
 ABSTRACT 

JIANG, YAN. Melt Spinning of High Performance Nylon 6 Multifilament Yarns via 
Utilizing a Horizontal Isothermal Bath (HIB) in the Threadline. (Under the direction of Dr. 
Richard Kotek.) 
 

The high performance polymer fibers and its production methods have literately been 

reported from 1970s. Indeed, high performance polymer fibers have various applications as 

well as end-uses and are used in challenging areas, such as automotive, aerospace, bullet-

proof vest, electronics. Scientists concentrated on improvement of fiber strength, dimension 

stability and degradation resistance etc., even at extreme conditions.  

An ecologically friendly horizontal isothermal bath (HIB) process was developed to 

produce high performance filaments for PET, PEN, PP and Nylon 6. In contrast to 

conventional melt spinning, HIB has a lower cost, is a greener process, and offers the higher 

effectiveness. We were even able to obtain high tensile properties by using Honeywell low 

Mw and BASF low Mw polymer chips in HIB method. HIB method was already developed to 

produce high performance nylon 6 filaments (polymer chips came from BASF) with tenacity 

of 10.0 g/d and modulus of 43.9 g/d.  

In this study, Honeywell nylon 6 polymer chips were used to produce nylon 6 

filaments by applying HIB method. The effects of draw ratios, take-up speeds, liquid depths, 

liquid temperatures (relevant to medium type), and liquid distances effect on structure and 

properties of Honeywell HIB nylon 6 filaments were determined. Furthermore, Honeywell 

samples were compared with BASF samples.  

The degree of crystallinity, crystal structures, molecular chain orientation and tensile 

properties were characterized by Vibromat, Q-test, birefringence, Differential Scanning 



Calorimetry (DSC) and Wide-Angle X-Ray Diffraction (WAXRD) in this study. Combining 

these data, comparison was made and explanation was proposed.   
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Chapter 1   Introduction 

Nowadays, nylon is the important synthetic polymer textiles after polyester. The main 

uses for nylon 6 are in apparel, carpet, and industrial applications; it is also expected to be the 

principal materials for stretch apparel, intimate textiles and women’s hosiery. And the most 

important application for nylon 6 is carpet in current market because of its durability, 

resilience and fast dye-ability which allows carpets to have a great range of color choices 

during manufacturing and it is a stable material to work with (1). From China to North 

America and the other regions, the movement of finished goods production has shaped the 

growth of global nylon 6 demands (2). 

Due to excellent mechanical properties such as strength, fatigue resistance, impact 

resistance and adhesion characteristics, nylon 6 is broadly used in automotive tire cord 

industry to be used as reinforcements of bias tires (3, 4). Traditionally, not only nylon 6 but 

also nylon 6,6 and polyester had been used as tire reinforcement materials to improve 

thermal stability and toughness. Until now, the tenacity of commercial polyester is about 8-9 

g/d (5) and that of a commercial polyester super low shrinkage (SLS) is about 8 g/d (6). The 

tenacity of nylon 6, 6 is about 9.5 g/d and that of nylon 6 tire cord is about 10 g/d (5). So 

several researchers focused on treatments and techniques of nylon 6 filaments production, 

such as vibrating hot drawing and zone annealing (45), and CO2 laser heating zone drawing 

and zone annealing (50). However, such treatments cannot often be commercialized as they 

are discontinuous and quite expensive and thus adversely affect productivity of final 

products. Therefore, those solutions are not and need to be modified. 
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Therefore, scientists, researchers and engineers still concentrate on finding new 

techniques and treatments to solve those problems and keep or even improve high tensile 

properties of fibers at the same time. In this study, we used one of well-known synthetic 

polymer fiber spinning process, melt spinning process. Meanwhile, we used horizontal 

isothermal bath (HIB) which is an ecofriendly temperature-controllable bath spinneret, in the 

threadline (process line). In regards to raw materials, this dissertation was going to use 

inexpensive conventional nylon 6 polymer chips.  

By utilizing the HIB and drawing process, tenacity of nylon 6 filaments improved 

from 2-3 g/d to 6-7 g/d for Honeywell samples. A few months ago, tenacity of nylon 6 

filament improved from 2-3 g/d to 9-10 g/d by applying HIB and drawing process for a low 

molecular weight  BASF polymer(7).  

HIB process was also applied to poly (ethylene terephthalate) (PET) four years ago, 

to overcame the bottleneck issue, namely tenacity(tensile strength) that is limited to 9-10 g/d 

at the most in the conventional melt spin-draw process (5).  According to Yoon’s paper the 

principle of HIB process is to increase the drag force significantly during melt spinning 

process (5). The drag force is the most influential force among all the forces, which affects 

the alignment of molecular chains parallel to the longitudinal direction during melt spinning. 

As we well know, tenacity of fibers directly related to the degree of orientation of molecular 

chains. 
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Chapter 2   A Review of Nylon 6 Production Process 

 

2.1   Introduction 

 

2.1.1 Overview Developments in Nylon 6 Precursor Production Processes 

 The commercial manufacturing processes for nylon 6 have been developed and 

optimized. The principal monomeric intermediate is caprolactam. The individual processes 

for the synthesis of caprolactam are schematically shown in Figure 2.1. The solid line shows 

processes that have been practiced commercially. From this Figure, we can see that all the 

processes start from compounds containing phenol, benzene, toluene and cyclohexane. The 

chemistry of different processes has been reviewed (8-11). The process 1, 2 and 3 are 

commercially important. In process 1, the principal intermediates are cyclohexanone and 

cyclohexanone oxime; for process 2, cyclohexanone oxime is significant; for process 3, the 

important intermediate is cyclohexane carboxylic acid.  

 

                       Figure 2.1   Block Diagram of Caprolactam Processes (12) 
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 In process 1, cyclohexanone reacts with hydroxylamine to produce cyclohexanone 

oxime. In this reaction, the hydroxylamine is obtained from Rasching process or by catalytic 

hydrogenation of either nitric oxide or nitric acid. In the Rasching process, the 

hydroxylamine is obtained in the form of its sulfate. The raw materials for this process are 

sulfur dioxide, ammonia, carbon dioxide, and water. A mixture of NO and NO2, as obtained 

from the catalytic oxidation of ammonium, is absorbed in an aqueous ammonium carbonate 

solution to yield ammonium nitrite, which is then reacted with SO2 in the presence of 

ammonium hydroxide. The product of this reaction is hydroxylamine disulfonate which 

converts upon hydrolysis by the monosulfonic acid hydroxylamine in to hydroxylamine 

sulfate:                                                                                                                                                                                                                                                          

                                                                           (1) 
 
 
 The BASF and Inventa (8, 13) company introduced a commercial process for the catalytic 

hydrogenation of nitric oxide: 

                                                                                                                                                 (2) 

The new method just only used 0.5 mol of ammonium sulfate per mol of hydroxylamine that 

is then produced in the subsequent neutralization of ammonia. This is half as much as in the 

Rasching process. In order to eliminate ammonium sulfate formation, Stamicarbon inroduced 

reaction process without ammonium sulfate formation in 1970: 

                                                                                                                                                 (3) 
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Since 1962, Toray inroduced an interesting process  to produce cyclohexanone oxime named 

photo-nitrosyl chlorination (PNC). This reaction is process 2 in Figure 2.1. It is a one-stage 

process where cyclohexane is converted to the oxime hydrochloride and may be shown in the 

following mechanism (14): 

                                                        NOCl       hʋ             NO+ + Cl-                                             (4)  

                                                                 

                                                                                                                                                 (5)              

 

                                                                                                                                                 (6) 

 

In a process was developed to commercial maturity by E. I. DuPont de Nemours & 

Co., Inc., and industrially practiced by this company during 1963 to 1967, cyclohexane 

oxime is obtained by a route that encompasses the nitration of cyclohexane to 

nitrocyclohexane and the reduction of the latter to the oxime, which is converted to 

caprolactam by Beckmann rearrangement. According U.S. Patent 2,634,269, 

nitrocyclohexane can be convert directly to caprolactam in the gas phase at 250-450°C by 

utilizing polyborophoshpate catalyst (15). Actually the cyclohexanone oxime obtained by 

any of these process (1, 2, 4, 6, and 7, in Figure 2.1) is converted to caprolactam by the 

Beckmann rearrangement in oleum. 

In 1966, a process commercially using cyclohexanone as a principle intermediate had 

been developed by Union Carbide Corp, shown process 5 in Figure 2.1. According to the 

following scheme, cyclohexanone is oxidized to caprolactone with peracetic acid, and the 



 

6 

caprolactone is then converted to caprolactam by reaction with ammonia at high temperature 

and high pressure.  

                                      (7)                                                                                           

And in process 8, cyclohexanone is also the initial material for production, but this 

process does not use in practice until now.  

As for process 9, the cyclohexanone reacts with hydrogen peroxide and ammonia in 

1,1’- peroxy dicyclohexylamine by either two reactions (12): 

 

                                                                                                                                     (8) 

 

 

                                                                                                                                                 (9) 

And then d 1,1’- peroxy dicyclohexyl amine is cleaved to produce caprolactam with 

regeneration of one equivalent of cyclohexanone according to the reaction: 

                                                          

                                                                                                                                   (10) 

 

Process 10 also starts from cyclohexanone and is named as the Techni-Chem process, 

however, it is only used in pilot plant applications. Process 3 starts from toluene, and 

commercial process was developed by SNIA Viscosa (16). It can presented by the reactions 

shown in the following scheme: 
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                                                                                                                                               (11) 

 

The process was improved with several modifications. One involved converting the 

cyclohexane carboxylic acid either with oleum or thermal dehydration at 600˚C into 

pentamethylene ketene, which can be directly converted into caprolactam under mild 

conditions upon treatment with nitrosylsulfuric acid:  

                                                                                                                                               (10) 

                                                                                                                         

In 1974, SNIA made a further improvement in this process by eliminating ammonium 

sulfate formation. In the modified process, the reaction product of cyclohexane carboxylic 

acid and nitrosylsulfuric acid is slightly diluted with water and treated with an alkylphenol to 

extract the residual caprolatam, and the solution was purified by distillation. The sulfuric acid 

is mixed with a fuel and thermally cracked to sulfur dioxide which is recycled into the 

process.  

Both processes 11 and 12 in Figure 2.1 allow for the manufacturing of caprolactam 

without coproducing ammonium sulfate. Kanegafuchi (12) modified process 11, which 

involves oxidation of cyclohexane and reaction of the oxidation products with ammonia and 

hydrogen under presence of catalyst named copper chromite. The reaction is conducted at 
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200-300 °C and at pressure up to 3 atm. Process 12 was developed by Kanebo (12), we can 

find more details from following two step reactions: 

 

                                                                                                                                               (11) 

 

                                                                                                                                               (12) 

 

Some researchers (17, 18) also used dimerization of acrylonitrile to make caprolactam 

entailing products. 

 

2.1.2   Technologies for Nylon 6 Polymerization and Spinning Processes 

As we all known, there are mainly four spinning process for polymers: wet spinning, 

dry spinning, melt spinning, and gel spinning. The wet spinning is the oldest process, where 

polymer needs to be dissolved in a solvent. Dry spinning is also used for polymer that have to 

be dissolved in to a solvent. But solidification results from evaporation of the solvent. Gel 

spinning is relatively a new method, which is used to produce high-performance and other 

special fibers. The polymer partially liquid or in a “gel” state, which keeps the polymer 

chains somewhat bound together at various points in liquid crystal form. Melt spinning is 

used for the polymeric fibers or the polymers that can be melted. The polymer is remelted 

and pumped through a spinneret. (19) 

For nylon 6, we always use melting spinning to produce nylon 6 filaments. The melt 

pumped directly through filter pack and a spinneret or through a spinning manifold to various 
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spinning blocks. The filaments are extruded from spinneret and then cooled in quench ducts 

usually by a cross blast of conditioned air, pass through a spinning duct, are wetted with an 

aqueous spinning finish, and wound onto bobbins at required take-up speeds. One of the most 

subsequent steps is the drawing of the filaments. This drawing process is achieved in either in 

one or two steps. Combining spinning and drawing into one process may get higher 

mechanical properties of filaments. The Chapter 2 will introduce melting spinning.  

Generally, manufacturing of polyamide nylon 6 fibers has a configuration as shown 

in Figure 2.2. The monomer feed preparation section is designed for obtaining carefully 

controlled monomer composition. This is very important in the case of the nylon 6,6 

manufacture. Compared with nylon 6,6 in monomer feed preparation, nylon 6 mainly is 

concerned with producing compositions of molten caprolactam with proper amounts of water 

and additives such as bases or acids, antistatic agents, pigments and material imparting 

stability against light and heat. And then the monomer compositions are fed into 

polymerization reactor system where can be converted to polyamide. Compared with nylon 

6,6 in polymerization reaction, nylon 6 does not need initial step such as evaporation process 

since nylon 6 polymerization only use catalytic amounts of water in polymerizing 

caprolactam and only single monomer is present. The polymerization of monomers is 

conducted either in a batch or in a continuous operation using equipment ranging from 

simple autoclave reactors to multistage flow reactor systems, The process is conducted at 

temperature range from 250 °C to 280 °C for a periods from 12 hours to more than 24 hours 

(12). It would produce polymer melt which is either extruded in form of ribbons that are cut 

into chips subsequently or directly transferred to spinning units for filaments formation. 
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However, a problem of nylon 6 polymerization process is conversion rate, as we all known, 

caprolactam cannot polymerize completely but in an equilibrium. So nylon 6 chips need 

further treatments prior to the melt spinning. 

 

Figure 2.2   Configuration of Polyamide Fiber Plant (12) 

The quality of residual monomer mainly depends on reaction temperature. The 

percent of monomer residual is about 8%-9% and low-molecule-weight oligomer is about 3% 

at the common temperature in industrial production (12). Both the residual monomer and 

oligomer adversely affect subsequent processing and performances in many applications. 

Therefore, it is necessary for manufacturers to remove them from polymer. This can be 

accomplished by either hot-water extraction or vacuum evaporation. Vacuum evaporation is 

usually part of an integrated continuous operation. In this case the molten equilibrium 

polymer is fed into a suitable apparatus, such as thin-film evaporator, in which, most 

monomer and part of the cyclic oligomers are distilled from melt under vacuum. In sum, both 

caprolactam polymerization operation and residual oligomers and monomers removal 

operation have to be suitable for commercial applications. 

Although, the syntheses of polyamides are well established, additional processes are 

constantly developed either to produce special products or to produce polyamides more 

economically. According to BASF research, caprolactam can be polymerized in a 
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perpendicular tubular reactor consisting of discrete zones and the resulting polyamide is 

claimed to be more easily dyed. Preparation of high–molecular weight polycaprolactam by 

the removal of water from the melt by nitrogen in the polycondensation stage at normal 

pressure has been reported (20). A similar process has been proposed, which entails removal 

of water from a flowing film by nitrogen where the flow rate of the nitrogen controls the 

relative viscosity of polyamide (21). 
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2.2   Nylon 6 Melt Spinning Process   

 

2.2.1   Theory of Nylon 6 Melt Spinning Process 

The melt spinning is the most commonly used method for manufacturing commercial 

synthetic fibers. Melt spinning process begun in the early 1930’s by W.H. Carothers and 

other scientists. The Carothers and his co-workers synthesized polyamide and aliphatic 

polyesters and then spun those two polymer fibers in Du Pont. They spun commercial 

polyamide named nylon. However, aliphatic polyester fiber was also commercially spun, 

which didn’t have so much attention due to low melting temperature (22). Originating with 

Robert  Pond in a series of related patents since the late 1950s (US Patent Nos. 2825108, 

2910744, and 2976590), the current concept of the melt spinner was outlined by Pond and 

Maddin in 1969, though, at first, liquid was quenched on the inner surface of a drum (23). 

Lieberman and Graham further developed the process as a continuous casting techniques by 

1976, this time on the drum’s outer surface (24).  

The nylon 6 polymer filaments are converted from polyamides polymer through melt 

spinning. As schematically shown in Figure 2.3, the filaments emerging from the spinneret 

are cooled in quench ducts by a crosscurrent of air, wetted with finish, and wound on 

bobbins. Generally, the classic melt spinning process usually consists of several process steps 

as shown in Figure 2.3; namely, polymer melting, transporting, spinning through a spinneret 

to form multiple filaments, quenching, finish applications, and take-up. This is followed by 

fiber drawing, comingling (interlacing), and package formation. By changing the spinning 
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conditions of various process steps in a manufacturing process, different fiber structures and 

properties can be achieved for different applications. 

 

Figure 2.3   Traditional Two-Step Melt Spinning from Chip (12) 

The molten polymer is delivered to a spin pack by the means of an accurately 

controlled metering pump, then into a filtration media and out of the spinneret. In addition to 

the either rectangular spinneret or disk, filtration media includes either different lawyers of 

sand, layers of stainless steel screens or sintered stainless steel plates. Not only the removal 

of foreign particles, gel particles or undesirable conglomerate additives but also improves the 

melt homogeneity by this filtration step. It may affect the rheological and viscoelastic 

behavior by causing some molecular orientation due to its high shear and torturous path.  

The orifices of the spinnerets are commonly round, thus producing filaments with a 

circular cross section. Generally, in order to obtain high strength in rope, cordage and sling 
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airbag, majority of nylon products have round cross sections. However, sometimes we need 

noncircular orifice to achieve special characteristics, such as insulation, air permeability, 

luster, opacity and resistance to soiling. The modified filament cross sections are achieved by 

either coalescence or fusing of melt streams below the spinneret (single- or multiple-orifice 

designs are used) or directly from extrusion through profile capillaries. 

As Figure 2.3 shows, after obtaining nylon packages, filaments need to be drawn to 

obtained higher physical properties through changing orientation of molecular chains and 

crystallinity. There are two ways of drawing filaments: drawing process is separated from 

spinning operation named two-steps spinning; drawing process is integrated with spinning 

named one-step spinning. Rather than two-step spinning (extrusion) and drawing, a one-step 

spinning process is being increasingly used. At higher spinning speeds, fiber is partially or 

fully drawn, and can be textured, drawn further, or used as spun yarn. Lower spinning speeds 

produce undrawn yarns, which may get further drawn with heat treatment.   

In high-speed spinning, filament wind-up speed relative to the extrusion speed is very 

high and orientation and crystallization occur in elongation flow along the spin line. The 

molecules are arranged randomly in amorphous regions and as folded chains in crystalline 

region when drawing as-spun fibers, as shown in Figure 2.4. 
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Figure 2.4   Model of Molecular Arrangement in Fiber (25) 

In low-speed spinning (two-step spinning), the drawing operation has to be done after 

spinning. The filaments are treated by heat and then drawn at specific speed. The drawing 

methods have been divided: filaments are drawn under low temperature named cold drawing; 

filaments are drawn under high temperature named hot drawing. Cold drawing stretches 

chains in amorphous regions, but molecular folds are restricted and the molecules orient 

themselves along the fiber axis direction, resulting in enhanced orientation and high 

crystallinity. As for nylons, they have sheet-like crystal structures, therefore, drawing may 

enable the hydrogen-bonded polyamide sheets to slip past each other and form more oriented 

structure (22). Hot drawing is a procedure utilizing high temperature (>Tg) during drawing 

and annealing under restraint after drawing. Exposure to high temperature helps to increase 

the draw ratio, and higher modulus and tenacity can be obtained. Ultra-drawing of solidified 

crystalline material leads to a high degree of chain extension (Figure 2.5), which induces 

very high tensile strength and modulus. This is so-called high-performance fiber. 
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Figure 2.5   Model of Extend Molecular Chain in Super-Drawing Fiber (25) 

 

2.2.2   Melting Behaviors of Nylon 6 Polymers and Nylon 6 Fibers in Textiles 

Because various spinning processes create new polymer morphologies, melting 

behavior of the nylon 6 and poly (ethylene terephthalate) (PET) fibers have been studied. The 

multiple melting behavior of many other polymers has also been investigated and the 

melting-recrystallization-remelting mechanism is now widely accepted (26). Properties of 

those filaments directly depend on the molecular organization in polymer filaments. So 

molecular reorganization of fibrous polymers during heating needs to be studied and it was 

indeed investigated in last 40 years (27).  

Nylon 6 is a typically semicrystalline polymer with excellent physical and mechanical 

properties. Its morphologies and crystal structures are fairly significant to the properties of 

nylon 6 filaments. Morphologies and crystal structures of nylon 6 filaments depend on the 

processing and crystallization conditions. And the melting behaviors of nylon 6 polymers 

largely effect its processing and crystallization conditions. Therefore, melting behaviors of 

polymer chips are very important to properties of nylon 6 filaments.    
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As we all known, nylon 6 polymers have to be melted by using extruders. One of the 

important melt property is viscosity because the melt viscosity affects spinnability of nylon 6 

polymer and mechanical properties of filaments.  It is hard to extrude and spin polymers 

having the high melt viscosity because high temperatures and pressures must be used. On the 

other side, low melt viscosity is easily spun. Moreover, high melt viscosity possibly leads to 

polymer degradation during extrusion process, thus properties of filaments would be 

adversely effected. 

Melting behaviors are partially affected by crystal structures of polymer precursors. 

Nylon 6 exhibits basically two crystalline structures, α and γ phase. α phase is more 

thermodynamically stable and can form by solution casting, annealing, crystallization at high 

temperatures, or slow cooling from the molten status, but γ phase has low crystallinity 

temperature, high cooling rate in high spinning speed (28). The Young’s modulus of the γ 

phase is about two times lower than that of α phase (29).  The γ and α phase can be changed 

by various methods. For filaments, γ and α phase can be converted by HIB treatment and 

drawing. Those crystal structures were investigated by Wide-Angle X-ray Differentiation 

(WAXRD). XRD plots indicate γ and α phase clearly (more details will be discussed in 

following chapters). Generally, α phase percent of nylon 6 filaments largely increased after 

HIB treatment and augmented after drawing. As mentioned above, α phase provides higher 

mechanical properties, thus more α phase percent means higher mechanic properties. So HIB 

treatment and subsequent drawing are able to increase mechanical properties of nylon 6 

filaments. 
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The melting behaviors are usually studied by differential scanning calorimetry (DSC). 

The DSC analysis is frequent and important for industrial purposes, however, the DSC 

melting behaviors has not been studied in details from a fundamental viewpoint 

Besides thermodynamically metastable nature, many extrinsic factors would alter 

DSC melting curves of semicrystalline fibers, such as heating rate and macroscopic 

restricting force loaded on them. DSC results are also influenced by thermal gradient in 

samples, which related not only to the heat flow rate, but also thermal conductivity of 

polymer (30). In DSC melting curves, multiple endothermic peaks are often observed and 

moreover, endothermic peaks occasionally overlap. According to Wunderlich’s (27) theory, 

it is thought that the high-order structure of molecular chains is frozen in the thermally non-

equilibrium state and then rearranges in a wide temperature range of melting.  

A few years ago, Wunderlich and Miyagi (31) studied melting behaviors of PET 

fibers in textiles due to industrial demands. They observed that the DSC curve of the 

constrained PET fibers shifted melting peak to higher temperature because of a temporary 

entropic restriction. According to Kubokawa study of melting behaviors of nylon 6 fiber in 

textiles in 2002 (26), transmitting restricting force in samples would lead melting peak to 

shift to higher temperature. It is thought the network model of crystallinities can be used to 

explain this phenomenon. The networks of residual crystallinities connected by tie molecules 

play the same roles as cross-links of elongated rubber. The thermodynamic fluctuations are 

supposedly decreased by this transmitted force. Thermodynamic fluctuations are considered 

as driving force of fusion around the interfaces between crystallites and amorphous regions. 

So reduction of fluctuations controls partial melting to change the melting-recrystallization-
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remelting behavior.  It suggests that the restricting force is also one of significantly extrinsic 

factors effecting melting behaviors of nylon 6 fibers. 

 

2.2.3   Advantages of Melting Spinning Process 

The main four spinning technologies have been introduced in 2.2.1: Wet spinning, 

dry spinning, gel spinning and melt spinning. Gel spinning is used to produce high 

performance or special fibers, some researchers have applied it to investigate high 

performance medical polymer fibers and composite fibers recent years (32, 33). However, 

this study will focus on melt spinning technology which is used to produce synthetic fibers 

out of fiber-forming polymer such as PET and nylon 6. 

Melt spinning is the best process than any other typical spinning processes for 

spinning synthetic fibers. Both wet spinning and dry spinning have inherent problems, such 

as waste recovery system, low production rate, high production cost, large production area 

and environment issues.  

Melt spinning is also a simple process compared with wet and dry spinning. In 

preparation process, melt spinning doesn’t need to prepare complicated solutions like wet 

spinning and dry spinning. Just heating polymer above melting temperature leads to melt 

before going through extruders. In solidification process, wet spinning needs a coagulation 

bath to take solvent out from the filaments and dry spinning needs drying chamber to 

evaporate toxic solvent from filaments. However, the melting spinning only requires 

filaments to be exposed into air and cool down.  
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Moreover, melt spinning has higher spinning process speed and can produce more 

uniform filaments. As we all known, melt spinning has higher take-up speed up to 10,000 

m/min during spinning process but that of dry spinning and wet spinning is about 300 m/min. 

In melting spinning process, the spinning of molten polymer through round orifices results in 

extruding more uniform round cross section of filaments than those produced by wet 

spinning process.  

As it is mentioned in the previous paragraphs, dry spinning and wet spinning 

processes need solvent re-collecting process. Those solvents are usually very toxic and 

needed large quantities, which may hazard to workers and leads to higher cost for 

manufacturer.  
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Chapter 3   A Review of Major Processes to Making High Performance Nylon 6 Fibers 

  

3.1   Development of High Performance Nylon 6 Fibers 

In 1938 Paul Schlack who worked in the I.G. Farben Company in Germany, 

polymerized caprolactam and created a different form of the polymer, identified simply as 

nylon “6” (34). But first commercial production of nylon in 1939 started by Du Pont 

Company. The first experimental nylon 6 yarns were used as sewing threads, in parachute 

fabrics and in women’s hosiery (35). The famous nylon stocking which is known as the most 

exciting fashion innovation of the age was produced at the San Francisco in February 1939.     

At the beginning of World War II, the nylon began to substitute Asian silk to make 

parachutes. Cotton was king of fibers, accounting for more than 80% of all fiber used. Wool 

and manufactured fibers shared remaining 20% (35). By the end of the War in August 1945, 

cotton accounted for 75% of the fiber market. Manufactured fibers had risen to 15%. After 

the war, the nylon production started conversing to civilian uses, most nylon production was 

used for hosiery. By the end of 1940s, nylon fiber was also used in carpeting and automotive 

upholstery. In the 1960's, manufactured fiber production was accelerated by continuous fiber 

innovation. The revolutionary new fibers were modified to offer high performances and 

special functions. 

Banker’s research (36) in the 1977, found pseudohexagonal γ structure to transfer to 

monoclinic α structure after using annealing treatment with hot water or formic acid 

solutions. Annealing time would affect this transformation. Annealing treatment increased 

mechanic properties of nylon 6 filaments due to α phase percent increase. Higher take-up 
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speed for as-spun nylon 6 filaments resulted in higher tenacity and modulus. In 1982 

Japanese Teijin patent (JP 64, 132, 615) related to a process yielding fibers is distinguished 

by improved dyeing characteristics (12). In recent years nylon 6 filaments begin to be used as 

reinforcement for composites (37-39). 

An eco-friendly HIB treatment for nylon 6 filaments to increase its mechanic 

properties and decrease production pollution and cost has been studied (7). In this paper, 

authors used BASF low Mw nylon 6 chips as raw materials to produce filaments. Two-step 

process has been used, the filaments were drawn after spinning by customized Instron 

machine. The filaments were characterized by WAXRD, SEM, tensile testing, and 

birefringence. The tenacity of drawn HIB nylon 6 is in the range of 7 g/d to 11 g/d, the 

modulus is in the range of 23 g/d to 44 g/d, and elongation at break in the range of 26-32%.  

In this study, we used Honeywell nylon 6 chips as raw materials to produce nylon 6 

filaments. Draw nylon 6 filaments via customized Instron machine and characterize them via 

WAXRD, DSC, tensile testing and birefringence. 
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3.2   Industrial Melting Process of High Performance Nylon 6 Fibers 

 

3.2.1   One-Step High Speed Spinning 

In the 1950s, the melting process was first commercialized, which offered low 

tenacity, low modulus, high break elongation and high heat shrinkage to spun fibers. In the 

beginning of melt spinning process applying, take-up speed of winder in manufacturing was 

only around 500-1,000 m/min. Actually, the tensile properties of fibers are affected by 

polymer melt viscosity, spinning speed, cooling rate, and the degree of structural orientation 

of fibers. However, the spinning and drawing steps of the string manufacturing process 

probably have the largest effects on the properties of resultant fiber.  

Orientation can also be controlled by spinning speed, thus increasing spinning speed 

results not only in increment of productivity but also in increment of preliminary orientation 

of polymer molecule with respect to the fiber axis. High-speed melt spinning at take-up 

speed in range of 6,000 m/min produces sufficient orientation for development of tenacity to 

get acceptable products. However, the as-spun filaments were spun in take-up speed 500-

1,000 m/min have too low mechanical and chemical properties to directly use for most of 

common applications. In order to improve those filaments mechanical and chemical 

properties especially tensile properties to be suitable for their end-uses, the filaments need to 

be drawn at high draw ratio from 2 to 10. Meanwhile, various heat treatments were applied to 

improve their thermal and dimensional stability.  

One-step spinning-through-winding process can applied to produce higher degree of 

orientation and crystallinity without drawing process separately (40). Due to eliminating 
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drawing process after spinning, cost of industrial production decreases. High speed spinning 

also increases productivity and reduces labor and energy consumption, which also leads to 

decrease cost of production. Meanwhile, this technique possibly develops new products and 

new technologies. So industries are interested in high-speed melt spinning. 

Take-up speeds increased to 1,000-2,000 m/min in 1960s, after a few years, take-up 

speeds increased to 2,000-3,000 m/min. But the spinning speeds were that time less than 

3,000 m/min due to some technical and equipment limitations at that time, such as 

mechanical vibration, tension control and mechanical instability.  

In the 1970s, development of high speed winding equipment lead to higher spinning 

rate up to 6000 m/min (22). These increased spinning rates resulted in partially oriented yarn 

where the degree of orientation paralleled the applied take-up speed directions. There are also 

different orientation yarns developed: Low-orientated yarn (LOY), produced at rate up to 

1,800 m/min; medium-orientated yarns (MOY), produced at rates in the range of 2,000 

m/min-3,000 m/min; highly oriented yarn (HOY), produced at rates from 4000 m/min to 

6000 m/min. For partially oriented yarn (POY) produce at rates from 2500 m/min to 4500 

m/min (12). After a few years, the high speed winders were commercially used by textile 

machinery companies, such as Teijin, Toray and Rieter. And now the winder speed can be up 

to 10,000-12,000 m/min, but high cost, low operability and higher breakage rate limit its 

industrial application.  
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3.2.2   Spin-draw Process 

The patent of new spinning process, spin-draw (SD) process, was filed in England 

and USA around 1960. Due to the same reason, the techniques was limited until 1970s. After 

availability of commercial high-speed winders (41), then SD process was commercialized in 

tire cord production.  

The SD process is continuous one-step process which is made of a couple of drive 

rolls. According the U.S. patent 4,003,974, the rollers can switch speed in range of 3,000 

m/min and be heated to 250 °C (42). A filament yarn spun from spinneret goes through those 

godet rolls which has speeds and different temperatures (sometimes unheated) before final 

wind up. Figure 3.1 shows typical spin-draw process for Nylon 6, 6 tire yarns. In this Figure, 

we can see it has a first feeding roll speed (V0) of 400 – 600 m/min and speed of the second 

roll (V2) between 2000 – 3000 m/min, so the speed of draw ratio (V2/V1) between first 

feeding roll (V0) and second roll (V1) is in the range of 1.5 to 1.6. However, the first take-up 

speed in the range of 2,000 m/min-3,000 with draw ratio between 2.2 -2.4 for tire cord 

spinning process. 

In regard to tensile properties of SD fibers, in case of nylon 6 fibers produced by SD 

process, yarn had tenacity in the range of 4 g/d to 6 g/d, elongation at break in the range of 

11% to 28 %.  In case of PET fibers, tenacity value locate in the range of 7.5 g/d to 9 g/d and 

elongation at break in the rage of 12 to 20 % (5).  

In regard to equipment and energy costs of those three principal melt spinning 

process, an examples of the calculated costs among high-speed spinning, spin-draw and 

conventional two-step process are shown in Table 3.1. Here assuming the cost of 
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conventional two-step process is 100. In Table 3.1 one-step high speed spinning process has 

lowest numbers in equipment and energy costs due to no additional heating or annealing 

equipment, thus one-step high speed spinning is assumed to be an ideal spinning process.  

 

 

Figure 3.1   Configuration of Spin-draw (SD) Process (41) 

 

Table 3.1   Comparison of Production Cost in the Three Spinning Processes (41) 

Process	  
Cost	  (Arbitrary	  Units)	  

Energy	   Equipment	  
Spin-‐draw	   75	   86	  

One-‐step	  high	  speed	  spinning	   45	   50	  
Conventional	   100	   100	  
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3.3    Various Drawing Approaches to Produce High Performance Nylon 6 Fibers  

 

3.3.1   Increment Draw Process  

The conventional two-step process uses a pair of rolls to draw fibers. The fibers are 

wrapped around those two rolls turning at a fixed surface speed and pass through another 

adjacent rolls at high surface speeds. The draw ratio is defined as ratio of final and initial roll 

speeds. High speed winding (3,000-8,000 m/min) has been used to produce high tensile stress 

and high orientation fibers in melt spinning. For example, in nylon 6 spin-draw process, first 

roll’s speed is 1,000 m/min and the following roll’s speed is 3,000 m/min. So the draw ratio 

is 3 (3,000/1,000=3). The conventional drawing process can be regarded as “a sudden 

impulsive acceleration” due to big acceleration of rolls’ speeds at small distance. And the 

elongation occurring in a fraction of a second within a “draw zone” of a few millimeters 

results in thermal and stress history are also largely uncontrolled, so the process speed has 

been largely limited (43).  

In order to increase process speed and control flexibility of thermal and stress 

conditions, the diameter throughout the length of a roll has been changed and gradually 

increased. This roll in many small increments throughout the length of roll shows in Figure 

3.2, named increment draw process (IDP). The filaments enter at narrowest part (right) of 

upper roll and move circumferentially perpendicular to the roll axis, then it drop down to 

largest diameter part (left) of lower roll. The filaments go circumferentially around underside 

and return back to a larger diameter terrace of the upper roll. If the filaments travel this 
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routines 15 times, it produces 30 draw increments. Figure 3.3 shows a photo of incremental 

draw rolls in industry. 

 

Figure 3.2   Schematic of Incremental Draw Rolls Viewed to Show Skewed Angle, φ (43) 

 

Figure 3.3   Image of Incremental draw (IDP) Rolls (43) 

In Sussman’s paper (43), IDP has special design, including decrement of draw 

increments in diameter of the roll; skew angle control; flexible control of thermal and stress 

conditions, and hence orientation and crystallinity, in a fiber drawing process. Those special 
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designs provide possibilities of increasing mechanical properties of fibers. Moreover, number 

of increments increase, and then melt fiber can move slowly enough to guarantee uniform 

cross-bundle quenching and slowly accelerated and drawn to high wind-up speed. 

The IDP patents were claimed in 1986 and it has been used for many fiber forming 

polymers such as PET, nylon 6, nylon 6,6 and ultra-high molecular weight polyethylene 

(UHMWPE). Figure 3.4 and Figure 3.5 describe tensile properties of high intrinsic viscosity 

(IV) PET and high IV nylon 6, 6, respectively. The data in Figure 3.4 and 3.5 shows in Table 

3.2. According to Table 3.2, for high IV PET fibers, the tenacity improved by about 10%, 

elongation at break decreased 13% and modulus improved by 17% after IDP processing; for 

high IV nylon 6,6 samples, tenacity increased by 30%, elongation at break decreased 5% and 

modulus increased by 141% after utilizing IDP. So increment draw process offered obvious 

improvements in modulus and tenacity and decrement in elongation at break.  

 

Table 3.2   Comparison of Conventionally Drawn and Increment Drawn Fibers in Tensile Properties 

(43) 

Sample	   Type	   Process	  	   Draw	   Denier	   Modulus	   Tenacity	  
Elongation	  at	  

Break	  
Name	   I.V.	   Method	   Ratio	   (d)	   (g/d)	   (g/d)	   (%)	  

PET	   High	  
Control	   4.8	   N/A	   72/33	   8.2	   23	  
IDP	   4.6	   N/A	   89/80	   9	   10	  

Nylon	  
6,6	   High	  

Control	   N/A	   4.8	   42	   8.9	   23	  
IDP	   N/A	   5.1	   101	   10.5	   18	  
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Figure 3.4   Load-Elongation Charts for High Intrinsic Viscosity (IV) PET Fiber Drawn 

Conventionally and Incrementally (43) 

 

Figure 3.5   Load-Elongation Charts for High Intrinsic Viscosity (IV) Nylon 6,6 Fiber Drawn 

Conventionally and Incrementally (43) 
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3.3.2   Zone Annealing 

In 1981, Kunugi’s group developed new method to produce high-modulus and high-

strength nylon 6 fibers named zone annealing (44, 45). This process is divided by zone-

drawing and zone-annealing. Band heater moving from lower part of original fiber to upper 

part under fixed tension is done in zone-drawing step. In zone-drawing step, controlling 

temperature, move speed of band heaters as well as fixed tension possibly produce high 

orientation and low crystallinity drawn fibers. Subsequently, drawn fiber is processed by the 

same apparatus with that in zone-drawing expect that vertically and separately superimpose 

three band heaters. The much higher temperature and tension are applied in zone-annealing 

than that of drawing due to the fiber should be converted to high oriented and crystallinity in 

zone-annealing process. 

According to Kunugi’s paper, the zone-annealing process has following benefits (44): 

(1)  The quantity of heat required for drawing or annealing can be decreased, because the    

      a fiber is heated only in the narrow heating zone.  

(2)  The applied high tension acts concentrically and effectively on the narrow area softened 

by heating.  

(3)  The generation of numerous nuclei can be prevented, because the fiber is not heated over 

a wide range at the same time.  

(4)  Thermal degradation of the fiber can be prevented, because of the short heating time.  

(5)  The zone-annealed fiber possesses a high dimensional stability at elevated temperatures. 

In particular, creep does not occur at all below the zone-annealing temperature.  

(6)   If optimum conditions are selected, this method is applicable to a variety of polymers.  
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(7)  This method can be applied not only to fibers but also to films by the use of a slit-shaped 

heater. 

In spite of very simple apparatus and easy procedures, this method is able to 

produce a brilliant improvement in the mechanical properties of fibers. In case of nylon 6 

fibers, the tenacity of zone-annealing fibers is about 100.3 kg/mm2 and the dynamic modulus 

of annealing fiber is about 10.8×10-10 dyne/cm2, which corresponds to 2.2-4.0 times that of 

commercial high tenacity fiber available at that time. Table 3.3 and Table 3.4 describe 

comparison of properties for original fiber and zone-drawing and zone-annealing fibers. 

 

Table 3.3   Comparison of Conventional Drawn, Zone-Drawn and Zone-Annealed Nylon 6 Fiber in 

Tensile Properties (44) 

 

Table 3.4   Comparison of Conventional Drawn, Zone-Drawn and Zone-Annealed Nylon 6 Fiber in 

Birefringence, Orientation Factors of Crystalline and Amorphous Region (fc and fa), and 

Crystallinity (44) 
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From these two tables, we can see Young’s modulus and strength at break of nylon 6 

fiber were still low in the zone-drawing process, but they increased largely and quickly in the 

zone-annealing process. We can convert strength at break of fibers to tenacity of fibers by 

below equation 3.1 (46).  

                       Tensile Strength (psi) = 12800 × tenacity (g/d) × specific gravity              (3.1) 

The value of specific gravity is 1.14 for nylon 6 fiber. According to equation 3.1, tenacity of 

zone annealing fiber is 9.8 g/d and that of zone drawing fiber is 2.4 g/d. From Table 3.3, we 

can see tenacity of fibers increased by 313 %, young’s modulus of fibers increased by 335 % 

and elongation at break decrease 73.2 % after zone-annealing process. Birefringence and 

crystallinity also had large improvements. Kunugi’s group also has some researchers about 

zone-annealing improvements in following years (45, 47, 48).     

 

3.3.3   CO2 Laser Drawing 

In 2001, a carbon dioxide (CO2) drawing process was developed and improved in a 

few years. It can improve mechanical properties of melt-spun polymeric fibers, such as 

tenacity, modulus and corrosion resistance. After invention of CO2 laser drawing, a couple of 

Japan research groups began to investigate applications of CO2 laser drawing process to 

synthetic fibers. The CO2 laser drawing technique has so far been applied to nylon 6, nylon 

6,6, PET and isotactic polypropylene (i-PP) (49-53) to modify their properties. The 

approximate 4 mm continuous weave CO2 (CW CO2) laser beam is set between supplying 

and winding spools, then the laser beam continuously irradiate melt-spun fiber results in its 

temperature increasing.  
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CO2 laser drawing was first applied to nylon 6 fibers in 2001, Suzuki’s group 

combined this technique with zone-drawing and zone-annealing process to produce nylon 6 

fibers. CO2 laser-heating, zone-drawing and zone-annealing was applied to PET fiber before 

applying to nylon 6 fiber (49) and indeed improved mechanical properties of PET fibers. 

Figure 3.6 shows apparatus of CO2 laser heating zone-drawing and zone-annealing. The 

mechanical properties of processed nylon 6 fibers were characterized by WAXD and 

birefringence. The results of crystallinity and birefringence are shown in Table 3.5. As we all 

known, birefringence and crystallinity are two significant factors to determine mechanical 

properties of fibers. The higher tensile properties are indicated by higher birefringence and 

crystallinity.  

The birefringence of fiber was improved by utilizing laser-heated zone-

annealing (LH-Z) process, however LH-Z and HT-Z have same crystallinity. Suzuki 

indicated this phenomenon may be attributed by the difference in degree of orientation of 

amorphous phase between the LH-Z and HT-Z fibers (49). 

Table 3.5   Comparison of Laser Heating Zone Drawn/Annealed and High-Temperature Zone-

drawn Fibers in Birefringence and Crystallinity (49)    
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Figure 3.6   Scheme of Apparatus Used for Laser Heating Zone Drawing and Laser Heating Zone 

Annealing (49) 

Although, this technique is able to produce high-performance fibers, but cannot be 

widely used in industrial production processes like high speed spinning and spin-draw. 

Because the laser radiation cannot offer improvement of mechanic properties, so it needs 

another drawing step. As Sukuki’s paper pointed out laser drawing, zone drawing and zone 

annealing all of steps have to be done to increase mechanical properties of fibers (49). And 

the speed of CO2 laser drawing is limited in the range from 0.1-0.5 m/min, it is too low to 

provide improvement of tensile properties for fibers. But it may work in smaller scale fibers, 

such as nano-fiber and micro-fiber. 
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Chapter 4   A Review of HIB and Vertical Liquid Isothermal Bath (LIB) Processes 

 

4.1   Introduction of HIB and LIB  

 

4.1.1   Introduction of LIB  

In theoretical investigations the tensile strength of fibers has been calculated by 

utilizing kinetic and thermodynamic methods. Tensile properties of various commercial 

polymer fibers are significantly lower than that of the theoretical value of polymer fibers. 

According to Cuculo et.al. research, highly random and entangled structure of the precursor 

polymer melt and imperfections in the current fiber extrusion processes result in differences 

between theoretical value and real value in practice (54). Differences between theoretical 

tenacity value and real tenacity value has been investigated. Researchers found judiciously 

controlling and threadline dynamics give active effects.   

In 1989, Cuculo group developed a new method to improve high-speed melt spinning 

of synthetic polymer fibers called vertical liquid isothermal bath (VLIB or LIB) and it was 

used in threadline to introduce on-line “perturbations” to high-speed melt spinning line (55, 

56). One year later, LIB patented in USA, US 4,909,976. Figure 4.1 shows diagram of melt 

spinning process with LIB. LIB modified dynamic threadline, thus it is able to obtain 

uniform and desirable microstructures for subsequent drawing process to increase tensile 

properties. In case of PET fibers, the tenacity increased to 9.41 g/d, modulus improved to 

112.4 g/d and elongation at break decreased to 10.1% after LIB treatment according to 

Yoon’s paper (5) 
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Figure 4.1 Diagram of LIB Melt Spinning Process (57) 

In 1992, the cooling chamber and heating chamber in LIB were improved as 

Temperature Conditioning Zone (TCZ) and as Hydraulic Drag Bath (HDB) respectively. The 

air was substituted by liquid in heating system (58). 

 

4.1.2   Introduction of HIB 

However, LIB offers improvement of tensile properties for fibers in Lab, it is hard to 

produce commercially due to some issues of melt spinning process in practice. Such as, 

liquid is parallel to threadline direction that is vertical direction, liquid in vertical direction 

would splash and drip during processing fibers. In College, drawing and spinning have to be 
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separated due to limitation of facilities and drawing process. In this study, HIB is studied 

through analogizing LIB researches. 

In 2000s, Kotek group in NCSU developed horizontal isothermal bath (HIB) based on 

the work of Cuculo et.al. VLIB. The bath positions in horizontal direction which is vertical to 

threadline direction. This horizontal process offered low capital investment and industrial 

applications. Figure 4.2 shows diagram of melt spinning process with HIB. The bath is 

positioned between spinneret and take-up roller to quench molten filaments with eco-friendly 

liquid. In this process, all kind of liquids can be applied to meet specific demand (59). Liquid 

bath provides some delay for polymer crystallization by maintaining the mobility of polymer 

chains and high molecule orientation results from frictional drag. The main advantages of 

HIB process are following (7, 59-61): 

(1)  HIB method is relatively easy to maintain and more economical to install and run 

(2)  Eliminating the necessities of a very high molecular weight and draw ratio for 

production of technical yarn leads HIB method to be more practical.  

(3)  HIB method simplifies the operational steps and reduces the need for manpower. 

(4)  These fibers are typical examples of highly oriented, highly crystalline, chain-

extended, high-modulus, and tenacity filaments.  

(5)  The maximum level of molecular orientation has been closely reached when treats 

lower Mw fibers by HIB method. 
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Figure 4.2   Diagram of Melt Spinning Process with HIB (59) 

In 2009, Peng et. al. published tensile results of HIB treatment PET. Drawn HIB 

fibers had tenacity of 9.55 g/d in draw ratio of 1.40, modulus of 135.7 g/d and elongation at 

break of 9.8% (38). In 2013, Avci et.cl. published paper of PP fiber treated by HIB, drawn 

PP HIB fibers had tenacity of 11.11 g/d, modulus of 139.97 g/d and elongation at break of 

27.01% in draw ratio of 1.49 (59). In 2015, Mesbah et.al. published paper of BASF low Mw 

nylon 6 filaments  treated by HIB, drawn nylon 6 had tenacity of 10.02 g/d, modulus of 43.88 

g/d and elongation at break of 26.93% in draw ratio of 1.38 (7).  

 

 

4.2   Variables of HIB Process 

The relationship between independent and dependent variables of melt spinning of 

synthetic polymer with either HIB treatment or LIB treatment is described in Figure 4.3. 
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Properties of polymer fibers are affected by morphology of polymer fiber which is affected 

by fiber production process.  

 

Figure 4.3   The Relationship of Melt Spinning Process, Morphology and Properties (62) 

In melt spinning, dynamic of spinning is controlled by key process parameters such as 

time tension, speed, pressure and temperature. For HIB process and LIB process, six 

important spinning variables need to be discussed: draw ratio, take-up speed, HIB/LIB 

location (distance from spinneret to HIB/LIB), liquid temperature, liquid depth, and liquid 

type. (5, 7, 57-61, 63, 64) 

 

4.2.1   Effect of Draw Ratio on Structure and Properties  

In order to further develop molecules orientation in crystalline and amorphous 

regions, the nylon 6 fibers are elongated by drawing in different speed rolls or Instron 

machine (only for low draw ratio). The amorphous part would transfer to crystal part, and γ 

crystal form would transfer to α crystal form, data shows in Table 4.1. Nylon 6 fibers has 

amorphous regions and crystal regions which contains two primary types of crystal forms. 
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Molecules in extended flat zig-zag configuration and hydrogen bonds between anti-parallel 

chains is α crystal phase and hydrogen bonds between parallel molecules which force the 

chains twist slightly is γ crystal phase. γ form crystals are not stable, they can transfer to α 

form crystals after drawing, annealing and heat treatment (65). α and γ crystal forms are 

showed in Figure 4.4.  

The draw ratio is the ratio of two rolls’ speeds or ratio between final length after 

drawing and initial length of filaments. For roll drawing, drawing profiles are controlled by 

heated rolls with different surface roughness, draw pin, or draw point localizer etc. Increasing 

the draw speed (high elongation rate), increasing drawing orientation of the feeder yarn from 

spinning process and drawing at lower temperature result in decrement of fiber uniformity 

and quality. Thus, integrating drawing and spinning is best way to control the fiber 

morphologies, physical properties and end-uses. In generally, high draw ratio leads to high 

molecular chain orientation and therefore obtain high tensile properties. However, in order to 

obtain high tensile properties, filaments cannot break at such high draw ratio. So we have to 

find maximum draw ratio first and then draw fiber at little lower maximum draw ratio, 

therefore obtain relative high tensile strength. Table 4.1 describes relationship between draw 

ratio and tensile properties of nylon 6 filaments with HIB treatment. Below maximum draw 

ratio, higher draw ratio leads to higher tenacity and modulus but lower elongation at break.  
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Figure 4.4   Schematic of Hydrogen Bonding within the α and γ Crystalline Forms of Nylon 6 (65) 

 

Table 4.1   Crystalline and Amorphous Parameters for HIB and Drawn Nylon 6 Fibers (7) 

 

 

 

 

4.2.2   Effect of Take-up Speed on Structure and properties 

Take-up speed directly relate to tensile properties of filaments. Nylon 6 fibers are 

very sensitive to take-up speed. According to Shimizu’s and Guo’s studies (66, 67) in 1970s, 

below 3,000 m/min take-up speed, the density of nylon 6 fibers remained almost constant, 

but density of nylon 6 fibers increased steeply with take-up speed increasing higher than 

3,000 m/min. However, the birefringence of nylon 6 fibers drastically increased with take-up 

speed at speed below 3,000 m/min but increased much slower above 3,000 m/min. Figure 4.2 

shows relationships between take-up speed and tenacity, initial modulus, elongation at break, 

birefringence, volume of crystallinity, fraction of crystals and density respectively for nylon 
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6 fibers spun under normal conditions. Table 4.2 describes crystal sizes for nylon 6 fibers 

spun under normal conditions. Figure 4.6 shows relationships between take-up speed and 

crystal conditions for control and LIB nylon 6 fibers. By analyzing those figures and tables, 

we can see, with take-up speed increasing, tenacity increased below 5,000m/min and 

decreased when take-up speed continued increased; initial modulus increased; elongation at 

break decreased and percent of both α and γ crystal form increased. When take-up speed 

increased, the crystal size and crystallinity increased constantly for no LIB sample but crystal 

size and crystallinity increased below take-up speed below 3,000 m/min for LIB samples. 

Table 4.2   Crystal Sizes for Nylon 6 Fibers under Normal Condition (Without LIB) (66) 

Take-‐up	  Speed	  (m/min)	  
Crystal	  Sizes(Å)	  

α γ 
2000	   26.24	   29.76	  
3000	   29.89	   29.74	  
4000	   34.07	   39.02	  
5000	   29.76	   33.44	  
6000	   33.17	   35.49	  

 

 

 

 

 

 

 

 

Figure 4.5   Crystal Conditions vs. Take-up Speed for Nylon 6 Spun with and without LIB (guo76) 
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Figure 4.6   The Relationship between Take-up Speed and Mechanical Properties, Morphology, 

Orientation and Crystallinity (66) 
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4.2.3 Effect of HIB Position on Structures and Properties. 

Some researches had been published in late 2000s to study effects of distance for LIB 

treatment, high speed spinning was also applied (57, 66). Wu et. al.’s research set different 

four distance of 30, 50, 80,150 cm from spinneret face to top surface of liquid. Table 4.3 

shows spinning conditions, they have different LIB distances but have the same other 

conditions. Figure 4.7 indicates parallel polarization interference patterns of those four 

different LIB position samples. 

 

   

Figure 4.7   Parallel Polarization Interface Patterns of the Serious F LIB Fibers Under Different LIB 

Conditions (57) 
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From this Figure, it is obviously shown that fiber spun from 30 and 50 cm have a skin core-

structure variation, with birefringence at the fiber core being relatively lower. Especially, 30 

cm spun fiber has most distinct this structural difference. However, fiber spun at 100 cm and 

180 cm have a uniform radial structure, with all other process parameters being held 

constant. So position-dependent structures were observed, where a skin-core structure was 

present in 30 and 50 cm spun fibers, whereas 100 and 180 cm samples had uniform 

structures.  

Table 4.3   Spinning Conditions for Nylon 6 Fibers with Different LIB Distance (57) 

Sample	  
ID	  

Take-‐up	  
speed	  

Liquid	  
Temperature	   LIB	  Depth	   LIB	  

Distance	  
(m/min)	   (°C)	   (cm)	   (cm)	  

E1	   4000	   140	   17	   30	  
E2	   4000	   140	   17	   50	  
E3	   4000	   140	   17	   100	  
E4	   4000	   140	   17	   180	  

 

Figure 4.8 shows X-ray diffraction scans of the equatorial, meridional, and azimuthal 

profiles for those four samples. With bath position moving further to spinneret face, the 

equatorial diffraction scan became gradually less well resolved, indication a less highly 

developed crystalline structure. The individual equatorial diffraction peaks were only 

distinguishable in the bath positions of 30 cm and 50 cm and normal cooling spun fibers, 

indicating that samples spun in bath positions of 30 cm and 50 cm and however, 100 and 180 

cm spun fibers, the crystal growth process was relatively restricted. When the LIB bath move 

closer to spinneret face, the width at half-height of reflection peaks in the meridional profile 
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gradually became narrower. In the azimuthal profiles, distinct peak separation began occur as 

LIB bath move closer to the spinneret face, indicating higher degree of crystallite orientation. 

 

Figure 4.8   Equatorial Meridional and Azimuthal X-ray Diffraction Profiles of Samples in Table 4.3 

and Normal Cooling Spun Samples (57) 

 

4.2.4   Effect of Liquid Depth on Structures and Properties 

 A liquid depth positively relates to residence time and threadline stress. Wu et.al.’ 

paper gave liquid depth of 10, 15, 20, 25, 30 and 34 cm as described in Table 4.4. Figure 4.9 

and 4.10 indicated structures and mechanical property which are depends on liquid depth. 

We can conclude that the amorphous orientation, birefringence, tenacity, and modulus of 

spun fibers increased steadily as liquid depth increment. An increase in liquid depth 

increased amount of frictional drag and resulting threadline stress, thus obtaining higher 
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molecular orientation which leads to higher crystallinity. Although, the extremely high 

tension is believed to limit segmental motion of molecular chains and therefore retard 

crystallinity growth process. It offers important part of chains being maintained in an 

extended state, which provides superior mechanical properties.  

Table 4.4   Spinning Conditions for Nylon 6 Samples with Different LIB Depth (57) 

Sample	  
ID	  

Take-‐up	  speed	   Liquid	  
Temperature	   LIB	  Depth	   LIB	  

Distance	  
(m/min)	   (°C)	   (cm)	   (cm)	  

C1	   4000	   140	   10	   180	  
C2	   4000	   140	   15	   180	  
C3	   4000	   140	   20	   180	  
C4	   4000	   140	   25	   180	  
C5	   4000	   140	   30	   180	  
C6	   4000	   140	   34	   180	  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9    Effects of take-up Speed on Mechanical Properties of Samples in Table 4.4 (57) 
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Figure 4.10   Effects of LIB Depth on Birefringence, Density, and Orientation Factors of Samples in 

Table 4.4 (57) 

 

4.2.5   Effect of Liquid Temperature (Relevant to Liquid Medium Type) on Structures   

           and Properties 

           Liquid temperature in HIB/LIB process is a significant factor for final structures and 

mechanical properties of spun fibers. What liquid temperature can be used relates to medium 

types and polymer fiber types. For nylon 6, we are concerned to liquid medium types due to 

Tm of nylon 6 is around 220 °C and boiling points of liquid we usually used lower than 220 

°C. The liquid media used in most of HIB/LIB experiments were triethylene glycol (TEG), 
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1,2-propanediol and water. Wu et.al. controlled bath temperature from 80 to 180°C (57). 

Table 4.5 shows spinning condition with different liquid temperatures.  

Crystallinity and molecular orientation are largely controlled by the combined 

interaction of threadline stress, threadline temperature and time. However, LIB process 

separates the behavior of crystallization and molecular orientation from the combined effects 

of threadline stress and threadline temperature. That means crystallinity largely depends on 

the temperature change, whereas the orientation, in particular within amorphous regions, 

largely depends on threadline stress. In a certain temperature range below Tm, chain segment 

mobility and molecular deformability were active which leads to increment of crystallinity 

and orientation. For the same liquid bath medium, as the bath temperature increases 

viscosities of liquid bath medium decreases (see Figure 4.11). Moreover, when temperature 

in liquid decreases, the drag imposed by the liquid become smaller and then corresponding 

threadline stress decreases. Relaxation times of the constituent chains would be shorter when 

filament temperature increases. Combining effects of reduced threadline tension and shorter 

relaxation time lead to lower orientation in amorphous regions.  So there is always a critical 

liquid temperature to obtain maximum value in birefringence, tenacity and amorphous 

orientation of spun fibers. 
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Table 4.5   Spinning Conditions for Nylon 6 Fibers with Different Liquid Temperatures (57) 

Sample	  
ID	  

Take-‐up	  
speed	   Liquid	  Temperature	   LIB	  Depth	   LIB	  

Distance	  
(m/min)	   (°C)	   (cm)	   (cm)	  

B1	   4000	   86	   17	   180	  
B2	   4000	   112	   17	   180	  
B3	   4000	   141	   17	   180	  
B4	   4000	   163	   17	   180	  
B5	   4000	   180	   17	   180	  

 

Table 4.6   Structural Analysis and Mechanical Properties of LIB Spun Fibers with Different LIB 

Temperatures (57) 

 

  

Figure 4.11   Effect of Temperature on Viscosity of Liquid Medium (57) 
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4.3   Structures and Tensile Properties of HIB Fibers 

In order to increase mechanical properties of fibers, the molecular orientation and 

crystallinity need to be increased as much as possible. Crystallization of unoriented or low 

oriented fibers leads to low deformability of fibers, although partial oriented fibers which 

have very low degree of crystallinity can be further drawn and crystallized at suitable 

drawing conditions. 

The fibers treated by HIB obtain high crystallinity, small crystal sizes and larger 

number of crystals, high amorphous and crystal orientation, shorter distance between the 

crystals and shorter non-crystalline chains, a large number of tie-chains and high extension of 

chains (7, 61). Therefore, the fibers have high tensile properties after HIB treatment. As it 

can be seen in Tables 4.7 and e 4.8, the undrawn control sample has very low tenacity and 

crystallinity, 3.79 g/d and 15.5% respectively. After HIB treatment, crystallinity of undrawn 

HIB nylon 6 fibers increased to 25.90%, tenacity increased to 5.46 g/d and modulus 

increased to17.33 g/d. After drawing HIB fibers in DR of 1.38, crystallinity of drawn nylon 6 

fibers increased to 34.74 %, tenacity increased to 10.02 g/d and modulus improved to 43.88 

g/d. 

 

Table 4.7   Mechanical Properties of Various Nylon 6 Fibers (7) 
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Table 4.8   Crystalline and Amorphous Conditions for Various Nylon 6 Fibers (7) 
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4.4   Research Motivation and Objectives 

In order to achieve tensile properties closer to theoretical value, researchers focus on 

creating new spinning techniques and developing post drawing methods in recent half 

century. In spite of the fact that drawing techniques and spinning methods described previous 

chapters have been invented and developed, SD process and high speed spinning are the only 

methods which applied to industrial production of high performance filaments. High speed 

spinning with HIB and LIB treatment has just been used to produce high performance fiber 

in lab scale due to some limitations and issues. 

Our group did some research about nylon 6 filaments spun from BASF Low Mw 

nylon 6 chips. Paper published indicated the tenacity of nylon 6 fiber increased by 164.4% 

and crystallinity increased by 124.1% after HIB treatment and subsequent drawing. It shows 

HIB treatment and subsequent drawing indeed offers large improvements of tensile 

properties to nylon 6 fibers (7). 

In this study, we use nylons from Honeywell Company to spin nylon 6 filaments 

various conditions. Through this study, we need to answer three questions: (1) Can 

Honeywell nylon 6 multifilament yarns obtain high improvement of tensile properties as 

BASF nylon 6 multifilament yarns after HIB treatment and subsequent drawing? Why does 

this phenomenon happen? (2) Can low Mw Honeywell nylon 6 chips can produce high 

enough performance filaments which can be used in commercial applications? (3) How do 

significant factors (six variables) affect properties and structures of HIB fibers? All studies in 

this dissertation were focused on achieving these three objectives. 
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Firstly, use Alex James and Associates, Inc. to spin nylon 6 filaments and apply HIB 

treatment and subsequent drawing in different spinning conditions, including different liquid 

depths, different liquid medium, different liquid temperatures, different bath positions, take-up 

speed. Also different draw ratio and different molecule weight raw materials were used in this 

study. 

Secondly, the structure-property of control and HIB fibers were investigated by various 

characterization methods, including linear density measurement, tensile testing, differential 

scanning calorimetry (DSC), Wide-angle X-rays Diffraction (WAXRD), and birefringence. 

Thirdly, compare structures and properties of BASF nylon 6 fibers with that of 

Honeywell nylon 6 fibers and compare properties and structures of Honeywell fibers in different 

spinning and drawing conditions. Get answers of above three questions. 
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Chapter 5   Development and Characterization Methods of HIB Fibers 

 

5.1   Materials 

The nylon 6 polymer chips used in this study were supplied by Honeywell 

International Inc. and nylon 6 polymer chips from BASF SE were also used to spin nylon 6 

fibers as comparison. Those nylon 6 relative viscosities and molecular weight described in 

Table 5.1. 

Table 5.1   Theoretical Relative Viscosity and Molecular Weight of Polymer Chips 

	  	   	  	   Relative	  Viscosity	   Molecular	  
Weight/Mw	  (D)	  

Honeywell	  
Low	  molecular	  weight	   3.2	   24,000	  	  
High	  Molecular	  Weight	   4.0	   30,000	  	  

BASF	  	  
Low	  molecular	  weight	   2.4	   17,000	  	  
High	  Molecular	  Weight	   4.0	   30,000	  	  

 

The real relative viscosities were measured by Ubbelohde Viscometer with sulfuric acid and 

molecular weights were calculated. The results show in Table 5.2 

Table 5.2   The Actual Relative Viscosity Measured by Ubbelohde Viscometer and Molecular 

Weight of Polymer Chips 

 

 
	  	   	  	   Relative	  Viscosity	   Molecular	  

Weight/Mw	  (D)	  

Honeywell	  
Low	  molecular	  weight	   3.2	   24,000	  	  
High	  Molecular	  Weight	   3.8	   28,500	  	  

BASF	  	  
Low	  molecular	  weight	   2.4	   17,000	  	  
High	  Molecular	  Weight	   3.9	   29,200	  	  
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Figure 5.1   Image of Ubbelohde Viscometer  

 

5.2   Melt Spinning and Post Draw Process 

Nylon 6 polymer chips were vacuum dried at 105°C for 8 hours before spinning. Alex 

James machine with 8-hole spinneret in diameter of 0.3 mm was used for melt extrusion and 

spinning. A Fourne single screw extruder was equipped in this Alex James spinning machine 

shows in Figure 5.2. The extrusion temperature was set 265°C for both untreated control (no 

HIB) and HIB treated samples. Fibers were wound onto bobbins at around speed of 2,000 

m/min and 3,000 m/min. The threadline from spinneret was cooled at room temperature 

through 1.80-meter (low position) or 4.32-meter (high position) cooling path. HIB samples 

was obtained by directing threadline into liquid bath located between the spinneret and 

winder. The schematic diagram shows in Figure 5.3. Majority of HIB samples were 

processed by water in bath, triethylene glycol also used in bath. Both of two media do not 

have chemical reactions due to very short exposure time, around 0.0134s (7). Liquid depth 

was set in 10 cm as well as 20 cm and liquid temperature was set in 25, 75, 85 and 112 °C.   
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Figure 5.2   Schematic of Fourné (and Alex James) Extruder (68) 

 

Figure 5.3   Schematic of Horizontal Isothermal Bath (HIB) Method (7) 

 

After melt spinning, the as-spun control and HIB filaments were transferred to other 

place and were stretched at the speed of 50 mm/min by customized Instron tensile testing 

machine equipped with 60 cm long heating plate. The customized Instron machine is shown 

in Figure 5.4, The way of calculating draw ratio is described in below by Equation 5.1. 
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Where: Lx (cm) - elongation at break and L0 (cm) - original length of filament. Different 

samples have their own maximum draw ratio (DR) at optimal drawing temperatures. 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Draw	  Ratio = L0+Lx
L0                                                                   (5.1)                                                               

 

Figure 5.4   Image of Drawing Equipment 
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5.3   Characterization Methods 

 

5.3.1   Viscosity  

The Ubbelohde Viscometer shown in Figure 5.1 was used to measure relative viscosity of 

nylon 6 polymer chips. The concept of relative viscosity (ηrel) is the ratio between the time 

(tsol’n) it takes a volume of polymer solution to flow through a thin capillary and the time 

(tsolvent) for a solvent flow under 25°C and standard atmosphere, the equation shows below: 

                                                   ηrel  =	  
𝒕𝒔𝒐𝒍3𝒏
𝒕𝒔𝒐𝒍𝒗𝒆𝒏𝒕

                                        (Equation 5.2)                   

In this study, dissolving 5 g polymer chips in to 50 ml 98% sulfuric acid formed 1% 

concentration polymer solution. However, the real relative viscosity measured at 23° C in 

this study. An average of five individual measurements was reported for each sample. 

 

5.3.2   Linear Density 

       The linear densities of the nylon 6 filaments were measured with Vibromat ME tester, 

which is shown in Figure 5.5, based on ASTM 1577-07. The Vibromat ME tester was used to 

measure the fitness of specimen in dtex (denier) by determining the resonance frequency of 

the specimen for constant length and for a known pretensioning weight. The fitness (Tt/dtex) 

is calculated by Equations 5.3 through pretensioning weight (Fv/mg), resonance frequency 

(f/HZ), and gauge length (L/mm). An average of seven denier measurements was reported for 

each samples. 

                                                       Tt = 
78

9:;<;
                                 (Equation 5.3) 
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5.3.3   Tensile Testing 

       Tensile tests were conducted with MTS Q-test/5 universal testing machine according to 

ASTM D3822 - 05. The modulus, tenacity and elongation at break of single filament were 

obtained. A load cell of 5 lb., a gauge length of 25.4 mm, constant cross-head speed of 15 

mm/min and Test Works 4EM V4.11B software were utilized during all the tensile tests. An 

average of seven individual tensile measurements was reported for each samples. 

 

5.3.4   Birefringence Measurement  

    The refractive indices of nylon 6 filaments were measured with Nikon Polarizing 

Microscope with 10X and 40X objective lenses and 10X eyepiece. And a serious of mineral 

oil immersion liquids were used during measuring. An average of three individual 

measurements was reported for each sample. The birefringence (Δn) is defined as the 

difference between apparent parallel (n//) and perpendicular (n⊥) refractive index of the 

specimen as shown in Equation 5.4.  

                                                     Δn =  n// -  n⊥                                (Equation 5.3) 

 

5.3.5   Differential Scanning Calorimetry (DSC) 

       Thermal analysis of nylon 6 polymer chips was measured with Perkin-Elmer DSC. We 

obtained melting curve during heating cycle and crystallizing curve during cooling cycle. 

The weight of samples for DSC were around 5 mg, temperature scanned at the heating rate of 

20˚C/min and in the range of 25˚C - 240˚C and held 5 min at 240˚C. Melting Temperature 
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(Tm), glass transition temperature (Tg), crystallization temperature (Tc) enthalpy of transition 

(ΔH) and crystallinity (Xc %) were obtained from heating and cooling curves. 

 

5.3.6   Wide-Angle X-rays Diffraction (WAXRD) 

       Wide-angle x-ray scans of samples were collected on Rigaku SmartLab X-ray 

Diffractometer using CuKα radiation source, shown in Figure 5.5. 40 KV and 44 mA were 

used to generated wavelength λ = 1.542 Å. GADDS software integrates data points by Bragg 

angle (2θ) in the rage of 10-33˚ at step size of 0.05˚ to collect sequence of radical scans at a 

serious of equatorial azimuthal angles ø. 

 

Figure 5.5   Image of Rigaku SmartLab X-ray Diffractometer 

Fityk software was used to analyze plots of X-rays intensity versus Bragg angle (I - 

2θ) at equatorial angle (ø = 0). Set baseline and guess of parameters such as peak position 

and peak width corresponding to reflections of various crystalline planes and amorphous halo 



 

63 

were used for the curve fitting in Fityk software first. Then amorphous and crystalline phases 

were modelled by Gaussian shape function. Based on the least root-mean square by 

optimization function fminsearch in software, perfect matching between the calculated and 

experimental curves was obtained. Finally, the Fityk peak position, peak area and peak width 

are obtained accurately. 

The crystallinity (Xc) of samples was calculated from ratio of the area of the 

crystalline reflections to the total areas of the scattering curve after cutting baseline, shown in 

Equation 5.4.  

                                                 XC =  =(?)
= ? A=(B=)

                              (Equation 5.4)                                                

Where A(C), and A(OA) represent the area of crystalline, and amorphous respectively. 

However, crystallinity obtained from Fityk curve fitting was approximate, as the initial guess 

of each peak can affect final results and subtraction of linear baseline might partly eliminate 

crystalline and amorphous reflections. Moreover, separating crystalline and amorphous phase 

in X-rays are often subjective when multiple crystalline reflections. 

Scherrer equation was used to calculate crystal sizes (ACS), shown below Equation 

5.5.  

                                                            ACS =  CD
EFGHI

                                  (Equation 5.5) 

Where K is taken to be unity (K=0.9), λ is the X-ray radiation wavelength (λ = 1.542 µm), β 

is the full-width at half-maximum (FWHM) of crystalline peak in radians, θ (Bragg angle) is 

half value of the peak position. The Hermans equation was used to calculate crystalline 

orientation factor (fc), shown below Equation 5.6.  
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                                                              fc =  J(FGH
;KLM)
N

                              (Equation 5.6) 

where ϕ is angle between the crystallographic axis and the fiber axis (α1 crystal form in 

XRD plot). The amorphous orientation factor was calculated by Stein and Norris Equation 

5.7, where the crystalline orientation is subtracted from birefringence of the fiber.  

                                                               fa =  ∆PLQ:R∆PR
∘

(MLQ)∆PT∘
                              (Equation 5.7) 

Where χ is the fraction of crystallinity collected by X-ray plot, Δn is the birefringence 

obtained by a polarizing microscope and Δnc˚ and Δna˚ are intrinsic birefringence of the 

crystalline and amorphous regions and their value are 0.089 and 0.078 (69).  
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Chapter 6   Results and Discussion 

 

6.1   Characteristics of Control and HIB Nylon 6 Fibers 

In this study, two sample series were produced from BASF and Honeywell nylons. 

Four variables in the melt spinning processing ⎯ take-up speed, liquid depth, liquid 

temperature, bath positions ⎯ were independently changed. High Mw and low Mw polymer 

chips were used to produce these two sample series. Moreover, the different medium 

(triethylene glycol, TEG) and different draw ratios were applied to some of high molecule 

Honeywell samples to observe effects of draw ratios and type of medium on properties and 

structures of fibers. 

All the samples were identified by four letters and two numbers sequentially:                                         

First letter  ⎯ Type of polymer chips (A - Honeywell; B - BASF) 

Second letter ⎯ Molecular weight (H - high molecular weight; L - low molecular weight) 

Third letter ⎯ Method of processing (H - HIB; C- Control without HIB) 

Fourth letter ⎯ Status of nylon 6 fiber (U – Undrawn; D - Drawn) 

Fifth Number ⎯ Spinning conditions 

Last Number ⎯ HIB positions (0 – 180 cm, 1 – 452 cm ) 

Two examples as following: 
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Table 6.1 Spinning Conditions (Fifth Number Reference) 

Number	   Sample	   Take	  up	  speed	   Medium	   Liquid	  
depth	   Liquid	  Temp.	  

ID	   type	   	  (m/min)	   Type	  	   	  (cm)	   	  (°C	  )	  
1	   Control	   2000	   Water	   -‐	   -‐	  
2	   Control	   3000	   Water	   -‐	   -‐	  
3	   HIB	   2000	   Water	   10	   25	  
4	   HIB	   2500	   Water	   10	   25	  
5	   HIB	   2900	   Water	   10	   25	  
6	   HIB	   3000	   Water	   10	   25	  
7	   HIB	   2000	   Water	   10	   75	  
8	   HIB	   2000	   Water	   10	   85	  
9	   HIB	   2000	   Water	   20	   85	  
10	   HIB	   3000	   Water	   10	   85	  
11	   HIB	   3000	   Water	   20	   85	  
12	   HIB	   2000	   TEG	   20	   112	  
13	   HIB	   2500	   TEG	   20	   112	  
14	   HIB	   3000	   TEG	   20	   112	  

 

 

6.1.1   Tensile Properties of Control and HIB Nylon 6 Fibers 

In general, tensile properties are considered to be the most important feature of 

synthetic fibers. It has often been used to make inferences regarding structure of the load 

bearing of segments or regions within the filament (64). So the tensile properties are usually 

quantified to evaluate quality and effectiveness of new manufacturing processes. Table 6.2, 

Table 6.3, Table 6.4 and Table 6.5 show tensile testing results of control nylon 6 fibers, 

drawn control nylon 6 fibers, HIB nylon 6 fibers and drawn HIB nylon 6 fibers, respectively. 

Maximum draw ratios of samples were measured by customized Instron machine 

(shown in Figure 5.4). A single yarn of each samples was drawn at the speed of 50 mm/min 
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until yarn totally breaking, the elongations of first filament and last filament in 8-filament 

yarn breaking were recorded for each yarn, equation 5.1 was used to calculate those two 

draw ratios and then find reasonable draw ratio between those two values as real draw ratio 

for samples. An average of three individual measurements was recorded for each sample. 

Table 6.2   Tensile Properties of Control Nylon 6 Samples 

 

Table 6.3   Tensile Properties of Drawn Control Nylon 6 Samples 

   

Table 6.4   Tensile Properties of HIB Nylon 6 Samples 

 

Table 6.5   Tensile Properties of Drawn HIB Nylon 6 Samples 
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Figure 6.1   Charts of Tensile Properties for Samples 

 
               Figure 6.2   Charts of Tenacity Trends for Samples 
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Based on Figure 6.1, the horizontal isothermal bath (HIB) increased tenacity, initial 

modulus and decreased elongation at break. No matter high Mw or low Mw, Honeywell or 

BASF samples, HIB offered improvements of tensile properties. However, different types of 

samples have different behavior (shown in Figure 6.2). Tenacity and modulus of HIB low 

Mw BASF samples almost increased by 175% and 280% respectively, and the elongation 

almost decreased by 69%; tenacity and modulus of the HIB low Mw Honeywell samples are 

almost 105% and 315.6% higher, and the elongation at break is about 63.57% lower than 

normal control sample; the tenacity and the modulus of the HIB high Mw Honeywell samples 

are almost 79.4 and 370.4% higher, and the elongation is about 63.80% lower than normal 

control sample; the tenacity and the modulus of HIB high Mw BASF samples almost increase 

by 106.8% and by 234.1%, and the elongation almost decreases by 47.1%. This modification 

was obtained by yarn even through hot (T = 85 ˚C) liquid bath in 20 cm only for 

milliseconds. This indicated that the HIB provides dramatic impact on the developing 

threadline tension. 

Figure 6.1 and Figure 6.2 also indicated tensile properties of drawn filaments at 

different maximum draw ratios; for drawn HIB low Mw BASF filaments (DR = 1.26) 

tenacity and modulus are almost 49.8 and 161.9 % higher, and the elongation is about 66.9% 

lower than HIB filaments; for drawn HIB low Mw Honeywell filament (DR = 1.18) the 

tenacity and the modulus are almost 29.7 and 24.2% higher, and the elongation is about 

62.6% lower than HIB filaments; for drawn HIB low Mw Honeywell filament (DR = 1.20) 

the tenacity and the modulus around increase by 14.1% and by 22.2%, and the elongation 

around decreased by 51.6%; for drawn HIB high Mw BASF filament (DR = 1.28) tenacity 
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and the modulus around increased by 3.8% and 1.5%, and the elongation around decreased 

by 59.0%. Higher tensile properties were obtained by drawing under heating, due to improve 

orientation of molecule.  

The tensile properties were surprisingly improved by applying a very low DR. 

Because HIB treatment provides significant increment of drag force which leads filaments to 

obtain relative high molecular orientation, only low DR is needed in subsequent drawing 

process to increase molecular orientation. It also suggests that low Mw samples had higher 

improvements after HIB treatment and drawing process. Since low Mw filaments have higher 

chain segment mobility and molecular deformability than that of high Mw filaments, 

resulting in higher possibility of increasing tensile properties. 

Importantly, in the conventional melt spinning, high yarn tensile properties are 

obtained by using high Mw and high DR for industrial nylon 6 fibers production. Actually, 

high Mw polymer chips has higher viscosity which possibly lead to polymer degradation 

during extrusion process and multistage drawing with high DR needed for industrial 

production. Therefore, high cost is needed. In this study, the higher tenacity and modulus 

were obtained by HIB from BASF and Honeywell low Mw filaments. In the next chapter the 

results of crystallinity and birefringence also shows that a higher molecular orientation and 

crystallization were achieved by HIB treatment and drawing process. 
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6.1.2   Crystallinity of Control and HIB Nylon 6 Fibers 

The effects of HIB treatment and drawing process on mechanical properties of nylon 

6 fibers would be elaborately explain by learning its microstructure. Nylon 6 filament 

contains amorphous region which compromises isotropic and anisotropic domains and 

crystalline region which mainly compromises α form and γ form. Each amorphous domain 

and crystal form has their own mechanical and physical characteristics, and they are able to 

exist in fiber by different treatments such as drawing, heating, and annealing. The main two 

different crystal forms were explained in Chapter 4.2.1; γ  polymorphs are not stable, they 

can transfer to α form crystals after drawing, annealing and heat treatment. The Young’s 

modulus of α form is about 295 GPa which is more than two times of γ form’s Young’s 

modulus (135 GPa) (29). This suggests that α crystal form can contribute to the higher 

tensile properties for the nylon 6 fibers. Moreover, different amorphous regions have 

different interchain structures and are different in packing density. Thus crystal forms, 

amorphous forms, crystal size, crystallinity and species have significantly effects on tensile 

properties of nylon 6 filament.(70). 

WAXRD was used to measure crystal and amorphous structures of the Honeywell 

(Figure 6.3) and BASF (Figure 6.4) nylon 6 fibers. Figure 6.3 and 6.4 indicates that the 

control samples have different shapes of plots from HIB treated samples. Undrawn control 

samples have peak α1, peak α2, peak γ1, and peak γ2 crystal forms and drawn control samples 

have increments of peak α1, peak α2 crystal regions but decrements of peak γ1, peak γ2 crystal 

regions leading to higher tensile properties, HIB samples only have peak α1, peak α2 crystal 
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regions and drawn HIB samples more peak α1, peak α2 crystal regions and less amorphous 

regions. α intensities increased after HIB treatment and drawing process, indicating 

increment of crystallinity in samples. The γ form transforms into α form after HIB treatment 

and α form increases after stretching, both of which result in higher mechanical properties.   

The crystallinity, apparent crystal size (ACS) and portions of crystals (R(α) & R(γ)) 

results are displayed in Table 6.6. The control sample after drawing increased the 

crystallinity from 28.0 to 28.9% by 3.2%, and decreased R(α) from 29.2 to 27.0% by 2.7%. 

The control sample after HIB treatment increased the crystallinity from 28.0% to 34.7% by 

24.1% and γ form completely transformed into α (increased by 242.7%). The HIB sample 

after stretching increased the crystallinity from 34.2 to 38.4% by 12.3%. The HIB offered 

high fraction drag to molecular orientation and isothermal conditions for crystal formation. 

Liquid bath temperature of 85˚C is higher than Tg of nylon 6 so chains are mobile enough in 

amorphous phase to form more orientation and crystallization. 

          

Figure 6.3   Equatorial Scans of Undrawn and Undrawn Control and HIB Nylon 6 Fibers for 

Honeywell Samples 
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Figure 6.4   Equatorial Scans of Undrawn and Undrawn Control and HIB Nylon 6 Fibers for BASF 

Samples 

 

Table   6.6   Crystallinity and Amorphous Parameters for Honeywell Nylon 6 Multifilament Yarns 

  

The drawing effects also described in Table 6.6; the effects of drawing on control and 

HIB samples are not the same. As mentioned in the previous paragraph, HIB sample after 

drawing increased by 24.1% but only increasing by 2.7% for control sample after drawing. 

According to the former papers (7, 69), drawing fiber at a temperature that is higher than Tg 

provides chain mobility in amorphous region resulting in more oriented polymer chains in 

the isotropic phase even under a very low DR. However, secondary crystallization during 

drawing is due to crystallization of unoriented amorphous phase, and crystallization during 

annealing is due to crystallization of oriented amorphous phase. 
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Apparent crystal sizes also shown in Table 6.6. For control sample, the crystal sizes 

in all the directions decreased after drawing; for HIB samples, crystal sizes in α directions 

also decreased. Furthermore, crystal sizes of HIB sample are smaller than that of control 

samples. Decreasing crystal sizes with an increasing crystallinity achieved in this study is 

also reported in the former papers (7, 71). This phenomenon can be explained by two 

mechanisms: firstly, the high fraction drag provides higher filament extension of molecular 

chain and forms very taut chains in the amorphous phase which reduced chain mobility and 

crystal growth; Secondly, high liquid temperature (T = 85˚C) and the strong hydrogen 

bonding between the polyamide chains improve crystallinity. 
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Figure 6.5   Deconvolution of Equatorial I-2θ Plot into Crystalline and Amorphous 

Components for Various Nylon 6 Filaments 
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6.1.3   Molecular Chain Orientation of Control and HIB Nylon 6 Fibers 

The benefits of HIB method over conventional melt spinning technique can be 

understood by learning molecular chain orientation and crystal formation. As we all know, 

conventional melt spinning and drawing always have low molecular chain orientation due to 

the low mobility of the polymer chains in the sold state that affect crystal formation. The 

high speed spinning has rapid crystallization resulting in decreasing chain mobility and 

preventing further molecular orientation. The HIB method can overcome those shortcomings 

by uniformly increasing the overall orientation of the nylon 6 fiber under liquid drag in bath 

and then applying low DR to obtain maximum crystallinity through transformation of 

oriented amorphous region. (69) 

The birefringence and azimuthal scans were used to investigate molecular orientation 

of samples. The birefringence (Δn), crystalline (fc), and amorphous (fa) orientation factors are 

shown in Table 6.6. The high fc value means polyamides chain in crystal are well-oriented 

along the fiber axis. From Table 6.6, we can see the HIB treatment decreased the fc from 

0.99963 to 0.99911 while transforming thoroughly γ form to α form and drawing also impact 

on fc for both control and HIB samples. The other orientation factor fa for various samples 

was calculated by Equation 5.7. Table shows, fa dramatically increased from 0.18 to 0.42 by 

133.3% and the birefringence increased from 0.035 to 0.052 by 48% after HIB treatment. 

The drawing also has little effect on birefringence and fa, but fa and Δn of undrawn control 

and drawn control yarns are higher than those of undrawn HIB and drawn HIB fibers.  

HIB treatment provides high frication drag and high temperature of liquid bath which 

increase mobility of polymer chains to be extended along the fiber axis. This results in such 
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magnificent improvement of molecular chain orientation even merging yarn into liquid for 

some milliseconds. Moreover, Δn increased from 0.052 to 0.057 and fa increased from 0.420 

to 0.475 for HIB samples after further drawing. According to Mesbah’s paper (7), such high 

orientation factors for crystalline and amorphous region, with high crystallinity, high 

amorphous isotropy and unique fibrillar precursor lead to magnificently high tensile 

performance for drawn HIB filament. 
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6.2   Effects of Variables in HIB Treatment and Drawing Process on Structure and 

        Properties of HIB Nylon 6 Fibers 

 

6.2.1   Effect of Draw Ratio on Structure and Properties 

Drawing can modify mechanical properties by increasing molecular orientation. In 

this study, the maximum draw ratio at optimal temperature was used for each samples so that 

the maximum tenacity, modulus can be obtained. But I also investigated effect of draw ratios 

on tensile properties of HIB and control samples. Table 6.7 describes tensile properties of 

undrawn and drawn control samples at different draw ratios and Table 6.8 describes tensile 

properties of undrawn and drawn HIB samples at different draw ratios. 

Table 6.7   Tensile Results of Control Samples at Different Draw Ratios 

 

 Table 6.8   Tensile Results of HIB Samples at Different Draw Ratios 

 

The sample were collected at take-up speed of 2,000 m/min, with HIB fixed at 

position 1 (452cm), and liquid depth and temperature held constant at 20 cm and 85˚C, 

respectively. Figure 6.6 indicates comparison of tenacities of samples in table 6.7 and 6.8. 

For control and HIB samples, drawing modified the tenacity of the BASF and Honeywell 
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high Mw samples more than those of low Mw samples. In general, the higher DR was applied 

to HIB samples resulting in higher improvement of tenacities than that of control samples. 

Such as the DR of HIB sample increased by 4.2% and tenacity increased by 9.0%, however, 

the DR of control sample increased by 5.6% and tenacity increased by 0.84%. HIB sample 

was dragged by high fractional stress during spinning resulting higher molecular chain 

orientation than original control samples. Moreover, further drawing at high temperature (T = 

145˚C) increased more chain mobility in amorphous region of HIB samples leading to form 

more oriented in isotropic amorphous region than that of control samples. 

 
Figure 6.6   Effect of Draw Ratios for Control and HIB Samples 

 

6.2.2   Effect of Take-up Speed on Structure and Properties 

Table 6.9 shows the take-up speed dependence of tenacity, modulus and elongation. 

Figure 6.6 shows effects of take-up speed on tenacity. Those samples were collected at take-

up speed ranging from 2,500 to 3,000 m/min, with the HIB fixed at position 1 (452cm), and 

the liquid depth and temperature held constant at 10 cm and 85˚C. The tenacity and modulus 
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constantly increased when the take-up speed increased from 2,500 m/min to 3,000 m/min. 

Tenacity increased by 20.7% when take-up speed increase from 2,500 to 2,900 m/min, but 

when take-up speed increase by only 100 m/min, fiber tenacity increased by 32.1%. So 

below a critical take-up speed where crystallization rate and crystallization reaches 

maximum, the tenacity and modulus increase with take-up speed increasing. 

Table 6.9   Tensile Results of HIB Samples at Different Take-up Speeds 

    
 

 

Figure 6.7 Effects of Take-up Speed on Tenacity 

Table 6.10 shows the take-up speed dependencies of birefringence and tenacity of 

HIB and control samples. Those samples were collected at take-up speed of 2,000 m/min and 

3,000 m/min, with HIB fixed at position 1 (452cm) and the liquid depth and temperature held 

constant at 20 cm and 85˚C. Figure 6.8 and Figure 6.9 describe effects of take-up speed on 

birefringence and Tenacity, respectively. Figure 6.10 is WAXRD plots of samples in Table 

6.10.  
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Table 6.10   Tensile Results of Control and HIB Samples at Different Take-up Speeds 

    

 
Figure 6.8   Effects of Take-up Speed on Birefringence 

  
Figure 6.9   Effects of Take-up Speed on Tenacity 

 

 
        Figure 6.10   Equatorial Scans of Control and HIB samples 
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Table 6.11   Structural Analysis of HIB and Control Spun Fibers with Different 

Temperatures 

 

Similar to the control samples, the birefringence and tenacity of HIB samples 

monotonically increased with increasing take-up speed. It is obvious that the birefringence 

and tenacity in the HIB samples are much higher than those of control samples at each take-

up speed. Such as at 3,000 m/min take-up speed, the birefringence of HIB fiber is 

approximately 1.3 times as high as that of control sample, and the tenacity of HIB fiber is 

around 1.8 times higher than that of control sample, even though the HIB depth is only 20 cm 

and the residence time of the fiber passing through the liquid only for milliseconds. This 

indicates that the HIB bath magnificently impacts on the developing of threadline tension.  

Figure 6.10 shows WAXRD scans of control and HIB samples. The obvious 

difference was observed among the HIB and control samples. In Table 6.11, with an 

increasing take-up speed, the crystallinity and crystalline/amorphous orientation factors 

increased, and crystal sizes decreases. So the HIB treatment offers aid in the extension of 

molecular chains, and promotes the crystallization process.  

In this study, the threadline stress is primary determined by the liquid drag applied on 

the filament during passing through bath, and frication drag in air is much less than in liquid, 

the air drag contribution can be negligible. According to Wu’s paper (57), the frictional drag 

applied on a filament during passing though bath can be evaluated by following equation: 
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                                   F = 2𝜋𝜂 XY
XZ

[
\ |r=RR(D) dD                                                (6.1) 

Where F is frictional drag, η, viscosity of the liquid;	   XY
XZ

 |r=R, the viscosity at the 

filament surface; R(D), the radius profile function of filament in the HIB; and D, the liquid 

depth. XY
XZ

 |r=R is greater with increasing relative speed at the interface between the filament 

and fluid medium. The birefringence increases with increasing take-up speed due to frictional 

drag increasing. So increasing take-up speed leads to increasing threadline tension and might 

increase the crystallization rate through a higher level of orientation, but crystallization time 

decreases. When crystallization rate and crystallization time reach maximum value at critical 

take-up speed, further improvement of take-up speed will reduce the time available for 

crystallization to occur. So extremely high threadline tension (take-up speed), and/or larger 

depth of liquid bath apply to a filament, molecular chain might tautly strain and render less 

mobile resulting to restricting growth of crystals. 

 

6.2.3   Effect of HIB Position on Structure and Properties 

In order to study the effect of the HIB position on mechanical and structural 

properties of Honeywell and BASF samples, the HIB was positioned horizontally along the 

spinline over a relatively wide range of positions or distances from the spinneret. In this 

study, the air gap is distance between spinneret and liquid surface which was set at 180 cm 

and 452 cm, whereas the other variables were held constant (take-up speed = 3,000 m/min, 

liquid temperature = 85˚C, and liquid depth = 20 cm). Table 6.12 and Figure 6.11 describe 

tensile properties of HIB Honeywell and BASF samples with different HIB positions. 
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Figure 6.12 and Table 6.13 shows the structural analysis of HIB sample in Table 6.12. 

Table 6.12   Tensile Results of BASF & Honeywell Samples with Different HIB Positions 

 

Figure 6.11   Tensile properties and Birefringence of Honeywell & BASF Samples with Different 

HIB Positions 

 
Table 6.13   Structural Analysis of Honeywell & BASF Samples with different HIB Positions 

 
Figure 6.12   Equatorial Scans of Honeywell & BASF Samples with Different HIB Positions 
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Table 6.14   DSC Results of Honeywell & BASF Polymer Chip 

 
For Honeywell HIB samples, the tenacity, modulus, birefringence and crystallinity of 

Honeywell HIB samples at position 1 (432 cm) were higher than samples at positon 0 (180 

cm). Moreover, for BASF HIB samples, the tenacity, modulus, birefringence and crystallinity 

at position 1 are also higher than samples at position 0. And the both of two position 

samples’ elongations decreased with shorter HIB distance. Table 6.14 indicates the DSC 

results of Honeywell and BASF polymer chips, it is quite clear that latent heat of crystalline 

(∆Hc) and Tc are similar between Honeywell and BASF polymer chips. However, the Tc of 

Honeywell polymer chip is higher than that of BASF polymer chip, it suggests that 

Honeywell resin would earlier crystallize than BASF resin. 

Actually, the state of extrusion before entering the HIB magnificently influences the 

resulting fiber properties. The threadline had more nearly solidified before going through 

bath, the resulting mechanical properties are higher due to radial uniformity of fiber.  Such 

as, the fibers after extrusion from spinneret and before entering bath is considered to be 

molten or semi-molten which have relatively large diameter, low viscosity and low speed, 
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thereby the initial imposed friction drag and resulting threadline tension are also low. 

Therefore, the higher molecular mobility and sufficient time to promote the crystallization 

growth process and obtain high-performance fibers. So this could explain why mechanical 

properties of Honeywell and BASF samples increased with elongating air gap. 

 

6.2.4 Effect of Liquid Temperature (Relevant to Medium Type) on Structure and 

Properties 

Table 6.15 and Figure 6.14 shows tensile results of HIB samples with different bath 

temperatures, whereas the other variables held constant (take-up speed = 3,000 m/min, HIB 

fixed at position 1, and liquid depth = 20 cm). The water cannot be heated more than 100˚C 

during HIB processing due to the boiling point of water is 100˚C. The triethylene glycol 

(TEG) was selected to treat a filament in bath which can provides temperature of 112˚C. 

Table 6.16 and Figure 6.13 indicates structure analysis of samples in Table 6.15. 

Table 6.15   Tensile Results of HIB Samples with Different Bath Temperatures    

 

Table 6.16   Structural Analysis of HIB Samples with Different Bath Temperatures 
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Figure 6.13   Equatorial Scans of HIB Samples with Different Bath Temperatures 

 
Figure 6.14   Effects of Bath Temperature on Tensile Properties 
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The crystalline/amorphous orientation factors and crystallinity increased with 

increasing bath temperature as Figure 6.13 and Table 6.16 described. Moreover, the tenacity 

and modulus also increased when improving bath temperature shown in Figure 6.14 and 

Table 6.15. It is very clear that crystallization and molecular orientation are mainly 

controlled by the combined interaction of threadline temperature, threadline tension and time. 

But in this study, HIB treatment separates the behavior of crystallization and molecular 

orientation from the combined effects of threadline temperature and threadline tension. (57) 

So, bath temperature has largely effects on crystallization, whereas, threadline stress control 

crystallization in amorphous region. In specific temperature below than Tm, increased bath 

temperature can active chain segment mobility and molecular deformability which results in 

growth of crystal and orientation. 

 

6.2.5   Effects of Liquid Depth on Structure and Properties 

Table 6.17 and Figure 6.15 shows tensile results of HIB samples with different liquid 

depth, whereas the other variables were held constant (take-up speed = 2,000 m/min, HIB 

fixed at position 1, and liquid temperature = 85˚C). The birefringence, tenacity, and modulus 

of the spun fibers increased steadily with increasing liquid depth. Actually, an increase in 

liquid depth increases the amount of frictional drag and resulting threadline stress, thereby 

leading to the greater level of tensile properties and orientation. The higher orientation would 

presumably increase the rate of crystallization, however, the extremely high tension applied 

would limit segmental motion of molecular chains and therefore retard growth process of 



 

89 

crystallization. In fact, this extremely high threadline stress would keep important proportion 

of chains maintained in an extended state, which leads to the superior mechanical properties. 

 
Table 6.17   Tensile Results of HIB Samples with Different Liquid Depths 

 

 

 
Figure 6.15   Effects of Liquid Depth on Tensile Properties and Birefringence 

 

 

 

 

 



 

90 

Chapter 7   Conclusions 

 

7.1   Effects of HIB Treatment and Drawing Process on Structure and Properties of         

         Nylon 6 Fibers 

In Chapter 4.2, three questions had been proposed and three objectives had been 

listed. Those questions and objectives has driven the experimental design and strategies for 

undertaking this study. Therefore, significant results were produced and discussed in Chapter 

6. The answers and conclusions will be shown in this Chapter. 

Horizontal isothermal bath (HIB) increases fiber tenacity, initial modulus and 

decreases elongation at break due to dramatical improvement of threadline drag in bath for 

all the samples in this study (low Mw & high Mw Honeywell samples and BASF samples). 

However, different kind of samples have various growth range of tenacity after HIB 

treatment: low Mw BASF samples > low Mw Honeywell samples > high Mw BASF samples > 

high Mw Honeywell samples. After drawing under heating, tenacity and modulus further 

increases and elongation at break further decreases due to high (>Tg) temperature provides 

chain mobility in amorphous region which leads to polymer are more oriented in the isotropic 

phase. Those four different types of samples also have different growth of tenacity after 

further drawing: low Mw BASF samples > low Mw Honeywell samples > high Mw Honeywell 

samples> high Mw BASF samples. So low Mw BASF and low Mw Honeywell samples have 

larger improvements of tensile properties after HIB and drawing process whose resultant 

tenacities are high enough to be used in commercial applications than that of BASF and 

Honeywell high Mw samples; however, the resultant tenacity of low Mw BASF samples is 
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higher than that of low Mw Honeywell samples. It is surprised that high improvement of 

tensile properties is achieved by such low DR and passing yarn through hot (T = 85˚C) water 

bath (20 cm depth) by only milliseconds.  So compared to the conventional melt spinning 

technique, the HIB method is eco-friendlier, with a lower cost and a lower polymer 

degradation.  

For all four different types of nylon 6 samples, all the crystal γ form in sample 

transformed into crystal α form after HIB treatment and crystal region further increased 

(amorphous region  further decreases) after drawing process. The sequence of crystallinity 

increment is the same to that of tensile properties increment due to crystal structure directly 

relate to mechanical properties. However, apparent crystal sizes decreases when crystallinity 

and tensile properties increases, due to (1) the high fraction drag provides higher filament 

extension of molecular chain and forms very taut chains in the amorphous phase which 

reduced chain mobility and crystal growth; and (2) high liquid temperature (T = 85˚C) and 

the strong hydrogen bonding between the polyamide chains improve crystallinity. 

The birefringence is directly related to mechanical properties, so the growth trend is 

the same as tenacity.  

In fact, tenacities of all samples are almost similar, the tenacity of low Mw BASF 

sample got largest value after HIB treatment, but high Mw Honeywell sample had higher 

tenacity than that of low Mw Honeywell samples after HIB treatment. The further drawing 

was applied, low Mw Honeywell sample had higher tenacity than that of high Mw Honeywell 

sample.  
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7.2   Effects of HIB variables in the threadline on the structure and properties of  

        Nylon 6 Fibers 

Below maximum DR, the higher DR provides a higher molecular chain orientation 

resulting in higher mechanical properties. High (>Tg) temperature during drawing provides 

chain mobility in amorphous region which leads polymer to be more oriented in the isotropic 

amorphous phase. Change of draw ratio has less effects on control samples than on HIB 

samples, because HIB sample was exposed to the high fractional stress during spinning 

resulting in higher molecular chain orientation than original control samples. Moreover, 

further drawing at high temperature (T = 145˚C) increased more chain mobility in 

amorphous region of HIB samples than that of control samples. Thus molecular chains of 

HIB sample are more oriented in isotropic amorphous regions than that of the control sample. 

The crystallinity, birefringence, and tensile properties increased with an increasing 

take-up speed. Since increasing take-up speed leads to increasing threadline tension and 

might increase the crystallization rate through a higher level of orientation; however, 

crystallization time will decrease. When crystallization rate and crystallization time reach 

maximum value at critical take-up speed, further improvement of take-up speed will reduce 

the time available for crystallization to occur. So extremely high threadline tension (take-up 

speed), and/or larger depth of liquid bath applied to a filament may result in molecular chains 

tautly strained and render less mobile resulting to restricting growth of crystals. 

Honeywell HIB samples increased their mechanical properties with HIB distance 

increasing and also BASF HIB samples increased mechanical properties during lengthening 

HIB distance. This relates to the filament state before entering HIB and significantly 
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influences the resulting fiber properties. The threadline that had the semi-solid appearance 

before going through bath had better mechanical properties due to the radial uniformity of 

fiber. Therefore, the higher molecular mobility and sufficient time is important to promote 

the crystallization growth process and obtain high-performance fibers.  

Increment of liquid temperature offered improvements of crystalline/amorphous 

orientation factors, crystallinity and tensile properties. In order to obtain high liquid 

temperature, the high boiling point liquids instead of water need to be used. Because yarn 

pass through bath only for milliseconds, the resident time is too short time to interact with a 

filament. Crystallization and molecular orientation are mainly controlled by the combined 

interaction of threadline temperature, threadline tension and time. However, in this study, 

HIB treatment separates the behavior of crystallization and molecular orientation from the 

combined effects of threadline temperature and threadline tension. So, bath temperature has 

large effects on crystallization, whereas, threadline stress control crystallization in 

amorphous region. At a specific temperature below than Tm, increased bath temperature can 

affect chain segment mobility and molecular deformability which results in growth of 

crystals and orientation. 

The mechanical properties of the spun fibers increased steadily with an increasing 

liquid depth. Because an increase in liquid depth increases the amount of frictional drag and 

resulting threadline stress, thereby leading to greater level of tensile properties and 

orientation. The higher orientation would presumably increase the rate of crystallization, 

however, the extremely high tension applied would limit segmental motion of molecular 

chains and therefore retard growth process of crystallization. In fact, this extremely high 
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threadline stress would keep important proportion of chains maintained in an extended state, 

which leads to the superior mechanical properties. 
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APPENDICES 

Deconvolution of Equatorial I-2θ Plot Crystalline and Amorphous 

Components for Various Nylon 6 Yarns: 
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Deconvolution of Equatorial I-2θ Plot Crystalline and Amorphous 

Components for Polymer Chips: 
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Deconvolution of Equatorial I-2θ Plot Crystalline and Amorphous 

Components for Free Fall Samples: 
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DSC curves of various nylon 6 yarns: 

 

 

 

 

 

 

 

 

 

 

 

Structure Analysis of Above Nylon 6 Samples, Free Fall Samples, and Polymer Chips 
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DSC Curves of Several Nylon 6 Filaments, Free Fall Samples, and Polymer 

Chips 
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DSC results analysis:  
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AH-polymer chips 

BH-polymer chips 


