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A continuous zone-drawing (CZD) treatment was applied to nylon 66 fibres in order to improve their mechanical
properties. The CZD treatment was carried out at a drawing rate of 420 mm/min and in three steps; the first CZD
(CZD-1) at a drawing temperature of Zfunder an applied tension of 30.3 MPa, the second (CZD-2) at220
under 229.5 MPa, and the third (CZD-3) at 2B8Qinder 364.9 MPa. The orientation factor of crystallites reached

a high value of 0.960 with only the CZD-1 treatment, but that of an amorphous phase increased with the number of
times in CZD treatment. Th&ans isomer content increased during the CZD treatment, whereagahehe
decreased. The CZD-3 fibre had a value of birefringence of 0.072, a degree of crystallinity of 37%, a tensile
modulus of 8 GPa, and a tensile strength of 1.2 G#®4998 Elsevier Science Ltd. All rights reserved.

(Keywords: continuous zone-drawing; nylon 66; tensile modulus)

INTRODUCTION original fibre had a diameter of 0.519 mm, a degree of
crystallinity of 25%, and a value of birefringence of x1

To impart superior mechanical properties to nylon fibres, 10-3

many techniques have so far been propbdsédVe have
also proposed a zone-drawing and zone-anneglabigh-
temperature zone-drawift§ and a high-tension annealfhg ~ Apparatus for continuous zone-drawing
method. These methods are some of the techniques leading A schematic diagram of the apparatus used for the CZD
to high-performance nylon fibres. However, the length of treatment is given irFigure 1 The apparatus consists of
treatable fibre at any one time is limited because thesesupplying and windup spools, a temperature-controlled
methods are under batchwise operations. These methodsone-heater, a movable pulley, a traverse, speed control
may command considerable interest from a scientific point motors, and a laser displacement sensor system. The fibre is
of view, but are perhaps of lesser interest to industrial scientists.unwound from the supplying spool and passes through a

To continuously draw and/or anneal fibres at higher temperature-controlled zone-heater, through a movable
treating speeds, an apparatus was specially designed an@ulley between two guide pulleys and finally is wound on
assembled in our laboratory. The drawing and annealing the winding spool after passing through a traverse. The
treatment using the apparatus, that is, a continuous zone-supplying and windup spools were attached to the shafts of
drawing and zone-annealing method has already beenspeed control motors. The speed of the supplying motor was
applied to poly(ethylene terephthalate) fibreve reported arbitrarily adjusted in the speed range of 12 to 186 rpm by a
that the treatment had the same effect on improving the potentiometer, and that of the windup motor was auto-
mechanical properties as in the case of the batchwise zonematically controlled by a laser displacement sensor system,
drawing and zone-annealing treatment that was previouslyas described below. To check the speed of each motor,
reported®. digital speed indicators were connected to the two motors. A

The objective of the present study is to improve the tension on the fibre was arbitrarily applied by hanging a
mechanical properties of nylon 66 fibres by applying the weight on the hook attached to the movable pulley. The
continuous zone-drawing method. The changes in the positioning control of the movable pulley was carried out by
microstructure and mechanical properties of the continu- the laser displacement sensor system. This system consists
ously drawn nylon 66 fibres were investigated by tensile of a laser sensor head, a controller, and an analogue sensor
testing, dynamic viscoelasticity, differential scanning controller. The analogue sensor controller was attached to
calorimetry (d.s.c.), thermal mechanical analysis (TMA), supply an analogue voltage which corresponds to the change
X-ray diffraction, density, and birefringence measurements. in the position of the movable pulley to the windup motor.

Thus, the speed of the windup motor was automatically
EXPERIMENTAL regulated.by the system solt_hat the movable pulley could be
operated in a constant position.

Material

The original material used in the present study is the as- Measurement

spun single nylon 66 fiber supplied by TORAY Ltd. The 5y ratio was determined in the usual way by measuring

the displacement of ink marks placed 10 mm apart on the
*To whom correspondence should be addressed fibre prior to drawing. Birefringence was measured with a
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Figure 1 Scheme of apparatus used for continuous zone-drawing (CZD)

polarizing microscope equipped with a Berek compensator.
The density €) of each fibre was measured by flotation

technique using a carbon tetrachloride and toluene mixture.

An apparent mass crystallinitX() was obtained using the
relation:
_ d(d—dy)

~d(d. —da)
whered; andd, are densities of crystalline and amorphous

Xy X 100 (1)

e

Weight

230°C at a heating rate of°€/min. The samples with a
15 mm gauge length between two jaws were held under a
tension of 5 g/cm, which was the minimum tension to
stretch a fibre tightly.

Tensile properties were determined on a Tensilon tensile
testing machine (Orientec Co. Ltd.). Tensile modulus,
tensile strength and elongation at break were determined
from the stress—strain curves that were obtained & 25d
65% relative humidity. Dynamic viscoelastic properties

phases, respectively. In this measurement, a value of 1.24 givere measured at 110 Hz with a dynamic viscoelastometer

cm?® was assumed fad,, and a value of 1.09 g/ciior d,'*.

Orientation factors of crystallitedj were evaluated by
using the Wilchinsky methdd from wide angle X-ray
diffraction patterns. Amorphous orientation factdry yere
calculated by:

_ An—AngfeX,
TAn(1-X,)
where X, is the crystallinity in volume fractionAn, an
intrinsic crystallite birefringence, anth, an intrinsic amor-
phous birefringence. The intrinsic birefringences were taken
to be 0.096 and 0.077. Apparent crystallite sizes were
estimated from the broadening of the diffraction peaks by
applying Scherrer’s equation:
0.9\
ﬁ COS@hH

&)

®)

whereDyy is the crystallite width normal tchkl) plane X is
the X-ray wavelength (1.542)A0 is the Bragg angle of
the (ki) plane, ang is the observed half-width of the peak,
which was corrected for the instrumental broadening.
Fourier-transform infraredHTi.r.) spectra of nylon 66

hkl =

vibron DDV-II (Orientec Co. Ltd.). Measurement was
carried out over a range of temperature from about 25 to
230°C at temperature intervals ofG. The average heating
rate was 2C/min.

RESULTS AND DISCUSSION

Conditions for the CZD treatments

The CZD treatment was carried out in three steps. The
optimum condition for each step was decided from the
values of birefringenceAn) of the fibres obtained under
various conditions; the condition giving the highastwas
chosen as the optimum one for each step. Preliminary
experiments determined that 420 mm/min was the optimum
supplying speed and this was used throughout the CzZD
treatmentskigure 2shows the changes in the draw rafi) (
and An of each CZD-1 fibre drawn under three different
applied tensionso(;) with a drawing temperaturd ). TheA
values of the fibres drawn under three differegtvalues
increase with increasenl, but theAn values of two fibres,
except for that of the fibre drawn under the lowegt=
20.9 MPa, increase at first and decrease WithThe An

fibres were obtained at room temperature on a Perkin Elmervalues of two fibres drawn undet, = 25.6 and 30.3 MPa

i-Series FTi.r. microscope connected to a Perkin Elmer

show the maximum values at = 21C°C; the fibre drawn

Paragon 1000 spectrometer. The spectra were measured aindero, = 30.3 MPa gives the highegn of 0.062. The

4 cm* resolution and 312 scans.

decrease ihn shows that the fluid-like deformation caused

The d.s.c. measurements were carried out using a Rigakuthe slippage among amorphous chains that occurred during
d.s.c. 8230 C calorimeter. The d.s.c. scans were performedthe drawing process afy = 220°C. Consequently, the

over the temperature range from 25 to ZBPusing a
heating rate of 1@/min in a nitrogen gas atmosphere.
Thermal shrinkage was measured with a Rigaku SS-TMA

condition giving the higheskn was chosen as the optimum
one for the CZD-1 treatment.
The optimum conditions for the second (CZD-2) and the

and was measured over the temperature range from 25 tathird (CZD-3) treatments were also determined in the same

5336 POLYMER Volume 39 Number 22 1998



Continuous zone-drawing method to nylon 66 fibres: A. Suzuki et al.

5 80
75 F
o4} pg-—o TR o 70} 0¥
© .—/*/4/‘. e P
g __o——0—77° < 65| ‘
a3F o < 60 i
2 1 1 1 1 55 B
65 50 1 1 1
3 4 5 6 7
= Draw ratio
> 60 - D,»/ o Figure 3 Relation between draw ratio\ and birefringence An): W,
x D’.\:/'\- CZD-1 fibre; 0, CZD-2 fibre;®, CZD-3 fibre
C
<85 o --0--7°
o
the (010)/(110) doubletD(;o0, and Doignie) for the CZD

52 80 150 2(')0 21'0 2éo 230 fibres. TheD g represents the interchain distance within the
Drawing temperature (°C) _hydrogen-bo_nded sheets_, and the_ unresolved doD_la{@,lilQ
is related to intersheet distanc&, increases stepwise with
(F:i%ri ?b Chadnges in tze dtr;iw ra:jt?]?f\X antd birflé_frygtenciﬁﬁg) QCVth ﬁhe the number of times in CZD treatment, and the CZD-3 fibre
- tibres drawn under three ditierent applied tensiong with a has a degree of crystallinity of 37%. The valueXgfis 13%
Jraing tlemperatureTe): O, oa = 20.9 MPa®, 0, = 25.6 MPaL, 0, = lower than the limiting crystallinity of 50% in nylon 66. The
increment inX,, suggests there is an increase in the number
of crystallites and/or a crystal growth during the treatments.
D90 andDgyg/11pincrease slightly with the number of times
in CZD treatment. It is presumed that the crystal growth
proceeded perpendicular to the fibre axis by additional

Table 1 Optimum conditions for the continuous zone-drawing and high
temperature zoned-drawing treatments

Step (OD(;‘;‘W'”Q temperat”"(eMﬁpp"ed tension Drawing speed  crystallization. However, the highly oriented crystallites

2 (mm/min) probably grow along the fibre axis by further crystallization.
g%g'; g;g zgg-g 420 Penszkinet al'® studied the kinetics of crystallization of
CZD:3 530 3649 annealed PET fibres by wide-angle X-ray diffraction and

small-angle X-ray scattering measurements. They reported

HT-zD1 210 29.4 that the growth of oriented crystals along the fibre axis
HT-ZD2 220 284.1 50 occurred at constant thickness perpendicular to the fibre
HT-ZR3 230 411.6

one.f. increases up to 0.960 near to unity with only the
CzD-1 treatment and further to 0.987 with subsequent
treatments. The crystallites are easily aligned in the drawing
way as in the case of the CZD-1 treatment. Furthermore, direction in the same manner as in the cases of various kinds
though we attempted the fourth CZD (CZD-4) treatment, of fibres reported® previously. Murthyet al.*® studied the
the An could not be improved further by the CZD-4 changes in orientation of the crystalline and amorphous
treatment. The optimum conditions for the CZD-1, the regions of nylon 6 fibres during drawing and annealing.
CzD-2, and the CZD-3 treatments, together with those for They showed that the crystalline orientation increased
the high-temperature zone-drawing (HT-ZD) treatments rapidly at small draw ratios € 3) and reached a plateau at
reported previousR; are summarized infable 1 The higher draw ratios. On the other harfd,increases from
optimum conditions of the CZD treatments were approxi- 0.641 for the CZD-1 fibre to 0.795 for the CZD-3 fibre with
mately the same, except for the drawing rate, as those of thethe number of times in CZD treatment. Unlikg f, is
HT-ZD treatments. The drawing rate in the CZD treatments strongly dependent on the number of treatments. The

is 8.4 times faster than that in the HT-ZD treatments. amorphous orientation is closely related to the mechanical
) ] properties as described below.
Microstructure for the CZD fibres Figure 4 shows theFTir. spectra limited to 700—

Figure 3shows the relation betweanandAn. The latter 1800 cmi* for the original and CZD fibres. To monitor
increases IinearIX with\ and up to 0.072 for the CZD-3 conformational changes during the CZD treatments, the
fibre. Wardet al.** reported thatAn increased linearly with  bands situated at 936 and 1146 Ccnwere used’. The
increasing\ at a lower level, but levelled off to reach a former is attributed to #ansconformation, and the latter to
saturated value at higher values)ofThis indicates that the  a gauche conformation. Thetrans conformation can be
intermolecular linkage is broken down, and as a result the involved in the crystalline and the amorphous phases, but
polymer molecules may slip past one another and flow the gauche conformation can be found only in the
individually. In our experiment, however, such saturation in amorphous phase. In this study, the band at 1650'cm
the An values was not observed, and the molecular draw was used as an internal reference band because it appears
ratio corresponds well with the macroscopic draw ratio. this band is not affected by the treatmenritable 3lists the
This proved that the chain slippage leading to disorientation intensities of the bands situated at 936, 1146 and 1653 cm
did not occur during the CZD treatments. and the intensity ratiosl {z¢/l 1650 and | 114¢l 1650. The | gz¢/

Table 2lists the degree of crystallinityX(,), orientation | 1650 Value for thetrans conformation increases with the
factors of crystallites and amorphous regiocha(df,), and number of times in CZD treatment, whereas thadl 1650
apparent crystallite sizes normal to the (100) reflection and value for the gauche one decreases due to the
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Table 2 Crystallinity (X,,), crystallite orientation factor {f, amorphous orientation factorjfand crystallite size (k) for the CZD fibers

Fibre Xuw fe fa D100 Do1or10
(%) (A) A

CzD-1 32 0.960 0.641 26.8 26.6
CzZD-2 36 0.987 0.784 29.9 28.0
CzD-3 37 0.987 0.795 32.3 30.1
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Figure 4 FTi.r. spectra of the original and CZD fibres in the spectral range 700-1806 cm
Table 3 Absorbances of bands at 936, 1146, and 1650'camd relative absorbances for the original and CZD fibres
Fibre lo36 l1146 1650 I 93611650 114612650
Original 0.160 0.073 0.431 0.378 0.169
CzD-1 0.251 0.067 0.476 0.527 0.165
CzD-2 0.193 0.044 0.335 0.576 0.131
CzD-3 0.179 0.029 0.309 0.579 0.094

conformational changes that occurred during the CZD morphological change of a chain-folded crystalline structure
treatments. Furthermore, to carry out the quantitative into a fringed-micelle structure and an extension of

analysis, an isomer content was estimated using a two-amorphous chains.

phase conformational model. Quintaniéieal.’ proved that
nylon 66 as well as PE satisfied this model:
I I
I = Pllgﬁ + pz% (4)
1650 1650
where p; and p, are 936 and 1146 cm band weights,
which are related to the interaction of radiation matter.
Equation (4) is rewritten as follows:
| |
16502 Py 936 + [ (5)
l1146 l1146
This linear relation between the intensity ratios is required
to verify the model for nylon 66Figure 5 shows a good
fitting with the experimental values from thdi.r. measure-

Figure 7 shows a d.s.c. thermogram for each of the
original and CZD fibres. The original fibre shows the broad
melting peak at 25%&, and there is a trace of a shoulder on
the low temperature side. The d.s.c. thermogram of the
CzD-1 fibre has a double melting peak; a high-temperature
melting peak locates at 288 that is the same temperature
as in the case of the original fibre, and low-temperature one
at 254C. The appearance of a low-temperature melting
peak is attributable to the morphological transformation of
crystallite; the chain-folded crystalline structure of original
fibre changes partially into a fringed-micelle one with an
unfolding of the chains. Elenget al.'® suggested from the
standpoint of kinetics that the low-temperature melting peak
was ascribed to the fringed-micelle crystals built up by

ments. The least-squares curve fitting technique was carriedchain unfolding and the high-temperature one corresponds

out to obtain thep, and p, parameters. The values of the
productsp1(l 1g5d1 1149 andp,(l o341 1149 represent thérans
and gauchedistributions.Figure 6 shows the individual
isomer content for the original and CZD fibres. Tians

to the untransformed fraction of the lamellar crystals which
undergo reorganization during the heating scan. Further-
more, they indicated that the low temperature melting
crystals were unlikely to recrystallize into more stable

isomer content increases stepwise with the number of timescrystals during the d.s.c. scan. On the other hand, Fakirov

in CZD treatment, whereas tlgauchecontent decreases. It

et al.?° proposed that the appearance of the double melting

seems that the conformational changes result from thepeak in annealed PET fibres was relevant to the melting and
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Figure 5 Relation between thblesdl 1146 andl| g3d| 1146 in nylon 66

Figure 6 Trans and gaucheisomer content for the original and CZD

fibres

Figure 7 d.s.c. thermograms of the original and CZD fibres

partial recrystallization during the d.s.c. scan. The CZD-2
and CZD-3 fibres have only sharp peaks at°Zh6ut the
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Figure 8 Temperature dependence of thermal shrinkage for the CZD
fibres

fibre, too. The appearance of a single melting peak supposes
that the chain-folded crystals remained in the CZD-1 fibre
change into the fringed-micelle crystals during the CZD-2
treatment, and that the recrystallization of the crystals
induced by the CZD-1 treatment does not occur during the
d.s.c. scan. The morphological change of the chain-folded
crystals into the fringed-micelle crystals was supported by
the spectral change iRTi.r. measurements as described
above. The CZD treatments shift the melting peak to
slightly higher temperatures and result in a sharpening of the
melting peaks. This trend is consistent with an increase in
crystal size and/or crystal perfectidrf>

Figure 8 shows the temperature dependence of the
thermal shrinkage for the CZD fibres. The CZD fibres begin
to shrink from 35C with increasing temperature, and a
degree of the shrinkage decreases with the number of times
in CZD treatment. The CZD-3 fibre o, = 37% has the
lowest degree of shrinkage in comparison with other fibres.
The thermal shrinkage during heating is associated with the
chain folding in the oriented amorphous regithsnd
occurs above a glass transition temperatdig. (However,
the shrinkage in the case of the CZD fibres occurs even in
the temperature range below th&; (=50°C). The
shrinkage belowT indicates that there occurred a small
rubber-elastic contraction of tie molecules above the
subglass transition temperaturg (elaxation). In theg
relaxation the non-hydrogen bonded amide groups begin to
move, but this effect is not sufficient to overwhelm the
expansion of their adjacent amorphous comporiénthe
large-scale segmental motion in amorphous regions above
the Ty is prevented by the crystallites acting as crosslinking
points>. Furthermore, Choyet al®* reported that the
presence of oriented chains and taut tie molecules in the
amorphous regions is likely to inhibit the thermal shrinkage.
The difference in the shrinkage behaviour among the CZD
fibres is due to a crosslinking density of a physical network
built up by the crystallites. In the case of the CZD-1 fibre having
the lower degree of crystallinity, the physical network was
insufficient for constraint of the thermal shrinkage compared
with other fibres. The crosslinking density increases with
increasing degree of crystallinity, and then the chain refolding
becomes increasingly difficult. A slight increase in the slope of
the thermal shrinkage curves is shown above@0The slight
increase is attributable to the decrease in the density of the
entangled molecular network and to the rupture of hydrogen

high-temperature melting peaks in their thermograms are P0nds inhibiting the chain refolding.

absent. If the low-temperature melting crystals were

recrystallized into more stable crystals during the d.s.c. Mechanical properties for the CZD fibres

scan, the CZD-2 and CZD-3 fibres would have the double

Table 4lists the tensile properties of the CZD fibres. The

melting peak in the same manner as in the case of the CZD-1CZD-3 fibre has a tensile modulus of 8 GPa and a tensile
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Table 4 Tensile properties of the CZD fibres
Fibre Tensile Tensile Elongation 8r (‘Db\
modulus strength at break X
(GPa) (GPa) (%) qu%‘...
czD-1 5 0.7 28 61
CzD-2 7 1.1 12 ©
CzD-3 8 1.2 11 &
= 4L
w
10 2r
&
F8r A0 0 :
% K 0 50 100 150 200 250
(e}
2 ) Temperature (°C)
s 6r =i
g » Figure 10 Temperature dependence of storage moduli3 for the
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Figure 9 Relation between the tensile modulus and amorphous orienta-
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strength of 1.2 GPa. Although there is a significant 0.02 - 2
difference in the drawing speed between the CZD and the o
HT-ZD treatments, the tensile modulus and the tensile 0 50 100 150 200 250

strength are nearly equal to those of the HT-ZD nylon 66
fibres that were previously reported (9 GPa and 1.4 &Pa)
Furthermore, the tensile modulus of the CZD-3 fibre is Figure 11 Temperature dependence of @for the original and CZD
almost two times higher than that of the commercial fitfes fibres:0, original fibre; M, CZD-1 fibre;O, CZD-2 fibre;®, CZD-3 fibre
(3.9 GPa). However, the tensile modulus obtained is lower

than that (12.3 GPa) of high-tension annealed nylon 66

fibre®. The improvement in the tensile moduli of semi- CONCLUSION

crystalline polymers such as nylon and PET is usually o continuous zone-drawing (CZD) method has been
achieved by increasing the orientation of the crystallites and applied to nylon 66 fibres to improve their mechanical
the amorphous regiofs Because thé of the CZD-1 fibre groperties and the results are as follows

reached a higher value near to unity as described above, th
improvement in the modulus appears to be influenced by the(1) The degree of crystallinity increased from 25% for the
f, rather than thd.. It can be seen fronfrigure 9that the original fibre to 37% for the CZD-3 fibre. The orienta-

tensile modulus increases linearly with increasfgagThe tion factor of crystallites increased remarkably up to
linear relation was also found in the case of the HT-ZD 0.960 with the CZD-1 treatment. On the other hand,
nylon 66 fibres that were previously reporfted the amorphous orientation factor increased with the

Figure 10shows the temperature dependence of storage  number of times in CZD treatment.

modulus E’) for the original and CZD fibres. The’ values (2) To quantitatively analyze the conformational changes
over a wide temperature range increase progressively with  during the CZD treatment, the isomer content was esti-

Temperature (°C)

the number of times in CZD treatment. Finally, thevalue
of the CZD-3 fibre reaches 8.1 GPa at@5TheE’ values

of all the fibres decrease gradually with increasing
temperatureFigure 11 shows temperature dependence of

tané for the original and CZD fibres. The CZD fibres show
o peaks in the temperature range of 80 to°’T2&onsidered

mated by using a two-phase conformational model. The
transisomer content increased with the number of times
in CZD treatment, whereas thegauche content
decreased. The conformational changes were attributa-
ble to the extension of amorphous chains and to the
morphological change of the crystallite; folded-chain

to originate from a rupture of interchain hydrogen bonding crystals transformed into extended-chain crystals.

due to the motions of chain segments in amorphous (3) The CZD-3 fibre showed a tensile modulus of 8 GPa, a
region$®. The « peak shifts to a higher temperature and tensile strength of 1.2 GPa, and a storage modulus of
decreases in its peak height, and becomes much broader 8.1 GPa at 2&. The« peak in the tad—temperature
with the number of times in CZD treatment. The changes in curve shifted to a higher temperature, and its magnitude
position and in profile of thex peak with the number of reduced progressively with the number of times in CZD
times in CZD treatment designate that the molecular treatment. The tensile modulus was closely related to
mobility in the amorphous regions is restricted by the the degree of amorphous orientation factor. Although
physical network built up by the crystallites. the drawing speed of the CZD treatment was faster than
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