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Abstract
A nylon 6,6 complex with GaCl3 in nitromethane (4e5 wt% nylon 6,6) was prepared at 50e70 �C over 24 h for the purpose of disrupting the
interchain hydrogen bonding between nylon 6,6 chains, resulting in amorphous nylon 6,6, and increasing the draw ratio for improving the per-
formance of nylon 6,6 fibers. After drawing, complexed films and fibers were soaked in water to remove GaCl3 and regenerate pure nylon 6,6
films and fibers. FTIR, SEM, DSC, TGA, and mechanical properties were used for characterization of the regenerated nylon 6,6 films and fibers.
The amorphous complexed nylon 6,6 can be stretched to high draw ratios at low strain rates, due to the absence of hydrogen bonding and crys-
tallinity in these complexed samples. Draw ratios of 7e13 can be achieved for complexed fibers, under low strain rate stretching. This study
indicates that nylon 6,6 fibers made from the GaCl3 complexed state, using a high molecular weight polymer, can reach initial moduli up to
13 GPa, compared to initial moduli of 6 GPa for commercial nylon 6,6 fibers. Lewis acidebase complexation of polyamides provides a way
to temporarily suppress hydrogen bonding, potentially increasing orientation while drawing, and following regeneration of hydrogen bonding
in the drawn state, to impart higher performance to their fibers.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

A number of attempts to produce high modulus fibers have
been made [1e7]. However, from the theoretical point of
view, there are only two fundamental methods to produce such
fibers. The first technique involves the synthesis and assembly
of polymers with rigid and linear backbone molecular structures.
The second method transforms conventional flexible, semi-crys-
talline polymers that usually have relatively low modulus and
strength, into highly oriented materials. In the first case, para-
substituted aromatic rings in the polymer backbone are used.
These inherently rigid polymers can produce fibers of very
high stiffness and strength, either by wet spinning to produce
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aramid fibers or by melt spinning if thermotropic liquid crystal-
line polymers are used. In the second case, the inherently flexible
chains of most semi-crystalline polymers must be converted into
highly oriented and extended chain conformations. Drawing,
a processing technique, is often used to enhance orientation
and the mechanical properties of fibers. Ultra drawn high molec-
ular weight polyethylene is one good example. Zachariades and
Kanamoto [2] have successfully drawn ultra-high molecular
weight polyethylene more than 200 times and obtained almost
the theoretical modulus (240e340 GPa) at that draw ratio.

Unlike polyethylene, polyamides possess intermolecular hy-
drogen bonding and have high melting temperatures. Hydrogen
bonds play an important role in making polyamides engineering
plastics. At the same time, to date they have prohibited high draw
ratio processing in polyamides, which have a maximum draw
ratio of only w5 [8]. Therefore, highly oriented polyamides
obtained by tensile drawing can potentially be achieved either
by suppression of crystallinity or by modification of the number

mailto:rkotek@ncsu.edu
http://www.elsevier.com/locate/polymer


1298 M. Afshari et al. / Polymer 49 (2008) 1297e1304
and strength of the hydrogen bonds between their chains. For this
reason, many researchers have attempted to overcome the nor-
mally low nylon draw ratios by using various processing tech-
niques, such as, plasticizers, dry spinning, gel spinning, wet
spinning, zone drawing, annealing, etc. [9e18]. In this report,
we have investigated Lewis acidebase complexationas a method
to temporarily break hydrogen bonding and suppress crystallin-
ity in nylon 6,6. Fibers were spun from complexed solutions
through a dry-jet wet spinning process, followed by decomplex-
ation/regeneration of the drawn nylon 6,6 fibers by soaking them
in water. We observe these fibers to exhibit high initial moduli,
when a high molecular weight nylon 6,6 is employed.

2. Experimental
2.1. Materials
High molecular weight nylon 6,6 (Mw¼ 175,000e
200,000 g/mol) was prepared by solid-state polymerization
[19,20], beginning with commercial nylon 6,6 chips (Zytel�

101, Mw¼ 30,000 g/mol), which were supplied by Du Pont
Co. GaCl3, nitromethane, and all coagulation bath solvents
were obtained from Aldrich Co.

Viscosity average molecular weights were obtained using the
MarkeHouwink equation. The constants K and a used for the ny-
lon 6,6/formic acid system at 25 �C are 35.3� 10�5 dL/g and
0.786, respectively [21]. The viscometric measurements were
conducted at 25 �C with an Ubbelohde viscometer. The limiting
viscosity number was determined from the following Eq. (1):

½h� ¼ 2

C

�
h

1=2
rel � 1

�
ð1Þ

where C is the polymer concentration, [h] is the intrinsic
viscosity, and hrel is the relative viscosity.
2.2. Preparation of nylon 6,6/GaCl3 complex solutions
Nylon 6,6/GaCl3 complex solutions with 4e5 wt% concentra-
tion of nylon 6,6 were prepared as follows. A specific amount of
GaCl3 (5 g) was added to nitromethane refluxing under nitrogen.
This mixture was stirred at 70 �C until GaCl3 was completely
dissolved. Predetermined weights of nylon 6,6 chips corresponding
to different stoichiometric ratios of GaCl3 to amide groups (as an
example, for a stoichiometric ratio of 1:1, 3.21 g nylon 6,6 and 5 g
GaCl3) were then added to the solution and the mixture was stirred
under nitrogen until the polymer was completely dissolved (16e
24 h). Stoichiometric ratios (1:1 and 1.1:1) of GaCl3 to amidegroups
were used to achieve complete suppression of hydrogen bonding in
nylon 6,6. It is important to mention that solutions of nylon 6,6 com-
plexed withGaCl3 are sensitive to moisture, due to the high reactivity
between GaCl3 and H2O, leading to reduced solution viscosities.
2.3. Preparation of nylon 6,6/GaCl3 complex films
The nylon 6,6/GaCl3 complexes were made using both low
(Mw w 30,000 g/mol) and high (Mw w 175,000e200,000 g/
mol) molecular weight nylons. Complexed films were made
by evaporating the solvent in vacuum.
2.4. Dry-jet wet spinning of the complexed nylon 6,6
solutions
A dry-jet wet spinning method was used for producing nylon
6,6/GaCl3 complex fibers. High molecular weight nylon 6,6
(4e5 wt.% concentration) in GaCl3 complexed nitromethane
solutions were used as the spinning dope, and isopropanol
was used as the non-solvent in a coagulation bath held at
25 �C. Spinning temperature was about 60e70 �C and the pres-
sure for the extrusion was in the range 100e150 psi. The cylin-
drical single orifice spinneret dimensions were D¼ 0.0100 and
L¼ 0.0200. The as-spun fibers were carefully collected on a bob-
bin at take-up speed around 20 m/min, and then dried in a des-
iccator. Due to the coagulation process in wet spinning, fiber
cross-sections were not completely round, but were somewhat
collapsed.

To control spinning speed, throughput of the complexed
spinning solution was measured to understand the polymer
flow behavior at different pressures and times at room temper-
ature (data not shown).
2.5. Wide angle X-ray diffraction
Measurement of wide angle X-ray scattering (WAXD) was
carried out using a Philips X-ray diffractometer in the transmis-
sion mode, with curved crystal monochromatized Cu Ka radi-
ation (1.54 Å) generated at 30 kV and 20 mA. Equatorial scans
were obtained in the 2q range 10e40�, with intensity data
collected every 0.1�. Nylon 6,6 fibers presented a characteristic
two peak equatorial X-ray scattering pattern for an alpha struc-
ture as described by several authors [22]. The observed peak
maxima for nylon 6,6 fibers were 2q z 20.8� and z23�

corresponding to the (100) and (010) diffraction planes,
respectively.

To probe the orientation of pseudohexagonal [23] hot-drawn
nylon 6,6 fibers, we used the 010 equatorial reflection [24]. The
orientation factor is given by Eq. (2):

fj ¼
�
3 cos2 fj;z� 1

��
2 ð2Þ

where cos2 fj;z is the average value of the square of the cosine
of the angle between the fiber axis z and the j crystallographic
axis ( j¼ a, b, or c). Assuming rotational symmetry about the
fiber axis, the value of cos2 fj;z is given as follows:

cos2 fj;z ¼

Zp=2

0

Ihkl

�
fj;z

�
cos2 fj;z sin fj;zdfj;z

Zp=2

0

Ihkl

�
fj;z

�
sin fj;zdfj;z

ð3Þ

cos2 fc;z ¼ 1� 2 cos2 f010;z ð4Þ
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fa ¼ fb ¼�fc=2 ð5Þ
where Ihklðfj;zÞ is the intensity of the beam diffracted from the
(hkl ) planes that are normal to the j crystallographic axis.
V0 V1

2.6. FTIR spectroscopy
Fig. 1. Schematic diagram of hot drawing apparatus.
Attenuated total reflectance (ATR) spectra were collected on
a Nicolet 560 FTIR spectrometer equipped with an Advantage
microscope and using a liquid nitrogen cooled Mercury Cad-
mium Telluride (MCT) detector. At least 256 scans were
obtained to achieve an adequate signal to noise ratio. The spec-
tral resolution was 2 cm�1.
2.7. Thermal analysis

2.7.1. Differential scanning calorimetry
Melting temperatures and heats of fusion were measured

with a PerkineElmer differential scanning calorimeter (DSC
7) on 3e5 mg samples. Each thermogram was obtained from
25 to 280 �C at a heating and cooling rate of 20 �C/min, and
the instrument was calibrated using indium. The heat of fusion
for the totally crystalline nylon 6,6 was taken from the litera-
ture as 191 J/g [20b].

2.7.2. Thermal gravimetric analysis
A PerkineElmer Pyris 1 thermal gravimetric analyzer

(TGA) was used to determine the thermally induced weight
loss of solid complexed nylon 6,6 film (after solvent evapora-
tion) and as-received nylon 6,6 chips. Approximately 20e
30 mg samples were heated from 25 to 650 �C at a rate of
20 �C/min in a nitrogen environment. As the sample is heated,
the mass is measured as function of temperature. The % mass
remaining is calculated by dividing the mass at the tempera-
ture of interest by the initial mass before heating.
2.8. Drawing and tensile properties
[ -C-(CH2)4-C-N-(CH2)6-N-]n

+

-GaCl3-GaCl3

[-C-(CH2)4-C-N-(CH2)6-N-]n

O O

O O

[-N-(CH2)6-N-C-(CH2)4-C-]n

+ OO

HH HH
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Scheme 1.
A tensile tester was used for slow drawing of the com-
plexed filaments and films at different strain rates from 2 to
50 mm/min. The gauge length was 100. For the first set of fibers
in our experiments, after cold drawing in the Instron, the com-
plexed filaments were held under slight tension on a rectangu-
lar glass frame and soaked in water to obtain decomplexed and
regenerated filaments. The decomplexation time was about 1
day. Tensile properties of decomplexed filaments were mea-
sured on an Instron machine with a 50 mm/min (0.032 s�1)
strain rate, at 65% relative humidity and 25 �C, after being
conditioned in this environment for 24 h.

After 1 day soaking in water, a second set of regenerated con-
tinuous fibers were drawn over a hot plate at 150e230 �C using
rollers operating at different speeds. Draw ratios were initially
equated to the ratios of take-up to feed velocities V1 and V0,
respectively (Fig. 1). More exact draw ratios were determined
by measuring the distances between ink marks on the fibers be-
fore and after drawing. Fiber denier was measured by weighing
predetermined lengths (1e2 m) of fibers.
2.9. Scanning electron microscopy
Cross-sections of regenerated nylon 6,6 fibers were ob-
served with a Hitachi S-3200N scanning electron microscope
(SEM). Fiber samples were submerged in liquid nitrogen and
were cut with a razor blade. The surface of the cut fiber was
coated with a layer of gold before viewing.

3. Results and discussion
3.1. Complexation of nylon 6,6 with gallium trichloride
The complexation of nylons with Lewis acids was first re-
ported by Roberts and Jenekhe at the beginning of the 1990s
[25,26]. These authors discovered that the complexation of
nylon 6 with GaCl3 (see Scheme 1) can be accomplished in
nitromethane, where the nylon chains do not remain fully
extended and in crystalline register. Generally, pure un-com-
plexed nylon 6 does not dissolve in this solvent. Our extensive
studies of nylon 6,6 determined that its complexation with gal-
lium trichloride can also be done in nitromethane. However,
the complex forms and dissolves in this solvent at elevated
temperatures, only when at least the stoichiometric amount
of this Lewis acid is used. Furthermore, the complexation
must be carried out under anhydrous conditions. Usually
a highly viscous, heterogeneous (for stoichiometric ratio 1:1)
mixture first forms when nylon chips are mixed with GaCl3
in nitromethane at 70 �C. The viscosity of this system tends
to increase and the maximum viscosity is often only reached
after 2 h. It usually takes about 24 h (for stoichiometric ratio
1:1) to fully dissolve nylon 6,6 chips in nitromethane.
A 4e5 wt.% solution of nylon 6,6 complexed with GaCl3 in
nitromethane is transparent and has a yellowish color. The ny-
lon 6,6/GaCl3 solutions are stable if kept under N2 environ-
ment. As mentioned earlier, GaCl3/nylon 6,6 complex
solutions in nitromethane can be prepared only by adding at
least 1 mol of GaCl3 per mole of amide groups, while other ra-
tios, namely 1:1.5 and 1:2, did not lead to dissolution of the
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complex. However, if we increased the amount of Lewis acid
compared to the polymer, then the time needed for fully
dissolving nylon 6,6 chips was reduced to around 18 h for
a stoichiometric ratio of 1.1:1, and the solution was very ho-
mogeneous with no undissolved polymer chips and no swollen
polymer.
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3.2. Properties of nylon 6,6/GaCl3 complexed and
regenerated films
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Fig. 2. Initial moduli of drawn regenerated nylon 6,6 films.
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Fig. 3. Tensile strengths of drawn regenerated nylon 6,6 films.
Nylon 6,6/GaCl3 complexed films and fibers before regen-
eration are amorphous, rubbery, soft, and very sticky. The
complexed films can be easily stretched when pulled by both
hands at room temperature. The glass transition temperature
of the complexed film is w�32 �C, as found in the DSC ther-
mogram (not shown) [27]. Generally, nylon 6,6 cannot be
drawn post-spinning more than five times, because of strong
intermolecular hydrogen bonding present between the amide
linkages and crystallinity. When nylon 6,6 is complexed
with gallium trichloride, interchain hydrogen bonding and
crystallinity are fully eliminated (Scheme 1), and therefore it
is possible to draw the complexed films to very high draw
ratios. Consequently, complexed nylon 6,6 films or filaments
with possibly a higher degree of molecular orientation can
be obtained.

In our previous paper, we demonstrated that nylon 6,6/
GaCl3 complexed films could be drawn at room temperature
to draw ratios up to 30 at low strain rate using a tensile tester
[25]. It is obvious that the draw ratio of 30 obtained there is
much higher than the draw ratio of 5 usually obtained in the
conventional drawing of melt-spun nylon 6,6. The theoretical
draw ratio for low molecular weight nylon 6,6 (30,000 g/mol)
is w10. Therefore, in addition to the elastic stretching of com-
plexed nylon 6,6 chains upon drawing, irreversible elonga-
tional plastic flow is also expected to have occurred. High
draw ratios could not be achieved by increasing the strain
rate. This indicated insufficient time available for molecular
relaxation of the relatively bulky, complexed nylon 6,6 chains
to slide past each other. In other words, increased frictional
forces appear to obstruct drawability, at higher strain rates,
even in the absence of interchain hydrogen bonding. Figs. 2
and 3 show that increasing molecular weight from 30,000 to
w200,000 g/mol increased the drawability of films and led
to increasing tenacities and moduli.

As shown in Fig. 4, nylon 6,6/GaCl3 and regenerated nylon
6,6 fibers were examined by wide angle X-ray diffraction
(WAXD). The WAXD pattern of nylon 6,6/GaCl3 shows
a broad halo, suggesting that the complex is completely amor-
phous. Diffraction patterns of regenerated nylon 6,6 and as-
received nylon 6,6 (not shown) are similar, which demon-
strates that the regeneration was complete.

From the FTIR spectra shown in Fig. 5 we can see bands at
3300 and 1640 cm�1, which have been attributed to NeH and
C]O stretching vibrations. Gaþ3 metal coordination leads to
breaking of the hydrogen bonds between nylon 6,6 chains (see
Scheme 1). Since GaCl3 forms a complex with the C]O
group, the NeH bond is free. This causes the NeH vibrational
band to shift to higher frequency (red shift from 3300 to
3366 cm�1), while the C]O vibrational band shifts to lower
frequency (blue shift from 1640 to 1617 cm�1), due to the re-
duction in bond order [27]. Also the infrared spectra of initial
and regenerated nylon 6,6 films are similar, suggesting com-
plete removal of the Lewis acid from the complexed sample.
Decomplexation occurs by soaking the complexed nylon 6,6
films or filaments in water. In order to remove all gallium tri-
chlorides, the films must be soaked in water for at least 72 h
[27]. In most cases, however, after 24 h the films contained
only traces of gallium trichloride. Fig. 5 shows the FTIR spec-
tra taken from the nylon 6,6/GaCl3 complex with a stoichio-
metric ratio 1:1.1. In complexed films with a stoichiometric
excess of GaCl3, there are two new vibrational bands at
1681 and 3542 cm�1, probably related to a different complex
structure.
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Fig. 4. WAXD diffractograms of (a) decomplexed and drawn nylon 6,6 fiber

and (b) nylon 6,6/GaCl3 complexed fiber.

Fig. 5. FTIR spectra of (a) as-received nylon 6,6, (b) decomplexed undrawn

nylon 6,6, and (c) nylon 6,6/GaCl3 complex (ratio 1:1.1).

Fig. 7. DSC thermogram of nylon 6,6/GaCl3 film with stoichiometric ratio

1:1.1.
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Fig. 6 (a and b) presents the TGA thermograms of nylon 6,6
chips and nylon 6,6/GaCl3 (stoichiometric ratio 1:1.1) com-
plexed film, respectively. The complexed film contains 63%
by weight GaCl3 and 10% of that (6.3% of total sample
weight) is in excess compared to the 1:1 stoichiometric sam-
ple. In fact an w6% decrease in the weight of the sample oc-
curs at w200� C, near the boiling point of GaCl3 (201 �C).
Fig. 6. TGA thermograms of (a) nylon 6,6 chips and (b) nylon 6,6/GaCl3 film

with stoichiometric ratio 1:1.1.
The remaining 1:1 nylon 6,6/GaCl3 complexed film then
begins to thermally degrade above 300 �C, or w100 �C below
the pure nylon 6,6 chips. A substantial portion of this w70%
weight loss must be due to GaCl3 degradation, because below
300 �C the stoichiometric complex contains 61% GaCl3 and
39% nylon 6,6. Unlike the pure nylon 6,6 chips, which begin
to decompose above w400 �C, the complexed nylon 6,6
reaches a stable weight at this temperature and must now be
predominantly nylon 6,6. Though these interesting observa-
tions warrant further study by mass spectrometry, it appears
that aliphatic nylons may be rendered more thermally stable
through complexation with Lewis acids, such as GaCl3.

Differential scanning calorimetry was carried out to obtain
melting and crystallization temperatures. Fig. 7 shows the
DSC scan of the nylon 6,6/GaCl3 complexed film. No melting
and crystallization transitions are observed during heating and
cooling, respectively, for complexed nylon 6,6, suggesting that
the complex is essentially amorphous. Fig. 8 shows the DSC
scans obtained for the regenerated undrawn nylon 6,6 film,
which clearly show melting and crystallization transitions,
and confirm the regeneration of crystallinity. The same results
were observed for complexed and regenerated nylon 6,6 fibers
(not shown). The crystallinity of the regenerated undrawn film
based on its fusion enthalpy of melting is about 26%.
Fig. 8. DSC thermogram of regenerated undrawn nylon 6,6/GaCl3 film.
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3.3. Fiber spinning and fiber properties
Spinnability of a polymer solution can be easily determined
by immersing a small spatula or a glass rod in the polymer so-
lution and pulling it upwards. Generally, a liquid jet will form
if a polymer solution has fiber-forming properties. If its viscos-
ity is too low, then dripping occurs. For establishing the dry-jet
wet spinning conditions, throughput at different pressures was
measured at room temperature.

The viscosity dramatically decreases 2e4 days after prepar-
ing the nylon 6,6/GaCl3 complex due to moisture in the air, and
tends to level off thereafter, losing spinnability for producing
fibers. This type of rheological instability can be explained by
the interaction of GaCl3 with moisture during the experiment.
Therefore, it is very important to prepare and handle the nylon
6,6/GaCl3 complex/nitromethane solution in the presence of
dry nitrogen to prevent moisture absorption.

The non-solvent in the coagulation bath can also play a very
important role in wet spinning. In order to coagulate nylon 6,6/
GaCl3, various liquids including methanol, ethanol, n-propanol,
2-propanol, n-butanol, acetone, and water were investigated.
Among these potential coagulants, 2-propanol was found to
be the only liquid that was suitable for the coagulation of the
complex. In all the other liquids, the fibers were either brittle
or did not coagulate completely to hold structure and form
fibers. In water, for example, the coagulation was very fast
and so the fibers were brittle.

In an attempt to achieve filament orientation we used the
dry-jet wet spinning method. The gap between the spinneret
and the coagulation bath was 200. Fig. 9 shows a schematic
of our dry-jet wet spinning system. The cylinder containing
the spinning dope was well insulated to prevent heat losses
and rapid changes in dope viscosity. The cylinder was equip-
ped with a single orifice spinneret. The dry-jet wet spinning
method is usually used for making Kevlar fibers, and differs
from conventional wet spinning. In conventional wet spinning,
the spinneret is located in the coagulation bath. However, in
the dry-jet wet spinning, the spinneret is located above the
coagulation bath (see Fig. 9).
Table 1

Physical properties of high molecular weight (200,000 g/mol) regenerated ny-

lon 6,6 cold-drawn short filaments obtained at a drawing speed of 2.5 mm/min

Draw

ratio

Temperature

of drawing (�C)

Tenacity

(GPa)

Modulus

(GPa)

Elongation at

break (%)

Undrawn e 0.075� 0.01 2.9� 0.9 203.8� 84.4

4 25 0.25� 0.02 3.2� 0.27 40.4� 13.06

5 25 0.24� 0.07 3.2� 0.4 36.3� 16

6 25 0.29� 0.07 4.7� 0.9 25.4� 1.14

7 25 0.39� 0.12 5.2� 0.7 42.2� 12.06

Dope concentration of nylon 6,6 in complex: 4e5 wt%; temperature of spin-

ning: 60e70 �C.

Coagulation
Bath

Winder

Roller

Extrusion
device and
spinneret

N2 gas

Fig. 9. Schematic of dry-jet wet spinning.
3.3.1. Cold drawing of short complexed fibers
The short complexed filaments made by this method were

carefully drawn at room temperature using a tensile tester
with drawing rates from 2 to 50 mm/min. The draw ratios
obtained by cold drawing these complexed filaments show
a range from 4 to 7. When the dry-jet wet spun complexed fil-
aments had an even thickness and shape, high draw ratios were
obtained. On the other hand, if the shape of the as-spun com-
plex filaments was not even or had an irregular external
appearance, low draw ratios were obtained. The complexed
filaments were very weak and could be easily stretched com-
pared to melt-spun nylon 6,6 fibers due to complete suppres-
sion of hydrogen bonding and crystallinity. The ability to be
drawn and other characteristics of nylon 6,6/GaCl3 complexed
materials were discussed in our previous paper [27]. We ob-
tained high draw ratios with complexed filaments in these ex-
periments at a 5 mm/min (0.003 s�1) strain rate. The stretched
complex filaments were fixed on a rectangular glass frame and
then soaked in water for 24 h to remove GaCl3. Decomplexed
or regenerated drawn nylon 6,6 filaments were prepared for
tensile testing, and Table 1 summarizes the results of the ten-
sile tests for the regenerated nylon 6,6 filaments. Initial moduli
of these regenerated filaments were near to commercial melt-
spun fibers, with initial moduli of about 6 GPa.

The draw ratio range varied from 4 to 7 for cold drawing,
and depended on the morphology of the spun filaments. The
measured tenacities showed low values, which can be related
to defects in the structure of these fibers, presumably pores
or voids. Initial moduli can be calculated from the initial slope
of each loadeextension curve (not shown), and increased with
increasing draw ratios. At a draw ratio of 7, the initial slope
was high compared to those fibers with lower draw ratios.
The higher draw ratio was obtained by careful drawing of
the short complexed fibers, which have no hydrogen bonding
between their nylon 6,6 chains, at room temperature in the
Instron. Our regenerated nylon 6,6 fibers showed an initial
modulus up to 5 GPa at a draw ratio of 7.

3.3.2. Hot drawing of regenerated continuous fibers
Continuous complexed filaments were produced by dry-jet

wet spinning (the spinning temperature was about 65 �C, and
the coagulation bath temperature was 25 �C) after cold drawing
during spinning, subsequent decomplexation, and finally care-
ful drawing over a hot plate (150e230 �C) at different draw
ratios by operating feed and take-up rollers at different speeds.
When the dry-jet wet spun complex filaments had an even
thickness and shape and low denier, then high hot-draw ratios
were obtained. If the shape of the spun complex filaments



Table 2

Physical properties and orientation factor of crystalline regions of high molec-

ular weight (200,000 g/mol) regenerated nylon 6,6 continuous filaments ini-

tially spun at 1 m/min following hot drawing

Draw

ratio

Temperature of

drawing (�C)

Tenacity

(GPa)

Modulus

(GPa)

Elongation at

break (%)

fc

Undrawn e 0.075� 0.01 2.9� 0.93 203.8� 84.4 e

4 150 0.195� 0.03 9.5� 1.27 18.6� 6.01 e

13.8 200 0.342� 0.07 10.5� 3.21 16.5� 5.6 e

9.2 230 0.253� 0.02 10.7� 1.20 15.3� 8.6 0.78

13.8 230 0.343� 0.07 12.8� 1.97 12.3� 6.9 0.85

Dope concentration of nylon 6,6 in complex: 4e5 wt%; temperature of spin-

ning: 60e70 �C.
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was not even or had an irregular external appearance and high
denier, then low hot-draw ratios were obtained. By increasing
the denier of fibers, their drawability decreased. The complexed
filaments were very stretchable and could be easily extended
compared to melt-spun nylon 6,6 fibers due to complete sup-
pression of hydrogen bonding.
Fig. 10. SEM micrographs of cross-sectional and longitudinal views of regenerated

undrawn nylon 6,6 fiber; (b) cross-sectional view of regenerated undrawn nylon 6,

gitudinal view of regenerated hot-drawn (150 �C, DR w 4) nylon 6,6 fiber; (e) cross

cross-sectional view of regenerated hot-drawn (200 �C, DR w 13.8) nylon 6,6 fiber;

fiber.
Table 2 summarizes the results of the tensile tests for the
regenerated hot-drawn continuous nylon 6,6 filaments. Initial
moduli of these regenerated filaments were high compared
to melt-spun nylon 6,6 fibers. Initial moduli increased as the
draw ratio increased. The draw ratio range varied from 5 to
13. All regenerated hot-drawn filaments were broken at low
strain levels. The high modulus of these fibers presumes, and
is in accord with long times to break, that the regenerated
filaments were likely highly oriented at a draw ratio of 13.
The crystallinity of the fiber hot-drawn at 200 �C to a draw ratio
of 13 is about 46%, based on its observed enthalpy of melting.
The low tenacities for this series of continuous fibers are prob-
ably due to non-uniformity or defects (voids or pores) in the
fibers. The SEM cross-sections of these continuous high mod-
ulus regenerated nylon 6,6 fibers are shown in Fig. 10 (aeg).
Our fibers do not show a perfectly smooth round shape. Because
of the nature of the wet spinning process, the cross-section of
fibers are somewhat collapsed. The fiber surface does not
show voids, but the morphology of undrawn regenerated fibers
undrawn and drawn nylon 6,6 fibers: (a) cross-sectional view of regenerated

6 fiber; (c) longitudinal view of regenerated undrawn nylon 6,6 fiber; (d) lon-

-sectional view of regenerated hot-drawn (150 �C, DR w 4) nylon 6,6 fiber; (f)

(g) longitudinal view of regenerated hot-drawn (200 �C, DR w 13.8) nylon 6,6
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is very porous. By measuring the surface area of fiber cross-sec-
tions and the weight of fibers, and considering the density of ny-
lon 6,6 as 1.14 g/cm3, a fiber porosity of w70% was calculated.
Though the SEM micrographs of hot-drawn regenerated fibers
show compact structures with very low apparent porosity, their
low tenacities are likely due to the presence of voids lying along
the fiber axis perpendicular to the fiber cross-section, which
lead to stress concentration.

The observed orientation factors of crystalline regions for
regenerated fibers hot-drawn to draw ratios 9.2 and 13.8 are
presented in Table 2. They show that nylon 6,6 chains are pre-
dominantly oriented during the drawing process, and, there-
fore, chain slippage is not dominant. The orientation factors
observed here for the crystalline regions of regenerated hot-
drawn fibers agree with orientation factors of melt-spun drawn
fibers reported in the literature [28,29]. However, we need to
mention that in WAXD measurements, the contributions of
small crystals are often difficult to detect [30].

In the following publications a full evaluation of the mor-
phology and mechanical properties of fibers produced by contin-
uous spinning of complexed nylon 6,6/GaCl3 in nitromethane
solutions and using different coagulants and heat treatments (an-
nealing) will be given.

4. Conclusions

Disruption of the interchain hydrogen bonding between high
molecular weight nylon 6,6 chains made possible by complex-
ation with GaCl3 led to the production of strong fibers upon
regeneration (removal of GaCl3) and subsequent hot drawing.
Stable nylon 6,6/GaCl3 complex solutions were obtained under
nitrogen in nitromethane. High modulus fibers were produced
from GaCl3/high molecular weight nylon 6,6 complexes. Dif-
ferent draw ratios were obtained by low strain rate stretching
of complexed fibers made by using a dry-jet wet spinning pro-
cess. The complexed fibers, which are rubbery, soft and very
sticky, similar to their films, can be stretched at low strain rates
by using a tensile tester. The maximum draw ratio achieved for
fibers in our experiments was about 13. It has been demon-
strated earlier, as well as in this work, that Lewis acid complex-
ation of aliphatic nylons provides a way to temporarily suppress
the effects of hydrogen bonding, while drawing, allowing a po-
tential increase in orientation, and then, upon decomplexation/
regeneration, to restore hydrogen bonding to the highly oriented
fiber, resulting in high modulus. Continued research will focus
on using different coagulants and trying to produce more uni-
form continuous filaments, with more compact pore-free struc-
tures, for subsequent (cold and hot) drawing to increase fiber
tenacity and further improve modulus. Detailed study of fiber
morphologies will hopefully lead us to some understanding of
the relationships between the orientations of amorphous and
crystalline regions and the physical properties of the fibers, fol-
lowing decomplexation/regeneration by removing the GaCl3,
both before and after they are drawn.
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