying lens.
The infrared camera allows us to measure the
real treating temperature and then has revealed
the relation between the treating temperature
and the laser power.

Figure 3 shows relation between the treating
temperature in the laser heating zone drawing
and zone annealing and the PD. The treating
temperature is the maximum temperature in the
thermography observed by the infrared camera.
The treating temperature increases linearly with
increasing the PD at each step. It became possible
to measure the real treating temperature in the
laser heating by the infrared camera with a mag-
nifying lens.

Microstructure for the LH-ZD and LH-ZA Fibers

The A, An, and X, for the original, the LH-ZD, and
the LH-ZA fibers are summarized in Table II,
together with the An and X, for the high-temper-
ature zone-drawn (HT-ZD) nylon 6 fibers reported
previously.!® The high-temperature zone drawing
was carried out in three steps, as shown in Table
III. These values in both LH-ZD and HT-ZD fibers
increase stepwise with the processing at each
drawing, the LH-ZA2 fiber finally obtained has A
=5.2,An = 65.2 X 1073 and X,, = 54%, and the
HT-ZD3 fiber has An = 58.3 X 102 and X,, =
54%. Although the X,, for the LH-ZD2 and HT-
ZD3 fibers finally obtained is the same, there is a

Table II Draw Ratio, Birefringence (Ar), and
Degree of Crystallinity (X,,) for the Original, the
Laser-Heated Zone-Drawn (LH-ZD), Zone-
Annealed (LH-ZA), and High-Temperature
Zone-Drawn (HT-ZD) Fibers

Fiber Draw Ratio An X 103 X,,/%
Original — 1.16 28
LH-ZD 4.2 61.7 47
LH-ZA1 4.9 64.7 50
LH-ZA2 5.2 65.2 54
HT-ZD1 — 53.6 51
HT-ZD2 — 54.2 53
HT-ZD3 — 58.3 54

significant difference in An value. This difference
may be attributed to the difference in degree of
orientation of amorphous phase between the
LH-ZD and HT-ZD fibers because the X,, of the
two fibers is the same. The fact suggests that the
laser heating is more effective in developing the
orientation of amorphous phase when compared
to the zone heating using a nichrom wire.
Figures 4 and 5 show the wide-angle X-ray
diffraction photographs and equatorial patterns
for the LH-ZD and the LH-ZA fibers. There are
(200) reflection and (002/202) doublet due to an «
form'* on the equator, but no (200) reflection due
to a y form!® is observed. It will be noted from
Figures 4 and 5 that the morphology of crystal-
lites existing in these fibers is only the « form,
and that extremely high levels of crystalline ori-
entation are obtained in the LH-ZA fibers.
Figure 6 shows DSC thermograms of the orig-
inal, the LH-ZD, and the LH-ZA fibers. The orig-
inal fiber shows a broad melting endotherm peak-
ing at 219°C. The melting peaks can be attributed
to melting of a folded chain crystal (FCC) existed

Table III Optimum Conditions for the
High-Temperature Zone Drawing

Applied Treating
Tension/ Temperature/
Step MPa °C
First high-temperature
zone drawing 19.6
Second high-temperature
zone drawing 98.0 210
Third high-temperature
zone drawing 127
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LH-ZD fiber

LH-ZA1 fiber

LH-ZA2 fiber

Figure 4 Wide-angle X-ray diffraction photographs of the LH-ZD, LH-ZA1, and

LH-ZA2 fibers.

in the original fiber and/or to melting of the crys-
tals recrystallized during the DSC measure-
ments.'%!7 The LH-ZD fiber has a melting endo-
therm peaking at 216°C and the trace of shoulder
on the higher temperature side of its peak, and
the trace is observed at the same temperature as
that at the higher melting peak of the original
fiber. The appearance of a low-temperature melt-
ing peak is attributable to the morphological
transformation of crystallite; the chain-folded
crystalline structure in the original fiber changes
partially into a fringed-micelle one with an un-
folding of the chains. Elenga et al.'® suggested
from the standpoint of kinetics that the low-tem-
perature 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 LH-ZA fibers have only a single melting
endotherm peaking at 216°C. The appearance of

Intensitiy

10 15 20 25 30 35 40
20/°

Figure 5 Equatorial wide-angle X-ray diffraction
patterns of the LH-ZD, LH-ZA1, and LH-ZA2 fibers.

the single melting peak supposes that the FCC
remained in the LH-ZD fiber change into the
fringed-micelle crystals during the first laser-
heating treatment, and that the recrystallization
of the crystals induced by the zone drawing does
not occur during the DSC scan.

Dynamic Viscoelastic Properties

Figure 7 shows the temperature dependence of
storage modulus (E’) and loss tangent (tan 6) for
the original, the LH-ZD, and the LH-ZA fibers.
The E’ values over a wide temperature range
increase progressively with the processing. Fi-
nally, the E’ value of the LH-ZA2 fiber reaches 22
GPa at 25°C. The HT-ZD3 nylon 6 fiber reported
previously'® had 12 GPa at 25°C. The significant
difference in the E' between the LH-ZA2 fiber and
the HT-ZD3 fiber may be attributed to the differ-
ence in the orientation of amorphous phase be-
tween the two fibers. No significant decrease in E’
due to an « relaxation described below is ob-

Original
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LH-ZA1

LH-ZA2

B

L ] 1 1 1
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Figure 6 DSC curves of the original, LH-ZD, LH-
ZA1, and LH-ZA2 fibers.
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Figure 7 Temperature dependence of storage modu-
lus (E') and loss tangent (tan ) for the original fiber,
HL-ZD, LH-ZA1, and LH-ZA2 fibers: (OJ0) original,
(m)LH-ZD, (O) LH-ZA1, (@) LH-ZA2.

served, the E’' values of all the fibers decrease
monotonously with increasing temperature.

In the temperature dependence of tan 8, a re-
laxation peaks are observed in the temperature
range of 70 to 130°C. The peaks originate with a
rupture of interchain hydrogen bonding due to
the increase of motions of chain segments in the
amorphous regions.!®?® The o peak shifts to a
higher temperature, decreases in its peak height,
and becomes much broader with processing. The
changes in position and in profile of the a peak
with the processing point out that the molecular
mobility in the amorphous regions is restricted by
the surrounding crystallites.

CONCLUSIONS

The laser heating zone drawing and laser heating
zone annealing method has been applied to the
as-spun nylon 6 fibers to improve their mechani-
cal properties. The CO, laser heating was found
to be effective in producing the high-performance
nylon 6 fibers.

The infrared camera allows us to measure the
treating temperature of the fiber heated by the CO,,
laser. The temperature measurement using the in-

frared camera revealed the treating temperature in
the laser heating zone drawing and zone annealing.

We are going to further study the effect of CO,
laser on the molecular orientation and crystalli-
zation in the drawing and annealing for the nylon
6 fiber.
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Aid for Scientific Research (C) of Japan Society for the
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supplying nylon 6 fibers to us.
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