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A high-tension annealing (HTA) method has been applied to nylon 66 fibres to improve their mechanical 
properties. The HTA was carried out three times under high tension close to the tensile strength at break. The 
nylon 66 fibre used for the HTA treatment was previously zone-drawn twice at 210°C under applied tensions of 
14.5 MPa and 182.2 MPa. To orient amorphous chains selectively, two HTA treatments were carried out; the first 
HTA (HTA1) at 100°C under an applied tension of 143.3 MPa, and the second (HTA2) treatment at 110°C under 
142.0 MPa. The third (HTA3) treatment was carried out at 190°C under 75.1 MPa to crystallize the amorphous 
regions oriented by the HTA1 and HTA2 treatments• The resulting HTA3 fibre had a draw ratio of 7.3, a value of 
birefringence of 0.0761, and a degree of crystallinity of 40.4%. The orientation factor of crystallites almost 
approached unity in the first high-temperature zone-drawing (HT-ZD1) stage, but that of amorphous regions (fa) 
was 0.575 in the HT-ZD1 stage• Thefa increased with the processing and finally reached a high value of 0.852 for 
the HTA3 fibre. Dynamic moduli increased with the processing, and the dynamic modulus of the HTA3 fibre was 
21.7 GPa at 25°C and 15.0 GPa even at 200°C. © 1997 Elsevier Science Ltd. All rights reserved• 

(Keywords: high-temperature zone-drawing; high-tension a n n e a l i n g ;  n y l o n  66 fibre) 

INTRODUCTION 

Many techniques for the production of high-modulus 
nylon fibres have so far been proposed. Dry-spinning 1, 
zone-drawing and zone-annealing ~, spinning from nylon 

• • 34 6/lithium chloride or nylon 6/lithium bromide m~xtures -' , 
solid-state coextrusion 5, and high-temperature zone- 
drawing 6 are some of the techniques leading to high- 
modulus and high-strength fibres. However, there is a very 
considerable gap between the achieved moduli and the 
theoretical moduli of nylon fibres 7. 

The polymers with a degree of crystallinity of 70% and 
more form the intercrystalline bridges connecting long- 
itudinally crystal regions 8. Therefore, the moduli of 
polymers with high crystallinity can be expected to 
approach the theoretical values owing to the existence of 
the crystallite bridges in the polymers. Actually, it was 
recognized that high molecular weight it-polypropylene 
produced by ultra-drawing has a Young's modulus of 
36 GPa 9, 87% of a theoretical value of 42 GPa ~o. However, 
since most polymers in common use such as nylon 6, nylon 
66 and poly(ethylene terephthalate) have only the degrees of 
crystallinity of the order of 50-60%, their mechanical 
properties chiefly depend on the amorphous regions rather 
than crystalline regions. Therefore, the improvements of the 
mechanical properties would be achieved by increasing the 
number of the tie chains in the amorphous regions and 
making uniform those lengths so that applied stress may be 
loaded equally on the fibre. 

To produce the high-modulus fibres, we proposed a high- 
tension annealing (HTA) method. The HTA treatments are 
characterized by the treatment of fibres under extremely 
high tension close to the strength at break. The object is to 

* To whom correspondence should be addressed 

extend fully the tie chains in the amorphous regions. Using 
the HTA treatment, the amorphous chains which have been 
difficult to extend by the zone-drawing and zone-annealing 
methods can be arranged highly along the fibre axis. The 
HTA treatment has already been applied to crystalline 

Jl 
polymers such as poly(ethylene terephthalate) , poly(vinyl 
alcohol) 12, and nylon 6 13, and their amorphous orientation 
factors were found to reach high values, and then high- 
modulus fibres were obtained. 

The purpose of this paper is to produce high-modulus 
nylon 66 fibres by using the HTA method. The change in the 
microstructure with the processing was also studied using 
d.s.c, and X-ray diffraction measurements. 

EXPERIMENTAL 

Material 
The original material used in the present study is as-spun 

nylon 66 single fibre supplied by Toray Ltd. The original 
fibre has a diameter of about 0.327 ram, crystallinity of 
27%, and birefringence of 0.0012. The original fibre was 
found to be isotropic from a wide angle X-ray diffraction 
photograph. 

High-temperature zone-drawing and high-tension 
annealing treatments 

The original fibres were treated twice with high- 
temperature zone-drawing (HT-ZD) before HTA treat- 
ments. The HT-ZD treatment was described previously 14' 15. 
The HT-ZD treatments were carried out by moving the zone 
heater at a speed of 25 mm min -~ along the drawing 
direction. A schematic diagram of the experimental 
apparatus used for the HTA treatments is shown in 
Figure 1. It consists of a load cell connected to a recorder, 
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Load cell Jaw Fibre Electric Jaw LINEARD \ /  ir.ace / Mo'ro. 

I Rack 

Figure 1 Apparatus used for the high-tension annealing 

an electric furnace 20 mm long, and a Lineard Motor 
(Oriental Motor Co. Ltd) which consists of a rack-and- 
pinion unit and a speed controller. The rack-and-pinion unit 
converts rotational motion of the motor into linear motion. 
One end of a single fibre was fixed at the jaw equipped with 
the load cell, and the other at the jaw equipped with the edge 
of the rack, and the fibre was drawn at a constant speed. 
When the temperature of the electric furnace reached the 
desired treating temperature, the fibre was drawn at a 
drawing speed of 10 mm rain -I. When the tension applied 
to the fibre reached a desired value which is in the range of 
75-95% of the strength at break (ab), the stretching was 
stopped, and then the fibre was kept under constant length 
for a given time. This desired value is called an initial 
applied tension and designated as or0. 

Measurements 
The draw ratio was determined in the usual way by 

measuring the displacement of ink marks placed 10 mm 
apart on the specimens prior to drawing. The birefringence 
was measured with a usual polarizing microscope equipped 
with a Berek compensator. The density was measured at 
25°C by a flotation method using an n-heptane and carbon 
tetrachloride mixture. The crystallinity in weight fraction 
(Xw) was calculated from the density (d) using the following 
equation with a crystal density (de) of 1.24 g cm -3 and an 
amorphous density (da) of 1.09 g cm -3 16 

X w -- de (d-da)  × 100 (1) 
d(d¢ - d~) 

Thermal shrinkage was measured with a Rigaku SS-TMA at 
a heating rate of 5°C min -~. The samples with a 15 mm 
gauge length between two jaws were held under a tension 2 
of 5 g c m - ,  which was the minimum tension to stretch a 
fibre tightly. 

The apparent crystallite sizes were estimated from the 
broadening of the diffraction peaks by applying Scherrer's 
equation: 

Dhk I = 0.9h/(/3 cos Ohkl) (2) 

where  Dhk! is the crystallite width normal to the (hkl) plane, 
~, is the X-ray wavelength (1.542 ,~), Ohk I is the Bragg angle 
of the (hkl) plane, and/3 is the observed half-width of the 
peak, which was corrected for the instrumental broadening. 

The orientation factors of crystallites (f~) were evaluated 
h 11 h k 17 by using t e W" c ins y method from wide angle X-ray 

diffraction patterns. The orientation factors of amorphous 
chains (/Ca) were determined according to the following 
equation: 

An - ZXn~L Xv 
fa -- (3) 

An°(1 -- X~) 

where An is the optical birefringence, Xv is the crystallinity 
in volume fraction, f~ is the orientation factor of crystallites, 
and An ° and An ° are the intrinsic optical birefringences of 

the crystalline and amorphous regions, respectively. The 
values of fa were determined using Anc ° =0.096 and 
Ana ° =0.077 18. 

The tensile properties were determined with a Tensilon 
tensile testing machine. Young's modulus, tensile strength 
and elongation at break were calculated from the stress- 
strain curves obtained at 23°C, r.h. 65%. The dynamic 
viscoelastic properties were measured at l l 0 H z  with a 
dynamic viscoelastometer VIBRON DDV-II (Orientec Co. 
Ltd.). Measurements were carried out over a temperature 
range of 25°C to about 250°C at intervals of 5°C, and the 
average heating rate was 2°C min -l. A single fibre was held 
in a 20 mm gauge length between the jaws. 

RESULTS AND DISCUSSION 

Conditions for the high-temperature zone-drawing and 
high-tension annealing 

The optimum conditions for the HT-ZD treatments were 
the same as those determined in the previous paper 15, which 
are given in Table 1. The HTA treatments were carried out 
three times; the first (HTA1) and second (HTA2) treatments 
were carried out at temperatures close to the glass transition 
temperature (Tg) to orient the amorphous chains further 
without fracture of the crystal regions. The third (HTA3) 
treatment was performed at an elevated temperature to 
crystallize the amorphous chains which were highly 
oriented by the HTA1 and HTA2 treatments. The optimum 
condition for each step was determined by measuring the 
birefringence of the fibres treated under various conditions. 
The condition giving the highest birefringence was chosen 
as an optimum one for the each treatment. Figure 2 shows 
the changes in the birefringence of the fibres treated at 
various temperatures (THTA) ranging from 80 to 120°C with 
the initial applied tension (a0) in the HTA1 treatment. The 
tr0s are in the range of 75-95% of the strength at break (ab). 

Table 1 Optimum conditions for high-temperature zone-drawing 

Drawing Applied Heater 
temperature tension speed 
(°C) (MPa) (ram min - i) 

HT-ZD 1 210 14.5 25 
HT-ZD2 210 182.2 25 
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Figure 2 Changes in the birefringence with o'0]O-b for the fibres obtained at 
various drawing temperatures in the HTA1 treatment: O, g0°C; O, 90°C; I ,  
100°C; [3, 110°C; &, 120°C 
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The ab value for the HTA1 treatment at a given temperature 
was equal to that of the HT-ZD2 fibre measured at the same 
temperature. The birefringence of each fibre when treated at 
80, 90 and 100°C shows a maximum value at a0 = 0.9ab; the 
fibre of TrrrA = 100°C at a0 = 0.9trb ( = 143.3 MPa) gives 
the highest birefringence of 0.073. Figure 3 shows the 
change in applied tension (a) with time during the HTA1 
treatment at 100°C. The a decreased rapidly at first (within 
2 min) and reached a pseudo equilibrium value (ae) in about 
30 min. The decrease in a indicates that the molecular 
chains were further elongated without orientation relaxation 
because the birefringence of the HT-ZD2 fibre increased by 
the HTA1 treatment, as will be described below. The 
optimum treating time for the HTA1 treatment was 
determined as 30 min. Further, the optimum conditions of 
the HTA2 and HTA3 treatments were also determined in the 
same way as in the case of the HTAI,  and are summarized in 
Table 2. 

Microstructure for the HT-ZD and HTA fibres 
Figure 4 shows the relation between the draw ratio and 

birefringence of the HT-ZD and HTA fibres. The bire- 
fringence increases with increasing draw ratio; it increases 
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Figure 3 Change in stress with treating time during the HTA1 treatment 

Table 2 Optimum conditions for HTA treatments 

Treating Initial applied Treating 
temperature tension, a0 (MPa) time 
(°C) (min) 

HTAI 100 143.3 = 0.9ab) 30 
HTA2 110 142.0 = 0.9ab) 30 
HTA3 190 75.1 = 0.9ab) 10 
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Figure 4 Relation between draw ratio and birefringence for the original, 
HT-ZD and HTA fibres: &, HT-ZD 1; I-I, HT-ZD2; I ,  HTAI; O, HTA2; 0 ,  
HTA3 

especially more rapidly above a draw ratio of 7. In general, 
the birefringence increases gradually with increasing draw 
ratio at low draw ratios, but it levels off to reach a saturated 
value at higher ratios 19. In this experiment, however, the 
results are opposite; the slope of the birefringence versus 
draw ratio curve for higher draw ratios is larger than that for 
lower draw ratios. Such excess increment of birefringence 
implies that the HTA treatments were effective in drawing 
chain molecules without the relaxation of orientation. 

The degrees of crystallinity, crystallite sizes normal to the 
(100) and the (010/ll0) planes (Dl00 and D010/ll0), and 
orientation factors of crystallites and amorphous regions for 
the HT-ZD and HTA treated fibres are summarized in 
Table 3. The degrees of crystallinity and crystallite sizes 
increase stepwise with the processing. These values in the 
HTA1 and HTA2 treatments increase slightly compared 
with the HT-ZD and HTA-3 treatments. Finally, the degree 
of crystallinity reaches 40.4% for the HTA3 fibre. The 
change in crystailinity with the processing suggests that the 
amorphous chains which had been highly oriented by the 
HTA1 and HTA2 treatments were crystallized additionally 
during the HTA3 treatment. Although the birefringence 
increased from 0.69 for the HT-ZD2 fibre to 0.74 for the 
HTA2 fibre, no additional crystallization occurred. The 
increase in birefringence originates in the improvement of 
orientation of amorphous chains during the HTA1 and 
HTA2 treatments because the crystalline orientation factor 
already reaches the highest value, as described below. 

The orientation factor of crystallites increases remarkably 
up to 0.971 with only the HT-ZD1 treatment and maintains 
its value even after the subsequent treatments; the 

Table 3 Crystallinity, crystallite size of (100) and (010/110) planes orien- 
tation factors of crystallites and amorphous regions (fc and fa) of the 
original, HT-ZD, and HTA fibres 

Fibre Crystallinity Crystallite size (A,) fc fa 
(%) 

D i0o D010/]10 

Original 26.8 - -  - -  - -  
HT-ZD1 30.7 36.7 31.2 0.971 0.575 
HT-ZD2 35.6 38.4 32.4 0.978 0.755 
HTAI 36.3 42.5 32.4 0.976 0.812 
HTA2 37.0 44.9 33.8 0.977 0.827 
HTA3 40.4 47.5 40.5 0.976 0.852 

12 

HTA1 

HT-ZD2 ./"i ~' 

8 "" 

HTA3 

t3o 
4 

e- 
.r- 
e.- 

CO 

o 

" "~-..Original 
\ 

-4  i i i i 
0 50 100 150 200 250 

Temperature (°C) 

Figure 5 Temperature dependence of shrinkage for the original, HT-ZD 
and HTA fibres 
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crystallites are easily aligned in the drawing direction in the 
same manner as in the case of the HT-ZD nylon 66 fibres 
previously reported 15. On the other hand, the amorphous 
orientation factor increases from 0.575 for the HT-ZD 1 fibre 
to 0.852 for the HTA3 fibre strongly dependent on the 
processing. 

Figure 5 shows the temperature dependence of the 
thermal shrinkage for the original, HT-ZD and HTA fibres. 
The original fibre extends gradually with increasing 
temperature and up to an extension of 2.5% at 215°C. On 
the other hand, the HT-ZD and HTA fibres shrink with 
temperature, and the thermal shrinkage is associated with 
chain folding in the amorphous regions 20. The degree of 
shrinkage tends to decrease with the processing, and the 
HTA3 fibre with the highest crystallinity has the lowest 
shrinkage ratio of 8.8% at 215°C in comparison with other 
fibres. The thermal shrinkage closely depends on the degree 
of crystallinity and was prevented by the crystallites formed 
during the treatments 21. A slight increase in the slope of the 
thermal shrinkage versus temperature curves for the treated 
fibres shows above 100°C. The slight increase is attributable 
to the rupture of hydrogen bonds inhibiting the chain 
refolding. 

Mechanical properties for the HT-ZD and HTA fibres 
The tensile properties of the HT-ZD and HTA fibres 

obtained are summarized in Table 4. Young's modulus and 
tensile strength increase with the processing. Young's 
modulus of the HTA3 fibre reaches 12.3 GPa and is 
higher than the value of 3.9 GPa for the commercial grade 
fibre 22. However, there is a very considerable gap 

Table 4 Mechanical properties of the original, HT-ZD and HTA fibres 

Fibre Young' s Tensile Elongation 
modulus strength at break 
(GPa) (GPa) (%) 

Original 1.1 0.18 385.6 
HT-ZD 1 4.7 0.54 34.5 
HT-ZD2 6.4 0.75 12.9 
HTAI 8.2 1.10 13.4 
HTA2 9.5 1.18 12.6 
HTA3 12.3 1.42 13.1 

between the modulus of the HTA3 fibre and the theoretical 
value ( = 172 GPa) of the nylon 66 23 

Figure 6 shows the temperature dependence of storage 
modulus (E'), for the original, HT-ZD, and HTA fibres. The 
E' values over a wide temperature range increase progres- 
sively with the processing. Finally, the E' value of the 
HTA3 fibre reaches 21.7 GPa at 25°C and holds 15 GPa 
even at 200°C. The E' values of all the fibres, except the 
HTA2 fibre, decrease gradually with increasing tempera- 
ture. However, that for the HTA2 fibre falls markedly in the 
c~ relaxation region, approaching that of HTA1 fibre at 
elevated temperatures. On the other hand, the E' of the 
HTA3 fibre decreases almost linearly with temperature 
without a marked fall in the o~ relaxation region. Figure 7 
shows the temperature dependence of tan t5 for the original, 
HT-ZD, and HTA fibres. These fibres show o~ peaks in the 
temperature range of 80-120°C, which is considered to 
originate from a rupture of interchain hydrogen bonding due 
to the increase of motions of chain segments in amorphous 
regions 24. The c¢ peak shifts to a higher temperature, with 
decreasing its peak height progressively, and becomes much 
broader with the processing. The c~ peak of the HTA3 fibre 
occurs at 120°C and is the lowest in the peak height. The 
changes in position and in profile of the tx peak with 
the processing designate that the molecular mobility in 
the amorphous regions is restricted by the surrounding 
crystallites. 

CONCLUSION 

The HTA method has been applied to nylon 66 fibres to 
improve their mechanical properties, and the results are as 
follows. 

(1) The degree of crystallinity increased from 27% to 36% 
by two HT-ZD treatments, and finally up to 40% by the 
HTA3 treatment, though it hardly changed by the HTA 1 
and HTA2 treatments. 

(2) The orientation factor of crystallites rose remarkably up 
to 0.971 by only the HT-ZD1 treatment, while that of 
amorphous regions increased progressively with the 
processing and reached 0.852 in the HTA3 fibre. 

(3) The storage modulus of the HTA3 fibre reached 
21.7 GPa at 25°C and held 15 GPa even at 200°C. 

25 

20 

~15 

a11o 

5 

¢, 

o 
0 50 1 O0 150 200 250 

Temperature (°C) 

Figure 6 Temperature dependence of storage modulus (E') for the 
original, HT-ZD and HTA fibres: A, original; A, HT-ZD1; E], HT-ZD2; I ,  
HTA1; O, HTA2; O, HTA3 
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Figure 7 Temperature dependence of loss tangent (tan 6) for the original, 
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The c¢ peak in the tan 6-temperature curve shifted to a 
higher temperature, reducing its magnitudekPsi 
progressively with the processing. The HTA method 
was found to be effective in the improvement of 
nylon 66 fibres. 
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