ABSTRACT
NAJAFI, MESBAH. Improving Mechanical Properties of Nylon and Polyester Yarns by
Horizontal Isothermal Bath Method. (Under the direction of Dr. Richard Kotek).

Several techniques and treatments have been used for the production of high tenacity
polyamide and polyester yarns. The inherent problems of low productivity, high production
cost, and high energy consumption, complexity of chemical reaction, mass transfer and waste
recovery systems make most of them inappropriate for industrial application. Horizontal
isothermal bath (HIB) is an alternative eco-friendly simple treatment that can be utilized
during melt spinning process for production of high performance fibers. The method
contributes to high tensile properties through developing unique fiber morphology,
transformable into highly oriented, order crystalline structures under mild drawing and
heating. The drawing can be performed on HIB yarn during (i.e. continuous system) or after
(i.e. batch system) the spinning process.
The purpose of this work is to study the effect of HIB method and drawing in improving the
mechanical properties of nylon and polyester yarns. To achieve that, several HIB parameters
including liquid depth, temperature, viscosity, and type as well as take-up speed, draw ratio
and temperature were examined and optimized for the desirable tensile performance. In the
first study, such parameters were investigated for a low M w multi-filament nylon-6 yarn in
the batch HIB system. The results showed that such treatment can increase the molecular
orientation of the amorphous and crystalline functions up to 0.54 and 0.983 respectively, and
raised both the amorphous isotropy and fiber birefringence by 67 and 45%, respectively.
Also, hot drawing of the HIB yarn at a very low draw ratio of 1.38, increased the tenacity and
modulus up to 10 g/d and 43.9 g/d respectively, and decreased the elongation to 27%.

In the second study, the effect of HIB and post-drawing on the tensile properties of poly
trimethylene terephthalate (PTT) yarns was examined. PTT is an interesting polyester for
textile products, as it has combined physical properties of nylons (PA-6 and PA-66) and
other aromatic polyesters (PET and PBT). PTT filament is the most promising candidate for
replacement of PET fiber, due to the properties such as lower melting point, easier processing
and dyeing, and higher flexibility. The results showed that the bath treatment increased
considerably the fiber orientation and crystallinity up to 0.066 by 66% and 47.94% by 100%,
respectively. Drawing the HIB fibers with a low draw ratio of 1.11 increased the tensile
strength up to 4.76 g/d and reduced the tensile strain down to 51.76%. Such the strength is
greater than the maximum value (3.3 g/d) reported before. The obtained results can widen
application of PTT fibers in technical woven/nonwoven products.
The third study is related to the integration of the drawing and the HIB into one-step
continuous process for production of high tenacity PET yarn. So far, the drawing and the
HIB treatment have been used in two separate steps (i.e. batch system), which is not
appropriate for industrial scale due to the low drawing speed (50 mm/min). This problem can
be solved in the continuous system, as the drawing could be done on the HIB yarn during
melt spinning. The results showed that continuous HIB process increased the tenacity and
modulus up to 7.9 and 116.5 g/d, respectively and reduced the strain down to 9%. Such
tensile properties obtained simply through entering the filaments into the bath (depth of 24
cm, temperature of 110°C) for some millisecond and applying a very low DR of 1.3 to the
yarn at a high drawing temperature of 200°C, which otherwise requires a much higher DR of
5.2 in conventional spin-draw process. The combined effects of high crystallinity, high

molecular orientation and compact fibrillar morphology contributed to such high tensile
properties.
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Chapter 1 : Literature review

1-1 Introduction
Nylon or polyamide (PA) is known as the second most important man-made polymer for
textiles after polyester [1]. It was first developed by a brilliant chemist, Wallace H. Carothers
in 1930s at DuPont research facilities [2]. Properties such as stiffness, toughness, lubricity,
and resistance to temperature, fatigue, and abrasion make nylons one of the most versatile
thermoplastics in use today [3]. The most important application of nylons is as fibers, which
cover a wide range of textile, apparel, and industrial products [4]. Nylon filaments for
technical requirements or functions are known as high performance (technical) fibers. Based
on application, technical nylon fibers can be classified into several categories such as high
tenacity-high modulus fibers, flame retardant fibers, chemical resistance fibers, and
conductive fibers [5]. Among them, the high tenacity fibers are in particular interest as they
have high tensile performance as well as good chemical, and thermal stability [6].
High tenacity nylon fiber is constructed from aliphatic polymers with structural methylene
units (CH 2 )n linked together by amide (peptide) groups (NH-CO). PAs are identified as
nylon-n (PA-n) or nylon-mn (PA-mn), where m and n represent the number of carbon groups
in the related monomeric units [3]. Nylons are commercially produced in two different ways:
polycondensation of difunctional monomers containing amino acids or equal pairs of
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diamines and dicarboxylic acids, and ring-opening polymerization of lactams. PA-6 and 66
are the two principal nylons used for technical fibers due to combination of tensile properties,
process flexibility, and abrasion resistance. Nylon-6 is synthesized through ring-opening
polymerization of caprolactam while nylon-66 is synthesized by polycondensation from
adipic acid and hexamethylene diamine [7, 8]. High tenacity, high elasticity, good adhesion
to rubber, and resistance to abrasion and chemicals make these nylons filaments attractive for
various technical applications such as tire cords, surgical sutures, friction bearing, cloths,
threads, ropes and nets [7, 9].
Nylon-n : ‒[‒(NH‒CO)‒(‒CH 2 ) n-1 ‒]‒
Nylon-mn : ‒[‒(NH‒CO)‒(‒CH 2 ) n-2 ‒(CO‒NH)‒(CH 2 ) m ‒]‒
Chemical structure of nylon-n and nylon-mn [3].

High tenacity nylon yarn has some technical and economic advantages over other similar
products. It does not have high process complexity and high production cost of aramid fibers
such as M5, Zylon, and Kevlar (Figure 1.1). These rigid polymers are often difficult to
process as they decompose chemically before melting and need strong acid solvents for the
filament formation [6, 10]. Moreover, nylon has a higher melting point than other flexible
polymers such as PP, PE, and PET, and thus it has a potential for wider range of applications.
Nevertheless, technical nylon filaments have considerably lower tensile properties than other
technical fibers (e.g., carbon, aramid) (Figure 1.1), and this limits their usage in industrial
products. It is said that, the strength (tenacity) and the stiffness (modulus) are related to
molecular orientation and the number of the chain ends inside fiber. Thus, to make stronger
nylon yarns, the macromolecules need to be thoroughly extended and oriented along the fiber
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axis and the chain ends defects need to be reduced [11]. This can be achieved through
modifying fiber formation processes and thermo-mechanical treatments. In this chapter, we
will elaborate recent advances in spinning methods and treatments for production of high
tenacity nylon yarns.

Figure 1-1 Performance vs. Cost for various technical fibers [10]

1-2 Fiber formation methods
1-2-1 Melt spinning
Melt spinning is a fiber formation method which uses heat to melt polymer chips to a
viscosity appropriate for extrusion. It is the simplest spinning method both conceptually and
economically and it does not have the complexity of chemical reaction and mass transfer that
is inherent in other spinning technique. Melt spinning is typically based on the extrusion of
the polymer melt through a spinneret into a cooling environment and the subsequent
elongation of the extruded melt into filament bundles. Thus, it is appropriate for polymers
that are not degraded or decomposed at the temperatures required for extrusion. [12].
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Melt spinning was used first in the early’s 1930 by W.H. Carothers and coworkers at DuPont
Company for fiber formation of polyamides. They synthesized nylon-6,6 from
hexamethylene diamine and adipic acid in 1935, and produced successfully commercial
nylon filaments and yarns in 1939. The success of nylon led to commercial application of
other synthetic fibers such as polyester, and polyolefin fibers [7], [13]. The major
development in melt spinning happened in 1970s when high speed spinning was introduced.
With such technological development, production of synthetic fibers at take up speed of 3000
m/min and above became possible. Nevertheless, such high speed technology was not used
promptly in textile industry and fibers were still produced at relatively low take up speed
because of the problem of heat removal. The chronological development in melt spinning
process is as follows [12], [13]:
•

Conventional melt spinning (e.g. two-step process)
o In the 1st step: melt spinning of the polymer at 1000-1500 m/min for
production of yarns with low orientation and crystallinity
o In the 2nd step: drawing and annealing of the yarns at 400-1000 m/min (Draw
ratio: 3-4) to improve the mechanical properties of the as-spun yarn.

•

Direct spin-draw process (e.g. one-step process)
o Spinning and drawing operation are carried out in one continuous process.
o The ultimate take-up speed can be as high as 6000 m/min but the spinning
speed is less than 4000 m/min.

•

High speed spinning
o Spinning at 3000-4000 m/min for production of partially oriented yarn (POY).
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o Further drawing process (DR=2) may be applied sequentially or
simultaneously on the yarn.
•

Super high speed spinning
o Spinning at 4,000 to over 6,000 m/min.
o Further slight drawing may be applied on the as-spun yarn.

1-2-1-1 Advantages of Melt spinning
Melt spinning has several advantages over other typical formation methods i.e. dry spinning
and wet spinning. First, it has higher production rate and productivity because of higher wind
up speed used in this method. Also, obtaining filaments with uniform structure is easier in
melt spinning as the filaments have no porosity and defect sites inherently found in the fibers
of other spinning processes. Moreover, melt spinning is the simpler fiber manufacture
method as it does not have associated problems and complexities of solvents used in wet and
dry spinning. In fact, in melt spinning, the polymer is melted at 20-30ºC more than melting
temperature and no solvent needs to be used. However, in wet spinning and dry spinning, a
coagulation bath and a drying chamber are required respectively, to evaporate/extract the
solvent from the filaments. Those processes are technically and physically complex and
affect considerably on morphology and tensile performance of resultant fibers. Furthermore,
melt spinning is an environmental friendly process as no solvent is used during the process.
Yet, for other spinning methods, the solvents are usually toxic and have environmental
impact and thus they need to be recycled. The problem is that the efficient recovery of the
individual solvent from the gas and the bath is technically difficult and adds more to the
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complexity of those fiber formation methods. Finally, in melt spinning, the solidification
process can be easily done by exposing the filaments to a cooling air after extrusion. But, in
solution spinning, the solidification is done by an outlet gas or a coagulation bath and hence
it is a challenging process [13]–[15].

1-2-1-2 Melt spinning process
Melt spinning process comprises several steps including polymer melting, transporting,
spinning, quenching, finish application and wind up (Figure 1.2). This follows by other
processes such as comingling (interlacing), fiber drawing, yarn texturizing, and package
formation. The polymer melt can be obtained either from melting the polymer chips through
an extruder or directly from the polymerization vessel. In the case of polymer chips, the
moisture content of the polymer needs to be lowered to a consistent moisture level (about
0.12%), as moisture can result in polymer degradation and poor fiber quality [7]. The chips
pass through several components during melt spinning to become multifilament yarns
(Figure 1.2). When the chips are poured inside the hopper, they move toward an extruder.
The extruder comprises of a screw rotated by a motor and a cylindrical barrel heated along its
length. The barrel has several heating zones and their temperatures are set usually 30ºC
higher than polymer melting point (T m ). Inside the barrel, the polymer chips are melted by
the heat and mixed by the mechanical shearing of the rotating screw [13].
When the polymer reaches to the end of the extruder, it is guided into a spin pack via a
metering pump. Inside the spin pack, the polymer melt goes through several parts including
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top cap, breaker plate, filtration media and spinneret. The top cap and breaker plate distribute
the polymer evenly into the spin pack. The filtration media which comprises several layers of
special sand and stainless steel screens removes from the melt solid impurities such as
semisolids, degraded polymer gel and gas bubbles. The tortuous path and high shear media
inside the filtration also improves the homogeneity of the polymer. After filtration media, the
polymer melts pass through the spinneret and become parallel molten filaments which then
cooled by quenched air or water. The temperature and humidity in this part need to be
controlled well as they affect considerably the orientation and crystallization of the resultant
yarn. Ultimately, the parallel filaments become a single multifilament yarn and gathered on a
bobbin by a take up roller [7], [13].

Figure 1-2 Scheme of melt spinning and drawing of nylon yarn [16].
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1-2-3-1 Filaments breakage in melt spinning
In order to understand fiber formation in melt spinning, the physical mechanism of fiber
breakage needs to be perceived well. Filament breakage in melt spinning is influenced by at
least two different mechanisms: cohesive failure and capillary wave breakage. In cohesive
failure, fiber is broken when the threadline stress (P xx ) exceeds the tensile strength of fiber
(P*). Figure 1.3 shows the profile increase of P xx and P* at different distances from spinneret.
As, it can be observed, the profile increase of the threadline stress is much higher than that of
the fiber tenacity. At distances near the spinneret, the thread line stress is much lower than
the tensile strength of the fiber and thus no filament breakage happens. Yet, at some critical
distance (x* coh ), the former becomes higher than the latter, and the filament is broken [14].

Figure 1-3 Cohesive fracture of a steady-state jet in melt spinning [14]. When the threadline stress
(Pxx) exceeds its tensile strength, the fluid breakage happens.
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Figure 1-4 Break-up of a polymer jet in melt spinning due to capillary wave [14]. R(x) represents the
radius of undistorted jet, δ(x) is the profile changes of the capillary wave.

1-2-1-4 Force balance in melt spinning
Several forces effect fiber formation of polymers during melt spinning. They include take up
tension (F ext ), gravity (F grav ), rheological force (F rheo ), surface tension (F surf ), inertia (F in ) and
aerodynamic (air drag) force (F aero ). The term (F ext ) is associated with the tensile force at the
take-up point. The gravity term (F grav ) is for the weight of the extensional flow in the
threadline. The rheological term (F rheo ) is related to viscoelastic response of the jet to shear
flow within the spinneret and tensile force exerted to end of the jet. The term (F in ) is because
of acceleration of the fluid from the extrusion velocity, V 0 to some current velocity, V x . The
term (F surf ) is associated with the change of the curvature of the jet surface and corresponding
surface energy of the jet. The last distribution, F aero results from skin friction on the free
surface of the running jet with the surrounding air medium. The balance of these forces for a
steady jet at a distance x from the spinneret, can be written in form of Eq.1. Such equation is
used to estimate F rheo,, since all other terms are known.
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𝐹𝐹𝑒𝑒𝑒𝑒𝑒𝑒 (𝑥𝑥)+𝐹𝐹𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 (𝑥𝑥) = 𝐹𝐹𝑟𝑟ℎ𝑒𝑒𝑒𝑒 (𝑥𝑥) + 𝐹𝐹𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 (𝑥𝑥)+𝐹𝐹𝑖𝑖𝑖𝑖 (𝑥𝑥)+𝐹𝐹𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 (𝑥𝑥)

Eq.1 [14]

Ziabicki [14], examined the contribution and importance of the individual forces to spinline
tension for melt spun nylon-6 filament. Figure 1.5 reveals the relative contribution of the
forces to the nylon fiber formation at various distances from the spinneret. As shown in the
Figure 1.5, F aero and F rheo are the two major forces counteracting the effect of F ext . Also, F grav
and F in have appreciable influence on fiber tension near the spinneret and then keep
diminishing downstream in the spinline. Moreover, F surf is less that 1% of take up force and
thus it can be neglected. In that study, F ext was assumed constant along the thread line for
normal take up speed. Such assumption is not valid for higher spinning speeds, as the
aerodynamic force plays dominant role in the fiber formation.

Figure 1-5 The individual contributions to spinline tension at different distances from spinneret [14].
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1-2-1-5 Kinematics of melt spinning
Polymers melt along the spinline, experience different velocity profiles and distribution
influencing fiber orientation and crystallinity. Inside the spinneret channel, the polymer flow
is a laminar (shear) flow with a parabolic profile, where adjacent layers travel with different
speed (Figure 1.6). Assuming the polymer melt as an incompressible Newtonian, the radial
velocity distribution (V (r) ) at distance r from the center can be calculated via Eq. 2:
P

V(r) = 4ηL(R2-r2)

(Eq. 2) [17] [13]

Where η, P, L and R are the viscosity, pressure difference between outlet and inlet of
capillary, and the length and radius of capillary respectively.
The shear flow confined to the orifice is transformed into a free-surface flow (e.g.
elongational flow), often the polymer melt passes through the spinneret. Figure 1.6 shows the
velocity gradient in shear and elongational flows during melt spinning. Under take up
tension, the velocity of the elongational fluid increases continuously (e.g. longitudinal
gradient), and it eventually reaches to the wind up speed. The elongational flow has the main
role in orientation of polymer chains in melt spinning. Although the shear flow orients the
chains to some extent inside the spinneret, the time for such orientation is relative short.
Furthermore, when the polymer melt leaves the orifice, a phenomenon of dieswell occurs due
to release of the stored elastic energy in polymer chains. Such energy relaxation makes the
orientation mechanism of polymer chains inside the spinneret ineffective. Therefore,
orientation of the chains mainly develops not inside the spinneret, but along the spinning path
gradually by the local tensile stress or the local velocity. In another word, in melt spinning, it

11

is not the shear flow, but the extension or jet drawing after extrusion is the important
mechanism for fiber manufacture [13][17].

Figure 1-6 The velocity profile in (a) shear flow in a capillary, and (b) elongational flow in a spinline
[13].

1-2-2 Two-step process
Two-step process (TSP) is the conventional melt spinning process that has been used widely
for industrial production of synthetic fibers since 1950s. It comprises two processes (Figure
1.2). First, yarn is melt spun and wound up on a package at take up speed of 1000-1500
m/min. In this step, the yarn has relatively low degree of crystallinity and orientation.
Second, the yarn is subjected to drawing and annealing at 400-1000 m/min to improve the
crystallinity and orientation of the fibers. The high demands for this technology and also its
final products postponed the introduction of advanced high speed spinning into the industry
for couple of decades. Nevertheless, as the manufacturing costs including cost of energy, raw
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material, and labor increased, high speed spinning became known as a super-rational and
energy saving process for commercial fiber production [12].

1-2-3 High speed spinning
High-speed spinning is another type of one-step process in which higher wind-up speed
(>3000 m/min) is used to improve fiber tensile properties. The idea behind this technology
was based on the elimination of the drawing process by using higher wind-up velocity in the
spinning line. High-speed spinning has several advantages over two-step process. It increases
productivity, simplifies the production process, and reduces the energy, labor and overall
production costs. It is known that the productivity of high-speed spinning is 6-15 times
higher than conventional two-step melt spinning. Moreover, high speed spinning reduces the
lag time between drawing and spinning by reducing the need for further drawing process
[12]. Nevertheless, this spinning method has its own limitations and deficiencies. The
tenacity, modulus and elongation of the high spun yarns are typically inferior to those of
traditional two-step process yarns [18]. Also, the filaments may not be quenched and
solidified adequately, since they travel the distance between the spinneret and the take-up
rollers faster. This issue can considerably impact the structural uniformity and mechanical
properties, in particular, of thicker filaments, as they need more time to be quenched.
The influence of high-speed spinning on the tensile properties can be explained by molecular
orientation and crystal formation. The higher velocity increases the crystallization rate and
reduces the chain mobility and crystallization time. At first, the higher take-up stress
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predominantly increases the birefringence and crystallinity, leading to higher tenacity, higher
modulus and lower elongation (Figure 1.7). However, above a critical speed, the chain
mobility and crystallization time are decreased considerably, resulting in lower orientation,
crystallization, and tensile properties (Figure 1.7) [19]. In order to get higher tensile
performance, higher M w polymer can be used. The more entanglement between the chains at
higher M w , can lead to higher orientation, crystallization, and mechanical properties [18].
Besides that, drawing the filaments during high-speed spinning (i.e. spin-draw process) can
modify the tensile characteristics. The problem is the high take-up speed and high
aerodynamic drag used in such high speed technology increases considerably molecular
orientation and limits fiber drawability (Figure 1.8).

Figure 1-7 Effect of take-up speed on the residual draw ratio of nylon fiber. LOY, MOY, POY, HOY,
and FOY stand for low, medium, partially, highly, and fully oriented yarn, respectively [16].
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Figure 1-8 Influence of take-up speed on the tenacity (—), initial modulus (----), and elongation (…..)
of PA-6 fiber [16]

In 2005, Samant and Vassilatos [50] developed pneumatic quench to improve fiber
drawability at high-speed spinning. In this method, an inert quench gas such as nitrogen is
provided to the freshly extruded fibers to control their temperature and attenuation profiles.
As Figure 1.9 shows the quench gas is directed to travel along the extruded filamentary array
to solidify them. Such cooling design reduces the aerodynamic drag on the running filaments,
and results in lower fiber birefringence and higher draw ratio during spinning process.
Furthermore, the reduced yarn tension can increase the productivity via reducing filament
breakage at higher take-up speed. The new quench system was applied to spin-draw process
for nylon 66 at different spinning velocities. High tenacity of 10.8 g/d, and DR of 5.5 were
reported for the pneumatic cooling at spinning speed of 3,660 m/min, which were higher than
the corresponding values of 9.6 g/d and 4.8 in former cross-flow quenching. Also, the
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tenacity of 10.8 g/d obtained at 3,000 m/min by the prior art quench, was achieved at 5,500
m/min by the pneumatic quench, indicating (5,500/3,000)=1.8 times increase in productivity.
Moreover, in 1997, Schippers and Lenk [51] applied additional heat to polymer melt in the
region of spinneret to improve the fiber drawing. The heat is generated by an annular heating
strip or a resistance heating wire, and is directed to a conical surface, which faces the
spinneret (Figure 1.10). The temperature of the heater is in the range of 300° to about 800°C.
Such a high temperature can keep the polymer chains in the molten state for a longer time,
reducing molecular orientation while increasing fiber elongation and draw ratio in spin-draw
process. The extent of the increased elongation depends on the radiation temperature and the
yarn denier. For the thicker filaments, the effect is lesser and higher radiation temperature
may be required. The method is suitable for spinning of polyamide and polyester yarns.

Figure 1-9 Schemes of panumatic cooling (left) and cross-flow quanch (right) systems [51]
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Figure 1-10 Scheme of the heater below the spinneret in melt spinning: 1) spin pack, 2) annular
heating strip, 3) radiation heater [51]

1-2-4 Direct-spin draw process
Direct spin-draw process (SD) is a one-step continuous process of spinning and drawing
operation. It was introduced into commercial fiber production to improve the productivity
and rationalization of textile industry [12]. Spin-draw process for production of nylon-6 tire
cord yarn is illustrated in Figure 1.11. After emergence from spinneret, the filament travels
into several drive rolls having different temperatures and velocities. The draw ratio is
calculated from the ratio of initial and final rolls speeds. For example, if speed of the first
feeding roll is in the range of 400-600 m/min, and the speed of the second roll is in the range
of 2000-3000 m/min, the draw ratio (V 2 /V 1 ) would be in the ratio of 1:5 to 1:6. Table 1.1
compares the production cost for the three different spinning processes. The cost of the
conventional two-step process was assumed to be 100. Based on the table, it appears that the
one-step high speed spinning is the most economical industrial process as it does not need
any additional heating or annealing equipment [12].

17

Figure 1-11 Spin-draw process for nylon-6 tire cord yarn [12]
Table 1-1 Comparison of production cost in three fiber formation methods [12]
Method

Cost (arbitrary units)
Equipment

Energy

Conventional

100

100

Spin-draw

86

75

One-step high speed spinning

50

45

1-2-5 Zone drawing-zone annealing
Zone drawing-zone annealing is an old thermo-mechanical treatment, designed by Kunugi et
al. [42, 43] for production of high strength fibers. The apparatus is a modified standard
tensile tester in which a 2 mm wide band heater is attached to a movable crosshead (Figure
1.12). The moving speed and the temperature of the band heater are adjustable and the
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desirable tension is applied to the end of fiber by using a suitable weight. The method
basically comprises two steps: zone drawing (ZD) and zone annealing (ZA). In the ZD, the
temperature is chosen between glass transition and crystalline melt temperatures, and the
applied tension is low, in order to make highly oriented amorphous fiber. In the ZA, higher
tension and temperature are applied to form perfectly extended-chains crystals in the fiber.
The drawing and/or annealing steps need to be repeated several times to provide fibers with
high tenacity and modulus. The ZD-ZA treatment has already been used on several polymers
such as PA, PET, PP, and PE. For nylon-6 fiber, the tenacity and modulus were increased up
to 1 and 10 GPa (i.e. 10 and 100 g/d), after ZD (one time) and ZA (six times) [42, 44]. Also
for nylon-46, three repetitions of high temperature zone drawing (HT-ZD) on the fibers
increased the tenacity and modulus up to 1 and 7.2 GPa, respectively, and reduced the
elongation at break down to 10.3% [23].

Figure 1-12 Scheme of apparatus for zone-annealing method [22].

Several designs of the ZD/ZA treatments have been applied to nylons fibers. Kunugi and
coworkers [22] developed a vibrating hot drawing (VD) method to get high modulus nylon-6
fibers. As displayed in Figure 1.13, the apparatus consists of an electric furnace, an amplifier,
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and a vibrator equipped with an accelerometer. Vibrating frequency in the range of 2-20,000
Hz is used and optimum amplitude is selected to have the draw ratio as high as possible.
High tenacity of 0.8 GPa, high modulus of 23 GPa, and low elongation of 4.3% were
reported after performing VD (two times) and ZA (one time) on nylon-6 fiber. Furthermore,
Suzuki et al. [24] investigated the influence of high tension annealing (HTA) on the tensile
properties of nylon-66 fiber. In this method, the fiber is annealed under extremely high
tension; close to the strength at break; to extend thoroughly the tie-molecules inside the
amorphous phase. Tensile strength of 1.42 GPa and Young’s modulus of 12.3 GPa were
reported after HT-ZD (two times) and HTA (three times) treatments. In another study,
Suzuki and Ishihara [25] used carbon dioxide (CO 2 ) laser heating for zone drawing and
annealing to modify the tensile performance of nylon-6 fiber. In this technique, a continuouswave CO 2 laser beam is placed between supply and winding spools. The role of CO 2 laser is
to heat the fibers under the tension. The draw ratio of 5.2 and dynamic storage modulus of 22
GPa were reported after several laser heated ZD-ZA treatments on the fiber.

Figure 1-13 Representation of apparatus used for the vibrating hot-drawing method [22]
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Although ZD-ZA methods are very simple and easy to use, they have several deficiencies
preventing them to be used at industrial scale. First, the drawing and/or annealing steps need
to be repeated several times to provide fibers with high tenacity and modulus. Also, as the
technique is performed in a batch wise operation, only a limited length of yarn can be treated
each time. Moreover, the speed of the band heater for drawing/annealing stages is extremely
low (10-40 mm/min). The need for several repetitions and the very low speed indeed effect
on the productivity of the final product. To address these problems, Suzuki et al. [26]
developed a continuous version of the technique with higher speed (240 mm/min). The
continuous method was performed three times on nylon-66 fibers and the tenacity and
modulus increased up to 1.2 GPa and 8 GPa, and strain at break reduced up to 11%.
Nevertheless, similar to the batch system, the continuous system needs to be performed
several times to provide high tensile results and the speed is still not high enough for
commercial application.

1-2-6 Solid-state polymerization
High relative viscosity (RV) nylons are desirable for fiber production as they can improve the
tensile properties as well as chemical and abrasion resistance. One way to increase the RV is
to increase the amount of catalyst in the polymerization of nylons. The problem is that
obtaining the desired high RV with high polymer quality is often difficult due to high level of
crosslinking and/or branching occurred during the process. Another way of increasing the
RV or molecular weight (Mw) is by solid-state polymerization (SSP). In this process,
polymer pieces (e.g. chips, flake, pellets, etc.) are heated up to high temperatures below the
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melting point, to facilitate the reaction between the acid and amide ends of the molecules,
and to make the polymer chains with longer length [27], [28].
The problem of the SSP process on nylon chips is that the obtained polymers have high
melting viscosities, which often make their extrusion very complex. In fact, the possible
degradation occurred during the melting can reduce the molecular weight and polymer
quality. Also, the high entanglement between the chains can limit fiber drawing and tensile
performance [29]. Such problems limited the integration of the SSP process with melt
spinning process for manufacturing high Mw polyamide fibers. In 1970s, researchers found
that the SSP process on nylon filaments can improve the tensile properties [27], [29]. For
example, Silverman et al. [29], applied the SSP to the drawn spun nylon yarns. The Mw
increased from 35,000 to 52,000, the tenacity increased from 5.65 to 7.49 g/d, modulus
increased from 38 to 51 g/d, and elongation decreased from 15.1 to 17.4% after SSP process
at 160°C for 8h. Also, In 1991, Knorr R. [30] applied the SSP to nylon yarns before being
drawn. The SPP could change the morphology of the as-spun fibers, letting them to be drawn
to higher draw ratio. The high DR of 6.98, high tenacity of 11.51 g/d, and low elongation of
12.5% were reported after hot drawing solid-state polymerized nylon 66 yarns by a modified
draw-tester.
In 2001, Schwinn and Raymon [28] patented a method to use SSP process with melt spinning
for industrial production of nylons filament tow for staple fibers. In that process, the flake is
heated up to a temperature of about 120 to 200°C for about 4 to 24 hours, by an inert hot gas
(e.g. nitrogen, argon, or helium) circulating inside the vessel. The flake having a formic acid
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RV of at least 90 can be removed from the vessel and transferred directly into the meltextruder for filament production. Moreover, recently, Yildririm I. et al., [31] combined SSP
process with melt spinning and drawing for production of high performance nylon 66 yarn.
High draw ratio of 5-6.5, high tenacity of 11.34 g/d, low elongation of 13.9% and low
shrinkage of 6.3% were reported.

1-2-7 Solution spinning
Melt spinning is a very simple and eco-friendly spinning method, but it is not appropriate for
the fiber formation of polymers with high molecular weight. In fact, the high melt viscosity
and possible polymer degradation during the spinning process, makes their extrusion into
uniform fibers very complex. Also, the subsequent drawing of such melt spun filaments
would be very difficult because of high chain entanglement, as a result of high molecular
weight. Alternatively, solution spinning can be used if proper solvent is available for the
polymer. Solution spinning is a fiber production technique in which the polymer solution is
used as the polymer fluid for fiber formation. It is suitable for the polymers that are not
thermally stable for melt spinning, but they can be dissolved in high enough concentration in
low-molecular liquids. Solution spinning is classified primarily into two groups: dry spinning
and wet spinning [14], [32]. These processes also result in different fiber morphologies,
which impacts the tensile properties.
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1-2-7-1 Dry Spinning
Dry spinning is one of the fundamental methods of spinning from the solutions. In this
method, the polymer is dissolved in a volatile solvent such as ether, tetrahydrofuran, or
acetone. The polymer solution is then extruded into a vertical cell in which a stream of hot
gas (usually air) evaporates the solvent and solidifies the spinning jet (Figure 1.14). The
concentration of the spinning solution is in the range of 15-40% and the spinning velocity is
in the range of 100 to 1000 m/min [14]. Compared to melt spinning, dry spinning is more
complex in respect to the physical mechanism and technical realization. The mass transfer of
solidification process and the need for efficient recuperation of solvent from the outlet gas,
add much to such complexity. Industrial application of this method is limited to only a few
types of polymers such as cellulose acetate, and acrylonitrile, since it is difficult to find
suitable solvent for every polymer. And because of that dry spinning is preferred particularly
for the polymers when their melt spinning is not feasible [14], [17].
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Figure 1-14 A typical dry-spinning process

Dry spinning of nylon-6 has already been examined by several studies. Perhaps the most
successful one is for Gogolewski and Penning [33]. They could produce nylon-6 fibers with
tenacity up to 1 GPa and initial modulus up to 19 GPa. They obtained such significant tensile
performance by drawing the as spun fibers to a draw ratio of 10 at 200-240°C. They prepared
spinning solutions by dissolving the polymer in cosolvent formic acid/chloroform mixtures
(75/25, 60/40, 50/50 v/v) at room temperature. The concentration of the solution was in the
range of 10 to 90 (w/v) % depending on the molecular weight of the nylon which ranged
between 1.2×104 to 4.7×104 g/mol. Their results showed that the tenacity and initial modulus
of the filaments depend strongly on the polymer M w , draw ratio, polymer concentration and
non-solvent concentration. In fact, the tenacity and the modulus increased with increasing
M w and draw ratio. The impact of the polymer concentration on the filament tenacity was
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complicated. As Figure 1.15 reveals, the tenacity increased continuously in the range of 1 to
10 (w/v)%, became constant in the range of 10 to 50 (w/v)%, and then dropped abruptly at
higher concentration. The reason was attributed to entanglement density and topology of the
entanglement network in the spinning solution as well as the presence of flaws in the
filament surface. Moreover, they found that the hydrogen bonds in the system hinder
obtaining higher draw ratios and better molecular orientation, since they restrict the chain
slippage and chain defects within the crystal lattice. The use of chloroform as a non-solvent
in the solution decreased the entanglement network and increased the drawability of the
fibers up to 10 which is twice higher than achievable drawability for melt spun fibers.
Nevertheless, at high nonsolvent concentration, the ultimate tensile strength reduced, perhaps
due to formation of sphere like structures in the fibers as a result of liquid-liquid phase
separation in the polymer/solvent/nonsolvent ternary system.

Figure 1-15 Tensile strength vs. spinning solution concentration for nylon-6 filaments: A, M w = 2.6
ˣ106, B, 9.4ˣ104. filaments were stretched at optimum draw temperature to maximum draw ratio [33]
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In another study, Smook et al. [34] investigated fiber formation of nylon-6 for several
spinning methods including dry spinning, wet spinning, and gel spinning. The filaments were
produced at about spinning speed of 2 m/min. Table 1.2 displays some of the tensile results
obtained for the polymer having the M w of about 5×105 g/mol and concentration of 10 wt%.
As can be observed, the highest modulus and draw ratio do not exceed those for the typical
melt spun nylon fibers. Among various solvents used for dry spinning, formic
acid/dichloromethane (HCOOH/CH 2 Cl 2 ) mixture (40/60 w/w %) was found to be more
appropriate for fiber formation as it provided the highest tenacity as well as easiest handling
during the spinning. Nevertheless, the obtained draw ratio and tenacity were still lower than
those of typical melt spinning. The reason was attributed to the formation of hydrogen bonds
between amide bonds in the neighboring chains inside the solution. In fact, the energy
required for breaking 5-10 H-binds is almost equal to that for a covalent bond. Such strong
H-bonds inhibit chain movement for further drawing to obtain a higher tensile strength. In
order to reduce the H-bonding effect and increase the drawability of PA6 fibers, they applied
the same spinning condition for a copolymer of PA6/PA12 (80/20). Although the tenacity
increased from 75 cN/tex (8.5 g/d) to 100 cN/tex (11.32 g/d), the drawing ratio remained still
almost the same, implying that the drawability of PA6 cannot increase further by solution/dry
spinning technique due to existence of strong H-binding and entanglements between the
polymer chains.
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Table 1-2 Various solution spinning methods used for nylon-6 [34]
Solvent

Solvent

Spinning

Maximum Tenacity Modulus

Elongation

type

technique

draw ratio

(GPa)

(GPa)

at break (%)

I

Gel

5.5

0.77c

10.68

9

I

Gel

4

0.89

14.43

10.1

Formic acid

II

Dry+Wet

5.9

0.95

9.89

17.3

Sulfuric acid

II

Wet

2

0.07

1.14

14.7

Ethanol/LiClb

III

Dry

-

-

-

Formic

III

Wet

4.2

0.65

7.5

m-Cresol/Glycol
(60/40)
Formic acid/1,4butanediol
(65/35)

(96-100%)

9.3

acid/LiCl
“a

I = solvent causing thermo-reversible gelation, II = good solvent, III = solvent based on complex formation”
Filaments obtained from ethanol/LiCl were too brittle to determine mechanical properties
c
1GPa= 10 g/d
b

1-2-7-2 Wet spinning
Wet spinning is another solution spinning method in which the solvent removal/extraction
from fiber is done by using a non-solvent in coagulation bath. It is appropriate for the
polymers which cannot melt and dissolve only in non-volatile or thermally unstable solvents.
Wet spinning comprises of the extrusion of polymer solution into a coagulation bath where
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the polymer is precipitated from the solution to form a solid gel filament (Figure 1.16). The
coagulation bath contains low molecular weight substances miscible with the solvent but not
dissolving the polymer. The concentration of the spinning solution and the temperature of the
coagulation bath are usually in the range of 5-30% and 0-150°C, respectively [14].

Figure 1-16 Schematic picture of wet spinning process [35].

The complexities and problems of wet spinning prevent it to be used widely for polymers.
First, the take up speed depends on hydrodynamic drag in the liquid bath and thus is rarely
exceed over 50-100 m/min. This leads wet spinning to have significantly lower productivity
than melt spinning. Besides, since the polymer is precipitated, the resulting fiber morphology
is considerably different from that structure obtained by freezing a melt. In some cases,
though the inherent problems of porosity and surface defects of the wet spun filaments make
them inferior in mechanical characteristics than melt spun filaments. Moreover, similar to dry
spinning, the efficient recovery of individual components of the solvent and precipitating
bath is technically difficult. More importantly, obtaining fibers with optimum structure is
very difficult as the fiber morphology is sensitive to conditions and composition of the
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precipitation/coagulation bath. Because of these challenges, wet spinning has been used only
for a few polymers such as proteins, cellulose, and polyamides [14].
Hancock et al. [35] examined wet spinning of various aliphatic and aromatic polyamides
including nylon-6 and nylon-6,6. They found that the coagulation composition has a
considerable influence on the coagulation rate and fiber structure. For example, at equivalent
concentrations, the wet spinning with HCOOH/H 2 O was found to be easier than that with
H 2 SO 4 /H 2 O, as the formic solution has lower viscosity, and faster coagulation rate affecting
fiber structure. In fact, the higher coagulation rate leads to formation of the filaments with
larger diameter and less compact structure. They also found that the spinnability of the
nylons was improved considerably at higher polymer molecular weight and concentration.
They obtained fiber tenacity of 0.15 g/d which was lower than the tensile strength of other
researchers, probably because of lower M w (30,000 g/mol) used in the study [36]. For
example, Smook et al. [34] applied wet spinning on higher nylon-6 M w (5×105 kg/kmol) for
two different spinning solutions: sulfuric acid (96-100%) and formic acid/LiCl, and they
obtained fibers with higher tenacities of 6 and 57 cN/tex ( 0.678 g/den and 6.44 g/den)
respectively. However, Li salts are very difficult to wash from fiber structures and its use
should be avoided [57].

1-2-7-3 Gel spinning
Gel spinning is another fiber formation method for high molecular weight polymers. In this
process, a gel like state of polymer is used as intermediate state for production of for high
strength fibers [37]. The development of this technique came back to the time when it was
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realized that a gel like layer of polyethylene (PE) on a surface at temperatures higher than
usual can promote crystallization and produce strong fibers [38]. Figure 1.17 shows a
schematic picture of the gel spinning process. As it can be seen, gel spinning involves three
main stages: dissolution, spinning and drawing. In dissolution, a homogeneous solution of a
high molecular weight and low concentration of a polymer such as polyethylene (PE) is
prepared with stirring at high temperature. The polymer solution needs to have optimum
number of entanglement for gel formation at ambient temperature. In spinning, the solution is
spun to fiber with minimum number of entanglement and controlled crystallization. And, in
drawing, the as-spun fibers are stretched in several steps to minimize the amorphous phase
inside the fiber [13], [37].

Figure 1-17 Schematic picture of gel spinning process [37]

The success of gel spinning is for reduced chain entanglements in the gel and for the efficient
drawing of the polymer chains in the flow field. A very successful example is gel spun
UHMWPE filament which is drawn more than 200 times and fiber with the modulus close to
theoretical value (240-340) GPa is obtained [39]. Besides the PE, gel spinning is used for
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other semi-crystalline polymers such as nylon-6, PVA and PAN. For nylon-6, gel spinning is
of particular interest, as the filament may exhibit better temperature and creep resistance than
those of gel spun PE fiber. Nevertheless, the application of this spinning method for
polyamides has not been successful so far and the gel spun filaments have lower tenacity
than the melt spun fibers. This is because of hydrogen bonding within the neighboring
polyamide chains, which makes the ultra-drawing in gel spinning difficult.
Gel spinning of nylon-6 has been investigated by several authors. Jia and coworker [40] used
formic acid and anhydrous CaCl 2 as the spinning solution, and tetrachloroethane/chloroform
solution as the coagulation bath. The role of Ca++ is to bind with the amide groups, disrupting
partially the H-bonds and increasing the fiber drawability [98]. The tenacity of 413 MPa,
modulus of 28.8 GPa, and elongation of 50.2% were achieved after draw ratio of 8. In a
similar study, Zhang et al. [41] obtained tensile strength of 530.5 MPa, initial modulus of
32.3 GPa, and elongation at break of 27.1%, after DR of 10. Moreover, Cho et al. [42]
examined gel spinning of nylon-6 in benzyl alcohol solution. The tenacity of 0.6 GPa and
modulus of about 6.2 GPa was reported after performing two-step drawing (DR=6.2) on the
filaments. Also, Gupta A. [32] studied gel spinning/drawing of PA-6 for two different M w
(63,000, and 550,000 g/mol). High tenacity of 1.23 GPa and modulus of 25 GPa were
obtained for the higher M w polymer, after hot drawing the filament with DR of 8.97.

1-2-8 Spinning with plasticizers
As mentioned, the strong hydrogen bonding between the polyamide chains effects chain
mobility and prohibit high draw ratio for nylon-6 fibers and films. In order to increase
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drawability of the nylon and achieve high tensile performance, such hydrogen bonding needs
to be either suppressed or modified. This can be achieved by utilizing a plasticizer as it can
disrupt temporarily the intermolecular hydrogen bonding between the adjacent polyamide
chains. The plasticizer needs to be removed after processing as it can influence the physical
properties of polymeric fibers. Iodine, ammonia, inorganic salts, and Lewis acids have been
used for plasticization of aliphatic nylons. In this part, more details are provided about the
application and efficacy of each plasticizer.

1-2-8-1 Ammonia
Ammonia is a volatile plasticizer that has been used effectively for plasticization of wood. It
is a suitable plasticizer for nylons as it can effectively make hydrogen bonding with adjacent
polyamides chains, it can be readily retained in the extruded sample under applied pressure
and, it can be easily evaporated from the sample as it emerges from the die. Also, it is
effective in gaseous phase and usually a small amount is required for plasticization. Porter
and coworker [43]–[45] examined the plasticization effect of anhydrous ammonia on initial
modulus and draw ratios of polyamides. In one of their studies [44], they examined such
effect for nylon 6 and 11. From infrared analysis, they found that no more than 1% of nonbonded amide group was present in the ammoniated sample, indicating that ammonia was
effectively bonded with the polyamide chains via hydrogen bonding. They also measured the
birefringence, crystallinity and tensile modulus after solid state extrusion of the ammoniated
samples with the draw ratio of 12. The crystallinity increased significantly from ~26 to ~40%
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for nylon 11 and from ~24 to ~53% for nylon-6 after the drawing. Also, the birefringence
(8.25×10-2 for nylon 6 and 5.8×10-2 for nylon 11), and the tensile modulus (13 GPa for nylon
6 and 4 GPa for nylon 11) increased after the drawing.
In another study, Kanamoto and Porter [45] investigated the effect of anhydrous ammonia on
the morphology and drawing of nylon-6,6 and nylon-6 films. Figure 1.18 shows the stressstrain behavior of un-plasticized and plasticized nylon-66 films. As it can be observed, the
untreated sample could not be stretched more than 4 times before tensile failure whereas the
treated samples could be drawn up to 7 times. The draw ratio was calculated from the ratio of
the cross sectional areas of the undrawn to drawn specimens. The results showed that the
draw ratio was also affected by the drawing temperature. For example, the plasticized sample
could be stretched 8 times by increasing the drawing temperature to 60 or 100°C (Figure
1.19). Therefore, the combination of drawing temperature and NH 3 plasticization lead to
high draw ratio for nylons. They also performed DSC and XRD measurements on the
samples to learn more about the effect of ammonia on the fiber morphology. Based on DSC
results, the ammonium treatment increased the crystallinity of the original sample by 10%.
Also, XRD analysis showed that ammonia was absorbed selectively in the amorphous phase
whereas it did not get through the crystalline phase [45], [46]. Such selective absorption
increases the segmental mobility of the amorphous region and improves the drawability of
the nylon chains.
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Figure 1-18 Stress-strain curve for nylon 6,6 un-plasticized (A), plasticized with NH 3 for 9h (B) and
for 17 h (C) [45].

Figure 1-19 Influence of temperature on the strain-strain behavior for pre-drawn ammoniaplasticized nylon 6,6 films of DR= 4 [45].
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1-2-8-2 Iodine
Iodine treatment is a plasticization method for changing the structure of nylon-6. In this
treatment, iodine molecules (1 3 - and 1 5 - ) form complexes with amide groups in polyamide
chains interrupting the hydrogen bonding between the chains. The iodine also transforms the
amorphous or α crystal form into γ crystal one in the nylon structure. The influence of the
iodine treatment on the morphology of nylon-6 has been examined by several studies [46]–
[52]. For example, Murthy [50] used X-ray diffraction analysis to study the effect of such
treatment. He found that the 1 3 - ions (probably K+1 3 -) are weakly bound to the nylon chains
and they are oriented normal to the chain axis. Whereas, the 1 5 - ions columns (probably
H+1 5 -) interact strongly with the nylon molecules and they are oriented along the chain axis
[18]. Besides that, Chuah and Porter [46] utilized iodine treatment for reversible
plasticization of nylon-6. They found that iodine can plasticize the crystalline as well as
amorphous regions and thus it is more effective plasticizer than ammonia for increasing
drawability of the nylon. High draw ratio (7.5) and high tensile modulus (6.0 GPa) were
obtained in that study.
Lee and Porter [49] examined the drawability of nylon-6/iodine complexes by solid state coextrusion. For iodine treatment, they soaked portions of nylon films separately in 0.1, 0.2,
0.3, 0.4, and 0.5 N I 2 /KI aqueous solutions at room temperature for 48 hours. They found
that drawability of the complexes is affected by their structure which is determined by the
concentration of I2 /KI. From XRD and thermal analysis results, they suggested a model for
structure of such complexes. Figure 1.20-a shows the initial α crystal structure of the pure
nylon-6 with antiparallel packed chains. At low iodine content, the α crystal is maintained
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and the chains are merely displaced by I 3 - ions (Figure 1.20-b). As the concentration of K+I 3 increases, I 3 - continues to produce slightly structural changes and the complexed crystal
phase is developed into two sub-phases: complexes with I5 - and I3 - lying perpendicular and
parallel to the chain axis (Figure 1.20-c). At still higher concentration, the dominate crystal
phase is plasticized completely with the I 5 - ions (Fig. 18 c-d). At low (0.1- 0.4 N) and high
iodine concentration (2.0 N) low draw ratio (DR<5) was obtained due to considerable portion
of pure α crystal and complete complex respectively. However, at moderate iodine content
(1.0 N), the best draw ratio (DR= 48) was obtained for the drawn extrudate near the melting
temperature of the complex structure. Nevertheless, similar to Chuah’s study, the tensile
modulus (3GPa) was low, after removal of the iodine from the extrudate. The reason could
be due inefficient stretching resulting in more chain slip than chain extension. Another
possibility is due to incomplete removal iodine from the sample. In fact, as the intermolecular
distance is decreased after drawing, the complete elimination is difficult and the remaining
iodine can likely reduce the tensile modulus.
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Figure 1-20 Models showing steps to form nylon-6 iodine complex with increasing amount of K+I3[49].

1-2-8-3 Inorganic salts
Many inorganic salts are effective plasticizers for aliphatic polyamides. Cifferi and coworkers examined the bulk properties of nylon-lithium chloride (LiCl) salt systems [53]–
[56]. They found that the glass transition temperature and elastic modulus of amorphous
nylon-6 did not change with the added salt. However, the melting temperature and the
crystallization rate decreased and the viscosity increased with increasing salt content. For

38

example, adding 2% LiCl to nylon-66 and nylon-6 was reported to decrease their melting
points by 15°C. Such observations were attributed to the binding of lithium ions to carbonyl
oxygen in the polyamide chains. In fact, the strong ionic bonds can act as labial cross-linking
between the chains in amorphous region and reduced the crystallization rate whereas
increased amorphous orientation. Cifferi et al. [53][32] also examined the effect of lithium
chloride on the modulus and structure of nylon-6 fiber. They produced the filaments from
nylon-6/LiCl using melt spinning with a piston type extruder. The molten filaments were
solidified in air at room temperature and gathered on a bobbin at take up speed of about 80
cm/min. From diffraction pattern analysis of the nylon-6/LiCl (4%) filament, they found that
the salt favored both γ crystal formation and higher degree of orientation. Also, drawing the
as-spun salted fibers increased the moduli up to range of 9-14 GPa.
In another study, Richardson and Ward [57] performed drawing (DR=6) and annealing
(T=135°C) on melt spun fibers of nylon 6/LiCl (2%-4%) mixtures. They could increase the
modulus of the salted filaments up to range of 8-9 GPa. The reason of such modulus
improvement was attributed to the stiffening effect of extended chains in the non-crystalline
region [27]. In fact, the presence of ions between the chains increased the inter-microfibrillar
phase and the number of tie molecules in that region, leading to higher modulus in the
filaments. Nevertheless, such increase in the moduli was not permanent and it was reduced
significantly after removal of salt from the fiber. In conclusion, we can say inorganic salts
such as LiCl can be used easily as a plasticizer in the melt spinning of polyamides like nylon6, and the salted fibers can have higher drawability and higher modulus (9-14 GPa) than
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unsalted nylon filaments. Yet, since the viscosity of the polymer melt needs to be relatively
low for melt spinning, and the salt increases the viscosity, such plasticization method can
only be used for low and moderate molecular weight of polyamides [32]. Moreover, this
method may not be commercially useful, as water/moisture absorption by the filaments can
break cross-links and hydrate the salt and polyamide chains in the accessible region
(amorphous phase) leading to significant reduction in the fiber modulus.

1-2-8-4 Lewis acids
Lewis acid base complexation is another interesting approach for disruption of hydrogen
bonding between polyamide chains. Jenekhe and co-workers [58]–[60] are the first ones to
examine the concept of Lewis acid-based complexation for nylons. The main principle is that
metal salt/Lewis acid can be complexed with aliphatic polyamides and several rigid rod and
ladder shape polymers in the presence of a suitable solvent. Hydrogen bonding between the
chains can be broken completely through 1:1 Lewis acid complexation of the basic oxygen
sites of the carbonyl groups in the polymers. Figure 1.21 shows an illustration/model of the
intercalation mechanism for nylon 6. Vasanthan et al. [61] examined such a mechanism in
nylon 66-GaCl 3 complexed film using XRD, DSC, FTIR and 13C-NMR. From the 13C-NMR
and FTIR results, they found that the complexed films are rubbery and amorphous and the T g
is ~ -32°C which is much lower than the T g (~ 50- 60°C) of pure nylon-66. In tensile testing,
the complexed films could be drawn up to draw ratio of 30 at room temperature. The result of
x-ray diffraction for GaCl 3 -nylon 66 complex, original and regenerated nylon 66 is displayed
in Figure 1.22. The regenerated/pure nylon films were obtained by soaking the complexed
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film in water. As the Figure 1.22 shows, the complexation of the film with Lewis acid led to
complete disappearance/removal of nylon-66 crystalline peaks and formation of fully
amorphous film. The reappearance of the crystalline peaks in XRD plot of the regenerated
film indicates that the crystal phase is re-established inside that sample. The regenerated film
was also stretched to modify fiber tensile properties. The highest reported initial modulus
was 160 MPa for the DR of 10, which is a very low modulus, perhaps due to the low polymer
M w (16,800 g/mol) used in the study.

Figure 1-21 Illustration of pure nylon-6 with intermolecular hydrogen bonds (left) and nylon-6
complexed with GaCl 3 (right) [61].
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Figure 1-22 Wide angle X-ray diffraction scan of a) as-received nylon-66; b) regenerated nylon-66
and C) nylon 66-GaCl 3 complex [61].

Afshari et al. [39] in a follow up study, examined the tensile performance of GaCl 3- nylon 6,6
complexed fibers. They used high M w nylon-6,6 (175,000- 200,000 g/mol) and produced the
filaments by dry-jet wet spinning method (Figure 1.23). For the fiber spinning, the nylon
complexed with GaCl 3 in nitromethane solutions (4-5 wt.% concentration) were used as a
spinning dope, and isopropanol was used as the nonsolvent in a coagulation bath. Also, the
spinneret was located 2 ̋ above the coagulation bath. Their results showed that the complexed
filaments could be easily stretched compared to melt spun nylon-6,6 fibers due to complete
removal of hydrogen bonding and crystallinity. The draw ratio obtained by extending the
complexed filaments at room temperature (e.g. cold drawing), was in the range of 4 to 7. The
tenacity of 0.39±0.12 GPa, initial modulus of 5.2±0.7 GPa, and the elongation of
42.2%±12.06 were achieved for DR of 7.
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They also performed hot drawing process on the regenerated (de-complexed) filaments at
temperature of 150-240°C. The draw ratio of 7-13 was obtained for these filaments under
low strain rate stretching. Table 1.3 shows the tensile testing results for the drawn
regenerated fibers at various draw ratios. As it can be seen, the drawing increased the initial
modulus whereas it has a little effect on the tenacity. More importantly is the very high initial
modulus of 13 GPa obtained for the DR of 13.8, which is twice of the initial modulus of 6
GPa for commercial nylon-6,6 fibers. The low tenacities observed for the both complexed
and regenerated filaments were attributed to existence of non-uniformity or defects in the
fibers. Also, Table 3 shows the crystalline orientation factor (f c ) for regenerated fibers for the
DR of 9.2 and 13.8. The high orientation values for the regenerated filaments indicate that
the predominant mechanism in the fiber formation was molecular orientation rather than
chain slippage.

Figure 1-23 Scheme of dry-jet wet spinning process [39].
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Table 1-3 Tensile properties and orientation factor of crystalline region of regenerated nylon 6,6
continuous fibers initially spun at 1 m/min following hot drawing. Temperature of spinning: 60 -70
°C, dope concentration of nylon 6,6 in complex: 4-5 wt%. [39].
Draw

Temperature

Tenacity

Modulus

Elongation at

fc

Ratio

of drawing (°C)

(GPa)

(GPa)

Break (%)

Undrawn

-

0.075±0.01

2.9±0.93

203.8±84.4

-

4

150

0.195±0.03

9.5±1.27

18.6±6.01

-

13.8

200

0.342±0.07

10.5±3.21

16.5±5.6

-

9.2

230

0.253±0.02

10.7±1.20

15.3±8.6

0.78

13.8

230

343±0.07

12.8±1.97

12.3±6.9

0.85

1-2-9 SymTTec
As mentioned earlier, the polymer melt in spinning process get through a sequence of steps to
become filaments/yarns. In each step, the macromolecules experience certain tensions and
temperatures, the timing and quality of which determines the quality of the subsequent steps
and final product. In fact, the poor control of such parameters can increase non-uniformity in
fiber structure and result in low tensile performance. In this regard, high tenacity and high
modulus filaments can be obtained by better tension, temperature, and time control in various
parts of the spinning line. This is the concept behind SymTTec; the new spin-draw process
designed by SwissTex Company, in 2008. SymTTec or total symmetry is an innovative
extrusion method for the production of high performance polyamide and polyester yarns. In
this technology, the design and/or control of all single process-relevant components of the
spinning line are modified to create total symmetry in the different parts of the spinning
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process (Figure 1.24). Such symmetry improves the homogeneity of melt distribution and the
uniformity of individual filaments, and results in yarns with higher tensile performance.
Figure 1.25 compares the tensile results of the SwissTex yarns with some commercial
technical nylon-6 yarns [84]. The SymTTech increased the tenacity to the high value of 90
cN/tex (10.17 g/d) and reduced the elongation at break below 12%, leading to unique yarn
quality, superior than the commercial products.

Figure 1-24 Scheme of total symmetry (left), and its layout with 4 positions and 16 ends (right) [84],
[85].
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Figure 1-25 Tensile properties of SwissTex and commercial nylon-6 yarns. HV and NV are related to
high and normal PA-6 viscosities, respectively [84]

In the SymTTec, special focus was given to the melt creation and extrusion. It is said that the
quality of polymer chips determines the quality of the yarn. Thus, SwissTex developed its
own conditioning, supply and dosing systems for the chips. For technical yarns, heatstabilizers or pigments may be added to the chips. The gravimetric dosing system (Figure
1.26) is used for polymer feeding as it provides exact and constant delivery of the chips into
the extruder. The design of the extruder is also modified specifically for high viscosity
polymer to ensure perfect melt quality and increase chain draw-ability during the spinning
process. This is achieved through several modifications in the extrusion system. The
geometry/shape of the extruder screw is modified individually for each polymer/project.
Moreover, the last four heating zones are cooled by air to modify the regulation time. Also,
the extruder is equipped by a batch of sensors and control software to provide precise and
rapid adjustment of the temperatures and other control parameters. Besides that, the spin
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pack is improved to increase the uniformity between the individual filaments. The spin-pack
components such as distribution plate and filters are redesigned to ensure perfect melt
distribution, high filtration capability, and high filament regularity (Figure 1.27). All
filaments experience the same mechanical and thermal treatments thanks to the pressure
vessel installed in the spinning line. These modifications increase fiber homogeneity and
results in higher tensile performance in the final yarn [84], [85].
The drawing and quenching steps are also improved in the SymTTec technology. It can be
said that the rapid crystal formation and the high fiber friction are two main problems of yarn
breakage in polyamides spinning. The crystals act like crosslinking between the chains
limiting their movement and fiber stretching. To delay the crystallization, the filament
temperature and cooling need to be controlled precisely. To obtain that, individual heating
cylinders or annealers are installed for each filaments bundle to provide excellent thermal
treatment and increase the filament uniformity (Figure 1.27). In this way, the filament
temperature remains close to the melt temperature in the spin pack, providing more chain
mobility and higher fiber drawability. Also, quench air parameters such as the temperature,
relative humidity, and velocity are monitored exactly to control crystal formation in the
filaments. In order to avoid air turbulence and increase filament stability during the filament
cooling, the holes distribution in the spinnerets, quench unit, and interfloor tubes are all
modeled and simulated as a complete system. Also, the interfloor tubes are redesigned to
optimize the air flow and eliminate any turbulence during filament quenching (Figure 1.28).
Besides the crystallization, the high friction between the filaments and other surfaces need to
be controlled to reduce the yarn breakage. This is obtained through better designing of
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spinning-line, drawing panels, and winders. Figure 1.24 displays a scheme of the traveling
route of the filaments from the spinneret to the winders in the SymTTec. The new design of
spinning-line lets the yarn to move in a very straight path with limited friction points. The
special finish applicator and the large inlet used at the draw panel also reduce the friction and
angle of the fibers at the panel inlet, minimizing the probability of yarn breakage during the
spinning process [84]–[86].

Figure 1-26 Extruder with gravimetric dosing system in SymTTec [85].
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Figure 1-27 New designed spin packs for high polymer melt quality in SymTTec (Up). Individual
annealers for excellent thermal treatments of filaments bundles (Down) [84]
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Figure 1-28 Air turbulence free quench system in SymTTec. The intefloor tube is no longer a passive
system, as it can have considerable effect on the yarn cooling

Winders and draw rolls are among the most technological advancement in the SymTTech.
The extrusion system is equipped with two winders, each with two ends (Figures 1.24 &
1.29) to ensure symmetrical geometry for winding. No quality difference between rear,
middle, and front yarn packages can be measured. Moreover, drawing panel with 1 feed roll
and 4 dual shell draw rolls (i.e. RIEVAP draw roll (Figure 1.30)) are designed for high
tenacity nylon yarns (Figure 1.29). The surfaces of the rolls are plasma coated to increase
both their lifetime and constant quality over a long production period. Furthermore, the high
surface quality of the rolls avoids any surface defects on the yarn and increases the tensile
performance. The RIEVAP rollers can also transfer the heat to all filaments in the same way
providing consistent yarn quality during the drawing. The mechanism of heat transfer in the
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RIEVAP is based on heat pipe principle. Figure 1.31 displays the heat pipe mechanism for a
dual shell filled with liquid. Heat pipes are highly efficient for the heat conduction between
two interfaces, because of high heat transfer coefficient of the liquid for boiling and
condensation. As the Figure 1.31 shows the liquid is heated and vaporized by induction
heating and travels along the heat pipe to the surface of the draw rolls. When the cold
filaments reach the roller surface, the vapor condenses back into liquid and then returns to
hotter areas where it vaporize again. Such heat transfer system provides an absolutely flat
temperature profile over the heated length (Figure 1.31), and reduces significantly the heatup time of the rollers and respond time to load changes, ensuring uniform yarn quality [84]–
[86].

Figure 1-29 Draw rolls with 5 duos [84]
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Figure 1-30 RIEVAP dual sell draw rolls (left), and high speed winder (right) used in SymTTech [84]

Figure 1-31 Heat pipe mechanism (left), and exceptional uniform temperature profile over the heated
length (right) in the RIEVAP draw roll [86]

1-2-10 Liquid isothermal bath (LIB)
High-speed spinning, although could modify the tensile performance, improve productivity
and reduce production cost, the resultant filaments still have lower tenacity; lower initial
modulus and greater elongation than that of traditional two-step process [18], [62], [63]. This
is because, at higher windup speed, the filaments travel the distance between the spinneret
and the take-up roller faster, they may not be quenched and solidified well influencing the
mechanical properties of, in particular, higher denier filaments. In this regard, high-speed
spinning of fiber with higher denier/thickness often needs a relatively long quench tower,
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which is not always practical as it requires high energy and large investments in capital
equipment. In order to handle these challenges, the threadline dynamics of melt spinning
needs to be well controlled.
Numerous attempts have been made to improve the dynamics through modified air quenches.
While these modifications have altered the threadline dynamics and filament structures and
properties, the resultant fiber performance was relatively small compared to the desired
effect. This small improvement called for more radical types of threadline modification.
Probably, the most radical modification is introduction of a liquid isothermal bath (LIB) into
threadline melt spinning (Figure 1.32) [64]. High frictional drag as well as high density, high
heat capacity, and high heat conductivity coefficient make liquid medium to be more
efficient means than an air medium for rapid quenching, or heating or exerting frictional
force on a running filament [63]. The liquid changes the spinning dynamics from a process
controlled by inertia and air drag forces to the one controlled by liquid frictional drag. In this
way, the key factors affecting the fiber structure development namely- time, temperature and
tensile stress, are manipulated to form fibers with high molecular orientation and high
structural uniformity [18], [65].
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Figure 1-32 Liquid isothermal bath process: 1) spinneret, 2) extruder, 3) hot short sleeve, 4) liquid
bath, 5) sliding valve, 6) closed liquid catching device, 7 & 8) guides, 9) godet, 10) yarn package.

The superiority of LIB method over other melt spinning techniques can be explained by
molecular orientation and crystal formation. In conventional melt spinning and drawing, the
crystals have a lower molecular orientation since the crystal formation is affected by the poor
mobility of the polymer chains in the solid state [66]. In high speed spinning, rapid
crystallization among polymer chains can reduce chain mobility, and prevent further
molecular orientation which affects mechanical properties of fibers. This means that when
the take up velocity increases above a critical value, the formation of more crystals can lead
to the appearance of severe defects, such as micro voids and severe radial non-uniformity
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inside the fiber which significantly deteriorate the fiber’s performance [63], [67]. These
challenges are well addressed in the LIB method, as the liquid drag leads overall uniform
orientation of the fiber at first; and then, under a low draw ratio, the maximum crystallinity
can be achieved through transformation of the oriented amorphous regions [68].
The liquid contributes to the mechanical properties and molecular orientation in two different
ways. First, it can provide an isothermal crystallization condition for molecular chains.
Second, the liquid provides a significant frictional drag on the running filament, leading to
high molecular orientation and radially uniform fine structure inside the filaments [69]. The
frictional drag (F) is affected by various parameters namely- the liquid bath viscosity (η), the
velocity at filament surface (dν/dr), the radius profile function of filament R(D) in the liquid
bath and the liquid depth (D)- which can be determined by the following equation:
𝐷𝐷

𝐹𝐹 = ∫0 2𝜋𝜋𝜋𝜋(𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑)|𝑟𝑟=𝑅𝑅 (𝑅𝑅 = 𝐷𝐷)𝑑𝑑𝑑𝑑

(Eq. 3) [18]

1-2-10-1 Effect of take-up speed and bath depth
Cuculo and coworkers [63] were the first to develop and investigate the concept of LIB
method for polyethylene terephthalate (PET). They used 1, 2-propanediol as the liquid and
located the liquid bath vertically between the spinneret and the take up roller. In one study
[18], they examined the influence of a wide range of parameters on the structural features and
mechanical properties of the as spun LIB monofilaments. These parameters include: take up
speed (3000-5000 m/min), liquid depth (10-34 cm), liquid temperature (86-180°C) and bath
positions (30-180 cm).
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For the effect of take up speed, the birefringence, tenacity and modulus increased steadily
with the wind-up speed. However, the density did not change considerably at a velocity
lower than 4500 m/min and then started to reduce as the velocity increased up to 5000 m/min
(Figure 1.33). Also, for the liquid depth effect, they found that the birefringence, tenacity,
modulus and amorphous orientation increased monotonically; whereas the crystalline
orientation and crystallinity reached a maximum at the depth of approximately 20-25 cm
(Figure 1.34). These observations were explained by the frictional drag acting on the filament
surface. As the Eq. 3 shows, higher liquid depth and take-up speed result in more frictional
drag on the running filament while increasing the orientations and birefringence.
Yet, when it comes to the specimen density and degree of crystallinity, the interpretation
becomes a little complicated as two different competing mechanisms i.e. crystallization rate
and crystallization time, effect on them. Higher take-up speed and higher liquid depth
increase the crystallization rate and reduce the crystallization time. At first, the crystallization
rate has the dominant role on fiber structure, as higher frictional drag leads to more molecular
orientation and new crystals formation. Yet, when either the bath depth or the take-up
velocity increases up to a critical value, higher frictional drag results in considerably lower
crystallization time and lower chain mobility, and thus the fiber crystallinity and density were
reduced (Figures 1.33 & 1.34). Interestingly, such decrease in crystallinity did not influence
the fiber tensile performance, as the as-spun LIB filaments had higher mechanical properties
than those of the normal fibers. This means that the molecular orientation has a dominant role
for obtaining the superior tensile results of LIB filaments.
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Figure 1-33 Effects of take-up speed on tensile properties (left) and density and birefringence (right)
of the LIB spun fibers and as-spun fibers without LIB [18]

Figure 1-34 Effects of the liquid depth on birefringence, density, and orientation factors of the LIB
spun (PET) fibers [18].
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1-2-10-2 Effect of liquid temperature and bath position
Cuculo and coworkers [18] also examined the effect of liquid temperature and bath position
on the tensile properties of the as-spun LIB filaments. For the effect of the temperature, the
density, crystalline orientation factor increased rapidly with the liquid temperature whereas
birefringence, amorphous orientation factor and tenacity showed a maximum in temperature
range of 140-160°C (Table 1-4). Higher temperature leads to higher chain mobility and lower
liquid viscosity. With a low temperature increase, such viscosity reduction is gradual and
thus more chain mobility results in higher molecular orientation and new crystal formation.
However, when the temperature was raised enough, the decrease in viscosity becomes
significant.

For example, the liquid viscosity drops about 25% when the liquid bath

temperature increased from 120 to 160°C. Such considerable decrease in the viscosity
reduces the frictional drag and threadline stress (Eq.3). Also, higher temperature leads to
shorter relaxation time for the molecular chains. Therefore, when the liquid temperature
increased over a critical value, the combined effect of shorter relaxation time and lower
threadline stress, result in lower amorphous orientation factor, birefringence and tenacity
(Table 1-4). The existence of such a critical temperature may be the main cause of
appearance of a maximum for those parameters.

58

Table 1-4 Effect of liquid temperature on structural and mechanical properties of LIB spun (PET)
fibers [18]

For the influence of bath position, they found that the state or morphological characteristics
of the filament before entering the bath strongly effects the structural uniformity and tensile
performance of the LIB filaments. Table 1-5 shows the crystalline, orientation and tensile
results of the as-spun filaments at different bath positions. In the Table, LIB 0, 1, 2, and 3 are
different bath distances from the spinneret with the value of 30, 50, 100, 180 cm respectively.
At bath positions closer to the spinneret (LIB 0 and 1), the crystalline orientation factor (f c )
and crystal size of the filaments are considerably higher than those achieved at further
distances (LIB 2 and 3). The reason is that at the closer positions, the threadline entering the
bath is considered to be molten or semi-molten and it has a relatively large diameter, low
velocity and low viscosity. This results in lower frictional drag (Eq.3), more chain mobility
and sufficient crystallization time for formation of more oriented larger crystals. By
comparison, at the distant bath positions (LIB2 and 3), the filament is solidified before
entering the bath, and it has higher velocity which imposes higher frictional drag and
threadline stress on the filament (Eq.3). Such high frictional drag strains the molecular
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chains while restricting segmental motion and diminishing crystallization process. This
modified strained chains result in higher amorphous orientation, higher birefringence and
higher mechanical properties for the filaments at LIB 2 and 3 [18].

Table 1-5 Effect of bath position on structural and mechanical properties of LIB spun (PET) fibers
[18]

Moreover, the bath position influences the structural uniformity of the as-spun LIB filaments.
Figure 1.35 reveals the interference patterns in parallel direction for the LIB filaments at
different bath distances. As it can be observed, skin-core structure was only observed in the
filaments obtained at bath position LIB 0, and LIB 1. This can be explained by rapid cooling
of the molten filament entering the bath. At close distances from the spinneret, the liquid has
lower temperature than the filament and this leads to rapid cooling of the filament and
appearance of temperature gradient in the cross section [18]. Such temperature profile
influences the stress distribution and orientation distribution in the filaments [70], resulting in
radial un-uniformity in the fiber structure. And, this uneven internal structure eventually
leads to lower fiber tenacity and modulus for the samples obtained at position LIB 0 and 1.
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Figure 1-35 Parallel polarization interference patterns of the PET samples F from Table 1.5, under
different LIB conditions: (a) Position 0 (17 cm); (b) Position 1 (22 cm); (c) Position 2 (37 cm); (d)
Position 3 (36 cm). Take-up speed and liquid temperature of all samples are 4000 m/min and 140°C,
respectively. [18].

1-2-10-3 Effect of post treatment processes
LIB method produces filaments with high molecular orientation, low degree of crystallinity
and small crystal size. In order to get the highest achievable tensile performance, the
orientation and crystallinity and crystal size need to be increased further. This can be
achieved by performing additional treatments such as annealing and drawing on as-spun LIB
fibers. The effect of such post-treatment processes on the LIB filaments have been examined
by several authors [66], [71], [72]. For example, Cululo and coworkers [71] investigated the
influence of a hot drawing process on mechanical properties of as-spun PET monofilaments
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produced by the LIB spinning process. The crystallinity, orientation and birefringence results
are displayed in Table 1.6. They used low and high molecular weights (M w ) PET chips for
fiber production (A and B) and compared the mechanical properties of the hot drawn fibers
(C and D) with those of commercial tire PET yarns (F and G) (Table 1.6). Although the draw
ratios were extremely low, 1.16-1.17, and the heat treatment times was short, 6.0-7.0 s,
filaments with mechanical characteristics equal or greater than those of the industrial yarns
were produced. For example, after applying the drawing on the low M w fiber (Sample A) the
tenacity increased from 7.98 to 9.5 g/d, the modulus increased from 124 to 146 g/d and the
elongation decreased from 8.3 to 6.3%.
Table 1-6 Properties of various PET fiber samples [71].
∆n

fc

fa

20.0

0.222

0.936

0.822

6.3

53.8

0.235

0.979

0.938

129

8.9

15.2

0.214

0.94

0.783

10.30

128

9.1

50.2

0.237

0.973

0.946

E

9.50

96

16.6

48.6

0.215

0.969

0.788

F

7.40

88

16.5

47.5

0.202

0.951

0.713

G

7.63

132

8.4

42.6

0.224

0.942

0.860

Sample

Tenacity

Modulus

Elongation

Xv

(g/d)

(g/d)

(%)

(%)

A

7.98

124

8.3

B

9.50

146

C

8.80

D

Moreover, the drawing process led to significant structural changes inside LIB filaments. As
the Table 1.6 shows, the crystallinity and the crystal size of the LIB filaments were increased
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considerably after the drawing, whereas the birefringence, crystalline and amorphous
orientation factors (f c , f a ) increased but to a lesser degree. It is surprising that such
morphological changes occurred only with a very low draw ratio of 1.16-1.17, which
otherwise it requires an extremely low drawing speed, and numerous repetitions of the zone
drawing and annealing [71]. Also, based on the SAXS and XRD results, the crystal sizes,
crystallinity and long period spacing of the hot drawn LIB filaments and commercial yarns
were quite similar, implying that these samples have similar crystal structures. Such
structural resemblance can be seen in their equatorial X-ray diffraction profile (Figure 1.36).
The appearance of such high crystal structures inside the drawn LIB filament was explained
by the effect of the treatment on the chain mobility.
During LIB process, the high frictional drag acting on the filament extends the molecular
chain and forms very taut chains inside the amorphous region, while it reduces chain
mobility and crystal growth. Thus, as-spun LIB fibers have high amorphous orientation, low
crystallinity and small crystal size. Yet, after hot drawing of the filaments, the heat activates
local thermal motions which transforms highly stretched, very taut amorphous chains (onedimensional ordered phase) into a near perfect crystalline phase (three-dimensional ordered
phase). And, such conversion results in a significant increase in the crystallinity and crystal
size of the drawn LIB samples [71].
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Figure 1-36 Wide angle X-ray diffraction profiles of PET fiber samples A-F from Table 1.6 [71]

In a separate PET study [64], Cuculo and coworkers investigated the effect of annealing
treatment on the morphology and mechanical properties of as-spun LIB filaments. They
found that the annealing process facilities the transformation of amorphous phase to
crystalline region leading to considerable increase in crystallinity. However, such heating
treatment has a little effect on the fiber birefringence. For example, for the LIB filaments
produced at take up speed 4000 m/min, bath position 160 cm, bath depth 34 cm, liquid
temperature 150°C, the crystallinity increased from 14% to 31% and the birefringence
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increased from 0.189 to 0.192. Nevertheless, such increase in crystallinity was accompanied
by the drop in amorphous orientation factor. Furthermore, the mechanical testing results
revealed that the annealing had only a moderate increase in tensile performance. For
example, for the mentioned filament, the tenacity increased from 8.39 to 9.34 g/d, the
modulus increased from 114.8 to 133.1 g/d and the elongation decreased from 10.3 to 9.7%
after annealing at temperature 220°C. Besides that, in another study [62], the authors
examined the influence of both post drawing and annealing on tensile performance of the
LIB filaments. They reported similar results for the effect of such treatments on fiber
structure and mechanical properties, except that in this case, the amorphous orientation of the
LIB filaments increased after the drawing and annealing.
Moreover, Chen et al. [72] investigated the efficacy of LIB treatment and further drawing
process in improving the tensile performance of polyethylene naphthalate (PEN)
monofilaments. They produced the as-spun LIB filaments at a take up speed of 4000 m/min,
liquid temperature of 135°C, liquid depth of 25 cm, and the bath position of 110 cm below
the spinneret. The results on the morphology and tensile testing are tabulated in Table 1.7. As
can be seen, the as-spun LIB filaments have higher tenacity but lower modulus and higher
elongation than those of the as-spun normal fibers. In fact, the LIB treatment increased the
tenacity from 5.35 to 7.25 g/d by 40%, and reduced the modulus from 126.2 to 114.5 g/d and
elongation from 11.7 to 12.8%. Also, the table shows that as-spun LIB sample have higher
molecular orientation factor and considerably lower crystallinity than that of the ordinary
sample. This means the frictional drag of the liquid bath favored molecular orientation in the
amorphous region and prevents crystal growth inside the filament. The low modulus (114.5
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g/d), high elongation (12.8%) and very low crystallinity (0-7.4%) of the as-spun LIB
filaments imply that they may be drawn further. While the drawing process (DR=1.40),
increased both amorphous orientation and crystallinity, the amount of such increase for the
crystallinity is significant (ca. 44-50%). More importantly, the tenacity and modulus
increased significantly by ca. 50% and 90%, and the elongation decreased by 40%
respectively after drawing the as-spun LIB filaments. It is interesting that, such high tenacity
(10.75 g/d), high modulus (216.7 g/d) were obtained with very low draw ratio of 1.40, which
if it is intended to be achieved by traditional melt spinning process, much higher draw ratios
(5-7) are required.

Table 1-7 Mechanical and structural properties of PEN fibers spun at 4000 m/min [72]
Tenacity

Modulus

Elongation

X ca

X cb

(g/d)

(g/d)

(%)

(%)

(%)

no LIB

5.35

126.2

11.7

27

LIB

7.27

114.5

12.8

Drawn

no LIB

7.31

173.0

(DR=1.40)

LIB

10.75

216.7

Fiber sample

Undrawn

a

fc

fa

30.5

0.92

0.72

0

7.4

0.93

0.82

8.7

35.2

39.4

0.95

0.78

7.6

49.6

51.3

0.97

0.90

The crystallinity is determined by using density data. b The crystallinity is determined by using WAXD data.

1-2-10-4 LIB process on Nylon
Liwen G. [99] examined the effect of LIB process on the tensile properties of nylon-6
(FAV=90, M w > 40,000) monofilament at various take-up speeds (2000-4000 m/min) and
bath positions (50 & 75 cm). He used 1,2-propendiol as the liquid bath and set the liquid
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temperature and depth 130°C and 23 cm, respectively. The results showed that at a certain
spinning speed, the tenacity and modulus of the LIB fibers were higher, and the elongation
was lower than those of the control (no LIB) filaments (Table 1.8). Also, a higher take-up
speed increased the tenacity and modulus and reduced the elongation at break. The highest
tenacity and modulus in his study were 5.94 and 33.24 g/d respectively. He did not observe a
significant difference between the tensile properties of the LIB filaments at the two positions.
This can be explained by the rapid crystal formation of nylon. Compared to PET, nylon-6
crystallizes much faster because of existence of amide groups in the polymer structure. Such
rapid crystallization reduced further mobility of the chains above the bath for more
drawability and thus the tensile performance cannot be increased.
Table 1-8 Comparison of tensile properties of nylon fibers spun with different techniques [99]
Sample type
Control (no LIB) fibers at 5000 m/min
Commercial drawn fibers
LIB fibers at 4000 m/min

Tenacity
(g/d)
4.67
9.90
5.94

Initial Modulus
(g/d)
9.32
45.35
33.24

Elongation
at break (%)
77.63
51.09
38.43

Note: Bath position: 75 cm

1-2-11-Horizontal Isothermal Bath (HIB)
Liquid isothermal bath (LIB), which can improve the tensile performance of polymeric
fibers, has several problems for industrial applications. Liquid dripping and splashing are two
main LIB problems that happen due to the high speed of filaments passing through the bath.
When the filament with velocity of 3000 m/min comes out of the bath, it pulls out a large
amount of the liquid and splashes it onto the air and floor. This issue can lead to significant
environmental and safety concerns especially when the bath liquid has some toxicity.
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Another problem is related to continuity of the LIB process. The LIB filaments often needs
additional annealing and drawing treatments to provide the highest achievable fiber
performance. In order to obtain both high productivity and high quality, the post-treatment
and the LIB method need to be done in a one-step, continuous process. This cannot happen
with the vertical bath design of the LIB technique, since the drawing is done in a separate
step with a very low strain speed of 50 mm/min. Therefore, in order to improve the safety
issues, the horizontal version of the liquid bath method (HIB) was devised (Figure 1.37) [73].
The new bath design allows the threadline to change its direction from vertical to horizontal
after the threadline gets through the bath.

Figure 1-37 Scheme of horizontal isothermal bath (HIB) method [73]
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The influence of the HIB method on mechanical properties of polymeric fibers has been
examined by several authors. For example, Avci et al. [66] examined the effect of an
ecologically friendly bath (ECOB) on fiber performance of polypropylene (PP). They
examined the influence of liquid temperature, bath position and the drawing on the tensile
properties of the filaments. Take-up speed of 3000 m/min, three different bath positions (90,
130, and 170 cm) and three different liquid temperatures (50, 75, and 95°C) were used for
production of the ECOB samples. No significant difference for the fiber tenacity and
modulus was reported for various liquid temperatures in the study. Yet, the bath position of
130 and 170 cm were reported to increase only the tenacity of the ECOB filaments. The
ECOB treatment reduced the crystallinity from 44.16% to 7.58% and increased the
amorphous orientation factor from 0.26 to 0.60 (Table 1.9). This means that the high
frictional drag of the liquid bath suppressed the crystal formation and crystal size and favors
more molecular orientation along the fiber axis. Significant improvement in tensile properties
was reported after drawing the as-spun ECOB filaments. It fact, the tenacity increased up to
11.67 g/d by 220.6%, the modulus increased to 152.36 g/d by 370.5% and elongation at
break decreased to 24.06 by 84.8% after very low draw ratio of 1.49 at 120°C. It is surprising
that such high performance quality was obtained by entering the yarn inside the liquid bath
for only some milliseconds and drawing them only by 1.487×. Also, the birefringence,
crystallinity and amorphous orientation factor increase by ca. 22, 51.26 and 234.6%
respectively after such draw. Such observations were explained by the influence of drawing
on fiber birefringence and crystal structure. The hot drawing process was believed to re-
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crystallize taut-tie molecules in amorphous region of the filaments and led to considerable
increase in crystallinity and crystal perfection.

Table 1-9 Structural characteristics of undrawn and drawn PP fibers with and without ECOB [66]
Liquid

Draw

Crystallinity

fc

(°C)

ratio

(%)

-

0

44.16

0.92

-

1.478

51.38

50

0

50

1.478

fa

Crystal size (Å)

temperature
L 110

L 040

L 130

0.26

146

146

116

0.91

0.49

179

167

138

7.58

0.93

0.6

35

24

34

58.48

0.95

0.87

111

94

88

All in all, liquid isothermal bath is an effective method for improving tensile performance of
semi-crystalline polymer PP, PET, and PEN based fibers. Also, performing treatments such
as drawing and annealing on the as-spun LIB/hIB filament was found to further increase
crystallization, crystal size and orientation factor in amorphous and crystalline regions, and
result in significantly higher mechanical properties. As nylon-6 is a semi-crystalline polymer,
the application of liquid bath method followed by drawing or/and annealing on that polymer
can produce fibers with tensile characteristics comparable or even better than similar
commercial yarns. The vertical version of the bath technique (e.g. LIB method) has been
used for production of nylon-6 (Mw >40,000) monofilament [74], [75]. For example, Guo L.
[75] examined the effect of take up-speed (2000-4000 m/min) and bath position (50, 75 cm)
on tensile properties LIB nylon-6 monofilament. They reported tenacity (5.94 g/d) and
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modulus 33.24 g/d and elongation 38.43% for take-up speed 4000 m/min, and bath position
75 cm, bath depth 23 cm and liquid (propylene glycol) temperature 130°C. Nevertheless, the
obtained mechanical properties were inferior to those of drawn nylon commercial yarn. Also,
Guo did not report the influence of different LIB parameters on the morphology and
microstructure of the fiber.

1-3 Structure of high-performance nylon fibers
Fiber morphology plays an important role in tensile properties of high performance yarns.
When fiber deforms under load, various structural units and parameters effect on the
mechanics of load transfer from the fiber surface to the center. Crystallinity, crystal size and
species, molecular orientation and amorphous structures are among the most important
elements affecting fiber tenacity, modulus, and elongation at break [87]. Technical yarns
generally have high crystallinity, large crystal size, and high molecular orientation in both
crystalline and amorphous phases. In order to engineer textile yarn for industrial applications,
the micro and nanostructures of fibers need to be identified and modified. In this part, various
structural elements of nylon fibers are described in details, and the way they contribute to the
tensile characteristics will be explained.
Industrial nylon yarns are generally produced by melt spinning and drawing. The
elongational flow in melt spinning and the plastic deformation during the drawing instill
micro-fibrillar morphology inside the fibers [9]. Several models have been made for
identifying various structural and morphological features of polyamide fibers. Perhaps, the
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best illustration for many practical purposes is hierarchical fiber structure proposed by
Murthy et al. for nylon-6 (Figure 1.38) [88]. The model comprises three different phases,
namely crystalline, unoriented (isotropic) amorphous and oriented (anisotropic) amorphous
domains. In crystalline region, there are crystallites, generally in size of 5-20 nm in all
directions. The crystallites are also called lamellae as under ideal conditions (e.g.,
crystallization from solution) they can form thin lamella sheets, 5-20 nm thick but
micrometer wide. Inside each lamella, the polymer chains are folded back and forth on
themselves across the thickness of the platelet [89][31]. The lamellae are connected together
by tie-molecules inside the inter-lamellar amorphous region (Figures 1.38 & 1.39). Tie
molecules result from chain unfolding during drawing process, and their strength and length
effect significantly the filament breakage. Under uniaxial stress, the lamellar stack are lined
up along the fiber axis and form a fibril, the strain and modulus of which are the same with
those of a fiber (Figure 1.39). The space between the fibrils are filled by micro-voids and
inter-fibrillar amorphous chains. The micro-voids are often said to be the initiation of fiber
tensile failure. They can be further developed and transformed into cracks, and cause the
filament breakage [89][31], [90].
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Figure 1-38 Morphological model for nylon-6 fiber: 1-fibril, 2-crystallites, 3- partially extended
molecules in the inter-fibrillar regions, 4- tie molecules in the interlamellar amorphous region, 5- free
chain ends, 6-voids and interfibrillar amorphous region (Adapted from Murthy et al. [88])

1-3-1 Amorphous structure
The amorphous region in nylon fibers comprises two different phases: oriented amorphous
(anisotropic) and unoriented amorphous (isotropic) domains. The oriented components are
primarily in inter-fibrillar region and the unoriented components are mainly in interlamellar
region (Figure 1.39) [91]. These amorphous phases are different in packing density and interchain structure. The chain segments inside the oriented amorphous region are more densely
packed and their inter-chain interactions are more like crystals, whereas such interactions for
the unoriented amorphous are similar to the polymer melt [92]. Such structural disparity
leads the two amorphous domains to respond differently in processing (i.e. drawing, and heat
setting) and environmental conditions (i.e. humidity and temperature). The un-oriented

73

components can have a greater influence on dye/moisture diffusion rate than oriented
amorphous components, as polymer chains in the unoriented phase can undergo larger
changes [93].

Figure 1-39 Schematic of nylon-6 fiber structure at various scales [91]

1-3-2 Crystal structure
The crystal structure of nylons results from the conformation and lateral packing of the
macromolecules. Generally, the polyamide chains are packed in such a way that all possible
hydrogen bonds in various crystal forms are fully satisfied. To achieve that, the chains adopt
either fully extended or slightly twisted configuration, minimizing the occupied volume, and
the potential energy of the crystal structure, while maintaining appropriate distances between
the adjacent chains segments for intermolecular interactions. In polyamides, such interactions
include hydrogen bonding (H-bonding) and van der Waal (VDW) forces that affect the
organization of the chains inside crystal. The hydrogen bonding between the NH and CO
moieties in adjacent chains form two dimensional (2D) sheet-like arrangements. These Hbonded sheets that are hold together inside a three-dimensional (3D) lattice by van der
Waal’s forces, construct the main feature of nylons’ crystal structure. Monoclinic, triclinic,
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and rhombic lattices are the three well-known unit cells for nylons’ crystal system. The size
and shape of the unit cells are determined by stacking of H-bonded sheets inside crystal [1,
11].
Several crystal structures have been identified for nylons. Among them, α and γ are the two
main crystal forms and the others (i.e. β, δ, λ, smectic, and metastable phases) can be
considered as the various qualifiers of these. The two crystal forms are structurally different
in chain direction and conformation. In α form, the chains are in antiparallel alignment with
fully extended zigzag conformation, whereas in γ form, the chains are in parallel alignment
with twisted helical configuration [89]. The interactions between the chains are not the same
in two crystal forms. In γ phase, the kink structure enables amide groups to form H-bonding
both within and between the molecular sheets, whereas in α phase, H-bonding is exclusively
formed inside the molecular sheets [4, 1,11]. Formation of α and γ crystals depends on the
number of CH 2 groups between the amide moieties in the polyamide structure. In even
nylons with longer CH 2 groups (PA-8, PA-10 and PA-12), the γ is the stable form, and in
even nylons with shorter CH 2 groups (PA-4 and PA-6), the α is the stable form. Moreover,
nylons with odd–odd, odd–even and even–odd numbers crystallize primarily in the γ form.
Figure 1.40 shows the crystal structures of PA-6 and 66. PA-6 can be crystallized in both α
and γ phases. However, PA-66 has no γ phase as it has centro-symmetric structure and has no
chain directionality [89][87]. The most stable crystalline structure in the both nylons is α
form, although their structure is not exactly the same. In nylon-66, the unit cell has a triclinic
structure, whereas in nylon-6, α phase has monoclinic structure.
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The α and γ crystal forms have their own physical and mechanical properties and can be
appeared in fiber based on spinning conditions and specific treatments. Table 1.10 compares
some physical properties of the two crystal forms for PA-6. α is thermodynamically more
stable, whereas γ is kinetically more stable. Also, the modulus, density and melting point of α
are higher than those of γ [94]. α can be formed by slow crystallization from the melt or by a
solvent, and γ can be produced by rapid crystallization. Both crystal forms can exist inside
fiber, although their amount can be affected by spinning conditions. Fibers produced by
conventional melt spinning at moderate wind-up speed comprises both α and γ forms.
However, filaments obtained at higher take-up speed (>3000 m/min) have mainly γ phase in
their crystalline structure because of orientation induced crystallization. The two crystal
forms can be converted together by applying specific treatments on fiber. γ can be
transformed to α, by heat, strain or water, and α can be converted to γ by iodine treatment. It
was reported that annealing nylon-6 fiber at temperatures >100°C in presence of moisture
can result in γ to α transformation. Also, drawing the fiber at high temperature and draw ratio
can break hydrogen bonding between the sheets inside γ and lead to α formation [7],
[87],[89].
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Figure 1-40 Structures of α and γ crystals for nylon-6 and nylon-66 [3]
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Table 1-10 Comparison of some physical and structural characteristics of α and γ forms for nylon-6
fiber.
Property

α

γ

Reference(s)

Crystal structure

Monoclinic

Monoclinic

[89]

Lattice constants

a=9.56 Å

a=9.56 Å

[94],[87]

b=17.24 Å

b=15.8-16 Å

c=8.01 Å

c=16.88 Å

β=67.5°

β=121°

(200), (002/202)

(001), (200/20͞1)

Crystallographic reflections

[95],
[96],[87]

Density, ρ (g/cm3)

1.23 (experimental)

1.16-1.19 (experimental)

1.23 (calculated)

1.16 (calculated)

Heat of fusion, ∆H f °(g/cm3)

241

239

[94]

Melting point (°C)

220-221

210-217[a]

[97] [98]

Modulus (GPa)

295

135

[99]

a

[94]

The melting points of crystal phases depend on the melt spinning speed.
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1-3-3 Characterization
The fiber structure of nylons can be characterized by wide angle X-ray diffraction (WAXD)
method. Figure 1.41 shows a typical X-ray intensity versus Bragg angle (I-2θ) at equatorial
direction for a nylon-6 fiber having both α and γ crystals. The amorphous scattering and
crystalline planes can be identified by resolving the plot to various peaks and a halo using
peak position parameters such as peak width and peak positions. For example, the two peaks
at 2θ= 20.4 and 23.60° are for the α(200) and α(002/202) crystalline peaks i.e. α 1 and α 2 , and
the two peaks at 2θ= 21.65 and 23.15° are related to γ(001) and γ(200/201) crystalline peaks
i.e. γ 1 and γ 2 , and a broad halo centered at 22.15° is associated to the amorphous phase
reflection. In order to determine the crystalline and amorphous parameters, a baseline is
created from the first and last points of the plot. The base line and the de-convoluted peaks
divide the XRD plot into three different regions related to the crystalline, oriented and unoriented amorphous phases (Figure 1.41). The fiber crystallinity is determined from the ratio
of the areas of the crystalline reflections to the total areas of the scattering curve. Amorphous
isotropy is the proportion of the amorphous phases that are preferentially oriented [100]. The
crystallinity (X c ), and amorphous isotropy (F OA ) of the samples are calculated from the
equatorial X-ray scan by the following equations:

Xc =

A(C)

A(C)+A(OA)+ A(IA)

F OA =

A(OA)

A(OA)+ A(IA)

× 100%

(Eq. 1)

(Eq. 2) [100]
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Where A(C), A(OA) and A(IA) are the areas of the crystalline, oriented amorphous (i.e. halo
above the baseline) and isotropic amorphous domain (i.e. region under the baseline)
respectively.

The apparent crystal sizes (ACS) is calculated by the Scherrer equation:
0.9𝜆𝜆

ACS = (∆2𝜃𝜃) cos 𝜃𝜃

(Eq. 3) [100]

Where θ is half the value of the peak position, λ is the X-ray wavelength and (∆2θ) is the
full-width at half-maximum (FWHM) of the crystalline peak in radians.

The crystalline orientation factor (f c ) is related to the orientation distribution of all crystal
axes relative to the fiber axis (Figure 1.42) [7]. It is a function of the angle between fiber axis
and specific crystal axis and can be determined using the Hermans function:
f c = (3(COS2 𝜙𝜙)-1)/2

(Eq. 4) [100]

Where φ is the angle between the crystallographic axis and the fiber axis, I(φ) is the
azimuthal intensity distribution of the crystalline peaks, and ∆ϕ is FWHM of I- ϕ plot.
The amorphous orientation function (f a ) is calculated by well-known the Stein and Norris
equation (Eq. 5) in which the crystalline orientation is subtracted from birefringence of the
fiber [100][21]:

fa=

∆𝑛𝑛−χ𝑓𝑓𝑐𝑐 ∆𝑛𝑛𝑐𝑐 °
(1−χ)∆𝑛𝑛𝑎𝑎 °

(Eq. 5) [21]
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Where χ is the fraction of crystallinity obtained by XRD, Δn is the birefringence determined
by a polarizing microscope, and Δn a ° and Δn c ° are intrinsic birefringence of the amorphous
and crystalline regions [100].

γ(001)
α(002) + α(202)
OA
α(200)

γ(200)+γ(201)
UA

Figure 1-41 Deconvolution of X-ray intensity versus Bragg angle (I-2θ) plot into crystalline, oriented
amorphous (OA) and unoriented amorphous (UA) components for nylon-6 fiber [73]

Figure 1-42 Crystal orientation with respect to the fiber axis [7]
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1-4 Nylon-6 Fiber properties
Fiber properties of technical nylons are determined by the molecular structure and the
molecular organization. The molecular structure of the nylons comprises the amide (peptide)
linkage (NHCO) and the methylene groups (CH 2 ). The amide groups can make strong Hbonding between the chains inside the fiber. Such strong H-bonds can give the nylon fiber
high strength at high temperatures, toughness at low temperatures, outstanding elasticity,
high resiliency, as well as other properties such as stiffness, unique abrasion and wear
resistance, low friction coefficient, and good chemical resistance [7]–[9]. The molecular
organization of nylons is related to the arrangement of the polymer chains inside the fiber.
Nylon is a flexible and thermoplastic polymer and thus it can be oriented and crystallized
inside the fiber at elevated temperatures. The amorphous and crystalline domains are
different in molecular orientation, chain mobility, chain packing, number of H-bonding, and
inter-chain spaces. Such structural differences lead the amorphous and crystalline regions to
respond differently to heat, chemicals, moisture, and load. Thus, the fiber structure as well as
the molecular structure can influence on the tensile, thermal, and chemical properties of high
performance nylon fibers.

1-4-1 Tensile properties
Tensile or mechanical properties are the most important characteristics of nylon fibers. They
indicate the behavior of the filaments to forces and deformations, and determine their
suitability for a specific application [31]. The principle attributes of tensile properties for

82

technical yarns are tensile strength (tenacity), Young’s (initial) modulus, elongation (strain)
at break, and shrinkage. The tenacity is the amount of the specific stress (Eq. 6) required to
break a fiber. The modulus is related to the initial response of a fiber to loading and equals to
the slop of the stress-strain curve at the initial point (Figure 1.43) [101]. The elongation
(strain) at beak (Eq. 2) is the amount of elongation necessary to break a filament. And, the
shrinkage is the contraction/disorientation of the polymer chains during heating process and
indicate the dimensional stability of the fiber. These tensile characteristics depend on the
fiber structure, polymer molecular mass, and thermal history [31]. The strength (tenacity) and
stiffness (modulus) are related to molecular orientation and the number of the chain ends
inside fiber [11]. And, the fiber/polymer shrinkage is associated to relaxation of the
amorphous chains, crystalline reorganization, recrystallization, and melting of small crystals
[89], [100]. The crystal formation and molecular orientation in nylon fiber increase the
tenacity and modulus and decrease the elongation (Figure 1.44) and shrinkage.

Specific stress (tenacity) =

load

mass
unit length

(Eq. 6 [101])

elongation

Tensile strain = initial length (Eq. 7 [101])

High take-up speed and/or thermo-mechanical treatments used in production of technical
yarn induce crystallization and orientation inside the fibers. The high take-up stress can
increase crystallinity, crystal size, and birefringence, whereas reduce the amorphous ratio in
the nylon fiber (Figure 1.45) [102]. The drawing increases crystal size, and the fraction and
orientation of the oriented amorphous and crystalline phases while reducing the ratio of the
unoriented amorphous phase (Figure 1.46) [100]. Also, annealing (heat-setting) can raise the
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crystalline factors such as crystallinity, crystal size (Figure 1.47), and crystalline orientations,
although the treatment temperature can affect them [103]. Such high crystalline and
amorphous parameters lead the technical nylon fiber to have high tenacity, high modulus,
low elongation, and low shrinkage.

Break

Initial modulus = tan α

Figure 1-43 Schematic of stress-strain curve [101]

Figure 1-44 Elongation vs. crystallinity for PA-6 and 66 fibers [8]
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Figure 1-45 Variations of crystalline (alpha, gamma), unoriented amorphous (Unor. Am.), and
oriented amorphous (Or. Am.) components upon drawing for nylon-6 fiber [100]

Figure 1-46 Effect of draw ratio on the crystals size (left) and the orientation factors of crystalline and
amorphous regions for PA-6 fiber (right) [104]
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Figure 1-47 Effect of annealing temperature on the crystal size of α (●) and γ (○) (left), and
crystalline fraction (crystallinity) for PA-6 fiber (right) [105]

1-4-2 Thermal properties
The thermal properties of nylon fibers have fundamental role in determining the manufacture
conditions and product applications. The thermal behavior is affected considerably by the
amide linkages in the polymer structure. The melting point (T m ) and glass transition
temperature (T g ) of nylons are increased with the number of amide groups per polymer
repeat unit (Figure 1.48), although such increase is not always regular as the even or odd
number of CH 2 groups between the NHCO groups can affect it

[31] [9]. Table 1.11

compares some of the thermal properties of nylon 6 and 66 fibers. As it can be seen, the PA66 has higher T m and T g than the PA-6 (Table 1.11). The thermal response of nylon fibers is
also influenced by their crystalline and amorphous parameters. Higher crystallinity (Figure
1.49), higher orientation (Figure 1.49), and larger crystals can reduce the chain mobility and
increase the T g . The effect of the molecular orientation on the T g for PA-6 fibers was
examined by Murthy et al. [89], [93]. The oriented amorphous phase was found to have a
higher T g (i.e. T g ~80-90°C) than the un-oriented component (i.e. T g ~30-50°C) due to the

86

high orientation and the lower mobility of the chains in that region. HM-HT nylons fibers
often have larger crystals, higher crystalline, and higher amorphous orientations/fractions
than the conventional nylon filaments, and thus reveal more resistance to the thermal
deformation at high temperatures.

Figure 1-48 Effect of the frequency of amide groups on the melting point of polyamides. The number
on the curves indicate the specific polyamide [2].
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Table 1-11 Thermal and moisture properties of nylon-6 and 66 fibers
Property

Nylon-6

Nylon-66

Reference

Melting point (°C)

215-220

255-260

[31]

Glass transition Temp. (°C)*

45-75

60-80

[7]

Maximum setting Temp. (°C)

190

225

[31]

Moisture regain at 21°C, 65% RH (%)

2.8-5.0

4.0-4.5

[2]

*The T g depends on various parameters including moisture regain of the fiber.

Figure 1-49 Changes of the T g with crystallinity (left) and amorphous isotropy (F(oa)) (right) for
nylon-6 fiber

1-4-3 Chemical properties
The chemical/degradation properties of technical nylon fibers are related to the reaction of
the amide groups with acids, alkalis, alcohols, solvents, etc. The CH 2 groups are chemically
inert, although the groups near to the NHCO may take part in certain reactions. PA-6 and 66
have good chemical resistance to most chemicals such as hydrocarbons, fats and oils, but
they can be degraded by strong alkalis and acids. Aqueous bases and acids hydrolyze nylons,
whereas concentrated phenols and acids dissolve them. The amide group is also susceptible
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to heat, oxygen, light, and moisture [7], [9]. The high temperature used in melt spinning
process may disintegrate polyamides to carbon dioxide, ammonia and water products. UV
radiation of PA-6 and 66 for long time can lead to photo-oxidative degradation and reduce
the strength. Nylon fibers are also partially hydrophilic in nature. The moisture content of
nylons tend to decrease as the nylon number increases (Table 1.11). The moisture can make
hydrogen bonding between the polyamide chains, increase the chain mobility, and swell the
fiber [7], [9], [31]. The moisture primarily diffuses in the amorphous regions . HM-HT nylon
fibers have low moisture absorption, because of their high orientation and crystallinity.

1-5 Applications of high-performance nylon fibers
In 2011, Technon OrbiChem published a statistical data for world production of several
polymers and fibers [106] (Figure 1.50). Current production of polyamides is about 4.2
million tones and is expected to increase up to 4.7 million tons by 2025. Based on the data,
there has been a reduction in polyamide production in North America and North East Asia
and the trend is projected to continue in the coming years. China is currently the world
largest manufacture of nylons and it is expected to maintain its position as the leading
polyamides manufacture in the next decade [106]. Nylons are used mainly in two main areas:
producing textile fibers/yarns and engineering plastics/films. Nylon fiber is the most
important application of nylons and is used in a wide range of products [4]. The global
production of nylon fiber has been almost constant in 25 years ago, and it is projected to
maintain its position based on technical end uses [106] (Figure 1.51). Nylon fibers were
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mainly used in carpets and apparels due to properties such as retention of appearance,
excellence wear resistance, and good dye-ability [8]. However, over the last few years, nylon
has lost some of its market share to polyester in textile and carpet applications, due to its
excellent easy-care and wrinkle resistance [9].
Nylon-6 and 66 are the most commonly polyamides used for production of technical fibers.
Other nylons such as PA-4, 11, 12, and 46, are also noticeable for industrial interests [7].
However, problems such as large moisture absorption, high production cost, low yield of
polymerization, low dimensional stability, and poor tensile properties make them
inappropriate for technical filaments [87]. PA-6 and 66 fibers/yarns have been used in variety
of technical products. High tenacity, high elasticity, good adhesion to rubber, and resistance
to abrasion and chemicals make such fibers to be used extensively in heavy-duty truck, bus,
earthmover, and tires. Other applications include tents, friction bearing, fishing line and nets,
industrial threads, climbing and marine ropes, seat belts, upholstery fabrics, dental floss,
parachutes, sleeping bags, and tarpaulins [8], [9], [31].
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Figure 1-50 World polyamide production [106]

Figure 1-51 Word fiber production of various polymers 1980-2025 [106]
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Chapter 2 : High Performance Filaments by Melt Spinning Low
Viscosity Nylon 6 Using Horizontal Isothermal Bath Process

2-1 Abstract
Several techniques and treatments have been developed for the production of high performance
nylon-6 fibers. The inherent problems of low productivity, high production cost, and high energy
consumption, complexity of chemical reactions, mass transfer and waste recovery systems make most
of them inappropriate for industrial application. Horizontal isothermal bath (hIB) is an alternative
ecofriendly simple treatment that can be used during melt spinning process for production of
technical textile fibers. The efficacy of hIB in improving the mechanical properties of multifilament
nylon-6 yarn is studied in this research. The results showed that such treatment can increase the
molecular orientation of the amorphous and crystalline functions up to 0.54 and 0.983 respectively,
and raised both the amorphous isotropy and fiber birefringence by 67 and 45%, respectively. Hot
drawing of the yarn at a very low draw ratio of 1.38, increased the tenacity and modulus up to 10 g/d
and 43.9 g/d respectively, and decreased the elongation to 27%.
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2-2 Introduction
Nylon is known as the second most important man made polymer after polyester [1]. The
most important application of nylons is as fibers, which account for nearly 90% of the global
production of all nylons [7]. Nylon-6 is one of the principal polyamides used for industrial
production of resins and fibers. High tenacity, high elasticity, good adhesion to rubber, and
resistance to abrasion and chemicals make nylon-6 filament attractive for various technical
applications such as tire cords, surgical sutures, friction bearing, cloths, threads, ropes and
nets [2, 3]. In order to provide nylon fibers for such end uses, the fibers need to have both
appropriate properties and low prices to yield comparative advantages over other products.
Fiber formation and treatment methods play a critical role in providing both characteristic
and economic issues. Several techniques such as dry spinning [4, 5], wet spinning [5-7], and
gel spinning [8, 9] have been used for the production of high performance nylon-6 fibers.
Among them, melt spinning is of greater interest as it is the simplest eco-friendly method
both conceptually and economically and it also does not have the complexity of chemical
reactions, mass transfer and waste recovery systems that is inherent other techniques [10-12].
Conventional melt spinning produces fibers with low tenacity, low modulus and high
elongation at break, which is not appropriate for industrial applications. A conventional
solution to improve such properties is to perform additional steps/processes, such as drawing
or annealing [13, 14]. Special methods such as zone drawing, zone annealing [15-17], and
continuous vibrating zone drawing (CVZD) [23], have been designed in this regard. The
problem is that such treatments cannot often be commercialized as they are discontinuous
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and quite expensive and thus effect on productivity and the price of the final product
[66].Therefore, such solutions are not economical and need to be modified.
An alternative technology is to use single-step melt spinning with a higher take-up speed
(e.g. high speed spinning). Although such high-speed technology could reduce production
cost and improve productivity, it has its own limitations. For example, filaments may not be
quenched and solidified adequately, since they travel the distance between the spinneret and
the take-up rollers faster. This issue can considerably impact the mechanical properties of, in
particular, thicker filaments, as they need more time to be quenched. In this regard, highspeed spinning of fiber with higher denier/thickness often needs a relatively longer
quenching tower, which is not always practical as it requires high energy and large
investments in capital equipment. An alternative solution for these and other challenges is to
use a modified single-step melt spinning process (e.g. liquid isothermal bath) in which an
eco-friendly liquid bath is used vertically between spinneret and take-up roller to quench
molten filaments [63]. The liquid contributes to the mechanical properties and molecular
orientation in two ways. First, it can provide an isothermal crystallization condition for
molecular chains. Secondly, the liquid provides a frictional drag on the running filament,
leading to the high molecular orientation inside the filaments [19, 20].
Although the original liquid bath process (vertical isothermal bath) has proved successful to
break through the bottleneck of the traditional melt spin-draw process, it was suitable only
for laboratory scale work. It was not until recently, when the original process was modified
to a horizontal isothermal bath (hIB) (Figure 2.1) in our research group, that the production
of fibers with superior properties became industrially feasible [69]. The hIB process produces
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fibers combining first the simplicity of melt-spinning to form the fibers and second the
versatility of wet-spinning (the fluid is not aqueous but might be) in that several additional
controllable processing variables can be applied. For example, with hIB in the spin line
threadline variables such as tension, temperature and time of attendant morphological
rearrangement and development are under close control. In other words, by using the hIB
process the polymer molecules remain in the mobile molten state a longer time providing the
opportunity to more thoroughly extend, orient and order the polymer chains. More
importantly, the hIB process seems to lend itself to scale-up to industrial capacity, seems
relatively easy to maintain and may be more economical to install and run than the standard
spin-draw process. Therefore, the time is now ripe for a concerted research effort on
optimization of hIB and extending it to industrial process status for producing advanced fiber
products, such as nylon fibers and yarns and other flexible chain polymers.
The liquid bath technique has already been applied to several semi-crystalline polymers (e.g.
polypropylene (PP) [66], poly(ethylene naphthalate) (PEN) [21, 22] and poly(ethylene
terephthalate (PET) [21, 23-25], and fibers with properties comparable to and even better
than melt-spun yarns, were produced. For example, Avci et al. [66] used the bath method on
low molecular weight (M w ) isotactic PP and produced monofilaments with a very high
tenacity of 12 g/den. They found that after low draw ratio (DR) of 1.49 at 120°C, tenacity,
and modulus increased by ca. 220.6% and 370.5% respectively, and elongation at break
decreased by 84.8%. Moreover, Afshari et al. [72] used the technique with a low draw ratio
of 1.40 on PEN. They reported that such method can reduce the elongation by 40% and
increase the modulus and the tenacity by 90% and 50%, respectively.
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The purpose of this research is to use low viscosity Ultramid B24 N polymer and produce
high performance (high tenacity) nylon-6 multi- filament yarn using hIB process. This is the
first time that this technique is used for nylon spinning. Commercial ability, simplicity, and
cost-effectiveness are some important features of this eco-friendly method. Also, the low
draw ratio (DR=1.38) and the low molecular weight nylon used in this study are other
considerable aspects which increase the practicality of hIB for industrial application of
nylon-6 yarns.

Figure 2-1 Schematic of horizontal isothermal bath (hIB) method
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2-3 Experimental
2-3-1 Materials and sample preparation
Ultramid B24 N 02 with density of 1.13 g/cm3 and relative viscosity of 2.43±0.03 (1% [m/v]
in 96% [m/m] sulfuric acid) was used as the low molecular weight (M n ) nylon-6 chip in this
study. The viscosity-average molecular weight was estimated from a nylon-6 fiber study [26,
27] to be less than 25,000 D. Taking into account the amount of amino end group of 43
meq/kg from BASF brochure [45] the calculated molecular weight is 23,000 D. Low
viscosity Ultramid B24N polymer is used for melting spinning of textile yarns. The polymer
chips were vacuum dried at 105°C for 8 hours before use. Alex James machine equipped
with 8-hole spinneret with exit diameter of 0.3 mm was used for melt extrusion and spinning.
The extrusion temperature was set at 260°C, and the take up speed was fixed around 3000
m/min (5000 cm/s) for both untreated (no hIB) and treated (hIB) yarns. The treated yarn was
obtained from directing the threadline into a liquid bath located between the spinneret and the
winder (Fig. 1). Water was used as the liquid medium since it is eco-friendly and
inexpensive. Also, it does not chemically react with nylon filaments because of their very
short exposure time (i.e.

(18 𝑐𝑐𝑐𝑐+49𝑐𝑐𝑐𝑐)
𝑐𝑐𝑐𝑐
𝑠𝑠

5000

= 0.0134 𝑠𝑠, (Figure 2.1)) inside the bath. The optimum

liquid bath temperature, depth and position were found to be 88°C, 19, and 420 cm,
respectively. After melt spinning, as spun treated and untreated filaments were stretched at a
draw ratio (DR) of 1.38 by using a modified Instron tensile testing machine equipped with 60
cm long heating tube. The draw temperature and the draw speed were set to 167°C and 50
mm/min respectively.
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2-3-2 Measurements and characterization
Denier measurement and tensile testing were performed on the individual nylon-6 filaments.
The denier was measured using a Vibromat ME tester. Tenacity, modulus and elongation at
break were determined using an MTS Q-test/5 universal testing machine according to ASTM
D3822. A 5 pound load cell, a gauge length of 25.4 mm, and a constant cross-head speed of
15 mm/min were used for the tensile testing of all samples. In order to evaluate the
mechanical characteristics of the filaments, Test Works 4EM V4.11B software was used. An
average of twenty individual denier and tensile determinations was reported for each sample.
Microstructure and morphology of the filaments were examined by using field emission
scanning electron microscope (SEM). For the cross sectional view; the filaments were
fractured after immersing in liquid nitrogen. All samples were coated by a layer of Au/Pd
with an accelerating potential of 0.5-30 keV to improve the conductivity of the samples and
the quality of the SEM images.
XRD scans were obtained on Bruker AXS General Area Detector Diffraction System
(GADDS) using CuKa radiation source, λ = 1.542 Å, generated at 30 kV and 30 mA. The
data was measured in transmission geometry. A sequence of radial scans at a series of
azimuthal angles ϕ (-90° to 90°, equator being 0) were obtained from GADDS software
by integrating the data points by Bragg angle (2θ) in the range of 5-30°, step wise of 0.05°,
and azimuthal increment (∆ϕ) of 1.5-2°. Equatorial scan (ϕ=0) was used to determine the
phase proportions and the apparent crystallite sizes.
The plots of X-ray intensity versus Bragg angle (I-2θ) at equatorial angle (ϕ=0) was analyzed
using Matlab software. Initial guess of parameters such as peak position and peak width
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corresponding to reflections of various crystalline planes and amorphous halo were used for
the curve fitting. For example, the two peaks at 2θ= 20.4 and 23.60° were used for the α
(200) and α (002/202) crystalline peaks i.e. α 1 and α 2 , and the two peaks at 2θ= 21.65 and
23.15° were used for γ (001) and γ (200/201) crystalline peaks i.e. γ 1 and γ 2 , and a broad
peak centered at 22.15° was used for amorphous phase reflection. Linear baseline was
created from the 10 first and last data points in each equatorial plot using polynomial cure
fitting. Gaussian shape function was used for the modeling of both amorphous and crystalline
phases. The perfect matching between the calculated and experimental curves was obtained
based on the least root-mean square (RMS) by optimization function fminsearch in the
software.
The crystallinity of the samples was determined from the ratio of the areas of the crystalline
reflections to the total areas of the scattering curve. Amorphous isotropy is defined as the
proportion of the amorphous phases that are preferentially oriented [27]. The crystallinity
(X c ) and amorphous isotropy (F OA ) of the samples were calculated from the equatorial X-ray
scan by the following equations [68]:
Xc =

A(C)

A(C)+A(OA)+ A(IA)

F OA =

A(OA)

A(OA)+ A(IA)

× 100%

(1)

(2)

Where A(C), A(OA), and A(IA) are the areas of crystalline, oriented amorphous (i.e.
amorphous halo above the baseline), and isotropic (un-oriented) amorphous domain (i.e.
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amorphous region under the baseline) respectively [68]. Here, a fact should be noted that the
crystallinity and amorphous isotropy obtained from curve fitting should be noted as
approximate, as the initial guess of each peak can affect the results. Also, the subtraction of
the linear baseline may eliminate portions of both crystalline and amorphous reflections.
Moreover, separation of the crystalline and amorphous phases in XRD plot is often
subjective, specifically when more than on crystalline reflection exists [86].
The apparent crystal sizes (ACS) were calculated from the Scherrer equation [68]:
0.9𝜆𝜆

ACS = (∆2𝜃𝜃) cos 𝜃𝜃

(3)

Where θ is half the value of the peak position, λ is the X-ray wavelength, and (∆2θ) is the
full-width at half-maximum (FWHM) of the crystalline peak in radians.
The I-2θ scans obtained at various azimuthal angles (ϕ) were resolved into amorphous and
crystalline contribution using Fityc software. Similar to the equatorial plot, Gaussian function
and linear baseline were used for modeling the diffracted patterns. The intensities of the
crystalline peaks were plotted as function of the azimuthal angle to obtain FWHM required
for determination of crystalline orientation function (f c ) (Eq. 6). Pearson VII function with
shape factor of 2 was used for fitting I- 𝜙𝜙 plot. The f c was calculated from the width (Eq. 3)

as follows [68]:

𝜋𝜋/2

(COS2 𝜙𝜙)= ∫0

f c = (3(COS2 𝜙𝜙)-1)/2

(4)
𝜋𝜋/2

𝐼𝐼𝑐𝑐 (𝜙𝜙)cos 2 𝜙𝜙 sin 𝜙𝜙 𝑑𝑑𝑑𝑑/ ∫0

𝐼𝐼𝑐𝑐 (𝜙𝜙) sin 𝜙𝜙 𝑑𝑑𝑑𝑑 (5)

𝐼𝐼𝑐𝑐 (𝜙𝜙) = exp[− ln 2(2𝜙𝜙(∆𝜙𝜙)]

(6)
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Where 𝜙𝜙 is the angle between the crystallographic axis and the fiber axis, I(𝜙𝜙) is the

azimuthal intensity distribution of the crystalline peaks, and ∆𝜙𝜙 is FWHM of the I-𝜙𝜙 plot .
The crystalline reflection of γ (001) or γ1 and α (002) or α2 were used respectively for
obtaining the orientation of γ and α crystals along the fiber axis. Similar to X C and F OA , the
values of orientation factors should be considered approximate as they are affected by curve
fitting results.
The amorphous orientation function (f a ) was calculated by the well-known Stein and Norris
equation (Eq. 7) [66] in which the crystalline orientation is subtracted from birefringence of
the fiber [12, 28].
fa=

∆𝑛𝑛−χ𝑓𝑓𝑐𝑐 ∆𝑛𝑛𝑐𝑐 °
(1−χ)∆𝑛𝑛𝑎𝑎 °

(7)

Where χ is the fraction of crystallinity obtained by XRD, Δn is the birefringence determined
by a polarizing microscope, and Δn a ° and Δn c ° are intrinsic birefringence of the amorphous
and crystalline regions with the values of 0.078 and 0.089, respectively [68].
The refractive indices of the filaments were measured by a Nikon polarizing microscope
using a series of mineral oil refractive index liquids. The birefringence (∆n) was calculated
from the difference of the perpendicular (n ḻ ) and the parallel (n ║ ) refractive indices as
follows [66]:
Δn= n ║ - n ḻ

(8)
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2-4 Result and discussions
2-4-1 Tensile properties
Tensile properties are said to be the most important feature of polymeric fibers. The
response, balance and tracking of these quantities are used as a means of monitoring quality
and effectiveness of new process developments in research and production environments
[64]. Table 2.1 displays the tensile testing results of various nylon-6 yarns. As expected, the
isothermal bath increased the tenacity and initial modulus and decreased the elongation. In
fact, the tenacity and the modulus of hIB filaments are almost 44 and 69% higher, and the
elongation is about 41% lower than those of normal fibers. It is interesting to note that such
modification was obtained by entering the yarn in the warm (T=88°C) liquid bath only for
some milliseconds. Table 2.1 also shows the mechanical characteristics of drawn samples for
two DR of 1.3 and 1.38. The drawing modifies the tensile properties of the hIB sample more
than those of normal fibers. For DR of 1.38, the tenacity increased from 5.46 to 10.02 g/d by
ca. 84%, the modulus increased from 17.13 to 43.88 g/d by ca. 154%, and the elongation
decreased from 67.74 to 26.93 by ca. 60%. It is surprising that such significant tensile results
occurred only with a very low draw ratio (DR=1.38) and low M n .
Unlike the hIB process, in conventional melt spinning, higher M w and DR are required for
the production of industrial nylon yarn. It is said that, when the M w value is less than about
70,000, the melt spun yarn usually does not have the necessary morphology characteristics to
be stretched sufficiently to obtain a tenacity of at least 10 g/d [87]. Thus, the M w needs to be
high enough to provide nylon yarn with the highest tenacities. This makes the melt spinning
of the high M w polymers complex, because of the high melt viscosity and possible polymer
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degradation during the extrusion process. Moreover, in order to turn the melt spun nylon
filaments into industrial products, multi-stage drawing with high draw ratio (5-6) needs to be
performed on the yarn at room temperature or under heated conditions. This requires multiple
working steps and a large work force and is commercially disadvantageous [31, 34]. Such
challenges can be avoided by using the liquid bath method. In fact, as will be shown later, the
molecular orientation and crystallization occurring during the hIB and drawing processes
instill specific compact morphology into the yarn, eliminating the necessities of a very high
molecular weight and draw ratio for production of technical yarn. This simplifies the
operational steps and reduces the need for manpower, making the hIB more advantageous,
both industrially and technically, than conventional melt spinning.

Table 2-1 Fiber denier and tensile testing results of various nylon-6 multifilament yarns

sample

Tenacity

Modulus

Elongation

type

(g/d)

(g/d)

(%)

no hIB

3.79 ± 0.33

10.26 ± 2.54

115.07 ± 13.20

hIB

5.46 ± 0.53

17.33 ± 2.11

67.74 ± 17.92

Drawn (DR=1.30)

no hIB

4.35 ± 0.51

18.55 ± 2.84

33.20 ± 9.44

(DR=1.38)

no hIB

4.48 ± 0.36

20.83 ± 3.37

38.45 ± 5.84

(DR=1.30)

hIB

7.55 ± 0.67

23.53 ± 4.78

31.06 ± 8.11

(DR=1.38)

hIB

10.02 ± 0.53

43.88 ± 9.35

26.93 ± 2.48

Undrawn
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2-4-2 Fiber morphology
Fiber performance is affected by the morphology and fine structure of the filament. In order
to understand the influence of hIB treatment on fiber morphology, their inside structure was
examined by SEM. Also, to investigate the effect of heat uniformity during the stretching, the
filaments were marked in three different zones (e.g. outside zone, transit zone, and inside
zone) along the fiber axis. The outside and inside zones were chosen outside and inside of the
tube respectively, and the transit zone was chosen between them, close to the lower edge of
the tube end (Figure 2.2). The difference between these zones is the amount of heat the
filament experienced during the drawing; the outside and the inside zones received the least
and most heat respectively.

Figure 2-2 Illustration of outside, transit and inside zones for fiber drawing
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The cross sectional view of the drawn yarns is displayed in Figure 2.3. As it can be observed,
the drawn hIB filament has compact fibrillar precursor along the fiber axis (Figure 2.3-c, f).
Fibrillar structure has been reported for other semi-crystalline technical fibers such as PP and
PEN [12, 21]. It is said that the load is usually transferred to the center of a material through
its surface [89]. As such fibrillar structure creates substantial surface area for the load
transfer from the surface to the center, it can contribute considerably to the fiber tensile
characteristics. Moreover, the appearance of non-uniform void structure can be clearly seen
inside the drawn ordinary filament (Figure 2.3-a, d). Such non-uniformity can develop
further to crazes or cracks, significantly deteriorating the fiber’s performance.
The morphology of the drawn hIB filament at transit and inside zones is also shown in the
Figure 2.3. As it can be observed, the inside structure of the fiber is not the same for the two
regions. At transit zone, the morphology of the fiber near the center and the surface are
different due to the lower amount of heat the filament experienced during the drawing. The
heat provides chain mobility for the molecular deformation along the fiber axis during
drawing process. In contrast, at inside zone, where the filament received higher heat; such
non-uniformity is diminished. In order to find out more about the effect of heating on the
fiber performance, the tensile testing was done on the filament at the both zones. We found
that the filament at the inside zone has higher modulus and tenacity and lower elongation
than that at the transit zone (the results are not shown). This suggests that by using more
uniform heating such as infrared (IR) heating, we can get fibers with more uniform structure
and better mechanical properties.

114

Figure 2-3 Cross sectional view of the drawn control and hIB nylon-6 filaments (DR=1.38) at two
different magnifications (up: 2500×, 10 µm scale; down: 10000×, 2 µm scale): drawn control (a, d),
drawn hIB at transit zone (b, e), drawn hIB at inside zone (c, f).

2-4-3 Crystal and amorphous structures
In order to understand the effect of fiber processing and drawing on mechanical properties of
nylon-6 fibers, the fine structure needs to be known well. The microstructure of nylon-6
filament comprises three different phases, namely crystalline, unoriented amorphous
(isotropic) and oriented amorphous (anisotropic) domains. The crystalline region can be
assumed as a physical crosslinking between the polymer chains interacting with amorphous
chain segments [36-38]. Two main crystal forms α and γ have been well-characterized for the
crystalline regions [92]. Each crystal type has its own physical characteristics, and can exist
inside the fiber because of specific treatments such as annealing or drawing [39, 40]. The
amorphous region consists of two different phases, which are different in packing density and

115

interchain structure. Amorphous structures, molecular orientation, crystallinity, crystal size,
and species are among the most important factors effecting fiber tenacity, modulus, and
elongation at break [94].
The crystal and amorphous structures of the nylon yarns were examined by XRD scans.
Figures 2.4 and 2.5 shows the equatorial X-ray diffraction profiles and the deconvolution
results of the various samples. As it can be seen, the crystal structures of the treated fibers are
completely different from those of the untreated filaments. The undrawn hIB yarn has two
sharp peaks (α1, α2) related to α crystal, whereas the undrawn ordinary yarn has only one
sharp peak (γ1) related to γ crystal (Figure 2.4). The Young’s modulus of the α (295 GPa)
crystal is about two times higher than that of the γ crystal (135 GPa) [92]. Therefore, the
appearance of the α can contribute to the higher modulus of the hIB yarns. Also, Figure 2.4
shows the crystal structures of the drawn filaments. The α1, α2 peak intensities in the hIB
filament increased after the stretching, indicating that the crystallinity increased in that
sample. For the drawn control fiber, the appearance of new peaks (α1, α2, γ2) in the XRD
plot, indicates that part of the γ is transformed into the α after DR of 1.38. The proportion of
the crystals (i.e. R(α) or R(γ)) was calculated by dividing the area of each crystal (i.e. A(α) or
A(γ)) to the total crystalline area (i.e. A(α)+A(γ) ) (Eq. 9). Based on the results, the drawn
control has 62.18% γ and 37.82% α, indicating that the drawing transformed partially γ to α.
A(α)

R(α) = �A(α)+ A(γ)� × 100% ,

A(γ)

R(γ) = �A(α)+ A(γ)� × 100%

(9)
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The crystallinity (X c ) and amorphous isotropy (F OA ) results are displayed in Table 2.2. The
hIB treatment increased considerably the FOA from 0.42 to 0.7 by 66.6% and increased the
X c from 15.55% to 25.9 % by 66.55%. As mentioned, in hIB treatment, the liquid bath
provides both high frictional drag for molecular orientation and isothermal condition for
crystal formation. As the liquid temperature (88°C) is higher than the polymer glass
transition temperature (T g ), the chains in the amorphous phase are mobile enough to become
more oriented and crystallized. The hydrogen bonding between the amide groups in the
chains also promotes crystallization inside the filament.
Table 2.2 also shows the effect of drawing on the as-spun treated and untreated yarns. The
influence of the drawing on the hIB and control samples is not the same. For the control
sample, the X c increased during drawing, while the F OA almost remained constant (0.43).
This means that the crystallinity increase is occurred at expense of the unoriented amorphous
phase. However, for the hIB filament, the drawing increased the X c from 25.9% to 34.74%
while reducing the F OA from 0.70 to 0.56, indicating that part of oriented amorphous phase is
transformed to crystalline region. This can be explained by the high molecular orientation of
the anisotropic phase in the hIB fiber (Table 2.2). Drawing the fiber at high temperature
(>T g ) increases the chain mobility inside the amorphous region. As the polymer chains are
more oriented in the anisotropic phase, the very low draw ratio of 1.38 is more likely high
enough to transform such mobile chains into crystal structures.
The effect of drawing on the amorphous regions of nylon-6 fiber has been examined by
several authors. Murthy et al. [68] revealed that secondary crystallization upon drawing is
due to crystallization of isotropic amorphous phase (i.e. interlamellar region) and that upon
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annealing is due to crystallization of oriented amorphous phase (i.e. interfibrillar region).
Also, Kwak et al. [95] found that rigid (oriented) amorphous phase rather than purely
unoriented (isotropic) amorphous region is transformed into the crystalline region during
high speed spinning. Based on our observations, we can say that the effect of drawing on the
control sample is in agreement with Murthy’s findings, whereas the influence of drawing on
the hIB yarn is more related to Kwak’s results.

Figure 2-4 Equatorial scans of various nylon-6 multifilament yarns
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Figure 2-5 Deconvolution of equatorial I-2θ plot into crystalline and amorphous components for
various nylon-6 yarns: a) undrawn control, b) drawn control (DR=1.38), c) undrawn hIB, d) drawn
hIB (DR=1.38). The blue dotted and green solid lines are related to experimental and calculated
curves respectively

Table 2-2 Crystalline and amorphous parameters for undrawn and drawn (DR=1.38) control and hIB
nylon-6 yarns
Sample type

Xc

F OA

(%)

ACS (Å)

fc

γ1

γ2

α1

α2

γ1

α2

-

-

-

0.97

-

fa

Δn

0.37

0.038

0.50

0.049

Undrawn control

15.55

0.42

63.3

Drawn control

20.50

0.43

85.42 105.9 99.75 67.57 0.9862 0.9803

Undrawn hIB

25.90

0.70

-

-

57.29 46.34

-

0.9837

0.54

0.054

Drawn hIB

34.74

0.56

-

-

67.66

-

0.9849

0.58

0.06

49.1

The crystal size results for different samples are also shown in Table 2.2. As in can be
observed, the drawing increased the crystal size for the both control and hIB yarns. For the
untreated samples, the crystal size in γ1 direction increased from 63.3 to 85.42 Å after DR of
1.38. For the hIB yarn, the drawing increased the crystal size in α1 reflection from 57.29 to
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67.66 Å, and the one in α2 direction from 46.34 to 49.1 Å. Also, the table shows that the
crystal sizes of the as-spun hIB yarn in both α1 and α2 directions are smaller than those of
control samples. Such smaller crystal sizes are accompanied with higher crystallinity for the
hIB yarn. Decreasing crystal size with increasing crystallinity was reported for UHMWPE
irradiated with gamma or other high energy beams [96]. This phenomenon can be explained
by two competing mechanisms. On the one hand, the high frictional drag acting on the
filament extends the molecular chain and forms very taut chains inside the amorphous region,
while it reduces chain mobility and crystal growth. On the other hand, the high liquid
temperature (T=88°C), and the strong hydrogen bonding between the polyamide chains
promote crystallization. The net effect of these two mechanisms is higher crystallinity with
lower crystal size for the as-spun hIB yarn.

2-4-4 Molecular orientation
The superiority of hIB method over other melt spinning techniques can be explained by
molecular orientation and crystal formation. In conventional melt spinning and drawing, the
crystals generally have a lower molecular orientation, since the crystal formation is affected
by the poor mobility of the polymer chains in the solid state [66]. Also, in high speed
spinning, rapid crystallization among polymer chains can reduce chain mobility, and prevent
further molecular orientation which affects mechanical properties of fibers. In fact, when the
take up velocity increases above a critical value, the formation of more crystals can lead to
the appearance of severe defects, such as micro voids and high radial non-uniformity inside
the fiber which significantly deteriorate the fiber’s performance [19, 43]. These challenges
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can be addressed well by hIB method as the liquid drag uniformly increases the overall
orientation of the fiber at first; and then, under a very low draw ratio, the maximum
crystallinity can be achieved through transformation of the oriented amorphous region [68].
The molecular orientation of the samples were investigated by birefringence measurement
and azimuthal scans. Table 2.2 displays the fiber birefringence (Δn), crystalline (f c ), and
amorphous (f a ) orientation factors. The f c of undrawn control yarn is high (i.e. 0.97)
indicating that the polyamide chains inside the crystal are well-oriented along the fiber axis.
Such the high value is in good agreement with the one reported by Heuvel and Huisman [97]
for nylon-6 yarn at take-up speed of 3000 m/min. The hIB treatment increased the f c from
0.97 to 0.9837 while transforming thoroughly γ form to α one. Also, the table shows drawing
has little effect on f c for both treated and untreated samples. Two orientation crystalline
factors are reported for the drawn control sample, as it has two crystal α and γ. As the
proportion of γ form (i. e. 62.18%) is higher than α in that sample, the f c of the γ was chosen
for determination of f a for that sample. The f a for various samples was calculated from X c , f c
and Δn results (Eq. 7). As Table 2.2 shows the hIB treatment increased magnificently the
amorphous orientation factor from 0.37 to 0.54 by 46% and the birefringence from 0.038 to
0.054 by 42%. These orientation values are higher than those of drawn control yarn, leading
to higher tensile characteristics for that sample. It is surprising to note that such increase in
the orientation takes place by entering the yarn inside the liquid bath only for some
milliseconds (0.0134 sec.). The reason is related to the high frictional drag and high liquid
temperature of the bath, which increased the mobility of the polyamide chains to be extended
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along the fiber axis. Also, the table shows that hot drawing increased further f a and Δn of the
hIB yarn to 0.58 and 0.06, respectively. Such high orientation factors for crystalline and
amorphous phases, with high crystallinity, high amorphous isotropy, and unique fibrillar
precursor lead to magnificently high tensile performance for the drawn hIB yarn.

2-5 Conclusion
Horizontal isothermal bath (hIB) method was successfully applied during melt spinning of
low viscosity nylon 6 (Ultramid B24 N 02, RV of 2.43) produce high tenacity multifilament
yarns. The effect of such treatment on the structure and mechanical properties of the yarn
were studied. The very high frictional drag and isothermal condition of the liquid bath
increased the crystallinity and reduced the crystal size. Moreover, the hIB treatment raised
magnificently both the amorphous orientation factor (f a ) and amorphous isotropy by 46%
and 67% respectively. Stretching the as-spun hIB yarn instilled unique precursor,
contributing to very high tenacity (10 g/d), high modulus (43.9 g/d) and low elongation
(27%). The drawing also increased further the crystallinity (36%) and crystal size inside the
yarns. Such superior mechanical properties obtained only by applying a very low DR of 1.38,
which otherwise needs much higher draw ratio in traditional melt spin-draw process. The
obtained results revealed clearly the effectiveness of the hIB treatment with drawing in
production of high performance nylon-6 yarns.
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Chapter 3 : Improving Mechanical properties of Poly (trimethylene
terephthalate) Fibers by Sustainable Horizontal Isothermal Bath
Process

3-1 Abstract
The melt spinning poly (trimethylene terephthalate) was modified through the inclusion of a
horizontal isothermal bath (HIB) in the extrusion line. Several parameters including liquid
depth, liquid temperature, and take-up speed were utilized in this study. The structural and
mechanical properties of the fibers were characterized by DSC, X-ray, SEM, optical
birefringence, and tensile testing. The results showed that the bath treatment increased
considerably the fiber orientation and crystallinity up to 0.066 by 66% and 47.94% by 100%,
respectively. Drawing the HIB fibers with a low draw ratio of 1.11 increased the tensile
strength up to 4.76 g/d and reduced the tensile strain down to 51.76%. Such the strength is
greater than the maximum value (3.3 g/d) reported before. The obtained results can widen
application of PTT fibers in technical woven/nonwoven products.
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3-2 Introduction
Poly (trimethylene terephthalate) (PTT) also known as 3GT is an aromatic polyester made
from poly-condensation of 1,3-propanediol (PDO) and terephthalic acid or dimethyl
terephthalate. The chemical structure of this polyester is shown in Figure 3.1. Although, its
unique properties have been known for many years, the polymer was not commercially
available until recent years due to high production cost of the PDO [1]. PTT has combined
physical properties of nylons (PA-6 & PA-66) and other aromatic polyesters (PET & PBT)
and thus is an interesting polymer for various applications [2][3]. In fact, high resiliency,
superior elastic recovery, high bulk, and soft hand make this polymer attractive for
engineering textile fibers, carpets, fabrics, nonwovens, films and plastics. PTT filaments are
the most promising candidate for replacement of PET fibers, due to the properties such as
lower melting point, easier processing and dyeing and higher flexibility [1][4] [5] [6].

Figure 3-1 Chemical structure of PTT [3]

Nevertheless, the low tensile performance of PTT filaments limits their wide applications in
industrial products. Several studies have been done on modifying mechanical characteristics
of melt-spun PTT fibers [1], [4]–[7], [8]. Wu et al. [9] examined the effect of take-up speed
on the tensile properties of PTT filaments. They reported the low tenacity and modulus of 3.3
and 22 g/d for a very high wind-up speed of 8000 m/min. Also, Lyoo et al. [4] examined the
influence of zone-drawing on the tensile performance of PTT fiber. Draw ratio (DR) of 2.5
on PTT fiber produced at 1000 rpm increased the tenacity and modulus only up to 0.3 GPa
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(2.56 g/d) and 1.2 GPa (9.83 g/d), respectively. Moreover, Kim et al. [1] compared the tensile
and structural properties of PTT and PET fibers at various take-up speeds. They found that
the spinning speed is less effective in improving the crystal formation, molecular orientation,
and tensile strength of PTT fibers. The reason is related to the additional methylene group in
the PTT unit structure. Compared to PET, aromatic polyesters such as PTT and PBT have
additional methylene group(s) in their structure which make them have more chain flexibility
and faster crystallization rate than PET (Figure 3.2) [1][9]. The rapid crystal formation
during

spinning

process

can

limit

the

chain

mobility

required

for

more

orientation/crystallization which affects the tensile performance of PTT fibers.

Figure 3-2 Comparison of crystallization half-times (t 1/2 ) for PET, PTT, and PBT at the same undercooling degrees from the melts (Left) [11]. Polymer structures of three polyesters: PET, PTT and
PBT, the methylene groups are shown as black filled circles (Right) [4].

To address this problem, the chain mobility and the crystal formation of the PTT chains need
to be controlled better during spinning process. This can be achieved by using Horizontal
isothermal bath (HIB) method. HIB is a modified version of melt spinning process in which a
liquid bath is used horizontally between the spinneret and the winder (Figure 3.3). The liquid
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bath acts like a drawing tool and provides several additional controllable processing
parameters for better tension, time, and temperature control of the polymer chains in the
spinning line. The liquid temperature is usually set 30-40°C higher than polymer glass
transition temperature (T g ) to provide enough mobility for molecular chains to become more
oriented and crystallized inside the fibers. The liquid can contribute to higher tensile
properties in two different ways: First, it provides high frictional drag on the runner filaments
inside the bath. Second, it increases the mobility of amorphous chains for more molecular
orientation and crystal formation. The liquid bath treatment has already been applied to
several semi-crystalline polymers (e.g. PP [12], [13], PEN [14], [15], PET [16]–[22], PA-6
[23][24]), and fibers with tensile properties comparable to and even better than melt-spun
yarns were produced.
The purpose of this study is to examine the effect of HIB process on the tensile properties of
PTT fibers. This is the first time that such eco-friendly method is applied to this polyester.
Simplicity, commercial availability, and cost effectiveness are some of the important features
of this sustainable method. To achieve that, two types of samples including control (no HIB)
and HIB were made and their structure-property relationship were characterized, compared,
and analyzed using tensile testing, DSC, X-ray, SEM, and optical birefringence tests. Also,
the control and HIB samples were drawn with a low draw ratio to examine the effect of
drawing on the tensile performance of the fibers.
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Figure 3-3 Scheme of horizontal isothermal bath (HIB) method [25]

3-3 Experimental approach
3-3-1 Materials and sample preparation
The PTT chips with intrinsic viscosity of 0.97 dl/g were provided from Shell Chemical
Company. The viscosity-average molecular weight was estimated to be about 75,500 D [10].
The polymer chips were vacuum dried at 140°C for 12 hours before use. Alex James machine
equipped with 8-hole spinneret with exit diameter of 0.3 mm was used for melt extrusion and
spinning. The extrusion temperature was set at 265°, and the take-up speed was in the range
of 1000-2500 m/min for both untreated (no HIB) and treated (HIB) yarns. Water was used as
the liquid medium, since it is eco-friendly and inexpensive. Various liquid temperature (2588°C) and liquid depth (9-18 cm) were used for making the HIB yarns. After melt-spinning,
the as-spun untreated and treated yarns were drawn at a draw ratio close to 1.11 by using a
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modified tensile tester. The draw temperature and speed were set to 70°C and 50 mm/min,
respectively.

3-3-2 Measurements and characteristics
Denier measurement and tensile testing were performed on the individual PTT filaments. The
denier was measured using a Vibromat ME tester. Tenacity, modulus, and strain were
determined using a MTS Q-test/5 universal testing machine according to ASTM D3822. A 5pound load cell, a gauge length of 25.4 mm, and a constant cross-head speed of 15 mm/min
were used for the tensile testing of all samples.
The thermal traces of the yarns were investigated by Differential scanning
calorimetry (DSC) measurement using a Perkin–Elmer Diamond DSC Model 7. 3-5 mg of
each sample was encapsulated in a nonvolatile aluminum pan and then heated at the heating
rate of 20°C/min to 250°C. The degree of crystallinity of the fibers was calculated from Eq.
1 [9]:
Degree of crystallinity (%) =

(∆Hm− ∆Hc )∗100
∆H°

(1)

Where ∆H m and ∆H c are the crystalline heat of fusion and the exotherm of cold
crystallization respectively, and ∆H° is the heat of fusion of perfect crystals of PTT 30±2
kJ/mol [9] (135.9 J/g).
XRD scans were obtained on Bruker AXS General Area Detector Diffraction System
(GADDS) using CuKa radiation source, λ = 1.542 Å, generated at 30 kV and 30 mA. The
data was measured in transmission geometry. The data points were integrated by GADDS
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software from 2θ angle in the range of 5-40° and step wise of 0.1°A. Equatorial scan (ϕ=0)
was used to determine crystallinity, crystal type, and crystal size of the samples.
The apparent crystal sizes (ACS) were calculated from the Scherrer equation [26]:
0.9𝜆𝜆

ACS = (∆2𝜃𝜃) cos 𝜃𝜃

(2)

Where θ is the half value of the peak position, λ is the X-ray wavelength, and (∆2θ) is the
full-width at half-maximum (FWHM) of the crystalline peak in radians.

The refractive indices of the filaments were measured by a Nikon polarizing microscope
using a series of mineral oil refractive index liquids. The birefringence (∆n) was calculated
from the difference of the perpendicular (n ḻ ) and the parallel (n ║ ) refractive indices as
follows [66]:
Δn= n ║ - n ḻ

(8)

3-4 Results and discussions
3-4-1 Tensile properties
3-4-1-1 Effect of HIB treatment
Table 3.1 displays the tensile testing results of as-spun control and HIB PTT fibers. As can
be seen, the HIB samples have higher tenacity and lower strain than the control samples. For
example, at 2000 m/min the HIB treatment increased the tensile strength from 1.79 to 4.04
g/d by ca. 125.7% and reduce the tensile strain from 233.65 to 85.09% by ca. 174.6%. The
highest obtained tenacity for HIB filaments was 4.04 g/d which are related to the take-up
speed of 2000 m/min, and the liquid depth and temperature of 18 cm, and 88°C, respectively.
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Such superior tensile strength is greater than the maximum value (3.3 g/d [1]) reported
before. It is surprising that such superior tenacity is obtained at a low take up speed (2000
m/min) and simply through entering the threadline into the bath for just some milliseconds,
which otherwise needs much higher take-up speeds (7000-8000 m/min) in traditional melt
spinning process. As mentioned, the HIB process acts like a drawing tool during melt
spinning. When the yarn enters into the bath, the high liquid depth and take-up speed result in
a high frictional drag on the running filaments. Also, the high liquid temperature provides
enough mobility for the amorphous chains to get oriented/crystallized under the liquid drag,
which leads the HIB fibers to have superior tensile properties than the conventional meltspun fibers.
The tensile results of HIB filaments at different conditions of the bath treatment are also
shown in Table 3.1. At the same take-up/liquid depth, the tenacity increased and the strain
decreased with the liquid temperature. Higher tensile strength was obtained when the liquid
temperature increased over the polymer T g . Similar observations were reported for the effect
of liquid temperature in former HIB studies on PET fibers [25][22]. This can be explained
by the fact that at the temperatures higher than the T g , the polymer chains in the amorphous
region are in the mobile molten state, and they can become more oriented/crystallized in the
fiber under the high drag of the bath, and thus higher tenacity can be achieved. The
influences of liquid depth and take-up speed on fiber tensile performance are also shown in
Table 3.1. The higher values of the both parameters increased the drag force on the filaments
and resulted in higher tenacity and lower strain. Nevertheless, when the take-up speed
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increased up to 2500 m/min, the tensile strength remained almost constant. The reason for
this is that when very high threadline tension is induced on the filaments by the higher speed,
the polymer chains renders less mobile and the crystal formation and the molecular
orientation may be restricted and this prevents further increase in the tensile properties.
Table 3.1 also compares the initial modulus of PTT fibers before and after the bath treatment.
As it can be observed, the HIB samples have higher tensile modulus than the control samples
at a certain take-up speed. The highest obtained modulus is about 22.5 g/d which is
comparable to the maximum value reported before for melt spun PTT fibers [1][9]. We could
not see any specific trends for the effect of liquid drag or threadline tension on the fiber
modulus. Such behavior is different from that of PET fibers where the initial modulus
increases with the threadline stress. Kim et al. [1] examined the effect of spinning speed on
the tensile properties of melt-spun PET and PTT fibers. They found that the initial modulus
of PTT fibers remained almost constant with wind-up speed, whereas the modulus of the
PET fibers increased remarkably with the take-up speed. Also, Avci et al. [25] studied the
effect of HIB treatment on the tensile properties of PET filaments. They reported that the
initial modulus of the polyester fibers increased considerably after HIB treatment.
The low modulus of PTT fibers in HIB and spinning processes can be explained by its
polymer structure. Compared to PET, PTT has an additional methylene group in its backbone
structure which gives this polyester a special conformation. In fact, the trimethylene glycol
segment (-CH 2 -CH 2 -CH 2 -) of PTT has highly contracted low energy trans-gauche-gauchetrans (tggt) conformation, whereas the ethylene glycol segment (-CH 2 -CH 2 -) of PET has
high energy trans-trans-trans (ttt) conformation in its crystal [27]. The gauche conformers in
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PTT are very compliant and give this polyester a helical structure with much lower crystal
modulus (2.59 GPa) than PET (107 GPa) [28]. Also, the amorphous phase in PTT has a low
modulus close to that of the crystalline region [9]. Thus, the extra methylene (-Ch 2 -) segment
in the PTT unit results in a flexible helical structure with a low crystal, amorphous, and fiber
modulus.

Table 3-1 Tensile properties of as-spun control (no HIB) and HIB PTT fibers.
Sample

Take up

Liquid

Liquid

Tenacity

Modulus

Strain

ID

speed

depth

Temp. (C )

(g/d)

(g/d)

(%)

(m/min)

(cm)

UC-1000

1000

-

-

1.14 ± 0.06

12.56 ± 1.09

521 ± 55.39

UC-2000

2000

-

-

1.79 ± 0.19

16.72 ± 1.03

233.65 ± 24.62

UC-2500

2500

-

-

2.19 ± 0.12

18.81 ± 1.39

169.06 ± 15.33

UH1-1000

1000

18

55

2.5 ± 0.09

20.69 ± 1.03

149.27 ± 13.67

UH2-1000

1000

18

88

3.17 ± 0.13

17.21 ± 0.51

147.54 ± 18.20

UH1-2000

2000

9.3

25

2.19 ± 0.12

21.22 ± 0.93

129.12 ± 10.12

UH2-2000

2000

9.3

88

2.73 ± 0.08

21.80 ± 0.70

98.53 ± 5.39

UH3-2000

2000

18

55

3.33 ± 0.10

18.06 ± 0.51

89.97 ± 7.18

UH4-2000

2000

18

88

4.04 ± 0.23

18.02 ± 0.88

85.09 ± 6.25

UH1-2500

2500

18

88

4.06 ± 0.16

18.33 ± 0.71

80.99 ± 6.99

Note: UC: undrawn control, UH: undrawn HIB
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3-4-1-2 Effect of drawing
The treated and untreated samples with the best tensile strength were drawn by a modified
tensile tester equipped with a heating tower as shown in Figure 3.4. The maximum extension
for the HIB yarn was observed at the temperature of 70°C. The draw ratio (DR) was
calculated as the ratio of the length of the yarn before and after the drawing. Both untreated
and treated yarns were drawn with the same extension (405 mm) with no filament breakage.
The draw ratios for the control and HIB yarns after elastic recovery were at 1.40 and 1.11,
respectively. Table 3.2 compares the tensile properties of control and HIB fibers before and
after drawing. As can be seen from the table, the drawing increased the tensile strength and
reduced the tensile strain of the samples. For the HIB fiber, the DR of 1.11 raised the tenacity
from 4.04±0.23 to 4.76±0.28 g/d by 17.8% and reduced the elongation from 85.09±6.25
down to 51.76±5.32% by 39.2%. As it will be shown later, such high tenacity is due to the
crystal formation and molecular orientation occurred during the drawing.

Figure 3-4 Modified tensile tester equipped with a heating tower for drawing PTT yarns. The length
of the tower is 68 cm.
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Table 3-2 Tensile properties of undrawn and drawn control and HIB PTT fibers
Sample

Tenacity

Modulus

Elongation

type

(g/d)

(g/d)

(%)

UC-2000

1.79± 0.19

16.72±1.03

233.65±24.62

DC-2000

2.82± 0.33

21.28±1.76

100.87±11.14

UH4-2000

4.04±0.23

18.02±0.88

85.09±6.25

DH4-2000

4.76±0.28

17.59±1.60

51.76±5.32

Note: UC: Undrawn control, DC: Drawn control (DR=1.40), UH: Undrawn HIB, DH: Drawn HIB (DR=1.11)

Figure 3.5 displays the stress-strain curve of undrawn and drawn control and HIB PTT
filaments at 2000 m/min. As the figure shows the behavior of the samples to force and
deformation is completely different. The undrawn control fibers have much longer yielding
region than the HIB filaments. The length of the yielding plateau is related to sliding of the
amorphous chains in the fibers during elongation [1]. Thus, the shorter yielding of HIB
samples indicates the amorphous chains have lower mobility because of the higher
orientation in non-crystalline region. when the polyester filaments enter into the bath, the
high liquid temperature increases the mobility of amorphous chains which under the high
frictional drag of the liquid results in high molecular orientation and crystal formation and
thus higher tenacity and lower elongation/yielding can be obtained.
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Figure 3-5 Stress-strain curve of undrawn and drawn HIB and control PTT fibers

3-4-2 Thermal properties
Figure 3.6 shows the thermograms of undrawn HIB and control PTT yarns at different takeup speeds. As can be seen, the shape of the melting peaks in the control samples is different
from that of the HIB samples. The melting thermogram of the control yarns has less
symmetrical shape, implying the wider crystal size and perfection in those samples.
However, when PTT fibers experienced the HIB treatment, the melting peak becomes more
symmetrical. Also, Figure 3.6 shows the control fibers have a cold crystallization peak, the
area and temperature of which are decreased with the spinning speed. Such cold
crystallization disappears completely in the thermograph after liquid bath treatment on the
yarn. The crystal formation above T g in the DSC is related to chain mobility and molecular
orientation in the amorphous region. At the higher orientation, the amorphous chain has
lower mobility and there is lower possibility for crystal formation above the T g . Based on
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this, the elimination of cold crystallization in the thermogram of HIB samples indicates
higher molecular orientation in their non-crystalline region.
Table 3.3 displays the thermal properties of the undrawn and drawn control and HIB samples
at take-up speeds of 1000 and 2000 m/min. The undrawn control samples have cold
crystallization temperatures (T c ) at 73.46 and 65.3°C. The UC-2000 has lower T c than UC1000 indicating lower mobility and higher orientation of the amorphous chains in that
sample. The melting temperature (T m ) was observed at 222-226°C for the control and HIB
samples. No considerable changes were observed in the T m before and after HIB treatment.
Table 3.3 also compares the degree of crystallinity (X%) of the undrawn and drawn PTT
yarns. For the control sample, the higher take-up speed increased the crystallinity from 17.90
to 23.92% due to stress induced crystallization. Such observation is in agreement with the
findings of former studies [1][9][10]. Moreover, the table shows the as-spun HIB samples
have much higher crystallinity than the as-spun control samples. For example, at 2000 m/min
the crystallinity increased considerably from 23.92 to 47.94% by ca. 100% after the HIB
treatment. It is very interesting that such significant increase in the crystal formation occurred
simply through entering the yarn into a bath for a very short time. This can be explained by
the fact that the high liquid temperature makes amorphous chains in mobile molten state
which with high frictional drag of the bath, provides more possibility for the chains to get
oriented and crystallized during the HIB process.
Table 3.3 also shows the effect of drawing on the crystal formation of control and HIB
filaments. As can be seen, the drawing raised the crystallinity in both HIB and control
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samples. Such crystal growth probably occurred through the polyester chains in the
amorphous region, as the drawing temperature above the T g (70°C) could make them mobile
enough to be crystallized in the fiber. The obtained high crystallinity (50%) contributes to the
high tenacity of the drawn HIB sample.

Figure 3-6 DSC curves of undrawn HIB and control PTT yarns at 1000 and 2000 m/min take-up
speeds
Table 3-3 Thermal properties of undrawn and drawn control an HIB PTT yarns
∆H (J/g)

Sample

Spinning conditions

Tc

Tm

type

(cm, °C, m/min)

(°C)

(°C)

UC-1000

-, -, 1000

73.46

0

UC-2000

-, -, 2000

65.3

UH-1000

88, 18, 1000

UH4-2000

X

Cold

Melt

(%)

225.83

31.741

56.069

17.90

-

224.7

23.456

55.958

23.92

-

-

223.33

-

64.69

47.60

88, 18, 2000

-

-

222.96

-

65.15

47.94

DC-2000

-, -, 2000

-

-

223.93

-

61.047

44.92

DH4-2000

88, 18, 2000

-

218.36

222.25

-

68.045

50.06

141

3-4-3 Molecular orientation
One of the important aspects of HIB treatment is to increase the molecular orientation during
fiber formation process. In conventional melt spinning, the PTT filaments generally have a
low molecular orientation, as the rapid crystal formation restrains the chain mobility for
further orientation which affects the mechanical properties of the fibers. This problem can be
addressed well in HIB process, as the liquid at a high temperature (>T g ) can increase chain
mobility for more molecular orientation and crystal formation under the high drag of the
liquid bath.
The molecular orientation of the samples was investigated by birefringence measurement.
Table 3.4 shows the birefringence results of undrawn and drawn control and HIB PTT
samples at different take-up speeds. As seen in the table, higher take-up speed increased the
molecular orientation in undrawn control and HIB samples due to the higher threadline stress
on the chains. More importantly, the HIB samples have considerably higher birefringence
than control fibers. For example, at 2000 m/min the liquid bath treatment increased the fiber
orientation from 0.039 to 0.065 by ca. 66.67%. The reason is related to the high frictional
drag and high liquid temperature of the bath, which increased the mobility of the polyester
chains to be extended and aligned along the fiber axis. Also, the table shows that drawing of
the as-spun yarns resulted in higher molecular orientation in both control (0.064) and HIB
fiber (0.066) (Table 3.4). As the drawing temperature is higher than the polymer T g , the
amorphous chains are sufficiently mobile to become more oriented in the fiber under DR of
1.11.
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Table 3-4 Molecular orientation of undrawn and drawn control and HIB PTT fibers
Sample type

UC-1000

UC-2000

UH-1000

UH4-2000

DC-2000

DH4-2000

∆n

0.014

0.039

0.062

0.065

0.064

0.066

3-4-4 Crystalline structure
In order to understand the effect of HIB process on the tensile performance of PTT filaments,
their crystal structures need to be known well. Only one crystal form has been known for
PTT. The unit cell has a triclinic structure with a=4.637 Å, b=6.226 Å, c=18.64Å (fiber axis),
α=98.4°, β=93.0°, and γ=111.5°, and a density of 1.432 g/cm3. Each cell contains a single
chain with two repeat monomer units [7].
Figure 3.7 displays 2D WAXS patterns of undrawn and drawn control and HIB PTT yarns.
The typical diffuse amorphous halo of the undrawn control sample can be cleanly seen
(Figure 3.7-a). The halo can also be related to existence of small and imperfect crystals
which are difficult to be detected by XRD. Such imperfect crystals were more developed
during the drawing process and resulted in an arc pattern in the X-ray plot as seen in Figure
3.7-c. The diffraction arc also appeared in the X-ray pattern after liquid bath treatment,
indicating the existence of crystalline structures in the HIB fiber (Figure 3.7-b). The
formation of such crystals is related to the high drag and high temperature of the liquid bath,
which provide enough chain mobility and tension for the polyester chains to be folded and
crystallized inside the filaments. Further drawing (DR=1.11) HIB fibers developed more the
crystalline structures and resulted in thicker arc pattern as seen in Figure 3.7-d.
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Figure 3-7 2D WAXS photographs of undrawn control (a), undrawn HIB (b), (c) drawn control
(DR=1.40), and (d) drawn PTT (DR=1.11) yarns

Figure 3.8 shows the equatorial X-ray diffraction profiles of undrawn and drawn HIB and
control PTT yarns. As it can be observed, the undrawn control has an amorphous halo
appearing near 2θ=21°, whereas the drawn control and the undrawn/drawn HIB fibers have a
crystalline peak centers at ca. 2θ=16.5°. Such reflection index is related to (010) plane of
PTT crystals. When these results compared with former PTT fiber studies (Figure 3.9), we
can say the crystal structure of the undrawn HIB filament at 2000 m/min is comparable with
conventionally melt-spun fibers at very high speeds of 7000-8000 m/min. Such comparison
implies that instead of using expensive high-tech winders in the spin-line for PTT yarns, a
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liquid bath can simply be utilized with low-speed winders and fibers with desirable
morphology and higher tensile performance can be produced.
Figure 3.8 also displays the influence of drawing on the crystalline structures of PTT fibers.
The appearance of a halo near the crystalline peak is related to oriented amorphous phase in
the samples. Like other semi-crystalline polymers (e.g. PA-6 [29], PET [30]), PTT has two
non-crystalline regions: oriented amorphous and unoriented amorphous phase [8]. In the
oriented region, the macromolecules are preferentially oriented along fiber axis and they can
contribute to high tensile performance. As Figure 3.8 shows the effect of drawing on the
oriented amorphous halo of the control and HIB fibers is not the same. In fact, the drawn
control fiber (DC-2000) has smaller oriented amorphous halo/phase, indicating that the
drawing transforms part of the oriented amorphous phase into crystalline region. By
comparison, for the HIB sample the drawing did not affect the area of the amorphous halo,
implying that the new crystal formation is more likely happened through the transformation
of unoriented amorphous region in the fiber. The crystal size of the control and HIB samples
are shown in Table 3.5. As can be seen, the drawing increased the crystal size of HIB fiber
from 37.67 to 49.02 Å by ca. 30%. Higher crystallinity, larger crystal size, and more oriented
amorphous region lead the drawn HIB fiber to have higher tenacity and lower strain than the
drawn control filament.
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Figure 3-8 Equatorial scans of undrawn and drawn control and HIB PTT yarns

Table 3-5 Tensile and structural properties of undrawn and drawn HIB (DR=1.11) and control PTT
yarns
∆n

Undrawn

HIB conditions

Tenacity

Strain

Deg. of DSC

Crystal

samples

(cm , °C , m/min)

(g/d)

(%)

Crys. (%)

Size (Å)

UC-2000

-, -, 2000

1.79 ± 0.19 233.65 ± 24.62

23.9

-

0.039

DC-2000

-, -, 2000

2.82± 0.33

100.87±11.14

44.92

44.80

0.064

UH4-2000

18/88/2000

4.04 ± 0.23 85.09 ± 6.25

47.94

37.67

0.065

DH4-2000

18/88/2000

50.06

49.02

0.066

4.76±0.28

51.76±5.32
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Figure 3-9 Equatorial scans of as-spun PTT fibers at different spinning speeds [9]

3-4-5 Fiber morphology
Fiber performance is affected by the morphology and fine structure of the filament. To
understand the influence of HIB treatment on fibers morphology, their inside structure was
investigated by SEM. Figure 3.10 displays the cross sectional view of the undrawn fibers
before and after HIB process. As it can be seen, the control sample has a smooth morphology
whereas the HIB sample has a compact fibrillar precursor. The morphology of the drawn
fibers was also examined using optical microscopy. Figure 3.11 shows the plain views of the
control and HIB filaments after drawing. The appearance of the kink band structure on the
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drawn HIB fiber can be clearly seen. Lyoo et. al. [4] observed similar kinks in cold drawing
of PTT fibers. They attributed such the banded structure to a preferential slip plane parallel to
the lamella inside the filaments. The banded morphology indicates that some PTT chains
have difficulty in moving probably due to the low temperature used for the drawing. It is
generally said that the formation of kink structures is closely related to the fibrillar
morphology in a fiber [4][31]. The fibrillar precursor was also appeared inside HIB fibers for
other polymers (e.g. PA-6 [23], PP [13], and PET [32]). As such fibrillar structure can create
substantial surface area for the load transfer from the surface to the center of fibers, it can
contribute considerably to the tensile properties of the yarn.

a

b

c

d

d

e

Figure 3-10 Cross sectional view of Undrawn control (top) and undrawn HIB (down) at three
magnifications (left: 1,000х, 50 μm scale; middle: 5,000х; 10 μm scale, right: 10,000 x 5 μm
scale).
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DC-2000

DH4-2000

Figure 3-11 Microscopy images of drawn untreated (DC-2000) and treated (DH4-2000) PTT
filaments.

3-5 Conclusion
The process of melt spinning PTT was modified through the inclusion of a horizontal
isothermal bath (HIB) in the spinning line. It was found that the HIB process can improve
considerably the structural and mechanical properties of PTT fibers. In fact, the bath
increased the tensile strength up to 4.04±0.23 by ca. 125.7% and reduced the tensile strain
down to 85.09±6.25% by ca. 174.6%. Such superior tenacity was obtained at a low take up
speed (2000 m/min) and simply through entering the threadline into the bath for just some
milliseconds, which otherwise needs much higher take-up speeds (8000 m/min) in traditional
melt spinning. Also, the results showed that the liquid bath increased the overall orientation
from 0.039 to 0.066, by ca. 70% and the crystallinity from 23.9 to 47.94% by 100%.
Drawing the HIB fiber with a low DR of 1.11 raised the tenacity up to 4.76±0.28 and reduced
the stain down to 51.76±5.32. The combined effects of high crystallinity, large crystal size,
high molecular orientation, and compact fibrillar morphology contributed to such the high
tensile strength. The obtained tenacity is greater than the maximum strength (3.3 g/d)
reported before.
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Chapter 4 : Improving Mechanical Properties of Polyethylene
Terephthalate Yarns by Continuous HIB Process
4-1 Introduction
Poly (ethylene terephthalate) (PET) filaments are used for technical and textile applications.
High strength, high stiffness, good chemical, and thermal stability, and resistance to wear and
corrosion make polyester yarns to be used in various industrial products such as tire cords,
conveyor belts, and rubber hoses [1].
Several techniques and treatments have been developed for the production of highperformance PET fibers. The inherent problems of low productivity, high production cost,
and high energy consumption, complexity of chemical reactions, mass transfer, and waste
recovery systems make most of them inappropriate for industrial application. Horizontal
isothermal bath (HIB) is an alternative eco-friendly simple treatment that can be used during
melt spinning process for production of technical textile. The bath acts like a drawing tool in
spinning process and with better tension, time, and tension control of the polymer chains,
creates specific uniform compact fibrillar structure and results in superior tensile
performance [2].
The HIB liquid can contribute to higher tensile properties in two different ways: First, it
provides high frictional drag on the filaments inside the bath. The drag depends on several
parameters including liquid viscosity, liquid depth, filament velocity, filament denier, and
bath distance from the spinneret. Secondly, it increases the mobility of amorphous chains for
more molecular orientation and crystal formation. When the as-spun HIB yarns are drawn at
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a high temperature with a very low DR (<1.4), the oriented chains become crystallized and
superior tensile performance can be obtained. The liquid bath treatment has already been
applied to several semi-crystalline polymers (e.g. PP [3], [4], PEN [5], PET [6]–[10], PTT
[11] [12], PA-6 [2], [13]), and fibers with tensile properties comparable to and even better
than melt-spun yarns were produced.
The drawing and the HIB treatment have already been used in two separate steps (i.e. batch
system (Figure 4.1)), which is not appropriate for industrial scale due to the low drawing
speed (50 mm/min). This problem can be solved in a continuous system, as the drawing
could be done on the HIB yarn during melt spinning. The continuous system is like a spindraw process in which a liquid bath is used between the spinneret and the draw panels
(Figure 2). In this way, the yarn first enters into the bath for HIB treatment, and then travels
to the draw rolls for a high speed drawing, and finally winds up on a bobbin.

Figure 4-1 Scheme of horizontal isothermal bath (HIB) method. The distance between the bath and
spinneret is 450 cm (Left). Old tensile tester equipped with a heating tower for yarn drawing. The
length of the tower is 68 cm (Right) [2]
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Figure 4-2 Scheme of continuous HIB process

The purpose of this study is to investigate the effect of continuous HIB process on tensile
properties of PET yarn using Trützschler draw panels. To achieve that, two types of samples
were produced: control yarn (No HIB) and HIB yarn. Various HIB parameters such as liquid
depth, temperature, and viscosity, and take-up speed were examined for producing HIB
yarns. Trützschler draw panels were used for drawing polyester yarns in the spin-line. Onestep drawing (DR1) and two-step continuous drawing (DR1 & DR2) were used for stretching
the yarns. The effect of draw ratio, temperature, and speed on the tensile performance of the
yarns were studies. To understand how HIB/drawing contribute to fiber tensile performance,
several characterization methods including tensile testing, DSC, X-ray, SEM, and optical
birefringence were performed on the samples.
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4-2 Materials
High M w Trützschler PET chips (IV=1.05 dl/g, M w ~ 75,520 D) and low M w Invista PET
chips (IV=0.65 dl/g) were used for melt spinning. The polyester chips were vacuum dried at
140°C for about 16 h before use. Alex James melt spinning machine equipped with 8-hole
spinneret with exit diameter of 0.3 mm was used for melt extrusion and spinning. The
spinning temperature was set at 304°C (for high M w PET) and 295°C (for low M w PET), and
the take up speed was set based on the draw ratio applied to the fibers. The distance between
the bath and the spinneret was about 4.5 m. Quench air was used during the spinning process
for filament cooling. Gulston Lurol TC-308 was used as a high temperature spin-finish for
yarn drawing. Several liquids including tap water, triethylene glycol (TEG), aqueous
polyvinyl alcohol (PVA) solution (2-5% w/v), and spin finish (Lurol TC-308) were used as a
liquid for the bath. High M w PVA (Mw∼146,000-186,000 D, 99% hydrolyzed) was obtained
from Sigma-Aldrich, USA. And, low M w PVA was obtained from Dr. Ford in College of
Textiles at North Carolina State University.

4-3 Experimental techniques
Denier measurement and tensile testing were performed on the individual PET yarns. The
denier per filament (dpf) was calculated based on the weight of 1 meter of the yarn using Eq.
1. Tenacity, modulus, and strain at break of the yarns were determined using an MTS Qtest/5 universal testing machine according to ASTM D3822. A 5 pound load cell, a gauge
length of 10 in., and a constant cross-head speed of 300 mm/min were used for the tensile
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testing of all samples. An average of 3 individual denier and 10 tensile determinations was
reported for each sample.
d

Weight of 1m yarn (m)∗9000 ( )

m
Filament denier (d) = Number of filamnets inside yarn

(1)

The thermal traces of the yarns were investigated by Differential Scanning Calorimetry
(DSC) measurement using a Perkin–Elmer Diamond DSC Model 7. 3-5 mg of each sample
was encapsulated in a nonvolatile aluminum pan and then heated at the heating rate of 20
C/min to 250°C. The degree of crystallinity of fibers was calculated from Eq. 2 [4]:

Degree of crystallinity (%) =

(∆Hm− ∆Hc )∗100
∆H°

(2)

Where ∆H m and ∆H c are the crystalline heat of fusion and the heat of cold crystallization
respectively, and ∆H° is the heat of fusion of perfect crystals of PET (140 J/g [14]).
XRD scans were obtained on Rigaku Smart Lab X-ray Diffractometer (XRD) using CuKa
radiation source, λ = 1.542 Å, generated at 40 kV and 44 mA. The data was measured in
transmission geometry. The diffraction intensities were determined at step wise of 0.01 in
Bragg angle (2θ) range of 6-36°.
Viscometric measurement for bath liquid or polymer solution were performed using
Brookfield digital viscometer Model DV-E. Spindle #2 and rotational speed of 100 rpm were
used for measuring the viscosities of all samples.
The refractive indices of the filaments were measured by a Nikon polarizing microscope
using a series of mineral oil refractive index liquids. The birefringence (∆n) was calculated
from the difference of the perpendicular (n ḻ ) and the parallel (n ║ ) refractive indices as
follows:
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Δn= n ║ - n ḻ

(3)

4-4 Results and discussion
4-4-1 Tensile properties-batch HIB process
4-4-1-1 High Mw PET
Table 4.1 displayed the tensile testing results of undrawn HIB and control PET yarns at
different spinning/HIB conditions in the batch system. As can be seen, the HIB samples have
higher tenacity and modulus and lower strain than control samples. For example, at 3000
m/min, the HIB treatment could increase the tenacity from 2.32 to 4.74 g/d by ca. 104%,
raise the modulus from 52.53 up to 92.98 g/d by ca. 77%, and reduce the stain from 65.96
down to 13.59% by ca. 385%. The reason is due to the fact that when the filaments enter into
the bath, the frictional drag of the water draws polyester chains along the fiber axis and
provides more possibility for molecular orientation inside the fibers. Also, the table shows
the effect of various HIB conditions on tensile performance of the yarns. Higher liquid depth
and spinning speeds resulted in higher tenacity and modulus and lower strain because of
higher frictional force on the running filaments. Higher bath temperature also contributed to
higher tensile performance, and such increase is more considerable at a higher take-up speed
(3000 m/min). Higher water temperature (T>T g ) increased the mobility of the chains in the
amorphous

region

which

under

the

high

threadline

stress

resulted

in

higher

orientation/crystallization and thus higher tensile properties was achieved. The highest tensile
strength obtained for the water bath is about 4.74 g/d which is related to high take-up speed
of the 3000 m/min, high depth of 20 cm and high water temperature of 85°C.
In order to examine the effect of drawing on the tensile properties, the yarns were drawing at
low DR of 1.27 at 220°C using a modified tensile tester equipped with heating tower (Figure
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4.1). Table 4.2 compares the tensile testing results of the HIB and control samples before and
after the drawing. As can be observed, the drawing clearly increased the tensile performance
in both HIB and control samples. For the HIB yarn, DR of 1.27 increased the tensile strength
from 4.74 to 7.06 g/d and the modulus from 92.98 to 124.49 g/d, and reduced the strain from
12.7 down to 7.77%. Drawing the HIB yarn at a high temperature can melt small crystals
inside the fibers and increase the mobility of the oriented chains to become more folded and
crystallized and thus the tensile strength was increased.
Table 4-1 Tensile properties of undrawn control and HIB high M w (IV=1.05 dL/g) PET yarn in batch
system
Sample
ID

HIB conditions dpf
(cm, °C, m/min) (d)

Tenacity
(g/d)

Modulus
(g/d)

Strain
(%)

BT-CU1

(-, -, 2000)

7.38

2.02 ± 0.23

44.19 ± 1.69

78.6 ± 7.87

BT-CU2

(-, - , 3000)

7.65

2.32 ± 0.18

52.53 ± 2.8

65.96 ± 5.84

BT-HU1

(10, 25, 2000)

6.94

3.05 ± 0.16

61.97 ± 4.30

52.20 ± 3.75

BT-HU2

(10, 85, 2000)

7.76

3.41 ± 0.18

78.21 ± 2.12

31.49 ± 3.32

BT-HU3

(20, 85, 2000)

8.06

3.77 ± 0.1

80.29 ± 2.19

26.61 ± 1.58

BT-HU4

(10, 25, 3000)

7.76

3.31 ± 0.13

71.16 ± 1.55

30.47 ± 3.52

BT-HU5

(10, 85, 3000)

7.73

4.21 ± 0.25

88.75 ± 0.62

26.80 ± 2.98

BT-HU6

(20, 85, 3000)

7.5

4.74 ± 0.14

92.98 ± 7.74

13.59 ± 1.64

Note: BT-CU: Batch Trützschler - Control Undrawn; BT-HU: Batch Trützschler - HIB Undrawn

Table 4-2 Tensile properties of undrawn and drawn (DR=1.27) control and HIB high M w (IV=1.05
dL/g) PET yarns
Sample
ID
BT-CU2
BT-CD2
BT-HU6
BT-HD6

HIB conditions
(cm, °C, m/min)
(-, - , 3000)
(20, 85, 3000)
-

Tenacity
(g/d)
2.32 ± 0.18
2.84 ± 0.34
4.74 ± 0.14
7.06 ± 0.26

Modulus
(g/d)
52.53 ± 2.8
87.33 ± 2.9
92.98 ± 7.74
124.49 ± 4.43

Strain
(%)
65.96 ± 5.84
12.7 ± 5.38
13.49 ± 1.57
7.77 ± 1.07

Note: BT-CD2: Drawn BT-CU2, BT-HD6: Drawn BT-HU6
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We also examined the effect of batch HIB system for TEG liquid on tensile properties of
high M w PET yarn (IV=1.05 dL/g). Table 4.3 displays the tensile testing results of the
undrawn PET yarns. As can be seen, at same HIB conditions, the HIB yarns with TEG have
higher tensile performance than those of water (Table 4.1). This can be explained by high
viscosity and the high temperature of the TEG bath. As it will be shown later, the dynamic
viscosity of TEG is about 9 times higher than that of water. The higher viscosity can provide
higher frictional drag on the yarn which under the higher bath temperature (115°) can result
in more molecular orientation and crystallization and thus higher tensile strength was
obtained. Also, note in Table 4.3 for TEG samples the tensile strength of 20 cm, 2000 m/min
are almost comparable with 15 cm and 2000 m/min. However, the strain at break of the 20
cm sample is about 4 times higher than that of the 15 cm. Based on this, we used 20 cm,
1500 m/min batch HIB conditions for the running of continuous HIB process, as its higher
tensile strain would give us more drawability (draw ratio) in the drawing.

Table 4-3 Tensile properties of as-spun high Mw (IV=1.05 dL/g) PET yarns
Sample
ID

HIB conditions
(cm, °C, m/min)

dpf
(d)

BT-HU9

(20, 115, 1500)

6.15

BT-HU16

15, 115, 2000

Tenacity
(g/d)

Modulus
(g/d)

Elongation
(%)

4.90 ± 0.09 87.99 ± 1.27 31.82 ± 1.81

10.53 5.53 ± 0.13 94.26 ± 3.92

8.58 ± 0.51

Note: BT-HU: Batch Trützschler- HIB Undrawn
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4-4-1-2-Low Mw PET
We also investigated the effect of batch HIB process on tensile performance of low M w PET
yarn (Invista, IV=0.66 dL/g). Table 4.4 shows the tensile properties of the yarns at different
liquid bath conditions. As can be seen, the tensile results of low and high M w (Table 4.3) are
almost comparable at similar HIB conditions (20 cm, 115°C, 1500 m/min). However, the
strain of the low M w sample (15%) is half of the high M w sample (31.82%). The highest
tensile strength we obtained for the low M w yarn is 5.74 g/d which is related to take-up speed
of 2500 m/min, and TEG depth and temperature of 10 cm and 115°C. Higher bath depth was
also tried for that take-up speed, but the yarn breakage was observed inside the bath.
Avci, H. [14] examined the effect of HIB process with TEG liquid for low M w (IV=0.65
dL/g) PET monofilament. He reported higher tenacity and modulus of 8 and 118 g/d, and
higher strain of 26% for undrawn HIB yarn at take-up speed of 2900 m/min, and bath depth,
position, and temperature of 20 cm, 150 cm, and 140°C. The reason of such difference could
be related to the nature of the PET chips that we used in our study. Our low M w PET chips
have TiO 2 which can affect the crystallization and orientation of the chains in HIB process.
The other reason could be related to the higher bath distance/position (420 cm) we used in
our batch HIB system. The primary fiber structure can have considerable affect tensile
strength in HIB process. At a higher bath position, there is more time for polyester chains to
be crystallized inside the fiber before HIB treatment. Such primary crystals can reduce
drawability of the chains for further orientation during HIB process and this prevents further
increase in fiber tensile performance.
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Table 4-4 Tensile properties of HIB and control low M w (IV=0.66 dL/g) PET Invista yarns
Sample Sample HIB conditions
(cm, °C,
ID
type
m/min)

dpf

Tenacity

Modulus

Strain

(d)

(g/d)

(g/d)

(%)

BI-CU1 Control

-, -, 1500

10.22

1.49 ± 0.12 18.36 ± 3.18 161.73 ± 13.26

BI-CU2 Control

-, -, 2000

10.43

1.70 ± 0.14 25.35 ± 1.44 148.66 ± 29.82

BI-CU3 Control

-, -, 2800

10.24

1.99 ± 0.04 42.33 ± 3.57 81.17 ± 16.52

BI-HU1

HIB

10.5, 100, 1500

10.89

4.05 ± 0.13 93.33 ± 2.00

17.87 ± 3.07

BI-HU2

HIB

10.5, 117, 1500

12.23

4.22 ± 0.21 95.75 ± 4.69

20.96 ± 3.69

BI-HU3

HIB

20, 119, 1500

11.79

4.48 ± 0.17 94.29 ± 6.39

15.87 ± 2.52

BI-HU4

HIB

10.5, 118 ,2000

10.78

5.15 ± 0.23 112.09 ± 4.75 14.58 ± 2.55

BI-HU5

HIB

10.5, 119, 2500

11.79

5.74 ± 0.11 114.76 ± 2.48

9.42 ± 1.06

Note: BI-CU: Batch Invista-Control Undrawn, BI-HU: Batch Invista-HIB Undrawn

4-4-2 Tensile results –Continuous HIB process
4-4-2-1 Control yarns
To examine the effect of HIB treatment on yarn tensile strength, control samples (no HIB)
were made with Trützschler draw panels. Tables 4.5 and 4.6 show the spinning conditions
and tensile properties of control (no HIB treatment) samples at low draw ratios at
temperature of 140°C. The draw ratio was applied between the 1st and 2nd duo rolls. As seen
in the table, the tenacity and modulus increased and the strain decreased with hot drawing.
For example, DR of 1.3 increased the tenacity and modulus up to 2.23 and 39.52 g/d
respectively, and decreased the strain down to 62.22%. This can be explained by the fact that
the high temperature of godets can increase the chain mobility which under the drawing
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results in more fiber orientation and crystallinity and thus tensile properties were improved.
Higher drawing temperatures (>140°C) was also tried on the control yarns for drawing
(DR≤1.4). It was observed that the high temperature loosened the filaments on the godets and
resulted in yarn breakage probably because of stress relaxation of the polymer chains inside
the fibers. Higher draw ratios (DR>1.6) overcome this issue by providing more tension on
the polymer chains and fibers.
Table 4-5 Spinning conditions for production of control high M w PET (IV=1.05 dL/g) yarn
Sample
ID

dpf Duo rolls Heat plate Duo rolls speed
(d) Temp. (°C) Temp. (°C)
(m/min)

Take up
speed
(m/min)

DR1 DR3

MN34-052916 20.21
MN33-052916 19.99
MN31-052916 18.33

115, 140
115, 140
115, 130

130
130
120

1500, 1650
1500, 1800
1500, 1950

1848
1980
2145

1.1
1.2
1.3

1.12
1.1
1.1

MN32-052916 15.07

115, 140

130

1500, 2100

2310

1.4

1.1

rd

Note: The 3 Duo roll was not used for making the above samples.

Table 4-6 Tensile properties of control high M w PET (IV=1.05 dL/g) yarns (Continuous system)
Sample

Sample

dpf

DR1

Tenacity

Modulus

Strain

ID

type

(d)

(g/d)

(g/d)

(%)

MN34-052916

Control

20.21

1.1

1.96 ± 0.19 35.11 ± 1.05 86.02 ± 7.04

MN33-052916

Control

19.99

1.2

2.22 ± 0.18 38.76 ± 0.85 71.75 ± 4.55

MN31-052916

Control

18.33

1.3

2.23 ± 0.17 39.52 ± 0.84 62.22 ± 6.68

MN32-052916

Control

15.07

1.4

2.56 ± 0.19 55.79 ± 0.87 45.37 ± 7.78

Note: DR1 is the draw ratio between 1st and 2nd Duo rolls.

4-4-2-2 HIB process with water
Tables 4.7 and 4.8 show the spinning conditions and tensile properties of HIB and control
samples in continuous HIB process for water liquid at low draw ratios. The idea behind this
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experiment was to use the HIB conditions similar to the batch system for the continuous
process to obtain HIB morphology for making high tenacity yarns. To achieve that, the
speed of the 1st Duo was set close to 3000 m/min, and the high water depth and high
temperature of 20 cm and 80-85°C were used for the bath (Table 4.7). As the speed of the
duo rolls were close to the speed limit of our wider (2950 m/min), only very low DR1 of 1.03
was applied to the yarn. The temperature of the last draw was set to high temperature of 180200°C to anneal (heat-set) the filaments. Various temperatures (140-200°C) were tried for
drawing the samples. Table 4.8 displayed the tensile testing results of the control and HIB
PET yarn at DR of 1.03 at different draw temperatures. Low tenacity of 5.01 g/d, modulus of
87.66 g/d, and strain of 11.87% were obtained at drawing temperature of 180°C. When these
results compared to those obtain in the batch system (Table 4.1), it is clear that such
improvement in tensile performance was not significant, because of the very low DR (~1)
applied to the yarns.

Table 4-7 Spinning and drawing conditions for production of high M w PET yarn (IV=1.05 dL/g, HIB
liquid: water)
HIB
Take up
Sample
Sample conditions Duo rolls Heat plates
Duo rolls
speed
ID
type (cm, °C) Temp. (°C) Temp. (°C) Speed (m/min) (m/min)
MN23-050916 Control
-, 120, 140, 140 130, 140 2900, 3000, 3000 3000
MN27-050916 Control
-, 120, 140, 200 140, 190 2900, 3000, 3000 3000
MN21-050316 HIB
20, 85 120, 140, 140 130, 140 2900, 3000, 3000 3000
MN24-050916 HIB 18.2, 81 160, 180, 180 170, 180 2900, 3000, 3000 3000
MN25-050916 HIB 20.8, 77 160, 180, 200 170, 190 2900, 3000, 3000 3000
Mn26-050916 HIB 20.2, 79 120, 140, 200 130, 190 2900, 3000, 3000 3000
MN28-050916 HIB 20.8, 84 180, 200, 200 190, 200 2900, 3000, 3000 3000

DR
1 DR3
1.03
1.03
1.03
1.03
1.03
1.03
1.03

1
1
1
1
1
1
1
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To obtain higher draw ratio, the speed of 1st duo was reduced in the next experiment. Tables
4.9 and 4.10 show the spinning conditions and tensile testing results of PET yarn at DR of
1.21-1.41. As Table 4.10 shows the tenacity of 5.50 g/d, modulus of 97.7 g/d, and strain of
12.73% were obtained at DR of 1.32 at drawing temperature of 110°C and liquid depth of
about 11 cm. To achieve higher tensile performance, higher water depth of 24 cm was also
tried with draw panels. Table 4.11 and 4.12 displayed the spinning conditions and tensile
properties of the HIB polyester yarn at maximum liquid depth (24 cm) and temperature
(90°C) before and after drawing. As can be seen, the bath increased the tenacity up to 4.33
g/d for 24 cm and 85°C (Table 4.1). Higher liquid depth increases the frictional drag on the
yarn and resulted in higher tensile strength.
Table 4-8 Tensile properties of HIB high M w (IV=1.05 dL/g) PET yarns (continuous HIB process,
water liquid)
Sample

Sample

ID

type

MN23-050916

Control

MN27-050916

DR1

Tenacity

Modulus

Elongation

(g/d)

(g/d)

(%)

1.03

2.94 ± 0.10

57.35 ± 1.15

41.46 ± 2.84

Control

1.03

3.66 ± 0.20

62.88 ± 1.22

36.47 ± 3.99

MN21-050316

HIB

1.03

4.18 ± 0.08

87.36 ± 66

17.22 ± 0.99

MN24-050916

HIB

1.03

5.23 ± 0.05

103.69 ± 1.47

12.63 ± 0.84

MN25-050916

HIB

1.03

4.62 ± 0.10

91.41 ± 0.93

18.32 ± 1.18

Mn26-050916

HIB

1.03

5.06 ± 0.03

91.37 ± 1.96

13.48 ± 0.65

MN28-050916

HIB

1.03

5.01 ± 0.05

87.66 ± 3.78

11.87 ± 0.39

Also, Table 4.12 displays the tensile properties of the drawn HIB yarn at 24 cm water depth
at different draw ratios (1.1-1.3). DR of 1.1 at 230°C resulted in higher tenacity of 5.95 g/d,
higher modulus of 95 g/d and lower strain of 10.65%. However, for the DR of 1.2, no
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increase in the tensile performance was observed, probably due to lower drawing temperature
(190°C ) used or lower strain of the sample (10.65%). DR of 1.3 in one-step continuous
drawing (DR1=1.3) and two-step continuous drawing (e.g. DR1=1.1 & DR2=1.2; DR1=1.2
& DR2=1.1) were also tried at high drawing temperatures (190-230°C). But, in each case
yarn breakage was observed at the duo roll related to DR of 1.2 or 1.3. This is probably
because of the very low tensile strain (8.74%) of the yarn at DR=1.2, which limits the
drawability of the polymer chains at higher DR of 1.3.

Table 4-9 Spinning and drawing conditions for production of high M w PET yarn (IV=1.05 dL/g, HIB
liquid: water, bath distance: 4.52 m)

Sample

HIB
Sample conditions Duo rolls

ID
type
MN6-031716 Control
MN7-031716
HIB
MN8-031716 Control
MN9-031716
HIB
MN10-031716
HIB
MN11-031816 Drawn HIB
MN12-031816 Drawn HIB
MN13-031816 Drawn HIB

(cm, °C)
-, 8.9, 70
-, 10.8, 66
5.7, 65
15.24, 84
11.43, 77
11.43, 77

Heat
Take up
plates
Duo rolls
speed DR 1
Temp.
Temp. (°C) (°C) Speed (m/min) (m/min)
63, 65, 66
2000, 2000, 2000 2160
1
63, 65, 66
2000, 2000, 2000 2160
1
63, 65, 66
2500, 2500, 2500 2750
1
63, 65, 66
2500, 2500, 2500 2750
1
63, 65, 66
2500, 2500, 2500 2750
1
85, 110, 230 100, 200 2272, 2500, 2500 2750 1.1
85, 110, 230 100, 200 2083, 2500, 2500 2750 1.2
49, 59, 91
1923, 2500, 2500 2750 1.3

DR3

1.08
1.08
1.1
1.1
1.1
1.1
1.1
1.1
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Table 4-10 Tensile properties of HIB high M w PET yarns (Continuous system, water liquid)
Sample
ID

Sample
type

Total
DR

Tenacity
(g/d)

Modulus
(g/d)

Elongation
(%)

MN6-031716

Control

1.08

1.82 ± 0.09

32.52 ± 0.47

93.64 ± 7.85

MN7-031716

HIB

1.08

2.35 ± 0.14

62.73 ± 1.30

41.57 ± 3.15

MN8-031716

Control

1.1

2.50 ± 0.13

40.97 ± 1.67

80.75 ± 2.56

MN9-031716

HIB

1.1

3.23 ± 0.19

72.66 ± 4.28

16.97 ± 1.43

MN10-031716

HIB

1.1

2.81 ± 0.07

58.67 ± 3.47

47.63 ± 4.12

MN11-031816

Drawn HIB

1.21

4.73 ± 0.17

84.77 ± 1.78

15.45 ± 1.86

MN12-031816

Drawn HIB

1.32

5.50 ± 0.19

97.70 ± 3.23

12.73 ± 1.3

MN13-031816

Drawn HIB

1.43

3.38 ± 0.08

94.64 ± 2.87

19.57 ± 2.88

Note: Total DR= DR1хDR3

Table 4-11 Spinning conditions of HIB and Control high Mw 8-filament PET (IV=1.05 dL/g) yarns
for water liquid
Sample
ID

Sample
type

HIB
conditions
(cm, °C)

MN63-110416

HIB

24, 90

MN64-110416
MN65-112016

HIB
HIB

24, 90
24, 90

Take up
Duo rolls Heat plates Duo rolls speed speed
Temp. (°C) Temp. (°C)
(m/min)
(m/min)
110, 120
110, 120, 130
2200, 2200, 2200 2254
220, 230
220, 230, 240
2200, 2420, 2420 2454
160, 180, 200 170, 190 2000, 2200, 2640 2666

Table 4-12 Tensile properties of HIB and Control high Mw (IV=1.05 dL/g) 8-filament PET yarns for
water liquid
Sample

Sample

dpf

DR1

Tenacity

Modulus

Strain

ID

type

(d)

(g/d)

(g/d)

(%)

MN63-110416

HIB

14.36

1

4.33 ± 0.14 89.97 ± 2.68 18.83 ± 1.77

MN64-110416

HIB

12.22

1.1

5.95 ± 0.24 95.02 ± 7.81 10.65 ± 1.63

MN65-112016

HIB

18.82

1.2

4.88 ± 0.10

91.73 ± 3.5

8.74 ± 0.89
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4-4-2-3 HIB process with TEG
One of the important parameters of HIB process is the liquid used for the bath. The liquid
viscosity can affect the frictional drag on the running filament and the liquid temperature can
influence on the chain mobility inside the filaments. Although, water could increase the
tensile performance of PET yarn in continuous HIB process, its low viscosity and boiling
point prevented us to get a tensile strength higher than that of commercial polyester yarns
(>10 g/d). In this respect, alternative liquids were tried for the bath. In this part, the effect of
TEG liquid on tensile performance of PET yarn at continuous HIB process was examined.
Josh Yoon [1], [15] studied the effect of TEG liquid on the tensile performance of polyester
yarn in the batch HIB system. He used high TEG depth with low take-up speed (i.e. 20 cm &
1500 m/min), and low TEG depth for high take-up speed (i. e. 8 cm & 2500 m/min). The
liquid temperature in his study was 115°C. He drew the HIB yarns at a very low draw ratio
(1.34 & 1.24) at 220°C and obtained high fiber tenacity and modulus of 10.16 and 114 g/d,
and low strain at break of 13.5%. He did not observe a considerable difference between the
tensile strength of drawn HIB yarn at low and high take-up speeds. Based on his results and
the fact that the speed limit of our winder was about 3000 m/min, we set the velocity of the
1st Duo roll at 1500 m/min to be able to draw the HIB yarns at various draw ratios. We
initially tried 115-125°C for the TEG temperature, but because we faced several filament
breakage inside the bath during the drawing process, we decided to use lower temperature
(110-100°C) for the bath. We observed that at the temperature above 110°C the filaments
were stitch together inside the bath leading to filament breakage during HIB process.
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Tables 4.13 and 4.14 displayed the spinning conditions and tensile properties of undrawn
HIB polyester yarn at depth of 8 and 20 cm in the continuous process. As can be seen,
increasing the TEG depth from 8 to 20 cm, raised the tenacity from 4.24 up to 5.46 g/d, and
increased the modulus from 95.89 up to 103.6 g/d, and reduced the strain from 21.02 down to
10.27%. Our tensile testing results for 20 cm depth is comparable with the former PET
results [1] for the batch system. Such increase in tensile performance is expected as the
higher depth can draw the fibers more inside the bath.

Table 4-13 Spinning and HIB conditions for production of high M w PET (IV=1.05 dL/g) yarn
HIB
Take up
Sample conditions Duo rolls Heat plate
Duo rolls
speed DR 1 DR3
Temp.
ID
type
(cm, °C) Temp. (°C)
(°C)
Speed (m/min) (m/min)
MN35-060316 HIB
8, 100
110, 140
130
1500, 1500, 1500 1650
1 1.1
MN36-060616 HIB
20, 100
110, 140
1500, 1500, 1500 1650
1 1.1
Sample

Table 4-14 Tensile properties of undrawn HIB PET (IV=1.05 dL/g) yarn in continuous HIB process
(TEG liquid)
Sample
ID

Sample
Type

dpf
(d)

DR1

Tenacity
(g/d)

Modulus
(g/d)

Elongation
(%)

MN35-060316

HIB

24.97

1

4.24 ± 0.06 95.89 ± 2.46 21.02 ± 1.1

MN36-060616

HIB

21.49

1

5.46 ± 0.2 103.6 ± 4.18 10.27 ± 0.77

4-4-2-3-1 TEG liquid-effect in drawing process
We also examined the influence of hot drawing on PET yarn tensile performance in the
continuous HIB process (Table 4.15). The tensile properties of drawn HIB yarns at different
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HIB and drawing conditions are displayed in Table 4.16. As can be seen, for DR of 1.3 when
the TEG depth increased from 10 to 20 cm (Samples MN39 & MN41), the tenacity increased
from 5.69 to 6.84 g/d, and the strain reduced from 10.96 to 8.79%. This is due to the fact that
higher depth results in higher frictional drag on the polyester chains which can induce more
orientation and crystallization inside the fibers and thus higher tensile performance was
achieved. Also Table 4.15 shows that at same HIB conditions, when the draw ratio increases
from 1.2 to 1.3 (Samples MN40 & MN41), the tenacity increased from 5.64 to 6.84 g/d, the
modulus increased from 91.79 to 104.24 g/d, and the strain reduced from 9.8 to 8.79%. Such
increase is expected as higher draw ratio at high temperature can increase the possibility of
chain orientation and crystallization which result in stronger fibers/yarns. Nevertheless,
further increase in DR from 1.3 to 1.35 (Samples MN42 & MN43) did not change the tensile
performance.
Moreover, Table 4.16 displayed the effect of TEG temperature on the tensile properties of
PET yarn in continuous HIB process. When the bath temperature increased from 100 to
110°C (Samples MN41 & 43), the tensile properties remained almost the same. In HIB
process, setting liquid temperature higher than the polymer T g can soften the amorphous
phase and provide more possibility for the polymer chains to become oriented and
crystallized inside the fibers. Avci[ 14] examined this issue in his study’s on the effect of
liquid bath treatment on the tensile properties of monofilament PET fibers in the batch
system. He reported that raising TEG temperature from 60 to 140°C increased the tenacity
from 6.05 up to 8.07 g/d, and reduced the strain from 51.45 down to 24.97%. But, when the
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fibers were drawn at DR of 1.28 at 220°C the tensile performance of the fibers for the TEG
temperature above 100°C were close together. Similarly, in our case, increasing the TEG
temperature from 100 to 110°C did not increase considerably the tensile strength of the
drawn HIB yarns. The highest tensile strength and modulus we obtained are 7.60±0.29 and
112.99±3.61 g/d which are related to TEG depth and temperature of 24.4 cm and 190°C
respectively. To compare these results with those of industrial polyester yarns, a control
sample at a high draw ratio (i.e. DR=5.2 at 220°C) was made based on the drawing
conditions (Table 4.17) suggested by Trützschler. Table 4.18 displayed the tensile properties
of the control yarn at DR of 5.2. As can be seen, Trützschler equipment at the high DR setup
could increase the tensile strength up to 7.5 g/d, which is comparable with the tensile strength
of our drawn HIB yarn (Table 4.16).

Table 4-15 Spinning and drawing conditions for production of high M w (IV=1.05 dL/g) HIB PET
yarn
Sample

dpf

ID

(d)

TEG
Temp.
(°C)

TEG Duo rolls Heat plate
depth Temp.
Temp.
(cm)
(°C)
(°C)

MN39-061616

25.72

100

10

155, 180

MN40-062116

29.51

100

20.8

MN41-062116

24.56

100

MN42-062116

25.8

MN43-062316

Duo rolls Take up
speed
speed DR1 DR3
(m/min)

(m/min)

170

1500, 1950

2010

1.3 1.03

185, 190

190

1500, 1800

1800

1.2

1

20

170, 190

180

1500, 1950

1962

1.3

1

100

19.7

170, 190

180

1500, 1950

2030

1.35

1

27.67

110

20

170, 190

180

1500, 1950

1960

1.3

1

MN44-062916

25.92

100

23.8

170, 190

180

1500, 1950

1965

1.3

1

MN45-062916

26.74

108

24.4

170, 190

180

1500, 1950

1960

1.3

1
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Table 4-16 Tensile properties of HIB high M w (IV=1.05 dL/g) PET yarns (continuous system, TEG
liquid)
Sample

Sample DR1

dpf

Tenacity

Modulus

Strain

(d)

(g/d)

(g/d)

(%)

ID

type

MN39-061616

HIB

1.3

25.72

5.69 ± 0.16

102.25 ± 3.58

10.96 ± 1.08

MN40-062116

HIB

1.2

29.51

5.64 ± 0.26

91.79 ± 9.91

9.8 ± 0.82

MN41-062116

HIB

1.3

24.56

6.84 ± 0.14

104.24 ± 1.21

8.79 ± 3.38

MN42-062116

HIB

1.35

25.8

6.97 ± 0.36

108.29 ± 6.56

8.26 ± 0.52

MN43-062316

HIB

1.3

27.67

6.95 ± 0.21

107.27 ± 5.06

9.43 ± 1.06

MN44-062916

HIB

1.3

25.92

7.46 ± 0.3

115.97 ± 1.36

9.00 ± 0.88

MN45-062916

HIB

1.3

26.74

7.60 ± 0.29

112.99 ± 3.61

9.71 ± 0.82

Table 4-17 Drawing conditions of drawn control high M w (IV=1.05 dL/g) PET yarn at DR of 5.2
Sample
Sample
Duo rolls
Heat
Duo rolls speed Take up speed
ID
type Temp. (°C) plates Temp. (°C)
(m/min)
(m/min)
MN66-112716 Control 85, 110, 230
100, 220
551, 2272, 2850
2930

Table 4-18 Tensile properties of drawn control high M w (IV=1.05 dL/g) PET yarn at DR=5.2
Sample

Sample dpf DR1 & DR2 Tenacity

ID
type
(d)
MN66-112716 Control 26.1

4.12, 1.28

Modulus

Strain

(g/d)
(g/d)
(%)
7.54 ± 0.27 105.52 ± 2.30 15.58 ± 2.92

4-4-2-4-Continuous two-step drawing process
Two-step drawing was also examined in the continuous HIB process with TEG liquid. In this
experiment, the draw ratio is divided between the panels which can facilitate yarn drawing at
high temperatures. Tables 4.19 displayed the spinning/drawing conditions of HIB PET yarns
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in continuous two-step drawing. The DR1 and DR2 are related to the draw ratios between the
1st & 2nd, and 2nd & 3rd duos rolls, respectively. Almost all samples were made at TEG
temperature and depth of 100°C and 10.5 cm respectively. Also, for this experiment lower
fiber denier (dpf ~10) was used for making the yarns. As the spin finish and the TEG liquid
evaporated above 150°C, the maximum drawing temperature was set about 140°C. Higher
liquid depths (15 & 20 cm) were tried, but yarn breakage was observed inside the bath,
probably because of the very high tensile stress on the filaments at the lower denier. The
tensile stress is the ratio of drag force to the fiber denier. When a lower denier is used for
making the filaments, the same liquid depth create more stress on the yarn.
Table 4.20 shows the tensile testing results of HIB PET yarn in the continuous two-step
drawing process. As can be seen, the drawing increased the tenacity and modulus and
reduced the strain. The highest tenacity and modulus are 6.35 and 106.75 g/d, respectively
which are related to the DR1 and DR2 of 1.1 and 1.2 (Total DR=1.32). It is expected that
higher drawing temperatures (>140°C) could increase fiber drawability and result in higher
tensile performance. Nevertheless, as higher temperature of godets resulted in significant
evaporation and misting of both TEG liquid and spin finish during drawing, higher
temperature was not used for the two-step drawing process. The reason of evaporation is that
when the filaments leaves the liquid bath at high speeds (>1500 m/min), they take some
liquid into the panel. The liquid is evaporated during high temperature drawing and fumes
are produced.
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Table 4-19 Spinning conditions of HIB and Control high M w (IV=1.05 dL/g) PET yarns (TEG liquid)
Sample
ID
MN58-091116
MN59-091116
MN60-091116
MN61-091116
MN62-091116

HIB
Sample conditions
type
HIB
HIB
HIB
HIB
HIB

(cm, °C)
10.5, 100
15.5, 100
10.5, 100
10.5, 100
10.5, 100

Duo rolls
Temp. (°C)
110, 130, 130
110, 130, 130
110, 130, 130
110, 130, 140
110, 130, 140

Heat
plates Temp.
(°C)
120, 130
120, 130
120, 130
120, 140
120, 140

Duo rolls speed

Take up
speed

(m/min)
1500, 1500, 1500
1500, 1500, 1500
1500, 1650, 1650
1500, 1650, 1815
1500, 1650, 1980

(m/min)
1509
1509
1665
1834
2003

Table 4-20 Tensile properties of HIB and Control high M w (IV=1.05 dL/g) 8-filament PET yarns
(TEG liquid)
Sample

Sample

dpf

ID

type

(d)

MN58-091116

HIB

12.89

MN59-091116

HIB

MN60-091116

DR1 & DR2

Tenacity

Modulus

Strain

(g/d)

(g/d)

(%)

1, 1

4.51 ± 0.14

89.17 ± 4.36

19.44 ± 1.85

12.98

1, 1

4.55 ± 0.12

86.84 ± 1.40

12.49 ± 2.24

HIB

14.59

1.1, 1

5.03 ± 0.15

95.85± 3.46

12.69± 2.66

MN61-091116

HIB

16.39

1.1, 1.1

5.28 ± 0.18

93.77 ± 4.85

10.88 ± 1.55

MN62-091116

HIB

15.52

1.1, 1.2

6.35 ± 0.10

106.75± 3.47

8.73± 0.66

4-4-3 HIB process with other liquids
As mentioned earlier, the misting and evaporation of TEG liquid during HIB process
prevented us to use a drawing temperature higher than 150°C and better higher tensile
performance. To solve this problem, alternative liquids and polymer solutions were tried for
the bath. The liquid in HIB process needs to be eco-friendly, inexpensive and it does not
chemically react with PET filaments during HIB treatment. Besides it needs to have a high
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boiling point and viscosity to increase the chain mobility and frictional drag on the chains
required for obtaining high tenacity yarn. Poly vinyl alcohol (PVA) is a water soluble
polymer with chemical formula of [CH 2 CH(OH)] n . It has been used widely in textiles,
papermaking, and coatings. Aqueous PVA can be a good alternative for liquid in HIB
process as it has a higher boiling point and a viscosity than tap water. We tried aqueous PVA
with low and high M w at low concentrations (2 & 5% w/v). The dynamic viscosity data of the
PVA solutions are displayed in Table 4.21. As it can be seen the viscosities of the PVAs are
higher than tap water but lower than TEG liquid.

Table 4-21 Viscosity data from Brookfield viscometer
Sample
type
Tap water
Aqueous PVA, 5%-Low M

w

Aqueous PVA, 2%-High M
TEG
Lurol TC-308

w

Dynamic viscosity
(cP)
10
60
44.4
90
287

We used two aqueous PVA (i.e. PVA-5%, low M w & PVA-2%, high M w ) for the bath in the
continuous HIB process. We did not see any liquid misting or splashing during the HIB
process, because of the high viscosity of the PVA solution. Nevertheless, using aqueous PVA
has its own problems. We observed the PVA remained on the yarn package as small particles
or film. This is because when the filaments leave the bath at a high speed (>1000 m/min), it
takes some aqueous PVA into the draw panel. The water component of aqueous PVA
evaporates during high temperature drawing (>130°C), and leaves the PVA traces as a film
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on the surface of the guides, godets, and yarn (Figure 4.3). The PVAs on the godets surface
can increase the friction on the fibers and results in yarn breakage during the drawing
process. Moreover, the PVA removal from the bath reduces continuously the concentration
of the solution inside the bath which can result in un-uniformity for tensile performance of
the yarn package. Also, we observed that the PVA precipitated/accumulated at the
bottom/surface of the bath which changes the solution concentration and also contributes to
the filament breakage inside the bath.
To address these problems, we reduced the concentration of PVA solution down to 2.5% by
adding water to the bath. Also, we tried a higher M w PVA (2% w/v) for the bath. In both
cases, we observed the amount of the PVAs formed on the yarn package were reduced during
and after HIB process. Nevertheless, the PVA solution did not contribute to higher tensile
performance as we expected. Tables 4.22 and 4.23 display the spinning conditions and tensile
testing results of HIB PET yarns obtained by the PVA solutions. As can be seen, DR of 1.32
(DR1=1.1, & DR=1.2) at 190°C, at the high bath depth and temperature of 20 cm and 90°C
could only increase the yarn tenacity and modulus up to 5.47 and 92 g/d, and reduced the
strain down to 14%. The reason is probably due to the continuous removal of PVA solution
from the bath which affects the PVA concentration during the process. Also, as Table 4.21
shows the viscosity of PVA solutions are much lower than the TEG liquid. Lower viscosity
results in lower frictional drag on the filaments inside the bath, and this contributes to lower
tensile performance of the PVA yarns compared to TEG samples.
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Table 4-22 Spinning conditions of HIB high M w (IV=1.05 dL/g) 8-filament PET yarns for aqueous
PVA and spin finish liquid

HIB
Sample
Liquid
Conditions Duo rolls
ID
Type
(cm, °C) Temp. (°C)
MN68-111316 Low Mw, PVA, 2.5% 20, 90 120, 130, 140
MN69-111716 High Mw, PVA, 2%
18, 90 100, 190, 210
MN70-112716
Lurol TC-308
5, 115 110, 120, 130

Heat
plates
Temp.
(°C)
120, 140
120, 190
120, 130

Takeup
speed
Duo rolls
speed (m/min) (m/min)
2000, 2200, 2640 2670
2000, 2200, 2640 2670
1500, 1500, 1500 1550

Table 4-23 Tensile properties of HIB high M w (IV=1.05 dL/g) 8-filament PET yarns for aqueous
PVA and spin finish liquid
Sample

Sample dpf

DR1 &
DR2

Tenacity

Modulus

Strain

(g/d)

(g/d)

(%)

ID

type

(d)

MN68-111316

HIB

19.5

1.1, 1.2

5.40 ± 0.20 92.05 ± 2.75 15.84 ± 1.63

MN69-111716

HIB

19.46

1.1, 1.2

5.47 ± 0.26 92.03 ± 2.44 14.01 ± 5.51

MN70-112716

HIB

15.69

1, 1

5.03 ± 0.13 101.89 ± 3.24 24.05 ± 1.27
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Figure 4-3 PVA precipitation inside the bath during HIB process (Up). PVA films remained on the
godet surface and at finish guide at high temperature drawing (Down)

Another liquid we tried for the bath was Gulston spin-finish (Lurol TC-308). Table 4.21
compares the dynamic viscosity of the finish with the other liquids. As seen in the table,
Gulston spin finish has the highest and the water has the lowest viscosity among the liquids.
In fact, the viscosity of spin finish is about 29 times higher than that of water and about 3
times higher than that of TEG. Based on this, the spin finish could be a very good candidate
for replacement of TEG for HIB process. When tried for the bath, we found that Lurol TC308 has a higher thermal stability than TEG and no fumes were produced during hot drawing
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of the HIB yarns. However, we observed the finish carries a lot finish into the panels and wet
the godets surface affecting the friction between the yarn and the godets during drawing
process. We first tried the HIB conditions (20 cm, 110°C) of TEG liquid for the spin finish.
The yarn was broken immediately at the 1st Duo rolls at velocity of 1500 m/min for the bath
depth of 10 and 20 cm. The yarn breakage is due to high viscosity of the spin finish which
results in a high drag on the yarn inside the bath at high spinning speeds. Also, the extra
finish carried with the yarn into the draw panels can reduce the frictional force between the
godets and the filaments and contribute to yarn breakage. To reduce the viscosity, we
increased the bath temperature up to 115°C and 125°C. However, similar yarn breakage was
observed at the 1st duo rolls. We could gather a small sample at the liquid depth and
temperature of 5 cm and 115°C. Table 4.23 displays the tensile properties of that sample
(MN70-112716). The bath depth of 5 cm increased the tenacity and modulus up to 5 and 101
g/d, and reduced the strain down to 24%.

4-4-4 Thermal properties
Figure 4.4 shows the thermograms of undrawn and drawn control and HIB PET yarns in
continuous HIB process for TEG liquid. As can be seen, the undrawn control sample has a
cold crystallization peak at 116.22°C. Such cold crystallization disappears completely in the
thermograph of the drawn yarns. The crystal formation above T g in the DSC is related to
chain mobility and molecular orientation in the amorphous region. At the higher orientation,
the amorphous chain has lower mobility and thus there is less possibility for crystal
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formation above the T g . Also, Table 4.24 displays the thermal properties of undrawn and
drawn control and drawn HIB yarns. As this table shows, DR=5.2 increased the melting
temperature (T m ) from 251.34 to 257.26°C, and the degree of crystallinity from 18.93 to
35.84%, indicating higher crystallinity and larger and more oriented crystals in the drawn
samples. The reason of such increase is due to the high drawing temperature (220°C) and
high draw ratio (DR=5.2) applied to the yarn during the drawing which results in more chain
folding and crystal formation inside the filaments. Also, Table 4.24 shows that the
crystallinity of the control yarn at high DR (DR=5.2) and the HIB sample at low DR
(DR=1.3) are comparable. This result clearly shows that the liquid in HIB process acts like a
drawing tool and the main draw ratio happens inside the bath. The draw ratio of the bath was
estimated to be close to 4 (5.2/1.3=4). It is surprising that such the high draw ratio obtained
at a low spinning speed (1500 m/min) and simply through a frictional force between the
filaments and a liquid, which otherwise requires expensive draw panels and higher drawing
speeds in conventional spin-draw processes.

Table 4-24 Thermal properties of undrawn and drawn control and HIB high M w (IV=1.05 dL/g) PET
yarns
HIB conditions Tc
Tm
∆H (J/g)
X
(cm, °C,
(°C)
Cold Melt (%)
m/min)
(°C)
*
MN67-090716
Undrawn CTL
-, -, 1500
116.22
251.34 16.384 42.892 18.93
MN66-112716 Drawn CTL (DR=5.2)
-, -, 2950
245.83 257.26 0
50.18 35.84
MN44-062916 Drawn HIB (DR=1.3) 108, 23.8, 1950
257.37 0
49.73 35.52
Sample ID

Sample type

Note: CTL: Control
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a

b

c

Figure 4-4 Thermograms of various PET yarns in continuous HIB process; a) undrawn control
(MN67-090716); b) drawn control with DR of 5.2. (MN66-112716); and c) drawn HIB with DR of
1.3 (MN44-092616)

182

4-4-5 Molecular orientation
Table 4.25 displays the fiber birefringence of undrawn and drawn control and HIB PET
yarns. As expected, the undrawn control sample has a very low birefringence because of the
low take-up speed (1500 m/min) used for making that sample. DR of 5.2 at 220°C increased
the birefringence from 0.017 up to 0.184 and resulted in high tensile strength of 7.54 g/d and
low tensile strain of 15.58%. The reason of such increase is due to the high draw ratio and
high temperature during the drawing which mobilize the chains and aligned them along the
fiber axis. As shown in Table 4.25 the molecular orientation of the drawn control at high DR
of 2.3 and drawn HIB samples at low DR of 1.3 are comparable. High molecular orientation
and high crystallinity are required features for making high tensile performance polyester
fibers. For the HIB sample, they are obtained through high drag of the bath and a very low
DR during drawing process.

Table 4-25 Birefringence and crystallinity data of undrawn and drawn control and HIB high M w
(IV=1.05 dL/g) PET yarn
Sample ID

Sample type

MN67-090716

Undrawn Control

Tenacity
(g/d)

strain
(%)

1.34 ± 0.14 157.45 ± 10.91

X
(%)

∆n

18.93

0.017

MN66-112716 Drawn Control (DR=5.2) 7.54 ± 0.27

15.58 ± 2.92

35.84

0.184

MN44-062916

9.00 ± 0.88

35.52

0.186

Drawn HIB (DR=1.3)

7.46 ± 0.3
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4-4-6 Crystalline structure
The equatorial X-ray diffraction of undrawn and drawn control and drawn HIB yarns in
continuous HIB process are displayed in Figure 4.5. As can be observed, the undrawn control
has an amorphous structure whereas the drawn control and HIB samples have crystalline
peaks in their equatorial scans. The peaks centers at ca. 2θ=17.5, 22.5, and 25.5° are related
to (100), (¯110), (010) planes of PET crystals, respectively [16]. The appearance of
crystalline structure in drawn HIB sample can be explained by the high drag of the bath. As
mentioned before, in HIB process the bath acts like as a drawing tool. When the filaments
enter into liquid bath, the combined effects of high TEG depth (24 cm) and temperature
(110°C) increase mobility and drag force for the amorphous chains and thus the crystals
formed inside the fibers. When compared the drawn HIB with the drawn control yarn
(DR=5.2), we can say the crystal structures are pretty similar together. Also, the drawn
control at 22.5° has a sharper crystalline peak compared to the drawn HIB indicating the
larger crystal size in that sample.

Figure 4-5 Equatorial X-ray scans of undrawn control (MN67-090916), drawn control with DR of 5.2
(MN66-112716), and drawn HIB with DR of 1.3 (MN44-062916)
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4-4-6 Fiber morphology
Fiber performance is affected by the morphology and fine structure of the filament. To
understand the influence of HIB treatment on fibers morphology, their inside structure was
investigated by SEM. Figure 4.6 displays the cross sectional view of the undrawn and drawn
control and HIB PET filaments. As it can be seen, the undrawn control sample (MN67090716) has a smooth morphology, whereas the undrawn HIB sample (MN36-060616) has a
compact fibrillar precursor. The size of the fibrils increased inside the filaments after DR of
1.3 on the HIB yarn at 190°C. Also, the Figure shows that the drawn control sample (MN66112716) at DR=5.2 has a fibrillar morphology. The formation of fibrillar precursor has been
reported for other HIB polymer fibers (e.g. PA-6 [2], PP [3], and PET [1]). Since fibrillar
structure can create substantial surface area for the load transfer from the surface to the
center of fibers, it can contribute considerably to the tensile properties of the yarn. The
fibrillar structure in the HIB samples is created by the high drag and high liquid temperature
of the liquid bath. As the TEG temperature (100°C) is higher than polyester T g , it can
increase the mobility of the chains inside the amorphous region in the fiber. Also, the high
spinning speed (1500 m/min at 1st Duo) and high TGE depth of 20 cm provide high frictional
drag on the running filaments which increase the possibility of more molecular orientation
and crystal and fibril formation inside the yarns.
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Figure 4-6 Cross sectional view of undrawn control (a, b), undrawn HIB (c, d), drawn control at
DR=5.2 (e, f), and drawn HIB at DR=1.3 (g,h) PET filaments at two different magnifications (Left:
1000х, 50 μm scale; Right: 10000х, 2μm scale)
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4-5 Conclusion
The influence of continuous HIB process on tensile performance of PET yarns was
examined. The results showed that utilizing liquid bath with Trützschler draw panels in melt
spinning process increased the tenacity and modulus up to 7.9 and 116.5 g/d, respectively
and reduced the strain down to 9%. Such tensile properties obtained simply through entering
the filaments into TEG bath (depth of 24 cm, temperature of 110°C) for some millisecond
and applying a very low DR of 1.3 to the yarn at a high drawing temperature of 200°C,
which otherwise requires a much higher DR of 5.2 in conventional spin-draw process. The
combined effects of high crystallinity, high molecular orientation and compact fibrillar
morphology contributed to such high tensile properties. Commercial drawing conditions
(DR=5.2 at 220°C) were also applied to PET yarn using Trützschler equipment. We found
that the tensile strength of the drawn control yarn at high DR=5.2 is comparable to that of the
drawn HIB yarn at low DR=1.3. To obtain higher tensile strength several modifications can
be made:
•

High-speed winder (>3000 m/min) should be used in spinning line. The maximum speed of
our winder was 3000 m/min which limited the drawability of HIB yarn at high speeds. Using
higher speed winder, higher velocity (~3000 m/min) can be used for the 1st duo roll, which
can result in higher frictional drag on the filaments inside the bath and provide required HIB
morphology to obtain higher tensile performance.

•

A lower bath distance from spinneret should be used for HIB process. The bath
distance effects the morphology of the filaments before entering the bath. High bath
distance can result in formation of primary crystals inside the fibers before HIB
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treatment. Such crystals limit further mobility of the polymer chains for more
molecular orientation/ crystallization under high frictional drag of the bath. However,
when a lower bath position is used, the polymer chains would be more in mobile
molten state for a longer time, which increases their possibility to get more oriented
by the liquid bath.
•

A liquid with appropriate high viscosity and thermal stability should be used for the
bath. We found that Gulston spin-finish (Lurol TC-308) has a better thermal stability
than TEG. However, because it had a very high viscosity, we were not able to make a
sample at high spinning/drawing speed in continuous HIB process. Spin-finishes with
different formulations may have different viscosities and would be tried for the liquid
bath.

•

Low M w polyester can be tried for continuous HIB process. Former HIB polyester
study showed that PET monofilament with tenacity of 10 g/d can be obtained through
HIB and drawing processes in a batch system. We run some trials with a low M w
polyester in continuous HIB process. However, since our chips had TiO 2 , high tensile
strength was not achieved. TiO 2 can affect the chain mobility and crystal formation
during the liquid bath treatment.

•

The bath design should be modified. The maximum bath depth in our study was about
24 cm. Increasing the bath depth in the new design could increase the drag force on
the filaments and result in higher tensile performance.
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