
ABSTRACT 

 
FEDOROVA, NATALIYA. Investigation of the utility of islands-in-the-sea bicomponent 
fiber technology in the spunbond process. (Under the direction of Dr. Behnam Pourdeyhimi.) 

This study addresses how one may use a bicomponent islands-in-the-sea (I/S) fiber 

technology to produce strong micro- and nanofiber webs and to overcome the shortcomings 

of the thermal bonding process in obtaining of high strength spunbond fabrics.  For this 

purpose a number of polymers were analyzed and polymer combinations suitable for the 

production of strong I/S fibers were proposed. Moreover, the relationships between the 

number of islands, polymer composition, and the fiber and fabrics properties were reported.    

To produce ultra small filaments, nylon-6 (N6) and poly (lactic) acid (PLA) were 

used as the islands and sea polymers, respectively. Micro- and nanofibers were obtained by 

dissolving PLA polymer from the final spunbond nonwovens. The smallest filament 

diameter, measuring 360 nm, was obtained after the removal of 75 % of PLA from the 

bicomponent fibers containing 360 islands. Hydroentangling was found to be a viable 

method of bonding of the I/S structures. Hydroentanged micro- and nanofiber based 

nonwovens demonstrated high tensile and tear strength, which were insensitive to the N6 

fiber size and its mechanical properties. Such insensitivity suggested that bonding efficiency 

and web uniformity were dominant factors influencing the fabric performance.  

For the strength optimization of thermally bonded nonwovens, N6/PE I/S fibers were 

used. In these fibers, the N6 islands had higher strength, modulus, and molecular orientation 

and lower strain at break than the PE sea; while the sea component had the lower melting 

temperature than the island.  Thus, thermal bonding caused complete melting of the sea, 

leaving the islands intact along their entire length.  During mechanical testing, weak PE acted 



as a matrix that held the structure together and transferred the stress to stronger islands via 

strong interface between the polymers. This resulted in the superior performance of the 

calendered N6/PE I/S fabric over that of the calendered homocomponent N6 web, in which 

fibers in the bond spots and their vicinities were damaged during bonding.  
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1 INTRODUCTION  

 

Fabrics composed of micro- or nanofibers offer small pore size and large surface area, 

and they are expected to bring value to applications where properties, such as sound and 

temperature insulation, fluid holding capacity, softness, durability, luster, barrier property 

enhancement, and filtration performance are needed.  In particular, products intended for 

liquid and aerosol filtration, composite materials for protective gear and clothing, and high 

performance wipes could benefit greatly from the introduction of such small fibers [1- 8].  

Important applications of nanofibers are in nano catalysis, tissue scaffolds and optical and 

microelectronics engineering [2, 3]. Currently nanofibers are widely used in ultrasuede and 

other synthetic leather products as well as in commercial air filtration applications [4, 5-8].  

Thus, in today’s environment, it is not surprising at all to witness an explosion of renewed 

interest in nanofibers and nano materials.   

In the fiber industry, there is no commonly accepted definition of nanofibers. Some 

authors refer to them as materials with a diameter ranging from 0.1 to 0.5 µm (micron) [2], 

while others consider filaments smaller than 1 µm as nanofibers [4, 9], and some hold the 

opinion that nanofibers are materials with diameters below 0.1 µm [10]. Here, we will define 

nanofibers as fibers whose diameters measure 0.5 µm or less. Filaments with diameters 

ranging from 0.5 to 5 µm will be considered as microfibers.  

Manufacturing techniques associated with the production of polymeric micro- and 

nanofibers are electrospinning, meltblowing, and the use of ‘splittable’ segmented pie and/or 

‘soluble’ islands-in-the-sea (I/S) bicomponent fibers, in which numerous small filaments of 

one polymer – islands – are placed in a matrix of another polymer – sea. In electrospinning, 
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fibers are drawn from a polymer solution or melt by electrostatic forces [11].  This process is 

able to produce filaments with diameters in the range from 40 to 2000 nm (nanometers) [12]. 

In meltblowing, melted polymers are extruded from dies, attenuated by heated, high velocity 

air streams and spun into fibers having diameters in between 0.5 and 10 µm [6, 13-15]. Even 

though sub-micron filaments can be obtained via this technique, most commercially available 

meltblown media are generally about 2 microns and above.  

‘Splittable’ and/or ‘soluble’ fiber technologies allow production of fibers with 

diameter from 0.1 to 5 µm [7, 16]. This is typically accomplished through two steps: 1) 

spinning of the segmented pie or I/S bicomponent fibers via spunbonding, which involves 

extruding of polymer melts through dies, cooling, and attenuating of fibers by high velocity 

air streams, 2) releasing of small filaments by applying mechanical action, such as 

hydroentangling, carding, twisting, drawing, etc. to the bicomponent fibers, or by dissolving 

one of the components. 

In general, meltblowing and electrospinning produce nonwoven mats rather than 

single fibers and these mats consist of fibers characterized by low strength [6, 17-19]. 

Moreover, existing meltblowing processes are not able to produce nanofiber webs easily, and 

they can process only a limited number of polymers [20]. Electrospinning, on the other hand, 

is able to make nanofiber mats with substantially smaller fibers than meltblown or 

spunbonded webs; however this process has very low productivity [2, 12, 17].  

The author believes that the segmented pie and I/S fibers offer commercially viable 

alternatives to electrospinning or meltblowing processes for the production of relatively 

strong micro- and nanofibers. Overall, the I/S approach can produce significantly smaller 

fibers than the segmented pie approach, however the sea in the I/S fibers has to be removed, 
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and this often creates an environmental issue.  Also, since virtually all spunbonds are 

thermally bonded, subsequent removal of the sea component from thermally bonded I/S 

substrates could result in the loss of the web structure as a result of disintegration of the bond 

spots. Thus, the I/S spunbond webs require an alternative means of bonding of the structure 

in place of thermal bonding. Therefore, there are no commercial products available today 

based on the spunbond I/S technology.  Nonetheless, I/S spunbond nonwovens offer 

significant promise for the production of large volumes of ultra fine fiber webs.   

The use of the I/S bicomponent fibers could be beneficial for strength optimization of 

thermally bonded nonwovens for applications, such as tents, shelters, etc. It has been shown 

that calendered spunbond nonwovens are typically not very strong and that bonding 

temperature at a constant line speed or line speed at a constant bonding temperature have a 

profound effect on the mechanical properties of these fabrics.  Typically, there is an optimal 

bonding temperature or bonding time for which the best fabric performance could be 

achieved [21-28]. Nevertheless, nonwovens bonded even at such optimal bonding conditions 

demonstrate premature failure, which occurs by fiber breakage at the bond periphery, leaving 

the bonds intact [21-24, 26, 28]. This failure mechanism is due to deterioration of the fiber 

strength in the vicinity of the bond spots, as a result of partial loss of the fiber molecular 

orientation (birefringence) caused by heat diffusion in the thermal bonding process [23-25, 

28]. It has been hypothesized that if the bridging fibers of well-bonded nonwovens would 

have the same strength over their entire length, including the region at the bond periphery, it 

would lead to better load sharing and would potentially result in a stronger web [23]. The 

author’s hypothesis is that improved bonding and higher strength of the bonded substrates 

could be achieved through the use of bicomponent fibers, such as sheath-core or islands-in-
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the-sea (I/S) fibers, in which the island (core) polymer should have higher strength (higher 

birefringence) and lower elongation at break than the sea (sheath) component, and the sea 

(sheath) should have a lower melting temperature than the island to allow the bonding of the 

structure without adversely affecting the islands.  Moreover, a strong interface between the 

island and sea polymers is required for the loading stress to be transferred between weak sea 

and strong islands. If the sea and island materials comply with all these requirements, then it 

is probable that the thermal bonding process would not influence the morphology and the 

strength of the islands in the vicinity of the bond spots; whereas the sea could be completely 

melted acting as a binder and transferring the stress to stronger island fibers under the load.  

This could be a simple way to enhance the properties of the calendered fabrics. 

In fact, it has been shown that the use of sheath-core fibers having low birefringence 

sheath in calendering is more advantageous than the use of homocomponent fibers [25]. 

These bicomponent fibers showed superior performance over the performance of homo-

component filaments, which was likely due to the fact that the low birefringence sheath 

(skin) was melted at a temperature low enough to form unfailing, strong bonds without 

damaging of the fiber core.  In this study, we intend to demonstrate that improved results 

could be also achieved with the use of the I/S bicomponent fibers.  

The objectives of this study were to determine the feasibility of using of spunbond 

technology and I/S fibers to produce nanofibers and to optimize the mechanical performance 

of thermally bonded spunbond nonwovens. The properties of the I/S fibers and fiber-webs 

were investigated and the relationships between the number of islands, polymer combinations 

and compositions, and fiber/fabric properties were determined.  
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1.1 RESEARCH OBJECTIVES  

 

The objectives of the study of the utility of the bicomponent I/S fibers in the spun bond 

process for the production of strong micro- and nanofiber based nonwovens may be 

summarized as: 

1) Investigate the interaction between the polymers forming the conjugate fibers in the 

spunbonding process: 

- By developing the computational model of the fiber solidification; 

- Experimentally. 

2) Select suitable island and sea polymer combinations with respect to:  

- Polymer spinnability in bico-configuration; 

- Ease of sea polymer removal; 

- Cost and environmental impact; 

- Fiber and fabric properties. 

3) Determine the best method for the sea polymer removal. 

4) Investigate the influence of the number of islands and percent polymer composition 

on the: 

- Fiber properties, such as size, mechanical properties, crystallinity, and     

orientation; 

-  Fabric properties, such as tensile, tear, absorption, and air permeability. 

The objectives of the study of the utility of the bicomponent I/S fibers in the spunbond 

process for the strength optimization of thermally bonded spunbond nonwovens may be 

summarized as: 
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1) Select  suitable island and sea polymer combinations according to the following 

requirements:  

- Island and sea polymers have to form a strong interface to enable stress transfer 

from weak to strong material;  

- Island component should have higher modulus, tenacity, and birefringence than 

the sea; 

- Sea component should have lower melting point and elongation at break than the 

island. 

2) Compare the mechanical properties of the homocomponent and bicomponent 

thermally bonded substrates; 

3) Optimize the performance of the best candidate. 
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2 LITERATURE REVIEW 

2.1 METHODS OF THE PRODUCTION OF MICRO- AND NANOFIBERS 

2.1.1 ELECTROSPINNING 

2.1.1.1 HISTORICAL PERSPECTIVES 

 

The electrospinning process can be seen as a variation of the electro-spray process. Its 

origin could be tracked back to the early 1930s when Formhals patented his process for 

production of artificial filaments using electric charges [29]. Formhals reported the 

electrostatic spinning of cellulose acetate fibers using acetone as the solvent. In the 1960s, 

fundamental studies on the jet forming process during electrospinning of fibers were initiated 

by Taylor and the importance of the conical shape of the jet was stated [30-31]. It was 

established that the conical shape of the jet is important because it defines the onset of the 

extensional velocity gradients in the fiber forming process. In subsequent years, focus shifted 

to studying of the structural morphology of electrospun fibers. The electrospinning of acrylic 

fibers whose diameters ranged from 500 to 1100 nm was described by Baumgarden in 1971 

[32]. He determined the spinnability limits of polyacrylonitrile/dimethylformamide solution 

and observed the dependence of fiber diameter on the viscosity of the solution. Larrondo and 

Mandley produced polyethylene (PE) and polypropylene (PP) fibers from the melts [33-35]. 

They found that meltspun fibers had larger diameters than solvent spun fibers. In 1987, 

Hayati et al. [36] studied the effects of an electric field and liquid conductivity on the fiber 

stability and atomization. They concluded that liquid conductivity plays a major role in the 

electrostatic disruption of liquid surfaces, and unstable jets produce fibers with broad fiber 

diameter distribution. The most stable jets can be achieved with the semi conducting or 
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insulating liquids. Deitzel et al. [37] studied the influence of the voltage change on the shape 

of the surface from which jet is originated and the influence of solution concentration on the 

fiber diameter. Hohman et al. [38-39] performed experimental characterization and 

evaluation of fluid instabilities, which is very important for the understanding of the 

electrospinning process. Experimental observations and modeling of bending instabilities 

made a major breakthrough in the electrospinning process analysis [40-42]. It was originally 

thought that bending instabilities occure by a simple jet splitting into multiple thin fiber 

filaments [43]. This splitting occurs repeatedly resulting in smaller diameter fibers. Shin et al. 

showed that unstable region of the jet is in reality a single rapidly whipping jet. This 

whipping phenomenon occurs so fast that the jet appears to be splitting into smaller fiber jets, 

resulting in ultra fine fibers. Instead, the rapid growth of a nonaxisymmetric or whipping 

instability causes the stretching and bending of the jets.  

However, until mid-1990s there was little interest in the electrospun nanofibers. 

Research on nanofibers was triggered by work of Doshi and Reneker who studied the 

characteristics of the polyethylene oxide (PEO) nanofibers by varying the solution 

concentration and applied electric potential [43]. Before this time, the process of forming fine 

fibers using electrical charges was commonly referred as electrostatic spinning. Since then, 

the process has attracted a rapidly growing interest triggered by potential applications of 

nanofibers in fields other than filtration and the term “electrospinning” was coined and now 

is widely used in literature. The reflection of the growing interest in the electrospinning 

process is a growing body of patent literature related to this process [44-48]. More recently, 

three other major breakthroughs were made: methods of uniaxial alignment of electrospun 

nanofibers were proposed [49-53]; the method of producing continuous ceramic nanofibers 
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was developed [54]; and the method of coaxial electrospinning for production of hollow and 

sheath-core nanofibers was suggested [3, 9, 55]. 

The main application of electrospun webs is still in the filtration area, where this 

technique has been used for more than twenty years to produce ultrahigh efficiency filtration 

webs. There are a number of patents on the electrospinning process for the production of 

fibers for filtration media, and for medical materials [56-59]. One of the major producers of 

the electrospun products in Europe and the United States is Freudenberg Nonwovens of 

Weinheim (Germany) that has been practicing electrospinning for over 20 years, producing 

electrospun filter media for ultra high efficiency filtration markets [57]. Donaldson Company 

Inc. has been also using nanofiber web (Ultra-Web) consisting of fibers with sub-half-micron 

diameter for air filtration in commercial, industrial and defense applications since 1981 [1, 

4]. Smaller companies are now beginning to electrospin nanofibers, including eSpin 

Technologies in Chattanooga, Tennessee and Foster Miller, Inc. in Waltham, Massachusetts 

[60]. Potential application of the electrospun web is in protective clothing for providing 

protection from extreme weather conditions, enhancing fabric breathability, increasing wind 

resistance, and improving the chemical resistance of clothing to toxic chemical exposure [1, 

61]. Other potential applications of electrospun nanofibers are nanoreinforcement, tissue 

engineering, implants, drug delivery, as supports for enzymes and catalysts, for fabrication of 

high-performance lithium batteries, nanoscale electronic and optoelectronic devices, and for 

use as nanofluidic channels [17, 62]. 



2.1.1.2 THE DESCRIPTION OF THE ELECTROSPINNING PROCESS  

 

Electrospinning is a process by which a polymer solution or melt can be spun into 

smaller diameter fibers using a high potential electric field. The apparatus typically used for 

electrospinning is simple in construction. It consists of a high voltage electric source with 

positive or negative polarity, a syringe pump with capillaries or tubes to carry the solution 

from the syringe or pipette to the spinneret, and a conducting collector, such as aluminum 

[2]. The collector can be made of any shape according to the requirements. A schematic of 

the electrospinning process is shown in Figure 2.1.  
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Figure 2.1 Schematic of the electrospinning process  

A polymer solution or melt that has to be spun is forced through the syringe pump to  
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form a pendant drop of the polymer at the tip of the capillary by application of high voltage 

(usually of the range 1 to 30 kV). High voltage potential is applied to the polymer solution 

inside the syringe through an immersed electrode, thereby inducing free charges into the 

polymer solution. These charged ions move in response to the applied electric field towards 

the electrode of opposite polarity, thereby transferring tensile forces to the polymer liquid 

[12]. At the tip of the capillary, the pendant hemispherical polymer drop takes a cone like 

projection (known as Taylor cone) in the presence of an electric field. When the applied 

potential reaches a critical value required to overcome the surface tension of the liquid, a jet 

of liquid is ejected from the cone tip [31]. After the initiation from the cone, the jet 

undergoes a chaotic motion or bending instability due to the repulsive forces originating from 

the charged ions within the jet [42]. Rapid growth of the whipping instability causes the 

stretching and the bending of the jets, leading to the formation of a long and thin thread. As 

the jet travels through the atmosphere, the solvent evaporates, leaving behind a dry fiber on 

the collecting device. Charged fibers are often deposited as a randomly oriented, nonwoven 

mat [17].  Fibers obtained by electrospinning are usually circular in cross-section, however 

other shapes, in particular, ribbon-like structures have been observed [63].  

The diameter of the electrospun fibers depends on a number of parameters, including 

the intrinsic properties of the polymer solution, such as the concentration of polymer and 

electrical conductivity of the solution and operating conditions, such as the strength of the 

applied electric field, a feed rate of the polymer, and a distance between spinneret and 

collector. As the solution concentration increases the fiber diameter increases as well. An 

increase in the conductivity of the solution results in the fiber diameter decrease. A higher 

polymer feed rate always results in thicker fibers. The effect of the strength of the electric 
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filed on the fiber diameter has not been established yet. A decrease in the spinneret-to-

collector distance results in fibers with higher diameter variability and leads to the formation 

of beaded structures [2]. The formation of the beads on the electrospun fiber is a common 

problem and it is due to high surface tension of the polymer flow. 

Generally, electrospinning produces polymer fibers with diameters in the range from 

40 to 2000 nm [12], however average diameters of electrospun fibers range from 100 nm to 

500 nm [2]. Although nanofibers with the diameter of 3 to 5 nm have been reported, fibers 

with the diameter less than 50 nm can not be currently produced repeatedly and uniformly 

via the electrospinning process [62].  

The advantage of electrospinning is its technical simplicity and adaptability. With the 

use of this technique more than a hundred different types of polymers have already been 

processed and fibers with the diameters ranging from tens of nanometers to a few 

micrometers have been obtained [62]. Compared to meltspun fibers, electrospun fibers are 

much smaller in the diameter and thus have higher surface-to-volume ratio, which allows for 

the creation of webs with substantially more and smaller micropores than in the case of 

meltblown or spunbonded webs [6, 17]. Electrospun nanofiber fabrics have several 

potentially attractive features, such as: a very soft hand, the potential of acting as a barrier 

against microorganisms and fine particulates, a potentially good strength per unit weight and 

a high surface energy that indicates a potentially good moisture vapor transmission rate. 

However, the electrospun nanofiber fabrics have also some problems: they may be 

insufficiently wettable or wickable and it may not be possible to color nanofiber fabrics 

because they are seen by diffraction and not by reflection (the fiber size is less than the 

wavelength of light) [64]. Also, electrospinning does not produce nanofibers; rather a 
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randomly oriented nonwoven web composed of nanofibers, limiting its general applicability 

in many textile applications. Additionally, electrospinning of  some spinnable viscous fluids 

can be problematic since it requires higher forces than electric fields can supply before 

sparking occurs, i.e., a dielectric breakdown in the air is possible. Electrospinning of polymer 

fluids at higher temperatures can also cause problems because high temperatures increase the 

conductivity of structural parts and complicate the control of high electrical fields [65]. Jet 

instabilities controlled by the conductivity and the viscosity of polymer fluid can cause 

variability in the fiber diameter and intrinsic orientation resulting in poor mechanical 

performance of electrospun fibers [50]. Because of nonuniformity and poor mechanical 

properties of electrospun nanowebs, they need to be laid over a suitable substrate that has to 

provide appropriate mechanical properties and complementary functionality to the web [6]. 

This adds complexity and cost to the fabric manufacturing process. The low strength of 

electrospun nanowebs may be adequate for applications, such as filter media, but not 

adequate for other applications, such as protective garments, etc. [66]. Still, the largest 

disadvantage of the electrospinning is its low output caused by low rates of polymer feed [2, 

12, 17]. Commercializing of this process requires significantly enhanced productivity. This 

could be done by using multiple spinneret designs and alternative experimental setup for feed 

charging. However, there is still a debate on the potential scaling up of the technology [2]. 

For instance, the problem with the use of multiple spinneret design is the electrical interface 

between adjacent nozzles, and the consistency to produce uniform fibers. In addition, the 

vapors emitting from an electrospinning solution while forming the web need to be recovered 

or disposed in an environmental friendly manner 
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that involves additional equipment and cost. The fineness of fibers and evaporated vapor also 

raises much concern over possible health hazard due to inhalation of fibers. 

 

2.1.2 MELTBLOWING  

2.1.2.1 THE HISTORY OF THE PROCESS 

 

The concept of meltblowing was first demonstrated back in 1954 by Van A. Wente, 

of the Naval Research Laboratories, who was interested in the developing of fine fibers to 

collect radioactive particles in the upper atmosphere to monitor worldwide testing of nuclear 

weapons. In this process an extruder forced a molten polymer through a row of fine orifices 

directly into two converging high velocity streams of heated air or other gas. It was claimed 

that fibers as small as 0.1 – 1 micron can be formed by this method [67-68]. In late 1960's 

and early 1970's, Exxon Research launched first semi-works line, licensing the technology 

and providing the name for a new process: "Meltblowing process". Thus, Exxon became the 

first to demonstrate, patent, publicize, and license the use of the Wente’s concept as a very 

practical one-step process to produce unique types of nonwoven webs. Early successful 

licensees included Kimberly-Clark, Johnson & Johnson, James River, Web Dynamics and 

Ergon Nonwovens, followed by many other companies, including 3M [69].  

Among the meltblowing equipment developers, Accurate Products Co was the first to 

successfully build a 40 inch meltblowing die [70], and Reifenhauser was the first to 

significantly improve the meltblowing die design [71]. 3M built equipment to produce high-

temperature stable nonwoven webs based on multi-layer blown microfibers [72]. Biax 

FiberFilm has designed meltblowing equipment that uses multiple rows of orifices to provide 
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higher productivity [73-74], and Kimberly-Clark has patented a slot die for meltblowing to 

minimize orifice plugging [75]. Chisso Corporation developed the equipment to produce 

conjugate meltblown I/S [76] and side-by-side (S/S) [77] web types. Kimberly-Clark 

patented the process to produce an in-line perturbation of the flow of the fluid (air) to make 

crimped or uncrimped fibers at reduced energy costs [78], and Mitsui Petrochemical 

Industries obtained patents on the use of capillary meltblowing dies [79-80]. Fiber Web 

North America Inc. patented a process to produce sub-denier and micro-denier fibers of 

surprising strength, barrier properties, and cover by utilizing multi-component dies to 

produce continuous, easily splittable hollow fibers of low orientation [81]. This became an 

alternative process to produce microfibers. The use of a modular die to produce mixture of 

fibers in a range 0.5 – 1 micron was patented in 2000 by Fabbricante et al. [15].  

The initial application of a meltblown web was as battery separator [82-85]. Other 

applications include facemasks, respirators, and filter media.  The replacement of glass fibers 

with meltblown fibers in facemasks and respirators was initiated by Johnson & Johnson in 

the early 1970's, and it is now essentially complete [69]. One of the earliest filtration markets 

targeted for meltblown webs was cigarette filters and a sheath-core bicomponent web was 

developed for such use [86]. However, despite these early activities commercial success of 

meltblown webs for cigarette filters has not been achieved to date [69]. Meltblowing 

technology is successfully used for the air and liquid filtration applications [87-91]. 

FiberWeb North America Inc. patented the production of a fine web as filtration media for 

the disposable medical products [92].  Kimberly-Clark was one of the first companies to 

meltblow elastomeric materials for potential use in the medical products [69]. More recently, 

the meltblowing process has been used to form meltblown adhesive filaments for bonding 
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substrates in the production of a variety of bodily fluid absorbing hygienic articles, such as 

disposable diapers and incontinence pads, sanitary napkins, patient underlays, wipes and 

surgical dressings [93]. Meltblown web is used for artificial leather application as well [69].  

There is a growing body of patent literature related to the meltblowing process and 

meltblown products. Considerable efforts have been made in the recent 30 years on the 

process study. The study of the influence of the air flow rate on the fiber diameter showed 

that significantly smaller fiber diameter is observed at higher air flow rates under the same 

polymer throughput [14, 19].  It was also shown that the fiber attenuation occurred mostly in 

the first 5 cm from the die [14]. The model of steady-state meltblowing process that showed 

rapid decrease of the filament temperature and rapid increase of filament elongational 

viscosity within first 5 cm from the die was developed as well [94]. However, the most 

advanced development is a new bicomponent meltblown technology [13-14, 20, 76-77, 95]. 

 

2.1.2.2 THE DESCRIPTION OF THE MELTBLOWING PROCESS  

 

Meltblowing is an extrusion technology that produces fiber webs directly from a 

polymer. The schematic of the meltblowing process is presented in Figure 2.2. 
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Figure 2.2 Schematic of the meltblowing process  

A thermoplastic fiber-forming polymer is extruded through a linear die containing 

closely arranged small orifices. The filaments are attenuated by two convergent streams of 

high-velocity hot air to form fine fibers. After the extruded polymer threads are attenuated by 

hot air, this air and resulting fibers are expanded into the ambient air. Due to the mixture of 

high speed hot air and fibers with room temperature air, the fiber bundle starts its movement 

forward and backward (Figure 2.3). While flying through the ambient air, the filaments are 

stretched for the first time and on their way down to the belt the fibers are stretched again due 

to so-called “form drag”. This form drag appears with every change of a fiber direction. 

Therefore, the meltblown fibers usually do not have a constant fiber diameter. Generally, 

fiber attenuation is achieved by three different forces: aerodynamic drag near the die, 

aerodynamic drag near the collector, and the fiber elongation due to fiber entanglements 

 17



along the spinline; however, most of the attenuation occurs near the die [18]. The other 

function of hot air streams is also to transport the fibers to a collector where they self-bond at 

the contact points [13, 18].   

 

                               

AIR KNIFE 
DIE TIP

AIR KNIFE 

Room Air 

Hot Air 

Fibers 

CONVEYOR BELT

Figure 2.3 Schematic of fiber attenuation in the meltblowing process 

Overall, filaments produced by the meltblowing process have generally low or no 

molecular orientation [18]. Processing conditions influencing the final properties of the 

meltblown fibers and webs include: melt temperature, polymer mass flow rate (throughput), 

die geometry, airflow rate and air temperature, die-to-collector-distance (DCD), and collector 

speed [14, 19].  By varying any of these input parameters final properties of fibers, such as 

cross-sectional shape, diameter, morphology, and web structure can be changed.  
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There are three distinct regimes for the melt blowing process [69]. The most common 

is a very high air flow rate regime that allows production of fibers in the range from 2 to 5 
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microns. This regime is in current commercial use. An ultra high flow rate regime allows 

production of ultrafine fibers with the diameter less than 1 micron. Although fibers as small 

as 0.1 µm can be produced via this regime, it is still under development [96]. A low air flow 

rate regime produces 1 denier (approximately 10 μm) and larger fibers [69]. The effort to 

produce sub-micron fibers by using splittable cross-sectional fiber morphology in the 

meltblowing process was made, however the smallest achieved fiber diameter was generally 

in the range of 1 – 2 microns [81, 97].  

The fine fibers of the conventional meltblowing process result in a soft, self-bonded 

fabric having excellent covering power and opacity. Because of the fineness and tremendous 

number of fibers, meltblown webs can develop significant bonding strength through fiber 

entanglements. Also, meltblown fiberwebs are characterized by their high surface area per 

unit weight and fine porosity [69]. Nevertheless, meltblowing has a few drawbacks. Only low 

viscosity materials could be spun into meltblown webs to avoid excessive polymer swelling 

upon exit from the spinneret. It is estimated that over 90% of all meltblown nonwovens are 

made of PP having melt flow rate (MFR) ranging from 1000 to 1500 g/10 min [20]. Inability 

of using different polymers in meltblowing limits many potential applications of the 

meltblown web. Another disadvantage of meltblowing is weak fibers [18]. Like electrospun 

nanofibers, meltblown fibers typically need a supporting structure and are generally 

employed in a composite structure [6]. This allows for the meltblown web to optimize their 

filtration properties, however this adds the complexity to the manufacturing process. The 

brittleness of meltblown webs causes difficulties with their downstream processing as well. 

Meltblown fabrics are difficult to dye and incorporate into other nonwoven filter media 

structures, such as carded, airlaid, needlepunched, or wetlaid composites.  Finally, meltblown 
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webs typically exhibit broad fiber diameter distributions that can be inappropriate for some 

applications [19]. 

Even though fibers with diameters less than 1 micron can be made through the 

meltblowing process, the mean diameters of meltblown fibers are much larger than those of 

electrospun fibers. They are typically in the range of 2-10 microns [6, 14, 64]. There have 

been various attempts to reduce the diameter of meltblown fibers. One example of such 

attempts includes reducing of the polymer throughput rates or the die orifice diameter. 

However, this direct controlling approach extremely limits the process productivity. Several 

years ago, another method of the production of polymeric fine fibers was introduced. In this 

technique fibers are created by meltblowing with a modular die [15]. This approach allows 

production of mixture of fibers in the range of 0.5 – 1 micron. In summary, the meltblowing 

process seems to be applicable for the production of micro fibers rather than nanofibers.  

 

2.1.3 THE USE OF BICOMPONENT FIBERS 

2.1.3.1 ‘SPLITTABLE’ FIBERS 

 

An alternative way to produce ultra fine fibers is splitting of bicomponent (conjugate) 

fibers, which consist of two polymers having different chemical or physical properties. The 

splitting fiber technology was first developed commercially in Japan in the mid to late 1960’s 

for synthetic suede fabrics [98]. The production of microfibers or even nanofibers involves 

spinning and processing of the bicomponent fibers in the range from 2 to 4 denier per 

filament [20 to 40 microns], after which the fibers are split into smaller filaments with denier 

of 0.1 [approximately 1 micron] or even less [16]. The particular process employed for the 
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production of ultra fine filaments from the bicomponent fibers depends on the specific 

combination of components comprising the fiber and their configuration. One common 

method involves mechanically working the fiber by drawing, needlepunching, beating, 

twisting, carding, or hydroentangling [81, 97, 99-100].   

When mechanical action is used to separate bicomponent fibers, the fiber components 

must bond poorly with each other to facilitate subsequent separation. In other words, the 

polymer constituents must differ from each other significantly to ensure minimal inter-

filamentary bonding. For this reason, polymers having different chemistries (incompatible 

polymers) are usually chosen for the production of ‘splittable’ fibers. The term "incompatible 

polymers" is used to indicate that the chosen polymers will not form a miscible blend in the 

melt. The examples of particularly desirable pairs of incompatible polymers useful for the 

production of ‘splittable’ conjugate fibers include polyolefin-polyamide, polyolefin-

polyester, and polyamide-polyester.  

The production of mechanically ‘splittable’ bicomponent fibers presents challenges, 

which are not encountered in the making of other types of composite fibers. When 

mechanical action is used to separate those fibers, the fiber components must be selected 

carefully to provide an adequate balance between their adhesive and dissociative properties. 

The components should remain bonded during at least a portion of the downstream 

processing incurred in the fabric formation. To add to this difficulty, many conventional 

textile processes impart a significant stress to a fiber, thus promoting its untimely splitting. 

Premature splitting is highly undesirable because conventional textile equipment is 

frequently not designed to process extremely fine filaments, and it quickly becomes fouled 

by them. On the other hand, polymers selected for ‘splittable’ bicomponent fiber application 
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must be dissimilar enough to enable their splitting. Moreover, when two incompatible 

polymers are exposed on the surface to the air, this could cause different spinning challenges, 

such as polymer-to-polymer interface distortion, crimping, breaking, etc. Finally, the melt 

rheologies of the polymers, comprising the bicomponent ‘splittable’ fibers, strongly influence 

the splitting process.  Thus, difficulties of controlling of the melt rheologies of the two 

dissimilar components could result in complete encapsulating of one component by the other 

one. This could simplify the spinning process, but it would complicate later splitting of the 

fibers [101].  

Many different types of the ‘splittable’ bicomponent fibers, such as segmented 

ribbon, tipped, solid and hollow segmented pie were used to obtain ultra fine fibers. 

Examples of tipped trilobal and segmented ribbon fibers are depicted in Figure 2.4. The most 

readily ‘splittable’ bicomponent fiber is a segmented ribbon (Figure 2.4 b). However, this 

fiber is one of the most difficult to process. Tipped fibers are materials in which one polymer 

is placed on the tip of a trilobal or delta cross section (Figure 2.4 a). After spinning, 

mechanical action is applied to the tipped fibers causing the polymer on the tips of the fiber 

to break apart into microfibers having denier of 0.2 [about 1-1.2 μm] and spiral around core 

polymer [16].  

  

 



                   
                              a)                                                         b)  

Figure 2.4 Schematic representation of bicomponent fibers: a) tipped trilobal; 

  b) segmented ribbon fiber. 

The typical cross-sections of the solid and hollow segmented pie (pie wedge) fibers 

are depicted in Figure 2.5. The main difference between them is that the use of hollow 

segmented pie fibers can simplify the fiber splitting process [102]. Hollow pie wedge fibers 

can be split into smaller filaments upon exiting a spinneret, by drawing and stretching, or 

attenuating the filaments in a pressurized gaseous stream, or by developing a triboelectric 

charge in at least one of the components, or by a combination of some or all of these. The 

downside of using of hollow segmented pie fibers is that they are typically difficult to spin 

[102]. Splitting of the solid segmented pie fibers can be achieved by mechanical action, such 

as drawing, carding, beating, hydroentangling, ultrasonics etc., or by dissolving one of the 

components after nonwoven fabric processing [81, 100, 103-107]. Hydroentanglment is the 

most widely used process for splitting of wedge pie fibers [101, 108]. It simultaneously splits 

and entangles the fibers to form a bonded nonwoven web. 
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                                           a)                                                       b) 

Figure 2.5 Typical bicomponent segmented pie fiber: a) solid; b) hollow. 
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Segmented pie fibers could be potentially produced either through meltblowing or 

spunbonding. If the segmented pie fiber webs were made via the meltblowing process, they 

would consist of very fine, breakable fibers and contain inter-fiber bonds that restrict fiber 

movements. Thus, the hydroentangling process or any other mechanical action would be 

difficult to use for splitting of these fibers without breaking them [97]. One possible way to 

produce ultra fine fibers from the meltblown webs is to dissolve one of the polymers with a 

solvent, preferably water [103-105].  For this purpose one fiber component should be soluble 

and the other should not be soluble in the applied solvent. Although this method could 

produce sub-denier or low denier fibers, it causes issues, such waste water treatment, cost, 

etc. To improve the fiber and fabric performance and reduce environmental challenges, the 

‘splittable’ fibers can be spun via the spunbonding process and split by the 

hydroentanglement. For example, 16, 18, and 32 spunbonded segmented pie fibers have been 

used for quite some time in the Far East to obtain microfibers [16, 60]. An example of 

successful  
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spunbonded micro-fiber fabric produced from ‘splittable’ fibers is Evolon, introduced to the 

US market by Freudenberg Nonwovens few years ago [102, 109]. It is made from hollow and 

solid segmented pie fibers split by hydroentanglment. The most common polymer 

combination used in Evolon fabric is PET/PA6.6 (polyamide 6.6) in ratio 65/35. The typical 

fiber configuration is a 16 segmented pie. Evolon applications are in sports and leisure wear, 

work wear, automotive, shoe lining, and many others.  

Many types of polymer combinations were spun into the segmented pie fibers 

including PP (polypropylene)/PMP (poly (4-methyl-1-penten) [107], PET (poly (ethylene 

terephthalate)/PP, PA (polyamide) /PP [105], PLA ((poly) lactic acid)/PET [106], 

polyolefin/PVA (poly (vinyl) alcohol) [103], PET/PA [108] and others. Overall, filaments as 

small as 0.1 - 0.2 denier [approximately 0.5 -1 micron] were produced via the ‘splittable’ 

fiber approach [16, 60]. 

The fiber size after splitting of the pie wedge fibers depends on the number of 

segments and the initial diameter of the meltspun fibers influenced by the applied spinning 

process. High segment count is typically required to produce ultra small fibers.  However, 

high segment count makes the process of bicomponent fiber formation more challenging, 

because of the difficulty of controlling of polymer elongational viscosities during spinning. 

As a result, using a large number of segments in the spinning process could lead to a 

formation of structures in which one polymer completely encapsulates the other creating 

problems with subsequent splitting of the resulting bicomponent fibers.   Additionally, 

smaller composite fibers result in smaller filaments after splitting. The spunbonding process 

produces generally larger fibers than the meltblowing process, thus, the meltblowing process 

could be more beneficial for production of ultra small filaments from the splittable fibers 
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than the spunbonding. For instance, it has been estimated that filament sub-micron 

dimensions can be reached by splitting of spunbonded 64 segmented pie or by splitting of 

meltblown 16 segmented pie fibers [110-111]. However, the use of the meltblowing process 

for the production of segmented pie fibers has not been commercialized yet.            

Overall, the applications of microfiber nonwovens obtained by splitting of the 

segmented pie fibers include air and liquid filtration, medical care, technical wipes, synthetic 

leather and suede, and many others. 

 

2.1.3.2 ‘SOLUBLE’ ISLANDS-IN-THE-SEA FIBERS 

 

Ultra fine fibers can also be prepared using bicomponent fibers comprising of a 

desired polymer and a soluble polymer. The soluble polymer is then dissolved out of the 

composite fiber, leaving micro- or even nanofilaments of the other remaining insoluble 

polymer [13, 103-105]. Islands-in-the-sea (I/S) fibers are typically used in this approach. 

These fibers are composed of numerous much smaller filaments, all completely separated 

from each other by the sea (matrix) of another polymer (Figure 2.6). 

Several methods of the production of the I/S bicomponent fibers are described in 

various US Patents [112-114]. For example, Moriki employed a technique wherein a number 

of core polymer streams were injected into a matrix or sheath stream via small tubes, one 

tube for each core stream [112]. The combined sheath-core streams converge inside the 

spinneret hole and form one I/S conjugate stream. Each of Moriki's spinneret orifices 

produces a fiber with seven islands in the matrix of a sea polymer. Such spinneret is suitable 

for the extrusion of continuous fibers with one hundred twenty-six filaments of perhaps 0.3 



denier per filament [approximately 3 microns], when the sheath polymer is dissolved away. 

However, Moriki’s technique is not suitable for the extrusion of large numbers of multi-

component fibers from each spinneret as is necessary for economical production of fibers via 

meltspinning. Another problem is the cleaning of the tubes that inject the polymer streams. 

Because of tube extreme fineness, it is hard to avoid tube damaging during cleaning of the 

spinpack parts. Another method was described by Kiriyama et al. [113] that involved mixing 

of different polymer streams with the static mixer in the spinning process. The static mixer 

divides and re-divides a multi-component stream, forming the stream with hundreds, or 

thousands, of core streams within the matrix stream. When the matrix is dissolved away from 

the resulting fiber, a bundle of extremely fine fibers is produced. The disadvantages of this 

method include non uniform distribution of the islands in the matrix of the sea that can lead 

to clustering and variability in the island fiber sizes and formation of the discontinuous island 

filaments. 

 

 
Figure 2.6 Typical bicomponent islands-in-the-sea fiber. 
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Another well known method is due to Hills [114], in which the spinning and fabric 

formation are similar to the spinning of standard homopolymer fibers. This method allows 

the melt and solution processing of plural component fibers. Moreover, Hills spin pack offers 

some attractive features, such as high spinneret hole density for complex bicomponent cross-

sections, flexibility in selection of polymer types and bicomponent cross-sections. The Hills 

patent describes that two separate polymer streams after passing through the filters, metering 

plate, distribution plates, form a conjugate stream entering the spinneret hole and then pass 

into the spinneret orifice forming I/S fibers. In the production of the I/S filaments the 

spinneret design and the distribution plates are crucial because the fiber diameter, the cross 

sectional area, and the number of islands depend on the diameter and the shape of the 

spinneret orifice and the polymer distribution in the distribution plates.  

One of the approaches to produce the I/S fibers is through the spunbonding process. 

The structure and properties of spunbonded fibers and fabrics are determined by processing 

conditions, such as the extrusion temperature, melt throughput, quench air temperature and 

drawing conditions, and by the material properties of the polymers used. The melting 

temperature, melting viscosity, initial structure, glass transition temperature, solidification 

point and many other parameters of fiber-forming polymers play an important role in the 

final fiber structure and properties. When I/S fibers are produced via spunbonding, the 

number of islands, polymer composition, and materials used as the islands and sea also play 

an important role in the final fiber properties.  

Island and sea polymers have to be selected according to their ability to be spun in the 

I/S bico-configuration. It has been shown [115-119] that the polymer elongational viscosities 

are the most profound factors influencing the spinnability of the two components in the bico-
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configuration. The difference in the viscosity of polymers can cause serious migration and 

deformation of an interface between polymers resulting from unequal concentration of 

stresses in the spinline. It is believed that during conjugated spinning of polymers having 

significantly different elongational viscosities, the spinline tension is mainly concentrated on 

the component having higher viscosity. Higher spinline tension results in a higher molecular 

orientation and crystallinity of one component, but in a lower molecular orientation and 

crystallinity of another component as a result of orientation relaxation [116]. The cases of 

fracturing of one component having very high melt viscosities are also known [120]. This 

could result from the fast solidification of the high viscosity polymer upstream in the spinline 

while the low viscosity polymer is still in a molten state and can be deformed. Even though 

the high viscosity polymer has completed its thinning, the low viscosity polymer had not yet 

reached the spinning speed and could be considered to continue flowing until reaching the 

solidification temperature itself, trying to make the high viscosity polymer accelerate. 

However, because the high viscosity polymer has already been solidified, it could not deform 

anymore.  This could lead to an appearance of cohesive fracture of the solidified polymer and 

the cases, where instead of sheath-core fibers, hollow fibers were obtained are known [120]. 

Thus, the search for processing conditions under which viscosities of the two components of 

the bicomponent fibers are identical or close is critical for the conjugated spinning. The 

additional requirement for the sea polymer is its ease of removal, which involves the least 

amount of environmental issues, preferably through dispersion or dissolution in water. The 

ability of this polymer to be recycled is also an important factor.  

Typical resins usable as the island are polyolefins, such as PE, PP, etc.; polyamides, 

such as nylon 6, nylon 66, etc.; thermoplastic polyesters, such as PET, PBT, etc.; and 
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polyurethane (TPU) [8, 121-123]. The examples of resins usable as the sea are those, which 

are removable without adversely affecting islands, such as partially saponified PVA [121-

122, 124], co-poly(ethylene-terephthalate-5-sodiumsulfoisophthalate) hydrolysable with 

alkaline, polystyrene (PS) [8, 123], PLA [125], etc..  

For some time now, the 16, 24, and 32 spunbonded I/S fibers have been used for 

making ultra-suede and artificial leather. Higher island counts (1000 or more) are now 

possible to spin. It has been stated that spinning of 16, 37, and 1000 I/S fibers allows the 

production of filaments with fineness of 0.15, 0.05, and 0.001-0.01 denier [approximately 1, 

0.3, and 0.1-0.5 microns, respectively], after the sea removal [7]. Hills Inc. reported the 

spinning of fibers containing 1120 islands with 50% of PP, PET, and nylon 6 as the island 

polymers and 50 % of EVOH as the sea polymer. Fibers, measuring 300 nm, were obtained 

after EVOH removal.  

The method of the sea polymer removal usually involves its dissolving in solvents, 

such as hot water, hot water with caustic soda in it, alkali solution, carbon tetrachloride, 

trichloroethylene, etc. [8, 121-123, 125]. From an environmental point of view, hot water is 

preferable than any other solvent. Still, nanofibers released by dissolving the sea from the I/S 

fibers are costly to produce because of wasting of the sea polymers and the need of waste 

water treatments. This cost can be reduced in several ways: by decreasing the ratio of the sea 

polymer in a fiber, by selecting the sea component without the usual requirements of its 

usability in the product since it will be ultimately removed, or by selecting the water soluble 

sea polymer that could be recycled.  Splitting spunbond I/S fibers mechanically is 

ecologically friendlier. This method of obtaining of ultra fine filaments from I/S fibers was 

introduced by Kawano [121]. He reported the meltspinning of side-by-side and sheath-core 
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conjugate fibers in which one side (sheath) had the I/S configuration and another side (core) 

was purely made of PP.  Kawano proposed the method of splitting of the I/S part of the fiber, 

made of PP (island) and PVA (sea), by water needlepunching (or by removing of PVA in hot 

water). He claimed that spinning of several hundreds islands and splitting them by water jets 

(or hot water treatment) resulted in fibers ranging from 0.0002 to 0.1 denier [approximately 

0.01 to 0.5 µm or 10 to 500 nm]. Okamoto [8] also suggested that for better splittability by 

hydroentanglment the ratio of sea polymer should be less than 5 % of the total weight of a 

fiber. 

In general, the size of the filaments after the sea polymer removal depends on several 

factors, such as the initial diameter of the fiber, the number of islands, and polymer 

composition. An increase in the number of islands, or sea polymer ratio leads to reduction in 

the filament size after the sea removal, as it has been shown in literature [7]. Because 

decrease in the initial diameter of the composite fiber could result in smaller resulting 

filaments, meltblowing could be potentially applied for the spinning of the I/S fibers instead 

of spunbonding. This technique of the production of the bicomponent fibers and then 

dissolving the sea component from the meltblown fiberwebs was patented in 1994 [124]. The 

patent claimed that PP islands and PVA sea could be meltspun and then PVA could be 

removed by treatment in hot water, releasing the islands less than 0.01 denier [approximately 

0.5 µm or 500 nm]. Generally, it was estimated that islands with diameters as low as 50 nm 

can be obtained by meltblowing of 600 I/S, while by spinning the same number of islands via 

spunbonding, filaments with diameters about 300 nm may be obtained [126]. The use of the 

meltblowing process for spinning of the I/S fibers has several drawbacks. First of all, there is 

a limitation on the polymer selection. Only low molecular weight polymers can be used here. 



 32

Second, because of the poor strength of meltblown fibers, dissolving of the sea from the ultra 

fine meltblown webs can result in the disintegration of the web structure, especially if 

agitation of the fabric is required for better polymer solubility. To avoid damaging of the 

fabric, the meltblown web has to be laid over other substrate first and then subjected to sea 

removal treatments. This, in turn, may complicate the sea removal and increase the 

manufacturing cost. So far, the spinning of the I/S fibers via meltblowing has not been 

practiced commercially.  

We believe that the I/S fibers could offer commercially viable alternatives to 

electrospinning, meltblowing, or even segmented pie technology. The I/S approach can 

produce significantly smaller fibers than the segmented pie approach, and the I/S fibers are 

less difficult to spin than pie wedge fibers, especially when the spin-pack design is chosen in 

such a way that it allows the sea to wrap the islands and acts as a protective shield during 

fiber spinning.   However, the sea in the I/S fibers has to be removed, and this often creates 

an environmental issue.  Also, since virtually all cost effective spunbonds are thermally 

bonded, subsequent removal of the sea component from thermally bonded substrates could 

result in the loss of structure as a result of disintegration of the bond spots. Thus, I/S 

spunbond webs require an alternative means of bonding the structure, such as 

hydroentangling or needlepunching, in place of thermal bonding. Because of these problems, 

there are still limited commercial use of the spunbond I/S technology. Nonetheless, I/S 

spunbond nonwovens offer significant promise for the production of large volumes of ultra 

fine fiber webs.   

The major application of fibers obtained via the I/S technique is in synthetic leather 

and suedes [8]. In the case of synthetic leathers, a subsequent step introduces coagulated 
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polyurethane into the fabric, and may also include a top coating. Another use includes 

technical wipes, ultra-high filtration media, etc. 

 

2.2 SPUNBONDING PROCESS 

2.2.1 THE HISTORY OF THE DEVELOPMENT 

 

The spunbonding process has been defined as a manufacturing system involving 

direct conversion of a polymer into continuous filaments, integrated with the conversion of 

filaments into a random-laid, bonded nonwoven [127]. A spunbonded nonwoven is a fabric 

formed by filaments that have been extruded, drawn, laid on a belt, and bonded thermally, 

chemically or mechanically.  

Historically, the spunbonding process can be viewed as either an evolution of the 

existing staple fiber nonwoven production concept or the logical extension of the synthetic 

filament spinning processes commercialized during 1940s and 1950s [128]. The spunbonding 

process could be considered to be originated in 1940, when the processes similar to that of 

spunbonding were patented by Slather and Thomas of Corning Company for the production 

of glass wool [129]. Similar processes for the production of the mineral wool from molten 

siliceous were patented by Callender in 1945 [130]. Commercially, manufactured 

spunbonded nonwovens made of synthetic polymers are generally based on the technology 

patented by Freudenberg (Germany) and DuPont (USA) in 1950s and 1960s. In 1965 DuPont 

commercialized a product made of polyester and called Reemay®. This was followed by 

Typar® made of polypropylene and Tyvek® made of high-density polyethylene produced by 

flash-spinning method [131]. At the same time, Freudenberg introduced the spunbonding 
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process called Lutravil® for the manufacture of mixed polyamides. A few years later process 

called Docan® was introduced by Lurgi Kohle & Mineral-oltechnik GmbH (Germany). In 

1984 the spunbonding process called Reicofil® for producing webs from polypropylene was 

introduced by Refenhauser GmbH (Germany) [131].  In 1990s other equipment suppliers, 

such as Kobelco, Nordson, STPI, ISBT (now Rieter), Hills, Inventa-Fisher and many others 

offered complete spunbond lines, and hygiene and medical suppliers switched to spunbond 

(meltblown) processes. In 2000’s Reifenhauser became the main turnkey supplier of PP 

spunbonds. Also, in 2000’s Reifenhauser and Nordson offered bico-spunbond and meltblown 

using Hills bico-technology. Hills offered Hills open system spunbond with Hills bico-

technology.  

The applications of the spunbonded nonwovens include disposable and durable 

products.  They are widely used in hygiene products, medical fabrics and wipes, filtration 

and disposable clothing, fabric softener sheets and battery separators. Automotive 

applications include backing for tufted automotive floor carpets, trim parts, trunkliners, 

interior door panel, and seat covers. Spunbonded civil engineering webs are expanded into 

multiple uses, e.g., erosion control, railroad beds stabilization, canal and reservoir lining 

protection, highway and airfield black top cracking prevention, roofing, etc.  Applications in 

packaging materials include a metal-core wrap, medical sterile packaging, a floppy disk liner, 

high performance envelopes and stationery products. Furniture, bedding, clothing interlining, 

shoes and leather products are areas, in which spunbonded nonwovens are used widely. The 

global capacity of the spunbond production has grown by 12 % per year since 1988 to 2001, 

and it is expected that it will grow approximately 6% per year through 2010 [132].  
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2.2.2 THE DESCRIPTION OF THE SPUNBONDING PROCESS 

 

A primary factor in the spunbonding process is the control of five operations: 

filament extrusion, drawing, quenching, lay down, and bonding. The typical spunbonding 

process consists of the following elements: a polymer feed, an extruder, a metering pump, a 

die assembly, a filament spinning, a drawing and deposition system, a collecting belt, a 

bonding zone and a winding unit [128]. The schematic diagram of Hill’s open spunbond 

process with a belt collector is depicted in Figure 2.7.  

The polymer feed conveys a polymer in a powder or pellet form to an extruder. As 

the polymer moves through the extruder, it melts by heating, friction of viscous flow and 

mechanical action. In the extruder the polymer can also be mixed with stabilizers, additives, 

color master batch, resin modifiers and so on. Sometimes, vented twin-screw extruders are 

used to dry the polymer as it melts. The pressurized molten polymer is then conveyed to a 

filter. The main function of the filter is to separate the molten polymers from foreign 

particles, such as metals, solid polymer particles, etc. After filtering, the polymer melt goes 

to a metering pump, which is a positive displacement constant volume device that controls a 

precise volumetric flow rate of the molten polymer. The melt pumps provide high pressure 

for the spin pack.   
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Figure 2.7 Schematic diagram of the open spunbond process with belt collector. 

The molten polymer from the gear pump goes to a spin beam, which includes the feed 

distribution system. The feed distribution system provides uniform flow of polymers to a die 

block assembly (spin pack). The die assembly is one of the most important elements of the 

spunbonding process. It consists of a polymer feed distribution and a spinneret. The feed 

distribution in the die assembly is very critical because it balances the polymer flow and the 

residence time across the width of the die. It provides a uniform polymer distribution to each 

capillary and a uniform temperature of the polymer flow. From the feed distributor, the 

polymer melt goes directly to the spinneret. The spinneret is a single block of metal having 

several thousand orifices, which can have different shapes, but usually circular or 

rectangular. In commercial production lines several grouping of spinnerets (blocks) could be 

used to increase the coverage of fibers. As the filaments emerge through the spinneret holes, 
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they are directed downward into quench zone or quench chimneys. As they travel through the 

quench zone, cool air is directed across the filament bundle to cool the molten filaments and 

cause their solidification. Efficient quenching of the filaments is very important, because 

insufficient solidification results in the fiber roping and inability of the fibers to form the 

web. The controlled parameters of the quenching are an air flow rate, an air temperature, and 

its humidity. Various lengths and arrangements of the quench are possible, i.e. one-sided or 

two-sided.  After the quenching zone, the filaments are led further downward into a tapered 

conduit by the air stream. A second stream of the high-velocity air is directed parallel to the 

direction of the filaments, causing acceleration and accompanying attenuation of the 

individual filaments [127].  However, it has been shown that filament attenuation starts right 

below the spinneret exit [22, 133-136]. 

It is believed that filament strength is an extrinsic property depending only on a small 

portion of the material, usually the weakest one between two crystallites [119]. Thus, the 

fiber bulk orientation rather than the crystallinity primarily determines the tenacity and 

elastic properties (initial modulus) of the fibers [119]. Because of this, the attenuation step is 

one of the most important steps in the spunbond process since it influences polymer 

molecular orientation. The attenuation also leads to a modification of other filament 

properties including fiber diameter. The attenuation of the fibers could be achieved with take-

up (draw-off) rolls or electrostatic field, but the most common method is the filament 

attenuation by air. Fiber drawing with rolls provides a very narrow diameter distribution and 

results in fully drawn yarn (FDY). However, this method is quite expensive. Attenuation of 

filaments by air jets is less expensive, but gives variations in the fiber diameter distribution. 

The attenuation of the filaments could be also done by pressurized quench chamber air (in 
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Reicofil by Reifenhauser, KC system), aspirator (gun or slot in Docan process) or vacuum-

powered slot (EMS Inventa-Fisher).  

The spinning speeds of the spunbonding can range from 1,000 to 8,000 m/min, 

depending on the processing polymer characteristics, desired properties of resulting fiber, 

and process productivity [132].  Some polymers show a higher degree of molecular 

orientation and crystallinity due to stress induced crystallization at higher spinning speeds. 

For instance, PET usually spins at about 6,000 m/min and Nylon spins at about 4,000 m/min 

[137-138]. PP does not show significant improvement in the molecular orientation with an 

increase in the spinning speed due to its high crystallizing ability [137]. Thus, PP usually 

spins at about 2000 m/min.  

After the filaments are attenuated and quenched, they are deposited on a moving belt. 

The vacuum under the belt assists in the formation of the filament web on the forming belt 

and in removing the air used in the extrusion/drawing operation. For the web to achieve 

maximum uniformity and cover, the individual filaments must be separated before reaching 

the belt. In some processes, an electrostatic charge is placed on the filament bundle to ensure 

spreading and separation of the individual filaments. In other processes, deflector plates are 

used to lay down the filament sheet on the forming belt.  The compaction rolls could also be 

used to increase cohesion between filaments and provide integrity of the web. The collecting 

belt surface is usually perforated to prevent the air stream from deflecting and carrying the 

fibers in an uncontrolled manner. For some applications, the filaments are laid down 

randomly with respect to the direction of the lay down belt. In order to achieve a particular 

characteristic in the final fabric, the directionality of the splayed filament is controlled by 

traversing the filament bundles mechanically or aerodynamically as they move toward the 
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collecting belt. In the aerodynamic method, alternating pulses of air are supplied on either 

side of the filaments as they emerge from the pneumatic jet. By proper arrangement of the 

spinneret blocks and the jets, the lay down can be achieved predominantly in the desired 

direction. Highly ordered cross-lapped patterns can be generated by oscillating filament 

bundles. If the lay down belt is moving and filaments are being rapidly traversed across this 

direction of motion, the filaments are being deposited in a zigzag wave pattern on the surface 

of the moving belt. The relationships between the collecting belt speed, the period of 

traverse, and the width of filament curtain being traversed determine the appearance of the 

formed web. Even though some authors considered spunbonded web to be randomly laid-

down and having a random orientation [127], in real processes the spunbonded webs tend to 

have bias in the machine direction.  

Finally, the continuous filament web is delivered to a bonding section, where one of 

several methods could be applied to bond loose filaments into strong, integrated fabric, such 

as calendering, hydroentangling, needlepunching, ultrasonic bonding, through air thermal 

bonding, stitch bonding, or chemical bonding. The bonded fabric encounters finishing 

(topical treatments, dying, embossing, laminating, stretching, splitting and so on) and slitting 

sections in the commercial production. In some operations, the fabric may also be further slit 

into precise, smaller widths to provide finished rolls of precise dimensions. Following 

slitting, the fabric is wound onto a large roll, either a full width roll or series of narrow slit 

rolls. From this point, the fabrics are ready for wrapping and shipping [127]. 

Bicomponent fiber spinning is similar to the single component fiber spinning and 

fabric formation. The only difference between them is that instead of one polymer stream, 

two separate polymer streams are extruded. These streams pass through the filters, the spin 



beam, and the spin pack distribution system separately and form a conjugate stream entering 

the spinneret hole. After exiting the spinneret orifices, the bicomponent fibers are quenched, 

attenuated, and deposited on the moving belt as in the case of homocomponent fibers. The 

schematic of Hill’s open spunbond system for the bicomponent fiber spinning is depicted in 

Figure 2.8. 
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Figure 2.8 Schematic diagram of the open bicomponent spunbond process with belt collector. 

Generally, there are three spinning techniques used in spunbonding: melt spinning, 

dry spinning, and wet spinning. Melt spinning is the most widely used because of its 

simplicity and a relatively low cost [128]. There are several melt-spinning process 

technologies, such as Reicofil® system, Docan® system, solution Flash-Spun system, 
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Lutravil® system etc. In the Reicofil® system the polymer melt is forced by spin pumps 

through special spinnerets having a large number of holes. The primary blow ducts, located 

below the spinneret block, continuously cool the filaments with conditioned air. The 

secondary blow ducts, located below the primary ones, continuously supply the auxiliary 

room temperature air. The continuous filaments are sucked through a venturi to the 

distributing chamber, which fan and entangle the filaments. Finally, the entangled filaments 

are deposited on the moving belt as a random web with small bias in machine direction. The 

filament drawing is accomplished by suction. The Reicofil® system is closed system, which 

spins mostly PP and it is not designed for high speed melt spinning (above 2000 m/min). For 

higher spinning speeds, open systems, such as Hill’s spunbond systems are used (Figures 2.7 

and 2.8). The Docan® system involves directing the polymer melt through special spinnerets 

with a large number of holes. The blow ducts located below individual spinnerets 

continuously cool the filaments with conditioned air. The fiber drawing is achieved by a 

special aerodynamic system, in which each filament is picked up by a draw-off jet operated 

on high pressure air and passed through a guide tube to the separator, where fanning and 

separation of the filaments take place. Then filaments are deposited on a moving belt as 

random lay web. The solution “flash-spun” system is a technique for the conversion of fiber 

forming polymers into spunbonded web via the dry spinning technique. An example of 

product obtained by this method is Tyvek®. Lutravil® system is based on the melt spinning 

technique, but it is not commercially licensed [128]. The burst fiber system extrudes the 

fiber-forming polymers through a radial die with foaming agent, which evolves gas at the 

extrusion temperature. The film is cooled right after the extrusion, reheated again above its 

glass transition temperature and stretched. The biaxial stretching converts the foamed film 
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into a fibrous tubular network. The wet spinning system extrudes polymer solution (cellulose 

based raw materials) through a spinning funnel or spinneret. The extruded filaments are 

diffused in a diffusion box, and are allowed to flow down together with solution through a 

slit on the bottom of the diffusion box. The filaments are then laid on the conveyor belt for 

web formation.  

 

2.2.3 BONDING  

 

The bonding systems that could be used in the spunbonding process include: 

chemical, mechanical and thermal bonding. Chemical bonding (adhesive bonding) is 

achieved by using polymer latex or a polymer solution deposited in and around the fibrous 

structure and then cured thermally to achieve bonding. In spray bonding, the bonding agent 

usually stays close to the surface of the material, resulting in a web with little strength, high 

bulk, and a fair degree of openness [128]. In the case of the saturated bonding, all the fibers 

are bonded to each other in a continuous matrix so that the rigidity, stiffness and the thinness 

of the web increase. In the case of partial solvation bonding, the overall bonding is obtained 

by solvation of the outer surface of the carrier fiber and welding together the contacting 

solvated surfaces of the fibers at all fiber cross-over points.  

Needlepunching is a mechanical bonding achieved by entangling of fibers with 

barbed needles, set into a board, which penetrate into the web and then recede. The 

needlepunched web is integrated because of fiber entanglements and fiber-to-fiber friction.  It 

is the simplest and least expensive method [22]. Needlepunching is usually used for heavier 

spunbonded nonwovens. In particular, it is the only method that can be used to bond heavy 
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weight fabric (800 g/m2). However, it can not be used for bonding of webs with the basis 

weight lower than 100 g/m2 [22].  Needlepunching is widely used in geotextiles. The needle-

punched web tends to be more comfortable and bulky than fabrics bonded by thermal or 

chemical binder methods [22]. Since the fibers have the freedom to move, the fabric is easier 

to deform and it exhibits low initial modulus. The variables in needlepunching are the punch 

density, the depth of the punch, and the needle design. The needle configuration and shape, 

the barb shape and web advance rate influence the degree of entanglement as well. 

Hydroentangling is a mechanical bonding process in which fibers are interlocked by series of 

very fine, parallel, high pressure water streams (jets). Hydroentangling energy is one of 

major factors influencing the degree to which the web is bonded. This energy is directly 

related to  water pressure and inversely proportional to the fabric basis weight and processing 

speed.  

Thermal bonding can be performed in several ways.  In through-air bonding, a hot 

fluid, such as air, is forced through a preformed web. If the temperature of the fluid is high 

enough, the fibers may become tacky and adhere to one another. In this case they form bonds 

where two or more fibers come into contact. Bonding can also be accomplished via flat bed 

through-air bonding, drum through-air bonding, and impingement through-air bonding. In 

infrared bonding (IR-bonding) infrared light provides the heat. In ultrasonic bonding, friction 

between contacting fibers due to the application of ultrasound causes the fibers to become 

tacky and bond. Calendering is one of the most economical and widely used techniques in 

nonwoven fabric manufacturing [21]. In this process, a pre-consolidated web is passed 

through the nip of two rolls pressed against each other and heated internally to a desired 

temperature.  The roll surfaces are heated from inside by direct electrical heat or through the 
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use of heated oil. Heated oil is preferred because it leads to a more uniform temperature 

distribution along the nip. Two types of bonding are typically distinguished: area bonding, 

which generally leads to strong and rigid fabrics, and point-bonding that could be 

accomplished with as little as 10% bonding leading to a much softer, flexible fabric. Area 

bonding is obtained when the nip rolls have smooth surface. In point bonding, one of the 

calendar rolls has an engraved pattern on its surface [22]. Many patterns, such as diamond, 

stick, grid, rectangular, S-like etc. are available. The bonding with this technique is achieved 

by fusion of filaments at their cross-over points between the raised patterns of a calender due 

to direct conduction of heat and pressure of the calender [22]. This type of bonding leads to a 

formation of bonding “points” or “spots” on the fabric.  The fibers in the web between the 

selected bond sites, also called bridging fibers, receive some heat through convection and 

radiation. Thus, secondary bonds may form between the bridging fibers. Often, the secondary 

bonds are mechanically broken in subsequent web handling or processing, either deliberately 

or as a matter of course, leaving the bridging fibers free to move within the fabric structure. 

This enables the fabric to remain flexible, while retaining its optimal strength. 

 

2.2.3.1 POINT BONDING 

 

Point bonding is accomplished through three critical steps: 1) heating the web to 

partially melt the crystalline regions, 2) diffusion of the newly released chain segments 

across the fiber-fiber interface, and 3) subsequent cooling of the web to cause its re-

solidification, trapping the diffused chain segments [23-24]. Fiber mobility in such bonding 

is retained in a part, outside the areas of the point bonds. The degree of fiber fusion in the 
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bonding spots determines the final strength of the bond. Finally, the fabric strength is 

determined by both the strength of the bonds and the residual strength of the bridging fibers, 

which are connecting the bonds.  

Many studies have been conducted to determine the optimal conditions for 

calendering to enhance the performance of bonded fabrics [21-28, 139-140]. It has been 

shown that mechanical properties of the bonded nonwovens are influenced by the bonding 

area (geometry), bonding speed and the temperature of bonding [22, 26]. The nip pressure, 

defined as the sum of forces applied at two ends of the rolls divided by the length of the 

contact between the rolls, has little or no effect on the performance of the final product [22, 

26]. Overall, the point-bonded spunbond nonwovens are typically not very strong, and 

bonding temperature at a constant line speed or line speed at a constant bonding temperature 

have a profound effect on the mechanical properties of these fabrics.  Typically, with an 

increase in the bonding temperature or time, the strength of fabric improves until it reaches a 

maximum. Any further increase in the temperature or bonding time will result in lower 

strength [21-24, 26-27]. At the bonding conditions below the peak, fabric failure occurs by 

bond disintegration as a result of insufficient fiber fusion due to “under-bonding”.  Above the 

maximum and at the optimal bonding temperature, the failure occurs by fiber breakage at the 

bond periphery, leaving the bonds intact [21-24, 26, 28]. The fabrics bonded at the high and 

optimal temperatures are referred to as over-bonded and well-bonded webs, respectively.   

In other words, under-bonding occurs when there are an insufficient number of chain 

ends in the molten state at the interface between the two crossing fibers or there is 

insufficient time for them to diffuse across the interface to entangle with chains in the other 

fiber [24]. The formation of a bond requires partial melting of the crystals to permit chain 
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relaxation and diffusion [24]. If, during bonding, the calender roll temperatures are too low 

or if the roll speeds are too high, the polymer in the mid-plane of the web does not reach a 

high enough temperature to release a sufficient number of chains or long enough chain 

segments from the crystalline regions. As a result, there will be very few chains spanning the 

fiber-fiber interface, the bond itself will be weak, and the bonds can be easily pulled out or 

ruptured under load, as observed by several researchers [23-24]. 

Several explanations of the failure mechanism of over-bonded and well-bonded 

nonwovens at the bond periphery have been provided in the literature. One possible cause of 

such a failure mechanism is that the fibers are “crushed” by the calender rolls and thus 

weakened at the bond edge.  However, Chidambaram et al. [140] showed that this factor 

accounted for only a small portion of the loss of the fiber strength. Wang et al. [24, 28] 

studied thermally bonded isotactic polypropylene (iPP) and poly (ethylene terephthalate) 

(PET) nonwovens and found a reduction in birefringence (molecular orientation) of the fibers 

at the bond spot and in its vicinity compared to the original fibers. Molecular orientation of 

the fibers entering the bond spot decreased significantly over a distance of 30-40 µm from 

the bond edge implying a large decline in the fiber modulus in this region. This change in the 

fiber morphology was influenced by bonding conditions and it was significantly smaller in 

samples bonded at lower temperatures or for shorter times. The properties of bridging fibers 

at locations greater than 30-40 µm from the bond edge were unchanged from the original 

fibers. Similar results were observed by Dharmadhikary et al. [25] for PP nonwovens. 

Chidambaram et al. [140] reported that the large reduction of the fiber birefringence leads to 

a significant decrease in the fiber strength. Thus, the fibers, having the same diameter along 

their entire length, are expected to fail where their molecular orientation is the smallest. The 
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birefringence of the fibers is low within the bond and at its edge, but the cross-sectional area 

of the bond is much larger than that of the fibers, thus the fibers at the bond periphery would 

fail predominantly [24, 28]. Because the change in the fiber morphology is influenced by 

bonding conditions, over-bonded webs demonstrate larger loss of mechanical properties of 

the fibers entering the bond than well-bonded webs [23-24]. This allows for fabrics bonded at 

the optimal temperature to show superior mechanical performance over the webs bonded at a 

high temperature. Nevertheless, even well-bonded nonwovens demonstrate premature failure, 

as a result of the partial loss of the fiber strength at the bond periphery due to heat diffusion 

in thermal bonding process. It has been hypothesized that if the bridging fibers of well-

bonded nonwovens would have the same strength over their entire length, including the 

region at the bond periphery, it would lead to better load sharing and would potentially result 

in a stronger web [23].   

We believe that this can be achieved through the use of sheath-core or I/S fibers, 

which have two components: one for bonding and one for load bearing.  However, the island 

(core) and sea (sheath) components must have certain characteristics.  The island polymer 

should have higher strength and lower elongation at break than the sea component, and the 

sea should have a lower melting temperature than the island to allow the bonding of the 

structure without adversely affecting the islands.  Thus, the thermal bonding process would 

not influence the morphology and the strength of the islands in the vicinity of the bond spots; 

whereas the sea could be completely melted thus, acting as a binder and transferring the 

stress to stronger island fibers under the load. Completely molten sea could yield significant 

bonding with minimal loss in the strength of the island fibers. This could represent a simple 

way of enhancing the properties of the calendered fabrics. Chidambaram et al. [140] and 
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Dharmadhikary et al. [25] demonstrated the advantage of the use of sheath-core fibers having 

low birefringence (weak) sheath in calendering over that of homocomponent fibers. Their 

bicomponent fibers showed superior performance over that of monocomponent fibers, which 

was likely due to the fact that the low birefringence sheath (skin) was melted at low enough 

temperature to form unfailing, strong bond without damaging of the fiber core. In this study, 

we intend to demonstrate that an improved strength of thermally bonded webs could be 

achieved with the use of the I/S bicomponent fibers, having low birefringence sea. 

Generally, the optimum conditions of bonding depend on the fiber morphology and 

fabric structure. A web thickness and basis weight have a pronounced effect on the quality of 

fabric bonding as well. When very thick web is not bonded appropriately, it will laminate 

under applied stress. The laminar failure is due to slippage between the web layers. 

Calendering is typically used to bond low basis weight webs (typically, below 200 g/m2). To 

achieve optimal bonding the calender temperature and speed should be adjusted for each 

particular web.  

Fabric tear strength, shear and bending rigidity are also influenced by the bonding 

temperature. With the increase in the bonding temperature, the fabric tear strength decreases 

and the fabric rigidity and simple shear increase due to the reduction in the fiber mobility 

[21, 26]. The bond area has also a pronounced effect on the fiber properties. With the 

increase in the bonding area at the optimum bonding temperature and all other variables 

being constant, the fabric tensile strength, elastic and shear modulus, and bending rigidity 

increase, and the elongation at break and tearing strength decrease. At low bonding 

temperature the fabric shows higher tear strength at higher bond area and at high bonding 

temperature fabric shows higher tear strength at lower bond area. The morphology of the 
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fibers in unbonded areas are almost uninfluenced by bonding conditions, and the crystal size 

of the fibers in the bonded areas are larger than that of in unbonded areas due to the effect of 

the heat [21]. 

 

2.2.3.2 HYDROENTANGLING 

 

Hydroentanglement is a mechanical bonding process, which involves entangling of 

the web of loose fibers on a porous forming surface to form a sheet structure nonwoven 

fabric by subjecting the fibers to multiple rows of very fine, parallel and  high pressure water 

streams (jets) [141]. Figure 2.9 represents a schematic of the hydroentangling process.    

 A typical hydroentangling machine consists of a conveying belt, a through-air 

bonding oven and a set of manifolds, which supply high pressure water jets. Fibers are 

pushed down by these high pressure water jets from the surface to the lower layers of the 

web structure and deflected by the conveying belt. This leads to the displacements and 

rotations of the fibers with respect to their neighbors. During these relative displacements, 

some of the fibers twist around others and/or inter-lock with them due to the frictional forces. 

The final outcome is a highly compressed and uniform fabric sheet of entangled fibers. 



Manifolds

Manifolds 

Drum

Single or multiple 
layers of webs 

To thru-air oven for 
drying and/or a second 
bonding step before 
going to winder 

 

Figure 2.9 A typical process for hydroentangling using drum entangler. 

One of the most important factors, which influences bonding in the 

hydroentanglement, is the specific energy (SE), defined in equation 2.1 [142].      
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where   is orifice discharge coefficient; dC ρ is water density (kg/m3); is number of water 

jet orifices per unit width on i th jet head (m
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of  water jet orifices on th jet head (m); b is a fabric width (m); W is web basis weight 

(kg/m
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2); is the line speed (m/s);  is water jet pressure at th jet head (Pa).    S iP i

This energy is proportional to a water pressure and inversely proportional to a fabric 

basis weight and processing speed. The energy transfer in the hydroentangling process is  
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governed by hydroentanglement parameters, such as number of passes, water pressure at 

different passes, single and double side treatments [142]. It has been shown [141] that higher 
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stituents and the geometry of the forming 

surface

ded pre-consolidated web), pre-wetting, web 

entangl

fabrics rely primarily on the fiber-

level of hydroentangling energy leads to better bonding, however, a threshold energy exists, 

above which the increase in the water pressure or the number of passes of the fabric through 

the hydroentanglement system results in the deterioration of the fabric mechanical properties. 

Insufficient energy transfer rearranges, but it does not entangle the fibers, leading to loose 

fabrics, whereas overimpacting the fabric produces areas of weakness and non-uniformity in 

it [142]. To obtain a strong, uniform fabric with numerous bond spots the hydroentangling of 

the web from both sides is recommended [142].  

The forming surface in hydroentangling supports the fiberweb, increases entangling 

efficiency, and creates desired texture. The con

, which is usually fine-mesh stainless steel, bronze, or polymeric screen, must be fine 

enough to minimize fiber losses and maximize water reflection back into the web to increase 

bonding efficiency, while it must be open enough to drain the water from the jets, and 

provide the required fabric aesthetics [141]. 

The hydroentangling typically includes several steps: web formation (carded, air-laid 

web, wet-laid web, or meltblown/spunbon

ement, web drying and other post-processing treatments. Compaction and pre-wetting 

eliminate air pockets from the web. Web entanglements are done by high-pressure water jets. 

The vacuum system underneath of the forming belt removes used water from the fabric, 

preventing flooding of the web with water and hence reduction in the effectiveness of the jets 

to cause fiber entanglements. The hydroentangled fabric is then passed through a dewatering 

device where excess water is removed and fabric is dried. 

Besides energy transfer, many other factors influence the extent, to which fibers can 

be entangled during the hydroentangling. Hydroentangled 
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to-fiber

hermal bonding because it is expensive [22]. The main cost of 

the pro

 friction and fiber bending properties to achieve physical integrity and are 

characterized by relatively high strength, softness, drape and conformability [141]. The 

important fiber properties that are required for better hydroentangling include bending 

modulus (fibers should easily bend around small radii), a linear density, a fiber length, fiber 

wettability, and a fiber cross-section shape. For instance, flexible fibers require less energy to 

cause fiber entanglements because they need less energy to cause their rotations and 

displacements relative to each other. The important property, which influences the strength of 

the bonding and ultimately the strength of the fabric, is fiber-to-fiber friction. Fabrics having 

few entanglement points, but strong bonding typically have higher tensile strength than 

fabrics having many entanglement points but poor bonding [142]. Web properties, such as 

basis weight, fiber arrangement and structure, which depend on the method of the web 

production, are other important factors influencing the efficiency of the hydroentangling 

process [142]. For instance, the higher the web basis weight, the more energy (or higher jet 

force) is required to cause the fiber entanglements. Although the hydroentangled fabrics are 

less shear-dependent than calendered fabrics, they typically have poor abrasion resistance, 

poor strain recovery, poor wash durability and fuzzy appearance with watermarks (jet 

streaks) on the fabric surface. 

Even though the hydroentanglment is used to produce fabrics with unique properties, 

it is not used as widely as the t

cess is energy consumption that provides high pressure water jets [142].  Good orifice 

jet design, able to form uniform constricted jets with minimum friction losses, optimization 

of energy distribution, and the tailoring of jet orifice and forming wire to the fabric 

application are some of the steps needed to achieve the process cost reduction. Water 
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me ineffective bonding approach for such 

compos

he spunbonding process exert a considerable influence on the 

sulting fabric properties. The principal resins currently used in the commercial spunbond 

fabrics 

recycling and clogging of the jets with broken fibers are other problems of the 

hydroentangling process that have to be solved.  

When I/S fibers are used for the production of micro- and nanofibers by means of 

dissolving of the sea, point-bonding could beco

ite structures due to disintegration of the bond-spots during the sea polymer removal. 

We believe that hydroentangling of I/S structures could be a viable alternative to point-

bonding of these materials because mechanical fiber-to-fiber entanglements would not be lost 

by the removal of the sea and the web structure integrity would be maintained. 

 

2.2.4 RAW MATERIALS 

 

Resins selected for t

re

are: polypropylene, polyester, nylon, polyethylene and cellulose. Isotactic 

polypropylene (PP) is the most widely used polymer in the spunbond nonwovens, since it 

provides the highest yield and covering power at the lowest cost [22]. It has low melting 

point (160 -175 oC), good chemical resistance, good strength, and moderate textile properties, 

however, it is difficult to dye. The typical molecular weight of PP used in spunbond is about 

120000 g/mol. Polyester (PET) is used in number of commercial spunbond products and it 

offers certain advantages over PP, although it is more expensive. It has excellent physical 

properties, moderate processing characteristics (has high melting point 255 oC), excellent 

textile properties, and good dye reception. It is relatively UV and radiation resistant, and the 

spunbonds made of PET can be thermally molded. The drawback of using PET is that it is 
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HE SPUNBOND WEB  

ond process is 

isotropic with preferred orientation in MD [22]. Anisotropy is determined by both fiber 

diamete

difficult to thermally bond as a homopolymer. For bonding, low melt PET copolymers are 

typically used in combination with PET homopolymer. Nylon has excellent wearing 

characteristics, high strength, good textile properties, and good dyeing characteristics; 

however, it is more expensive than PP or PET. Both Nylon 6 and Nylon 66 are used. 

Spunbonds made of Nylon can be thermally molded and have generally high tensile strength. 

Cellulose has very limited use, because the fiber spinning process is generally more 

complicated than melt-spinning. Polyethylene (PE) is used primarily in the flash-spinning 

process or in bicomponent fibers. Linear low density polyethylene (LLDPE) with molecular 

weight about 20,000 g/mole has the best filament forming properties among all PE’s so far 

and leads to a very soft spunbonded nonwoven. However, poor thermal bonding ability of 

LLDPE has limited its market penetration. Polymers that are starting to be used in 

spunbonding process are polylactide (PLA) and thermoplastic urethanes (TPU). PLA has 

similar properties to those of PET, however, it has lower melting point, and it is 

biodegradable and highly hydrophilic. TPU as well as styrenic elastomers are typically used 

for producing thermoplastic elastomeric products. 

 

2.2.5 STRUCTURE AND PROPERTIES OF T

  

In the majority of the cases the web produced through the spunb

an

r and filament-to-belt speed ratio, the latter having a bigger effect. Spunbond fabric 

thickness ranges from 0.1 to 4.0 mm, with typical value of 0.2 to 1.5 mm [22]. The thickness 
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tensile properties of the fabric depend on fiber properties, the web lay down and 

the bon

onditions that lead to larger 

diamete

odulus of the fabrics, is a function 

of the f

y 

several

of the fabric is greatly influenced by the applied bonding system, fiber diameter, and the web 

lay down.  

The 

ding. It was shown that effect of filament diameter is probably the most dominant 

among all fiber properties, however, understanding how the fiber properties relate to the 

fabric properties is still an active field of research [22]. The burst strength and tear strength 

follow trends similar to that of tensile in the majority of the cases. The tear strength values 

are often higher in CD due to the greater amount of resistance to tearing from the filaments, 

which are oriented preferentially in the machine direction [22].  

Air permeability increases with a change in processing c

r fibers. An increase in diameter of the filaments results in lower fabric density, 

which is responsible for observed higher air permeability.  

Fabric hand, which depends on the flexibility and m

iber diameter and the bonding. Fine fiber fabrics are typically soft and more flexible. 

Similarly, low bonding temperature and low basis weight result in the soft spunbond webs.  

It is clear that the structure and properties of the spunbonded fabrics can be varied b

 means and it is possible to engineer the properties of the fabrics by selecting the right 

polymer and the right processing conditions. 
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2.2.6 PROCESS PARAMETERS INFLUENCING FIBER FORMATION  

 

To identify how different process parameters influence the fiber and subsequently 

fabric properties, mathematical models for the fiber spinning via the spunbonding have been 

developed by several groups [116, 133-136, 143-144].  Hajji et al. [133] and Mistra et al. 

[134] developed a model for single filament melt spinning, which was modified and applied 

to Reicofil® spunbonding process. The model was based on the solution of five first order 

differential equations, which represent the momentum, energy, and mass balance, as well as 

rheological constitutive equation and crystallization kinetics equation. The model 

assumptions were: the axial velocity and temperature were uniform over a cross-section of 

the fiber; the spinline and axial heat conduction was in steady–state; viscous heat dissipation 

was neglected; elongational viscosity of PP (MFR 35) used in the study was independent of 

elongational rate (Newtonian fluid). The model predicted increase in the fiber diameter and 

decrease in the fiber crystallinity and birefringence with a raise in the polymer mass flow rate 

(throughput). The decline in the fiber crystallinity and birefringence is due to reduced stress 

concentrations on the fibers, because they were cooled down at slower rate and thus, they 

solidified farther from the spinneret. The increase in the extrusion temperature led to a 

decrease in the local polymer viscosity along the spinline (particularly close to the spinneret) 

and local stresses needed for the fiber drawdown to occur.  Hence, the crystallization started 

further from spinneret and the drawdown occurred more slowly. As a result, the final 

crystallinity, birefringence and diameter of the modeled fibers decreased with increase in the 

extrusion temperature. As the cooling air temperature was increased, the spinline cooled 

down more slowly and crystallization occurred further from the spinneret, resulting in the 
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decline in the final fiber diameter, birefringence and crystallinity.  This was explained by the 

fact that an increase in the air temperature causes the polymer viscosity to stay at lower 

values for a greater distance from the spinneret, resulting in a decrease in the fiber diameter 

and spin-line stress.  Because of low stress, the crystallization starts far away from the 

spinneret leading to low final fiber crystallinity and birefringence values. The increase in the 

air flow rate increased the air drag on the filaments intensifying the spin-line rheological 

stress on the fibers. This resulted in a smaller final fiber diameter and improved fiber 

crystallinity and molecular orientation. An increase in the polymer viscosity requires higher 

stress levels to produce fiber drawdown at a given temperature. Since the air drag in the 

spunbonding process is essentially independent of the resin viscosity, this causes the final 

fiber diameter to increase with increased polymer viscosity if other spinning parameters are 

constant. Thus, growth of the resin viscosity caused the fiber drawdown to occur closer to the 

spinneret, where the filament temperature was hotter and local viscosity was lower. 

However, the stress at a given position in the spinline was higher for the higher viscosity 

polymer, causing the stress induces crystallization to occur closer to the spinneret and at high 

temperatures. In turn, crystallization increased polymer viscosity, and the final filament 

diameter was reached closer to the spinneret. Improved melt orientation and higher rates of 

stress-induced crystallization led to higher final crystallinities and birefringence of the 

modeled fibers.  Overall, according to model predictions, the only condition leading to a 

decreased fiber diameter with increased fiber crystallinity and orientation was increasing 

cooling air flow rate. However, this condition could also lead to a raise of the spin-line stress 

concentrations that may fracture the filaments. Thus, there is an upper limit of using of high 

velocity cooling air in the spunbond process.  Smith et al. [135] modified the described above 
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model to include stress-induced crystallization effects using Ziabicki’s crystallization rate 

equation with a temperature-dependent factor governing crystallization rate enhancements 

due to stress. The predictions of the modified model were in a good agreement with the 

predictions of the Hajji’s and Mistra’s model.  

Brünig et al. [143] and Beyreuther et al. [136] extended Hajji’s model [133] to 

multifilament spinning neglecting fiber crystallization effects and estimating the axial and 

elongational velocities and temperature of air inside of the filament bundle. The filament 

velocity and filament solidification distance were also estimated. The model suggested that 

filament velocity depends on the spinning and take-up conditions, such as starting point of 

take-up, the length of the take-up channel and air velocity within the channel. With an 

increase of the axial air velocity in the take-up channel, the air drag increases, followed by 

higher filament velocities and lower filament finenesses. Model calculations confirmed that 

filament velocity depends nearly linearly on the length of the take-up channel and axial air 

velocity. Further development of the model led to including the air friction coefficient impact 

of the quenching air that actually increases the air friction coefficient [143]. The model 

predictions and experimental results were compared and the following conclusions were 

drawn: 1) high cooling rate of quenching air leads to a decrease in the fiber solidification 

distance; 2) air drag and gravitational force and to an increase in the air friction coefficient. 

This model was developed for polypropylene system only.  

Although there was a good overall agreement between various model predictions and 

experimental results, Bhat et. al. [22] showed experimentally that with an increase in the 

cooling air temperature the fiber diameter also increased. This was contradictory to the 

model, which predicts that a low temperature is helpful for generating a higher spinline stress 
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that leads to a reduction in the fiber diameter. This complex phenomenon is a result of 

compensating effects of changes in the elongational viscosity and the spinline stress. The 

changes taking place during melt solidification in the spin-line are quite complex, involving 

rapid changes in temperature, viscosity, orientation, crystallinity, etc. The change in the 

cooling conditions causes a shift in the drawing zone along the spinline. As the cooling 

temperature decreased, the orientation and crystallinity of the fibers increased, with a 

decrease in the fiber diameter, unlike in the model predictions where the finer fibers were 

predicted to have lower birefringence and crystallinity. Smaller fiber diameter, in 

combination with higher orientation, indicates that the diameter reduction takes place under 

stress, and not just due to lower melt viscosity. Another reason for possible differences with 

the model predictions could be that diameter predictions were based on the online studies, 

and there is some relaxation of the fibers that leads to changes in the final fiber diameter. The 

observed changes in diameter due to relaxation phenomena were dissimilar for different 

spinning conditions. 

It was experimentally observed by Bhat et al [22] that the breadth of the polymer 

molecular weight distribution (MWD) had a great influence on the spinline behavior and the 

structure and properties of the filaments. Broad MWD resulted in fibers with higher density 

and lower birefringence than the samples with narrow MWD and fibers spun from narrow 

MWDs polymers had higher tensile strength and lower elongation at break. Polymers with 

broader MWD showed more thinning and higher tendency to undergo stress-induced 

crystallization. These lead to a shift in the drawdown points closer to the spinneret. Although 

the birefringence increases earlier along the spin-line, it develops more slowly and reaches 

lower final value for the broader MWD polymer than that of the narrower MWD polymer. 
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An increase in quenching air pressure, which was accomplished by adding more 

auxiliary air, resulted in the decrease in the final fiber diameter [22]. Obviously, an increase 

in air pressure leads to an increase in the spinline draw ratio of the filaments. Air suction has 

an obvious effect on the fiber structure as the air suction directly corresponds to take-up 

speed. The fiber diameter decreases with an increase in the air suction speed. Air drag plays a 

major role in determining the morphology of the fibers in the spunbonding process. Increase 

in the drag force results in a rapid increase in birefringence of fibers. 

Kikutani et al. [116] extended a steady-state model for single component spinning 

[133-134] to bicomponent spinning, neglecting crystallization effects in the energy balance 

equation. The model was developed for sheath-core bicomponent fibers, where PP (MFR 40) 

was used as the sheath and PET (IV 0.65) was used as the core. The model assumptions 

were: 1) there were no temperature and velocity distributions in the cross-section of the 

bicomponent filaments; 2) PP and PET behaved as Newtonian fluids; 3) solidification 

temperatures for both polymers were the same. The model predicted that the diameter profile 

of PET/PP fibers was in between those of PP and PET single component filaments. The 

spinline stress applied to PET near the spinneret in PP/PET combination was lower than that 

of during PET single component spinning. The low spinline stress attributes to restrained 

deformation of the spinline. The stress, however, increased steeply along the spinline and 

eventually exceeded the stress experienced by the fiber during single component spinning. 

This corresponded to the promoted spinline deformation observed in the diameter profile 

near the solidification point. On the other hand, PP in the PP/PET system was subjected to a 

higher stress than the single component PP fiber near the spinneret and lower spinline stress 

near the solidification point than the single component PP. Because PET had a higher value 
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of elongational viscosity and lower value of heat capacity than PP, it solidified faster than 

PP. The increase of the solidification stresses for PET and the decrease of the solidification 

stresses for PP in PP/PET system were in agreement with experimental data for molecular 

orientation of these components in bico-configuration. Results similar to described above 

were observed by Mistra et al. [134]. 

In real spinning processes, two polymers in bico-configuration often solidify at 

different temperatures. While one component can solidify, the other could be still in the 

molten state. Thus, the elongational stress experienced by the latter would vanish instantly as 

further deformation of the spin-line can not occur beyond this position leading to a possible 

stress relaxation in the molten component. To take into account this effect, viscoelastic 

constitutive equation (upper-convected Maxwell model) was incorporated into Kikutani’s 

model [116]. The improved model predicted significant amount of stress relaxation of the PP 

component after solidification of the PET component. 

The results of the numerical simulation showed that the velocity and temperature 

profiles of the bicomponent spinning fell between those of the single component spinning. 

When the difference between solidification distance of the core and sheath polymer 

increased, the orientation of the slower solidifying polymer decreased. 

Mutual interactions of the two polymers coextruded to form the bicomponent fiber 

were responsible for the significant differences in the structure development during the 

bicomponent spinning as compared to that of single component spinning. These interactions 

may arise from the difference in polymer characteristics, in particular, difference in the 

temperature dependence of polymer elongational viscosities (activation energy) or in 

magnitude of viscosities.  In PET/PP system, PET had a higher value of activation energy, 
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experienced higher spinline stresses that enhanced the fiber molecular orientation and 

orientation-induced crystallization. On the other hand, the orientation development of PP 

with a lower value of activation energy was suppressed. If PET (core) solidifies and PP 

(sheath) remains in the molten state, the PP may undergo orientation relaxation. The 

suppression of orientation with high cooling speeds prevents the occurrence of crystallization 

(even at room temperature) and causes the sticking of running filaments. Since the PP has 

very low glass transition temperature, crystallization into a pseudo hexagonal structure was 

expected even after the spinning process [116]. 

Experimental data confirmed the main conclusions of the numerical simulations, in 

particular: 1) PP was still in the molten or rubbery state in the spinline even after cooling 

down to the room temperature; 2) In PET/PP bico-combination the molecular orientation  

and orientation-induced crystallization of the PET component was enhanced while the 

molecular orientation of PP component remained very low in the comparison with the 

corresponding single component fibers; 3) PP in PP/PET system showed pseudo hexagonal 

structure and its structure formation was completely different from that of single component 

PP (single PP showed highly oriented monoclinic structure); 4) Fibers stuck into bundles as a 

result of suppression of the crystallization of the sheath (PP). 

Similar results were observed for PS/PET and PE/PET bicomponent fibers; in the 

former system the structure formation of PET was suppressed while molecular orientation of 

PS was enhanced, in the latter system, the molecular orientation of PE was suppressed while 

the structure development of PET was improved [119].  

Yoshimira et al. [120] experimentally obtained results similar to those of Kikutani’s. 

They demonstrated that in the bicomponent fiber spinning, the component having higher 
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viscosity solidified faster and had higher values of crystallinity and molecular orientation 

than the component having lower viscosity. However, if the differences in the solidification 

lengths of the components are not significant, the polymer (core), which is almost solidified 

and thus spun at higher speeds due to higher spinline stresses, could promote the stretching of 

the other polymer (sheath) as a result of the shearing forces acting on their interface.  This 

could result in the improvement of the orientation of the parts of the sheath close to the 

polymer-to-polymer interface. If the solidification differences between the components of the 

bicomponent fibers are significant, then one component would solidify very close to the 

spinneret, while the other one would still be in the low viscous state. Shearing of one 

polymer against the surface of the other one could cause the fracture of already solidified 

material.  

Choi et al. [115] also reported an improvement in the crystallinity of a component 

having higher viscosity and solidification temperature compared to that of a component 

having lower viscosity and solidification temperature during the bicomponent spinning.  

Lu et al. [145] experimental study demonstrated an increase in the fiber birefringence 

as it reaches its solidification, confirming that higher viscosity polymers achieve higher 

orientation in the spinline than lower viscosity polymers. It was also shown that an increase 

in the fiber spinning speed results in the increase of the spinline tension and leads to an 

enhanced molecular orientation and crystallinity of the spun fiber. Also, spinline stress 

increases as the fiber spinning velocity or its elongational viscosity increases. 
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3 EXPERIMENTAL  

3.1 MATERIALS 

 

Ultramid BS 700 nylon-6 (N6) (BASF), F 61HC polyester (PET) (Eastman Chemical 

Co.), and CP-360-H polypropylene (PP) (Dow Chemical Company) were studied for the use 

as the island polymers. ASPUN 6811A linear low density polyethylene (LLDPE) (Dow 

Chemical Company), poly (lactic) acid (PLA) (Cargill Dow Polymers), and co-polyester 

(AQ55) (Eastman) were studied for the use as the sea.  Basic properties of these polymers, 

provided by suppliers, are summarized in Table 3.1. The polymers were also utilized in the 

production of homo-component fibers and fiber webs. 

 

Table 3.1 Properties of the island and sea polymers 
Polymer 

Island Sea 
Melting Temp. 

Tm,  °C Density, g/cm3 Rheological Properties 

N6 - 220 1.14 12.67 – 2.73 
PP - 165-175 0.91 20.34 

PET  250 – 255 1.38 30.61 

- PLA 173 1.25 -

- LLDPE 125 0.94 2 27g/10 min 

- AQ55 - 1.1 30.29-0.37 
- Co-PET - - 30.47 

1Relative viscosity; 2 Melt flow rate (MFR); 3 Intrinsic Viscosity (IV). 
 

The Co-PET polymer selected does not exhibit a specific melting point since it is an 

amorphous polymer.  It softens at about 130 °C and can be extruded at a wide range of 

temperatures. Water dispersible highly amorphous AQ55 with Tg of 55˚C is co-PET modified 

by ionic sodiosulfo groups (SO-
3Na+) (Figure 3.1).   

 



                                             HO-G-A-G-A-G-A-G-A-G-A-G-OH 

                                                          SO-
3Na+            SO-

3Na+

 

A – an aromatic dicarboxylic acid moiety 

G – an aliphatic or cycloalophatic glycol residue 

OH – hydroxyl end groups. 

Figure 3.1 Chemical structure of AQ 55. 

AQ 55 has a relatively high and stable melting viscosity, high moisture absorption 

and low odor. It shows no detectable crystalline melting point. The pellets of the AQ55 

polymer can be dispersed directly in hot, deonized water (pH 5-7) without the assistance of 

cosolvents or surfactants. The water-dispersibility of AQ55 is due to the presence of the polar 

hydrophilic sodiosulfo groups distributed randomly along the polymer backbone. Usual 

molecule of AQ55 has approximately 5-8 ionic sodiosulfo groups. The other important 

feature of the AQ 55 polymer is its ability to be recycled. Adding ionic species to the 

aqueous medium causes the polymer particles to overcome their repulsions, coagulate and 

form separate phase. It is possible then to precipitate out the polymer [146].  

PLA having Tg of 55 - 65 ˚C was developed by converting corn starch into lactic acid. 

The chemical structure of the PLA polymer is presented in Figure 3.2:  

 

                                                             

                                          Figure 3.2 Chemical structure of PLA. 
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PLA is an aliphatic polyester, with relatively small pendant methyl groups, which 

hinder rotation and to prevent easy access to the oxygen atoms in the ester linkage. Because 

of this, the PLA molecule tends to assume a helical structure.  It is a highly crystallizable and 

hydrophilic material. It even has a higher hydrophilicity than nylon [125]. A PLA fiber 

typically has α-form crystals (a=1.07 nm, b=0.645nm, c=2.78nm, α=β=γ=90o) at low draw 

ratios, and β-form crystals (a=1.03 nm, b=1.82nm, c=0.9nm, α=β=γ=90o) at high draw ratios 

[147]. Draw ratios of the PLA fibers can vary from 9 to 20, depending on the drawing 

conditions. The other interesting feature of PLA is its bio-degradability. At 98% humidity 

and 60°C or higher temperature, PLA is readily consumed by microbes. PLA used as the sea 

polymer, can be easily removed with 3 minute exposure to a mixture of hot water  and  3% 

caustic soda [125].   

3.2 PROCESSING 

 

Spunbond homo-component and I/S samples were produced at NCRC Pilot facilities 

located at North Carolina State University. The schematic diagram of the spunbonding 

machine used is depicted in Figure 2.8. The processing and bonding conditions of the 

materials used for determination of the usability of the I/S fibers for production of nanofibers 

are summarized in Table 3.2 and the bonding conditions of materials used for strength 

optimization study are given in Table 3.3. 

The volume fractions of island and sea polymers were calculated and the results are 

summarized in Table 3.4. Calculations were conducted based on the following densities of 

the polymer melts at their extrusion temperatures: ρ melt PP = 0.78 g/cm3, ρ melt LLDPE = 0.75 
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g/cm3, ρ melt PLA = 1.12 g/cm3, ρ melt N6 = 1.0 g/cm3, ρ melt AQ55 = 1.0 g/cm3, and ρ melt PET= 1.22 

g/cm3 [115, 148-149]. 

To remove AQ55 the jet dyeing machine was used.  While it is typically used for 

dyeing of conventional fabrics, this machine is ideal for the removal of the sea because it 

provides agitation in the form of water jet streams.  The characteristics of the machine used 

were: liquor content 6-20 liters, fabric content 100–1500 g, fabric speed 4-30 m/min, 

temperature 20-150˚C, and heating up speed 2-6˚C. The fabrics containing AQ 55 polymer 

were subjected to the jet dyeing machine for 15 minutes at 80 ˚C. To remove PLA, the winch 

beck machine, which is typically used for bleaching and dyeing of cotton webs, was used. 

The fabrics were treated in hot water (100 ˚C) with 3 % of caustic soda in it. 10 minutes was 

the time of the treatment and 25 ˚C was the initial temperature of the water. 60 liters of water 

were heated at the speed of 8 ˚C/min. 
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Table 3.2 Spunbond sample spinning and bonding conditions 
Polymer Spinning conditions 

Quenching air N Sample 
type I/S 

Island Sea Extrusion 
T˚C T˚C Speed, m/s 

Bonding 
Conditions 

1 Fabric, 
fibers 36 N6 PLA 

25 % N6-0.54±0.03 m/s 
50% N6- 0.7±0.04m/s 

75 % N6-1.68±0.04 m/s 

2 Fabric, 
fibers 108 N6 PLA 

25 % N6-0.54±0.03 m/s 
50% N6-1.33±0.06 m/s 
75 % N6-1.68±0.04 m/s 

3 Fabric, 
fibers 216 N6 PLA 

25 % N6-0.54±0.03 m/s 
50% N6-0.7±0.04 m/s 

75 % N6-1.68±0.04 m/s 

4 Fabric, 
fibers 360 N6 PLA 

N6 – 274 
PLA - 227 12.8 

25 % N6-1.02±0.05 m/s 
50% N6-1.33±0.06 m/s 
75 % N6-1.68±0.04 m/s 

3H, manifold pressures -50, 
200, 225, 200, 225 bar, line 

speed – 30 m/min, total 
specific energy – 8000 kJ/kg. 

 

5 Fabric, 
fibers 0 N6 N6 274 12.8 1.68±0.04 m/s 

1H, manifold pressures - 15, 
225, 225, 225, 225 bar, line 

speed - 10 m/min; or 
4C at 170-200 °C, line speed – 

10 m/s, pressure – 400 PLI 
(70 kN/m). 

6 Fibers 0 PLA PLA 227 12.8 0.54±0.03 m/s - 

7 Fabric, 
fibers 36 PP PE 

25 % PP-1.02±0.05 m/s 
50% PP-1.68±0.04 m/s 
75 % PP-1.68±0.04 m/s 

8 Fabric, 
fibers 108 PP PE 

9 Fabric, 
fibers 216 PP PE 

10 Fabric, 
fibers 324 PP PE 

PP-240 
PE-216 12.8  

25 % PP-1.33±0.06 m/s 
50% PP-1.33±0.06 m/s 
75 % PP-1.33±0.06 m/s 

3H, manifold pressures -50, 
200, 225, 200, 225 bar, line 

speed – 30 m/min 
 

11 Fibers 0 PP PP 240 12.8 1.68±0.04 m/s - 
12 Fibers 0 PE PE 216 12.8 1.02±0.05 m/s - 

13 Fabric, 
fibers 108 N6 AQ55 N6-266 

AQ55-240 12.8 

25 % N6-1.02±0.05 m/s 
50% N6-1.02±0.05 m/s 
75 % N6-1.02±0.05 m/s 

 

1H, manifold pressures - 20, 
125, 150, 125, 150 bar, line 

speed – 30 m/min 

14 Fabric, 
fibers 18 PP AQ55 PP- 240 

AQ55-240 12.8 

25 % PP-1.02±0.05 m/s 
50% PP-1.02±0.05 m/s 
75 % PP-1.02±0.05 m/s 

 

1H, manifold pressures - 70, 
200, 225, 200, 225 bar, line 

speed – 30 m/min 

15 Fibers 0 AQ55 AQ55 240 12.8 0.54±0.03 m/s - 

16  108 N6 PE N6-266 
PE-227 12.8 

25 % N6-1.68±0.04 m/s 
50 % N6-1.68±0.04 m/s 
75 % N6-1.68±0.04 m/s 

 

3H, manifold pressures -50, 
200, 225, 200, 225 bar, line 

speed – 30 m/min 
 

17 Fabric, 
fibers 108 PP PLA PP-240 

PLA-227 

18 Fabric, 
fibers 342 PP PLA  

12.8 
25 % PP-1.68±0.04 m/s 
50% PP-1.68±0.04 m/s 
75 % PP-1.68±0.04 m/s 

3H, manifold pressures -50, 
200, 225, 200, 225 bar, line 

speed – 30 m/min 
 

19 Fibers 1 PP AQ55 - 

20 Fibers 1 AQ55 PP 
PP- 238 

AQ55-240 12.8 
25 % PP-1.02±0.05 m/s 
50% PP-1.02±0.05 m/s 
75 % PP-1.02±0.05 m/s - 

1H – hydroentangling 1 pass; 2H – hydroentangling 2 passes; 3H -  hydroentangling 3 passes; 4C – calendering; all I/S samples were spun 
with 3 ratios of the island polymer to the sea polymer, i.e., 25% to 75%, 50% to 50%, and 75% to 25% (fractions of the molten polymer 
mass flow rate). 
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Table 3.3 Description of nonwoven samples and bonding conditions  
Polymer Ratio, % Sample Abbreviation № of 

Islands Island Sea Island Sea 
Bonding Techniques and Conditions 

100 % N6 0 - N6 - 100 

1H, pass manifold pressures - 15, 225, 225, 
225, 225 bar, line speed - 10 m/min; or 
2C at 170-200 °C, line speed – 10 m/s, 

pressure – 400 PLI (70 kN/m). 

1 I/S 75/25 N6/PE 1 N6 PE 75 25 
2C at 145 °C, line speed – 10 m/s, pressure – 

400 PLI (70 kN/m). 

18 I/S 75/25 N6/PE 18 N6 PE 75 25 
2C at 145 °C, line speed – 10 m/s, pressure – 

400 PLI (70 kN/m). 

108 I/S 75/25 N6/PE 108 N6 PE 75 25 

1H, 1 & 2 passes, manifold pressures – 15, 
225, 225, 225, 225 bar, line speed - 10 m/min; 
3NP, line speed – 2.3 m/min, a punching speed 
- 427 strokes/min and a hole punch density – 

7.43 cm-2; 
4T at temperatures 140 –180 °C, line speed – 

10 m/min; or 
2C at 125-155 °C, line speed – 10 m/s, pressure 

– 400 PLI (70 kN/m). 

108 I/S 85/15 N6/PE 108 N6 PE 85 15 
2C at 145 °C, line speed – 10 m/s, pressure – 

400 PLI (70 kN/m). 

108 I/S 50/50 N6/PE 108 N6 PE 50 50 
2C at 145 °C, line speed – 10 m/s, pressure – 

400 PLI (70 kN/m). 

108 I/S 25/75 N6/PE 108 N6 PE 25 75 
2C at 145 °C, line speed – 10 m/s, pressure – 

400 PLI (70 kN/m). 

108 I/S 75/25 N6/co-PET 108 N6 co-PET 75 25 
2C at 130-170 °C, line speed – 10 m/s, pressure 

– 400 PLI (70 kN/m). 

108 I/S 75/25 PP/PE 108 PP PE 75 25 
2C at 145 °C, line speed – 10 m/s, pressure – 

400 PLI (70 kN/m). 

108 I/S 75/25 PET/PE 108 PET PE 75 25 
2C at 145 °C, line speed – 10 m/s, pressure – 

400 PLI (70 kN/m). 
Keys: 1H – Hydroentangling; 2C – Calendering; 3NP – Needlepunching; 4T – Through air bonding 

 

Table 3.4 Weight and volume fractions of the polymers in the I/S fibers 
Sample Island polymer Sea polymer 

 Ratio of mass flow rate, 
wt, % 

Volume fraction, V, % Ratio of mass flow rate, wt, 
% 

Volume fraction, V, % 

25 27 75 73 
50 53 50 47 

N6/PLA 

75 76 25 24 
25 20 75 80 
50 43 50 57 

N6/PE 

75 70 25 30 
25 32 75 68 
50 60 50 40 

PP/PLA 

75 82 25 18 
25 24 75 76 
50 49 50 51 

PP/PE 

75 74 25 26 
25 25 75 25 
50 50 50 50 

N6/AQ55 

75 75 25 75 
25 30 75 70 
50 57 50 43 

PP/AQ55 

75 79 25 21 
PET/PE 75 75 25 25 
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3.3 CHARACTERIZATION OF POLYMERS AND FIBERS 

3.3.1 POLYMER MELTING VISCOSITY 

 

The melting viscosities of PP, PE, N6, PLA, and AQ55 polymers were measured 

using Thermo Haake Minilab Equipment (Minimelter) with the twin-screw extruders. The 

values of the polymer viscosities were obtained in the range of temperatures from 140 ˚C to 

290 ˚C. 71.06 sec-1   was the shear rate used. N6, AQ55, and PLA polymer pellets were dried 

overnight at 40 ˚C prior to testing. The sample size varied from 6 to 8 grams depending on 

the polymer density.  To perform the computational modeling of the PP, N6, PE, PET, and 

PLA fiber formation in the spunbond spinline, the values of the zero shear viscosity of these 

polymers were measured as function of the strain rate at different temperatures by using a 

controlled strain rate rheometer (ARES Rheometer, Rheometrics Scientific, USA) with cone-

and-plate geometry. Cones used were 25 mm in diameter and had cone angles of 0.1 radian. 

Plates had the same diameter. The cap between cone and plate was 0.0457 mm. The tests 

were conducted in the range of temperatures 200°C - 260°C, 240°C -260°C, 180°C - 220°C, 

160°C - 200 °C, and 270°C - 300°C for PP, N6, PLA, PE, and PET respectively. The shear 

rates were in the range of 10-2 – 102 s-1. 



3.3.2 THERMAL ANALYSIS  

 

Thermal analysis was carried out for polymer pellets, drawn bicomponent, and single 

component fibers by means of differential scanning calorimetry (DSC) using a PerkinElmer 

DSC 7 calorimeter.  A standard indium sample was used to calibrate the DSC. The fibers and 

polymer pellets containing N6 and PLA were cut into thin pieces and dried overnight at 40 

˚C.  The sample weights were in the range from 3 to 4 mg. Samples were scanned at the 

heating rate of 20˚C/min in the temperature ranges from 25 ˚C to 250 ˚C. The degree of 

crystallinity of the polymers and fibers was calculated using equation 3.1:  

                                                   100%fs

fcr

H
H

χ
Δ

= ⋅
Δ

                                              (Eq.3.1) 

where χ  is the degree of crystallinity of a material; fsHΔ  is the heat of fusion of a polymer 

material; is the heat of fusion of a perfectly crystalline material. fcrHΔ

For samples that showed cold crystallization peaks, the heat of fusion was estimated 

by subtracting the heat of cold crystallization from the heat of melting. The heat of fusion of 

an infinitely large crystal were assumed to be 93.6 J/g [150], 230 J/g [151], 209 J/g [151], 

and 293 J/g [152] for PLA, N6, PP, and PE, respectively.  

 

3.3.3 X-RAY ANALYSIS  

 

Wide-angle X-ray scattering (WAXS) profiles were obtained by Omni Instrumental 

X-ray diffractometer with the Be-filtered CuKα radiation source (λ=1.54 Å) generated at 30 

kV and 20 mA. The I/S fibers were manually wound in a tightly packed flat layer of parallel 
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fibers onto a holder. Two experimental geometries were used, i.e., the reflection and the 

transmission geometries.  

 

                                                       

Figure 3.3 The geometry of X-ray experiment (Z-axis is defined as the crystalline chain axis). 

The samples were equatorially scanned at the rate of 0.2˚ min-1 from 2θ = 10˚-35˚ in 

the reflection geometry. The count time was 2.5 seconds. Intensity curves of the equatorial 

scans were resolved into peaks at 2θ = 22˚ for the N6 fibers and at 2θ =16.5˚ for the PLA 

fibers. To calculate the orientation functions, the transmission scans (χ scans) of the samples 

at the rate 0.5˚ min-1 at fixed diffraction angles were performed. The count time was 1 

second. As shown in Figure 3.3, the samples were rotated azimuthally with the detector fixed 

at θ angle to obtain the intensity peaks with the change in angle χ.  Herman’s orientation 

functions were calculated using equation 3.2:  

 

                                                                             ,   where                                             (Eq. 3.2)         
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where I is the intensity of scattered X-rays with the change in angle χ; 2θ is diffraction angle; 

χ is azimuthal angle. 

If Herman’s orientation function equals to 1, the polymer chains in the crystalline 

regions are perfectly aligned along the fiber axis. If Herman’s orientation function equals to  

-0.5, the polymer chains in the crystalline regions are perfectly aligned perpendicular to the 

fiber axis.  

 

3.3.4 FIBER DIAMETER  

 

The fiber diameters were obtained from scanning electron microscopy (SEM) and 

optical microscopy images by using image analysis system developed at Nonwovens 

Cooperative Research Center (NCRC). In average, 50 to 100 fiber diameters were measured. 

SEM analysis was performed on the samples after they were coated with a layer of AuPd at a 

5kV accelerating voltage in a Hitachi S-3200 SEM. All images were acquired digitally and 

had their histogram levels adjusted for improved image presentation. Additional images of 

the fibers were taken using a custom microscope at NCRC. The images were acquired using 

a LED light panel and a high resolution camera. The linear density  (den) of the fibers 

was calculated using equation 3.3:  

LD

ρπ 29000 RDL =                                                                          (Eq.3.3) 

where R  is fiber diameter in meters; ρ is density of fiber in g/m3.  

To measure the diameter of islands from the cross-section images of the PP (island)/ 

PE(sea) drawn fibers, a new technique of sample preparation for SEM analysis was  
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developed [153]. This technique involved microtoming of the specimen to produce a smooth 

surface followed by an oxygen plasma treatment and SEM observation. The oxygen plasma 

oxidizes the thin sections and, due to differential oxidation rates of the matrix and island 

phases, the phases are etched to reveal the structure. For room temperature ultramicrotomy, 

fiber samples were embedded in a modified Spurr's resin using flat molds. Small fiber 

bundles were tied in a knot, trimmed and placed into the mold with the fibers oriented 

perpendicular to the plane of sectioning. After curing overnight at 70°C, excess resin was 

removed using a jeweler's saw and then the block face was trimmed with a razor blade 

perpendicular to the fiber bundles.  Sections were obtained using a DDK Histoknife and an 

LKB NOVA ultramicrotome at a thickness of 2.5-3 microns. They were mounted onto SEM 

stubs with a carbon tape prior to the oxygen plasma etching. After microtomy the samples 

were subjected to the oxygen plasma treatment using Plasmod plasma etcher (Tegal Corp.) 

with flowing oxygen for a period of 10 min. All samples were coated with a layer of AuPd 

prior to SEM analysis. SEM was performed at a 5kV accelerating voltage in a Hitachi S-3200 

SEM. All images were acquired digitally and have had their histogram levels adjusted for 

improved image presentation.  

 

3.3.5 FIBER MECHANICAL PROPERTIES  

 

The breaking force, tenacity, initial modulus, chord modulus (secant modulus), and 

elongation at break of a fiber are the most important physical characteristics of a material. 

The breaking force is the maximum force applied to a fiber to cause its rupture [154]. It is 

expressed in gram–force (gf). The elongation is the ratio of the extension of a material to the 



length of the material prior to stretching, expressed in percents [154]. The tenacity is the 

breaking force divided by the linear density of the fiber, expressed in gram-force per denier 

(gf/den).  Initial modulus is a measure of the resistance of the fibers to extension under an 

applied force below the fiber yield point. The chord modulus at the failure is typically used to 

differentiate between the probable performance of fibers in processing and end-use. Both the 

initial and chord moduli are expressed in gf/den. The tensile properties of drawn and freefall 

fibers were determined using Standard Test Method for Tensile Properties of Single Textile 

Fibers, ASTM D3822-01. Twelve specimens from each sample were used. Each specimen 

was mounted centrally in clamps of a tensile testing machine (Instron, CRE) and a force was 

applied until the specimen breaks.  The clamps used in the test were pneumatic flat surface 

clamps. The gage length 1 inch (25.4 mm), break sensitivity 90% and loading rate 1 inch/min 

(25.4 mm/min) were used in the test method. Values for the breaking force and elongation of 

the test specimen were obtained. Average values for the breaking force, elongation-at-break, 

tenacity, initial modulus and secant modulus at break were calculated. Breaking tenacity was 

calculated using equation 3.4: 

                                                        
LD

F
=Υ                                                                  (Eq. 3.4) 

where  is breaking force (gf);  is linear density of the fiber (denier);  is breaking 

tenacity (gf/den). 

F LD Υ

To calculate initial modulus, the maximum slope was located and a line tangent to the 

stress-strain curve was drawn. The stress and the corresponding elongation with respect to 

the stress axis were measured. Initial modulus  (gf/den) was calculated using equation 3.5: iJ
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p

i
SJ
ε

=                                                             (Eq. 3.5)  

where  is stress experienced by the drawn tangent line (gf/den); S Pε  is corresponding strain 

with respect to the drawn tangent line and determined stress. 

To calculate the secant modulus the stress for a specified elongation, such as breaking 

point, was determined and the point on the stress-strain curve P2 was labeled. Then a second 

point P1, at a specified elongation, such as 0 % elongation was labeled. A straight line 

through points P1 and P2 intersecting the zero-stress axis was drawn. Secant modulus  

(gf/den) was calculated as: 

SJ

                                                             
p

s
SJ
ε

=                                                              (Eq.3.6) 

where  is determined stress on the constructed line (gf/den); S Pε  is corresponding strain 

with the respect to the constructed line and determined stress. 

To test the mechanical properties of N6 fibers after PLA removal, ten N6/PLA fibers 

were attached in parallel array to a metallic wire and PLA was removed by treating the I/S 

fibers in the mix of hot water and caustic soda for 30 min. After PLA removal, N6 fiber 

bundles were tested in Instron to determine their tensile properties. The average values of the 

fiber tenacity, modulus, and elongation at break were calculated and reported. 

All samples were conditioned at 65 ± 2% relative humidity and 21 ± 1˚C temperature 

prior to testing. 
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3.3.6 FIBER BIREFRINGENCE  

 

To determine the molecular orientation of the N6, PE, and N6(core)/PE(sheath) 

fibers, their values of refractive indices were measured by using an interference microscope 

(Martin Company) equipped with a polarizing filter based on the method described elsewhere 

[155-157]. The refractive indices of the PE sheath and N6 core, sn and , were obtained 

using equations 3.7 and 3.8. 

cn

                                                 
1

2 2 2
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2
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Z n n R R
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= − − )c                                            (Eq. 3.7) 

                                                0( )( ) ( )
2

c
0s c c

Z n n R R n n R
B c
λ
= − − + −                              (Eq. 3.8) 

where sZ and cZ are the shifts of the fringe measured at the interface between the sheath and 

the core and at the center of the bicomponent fiber, respectively; R and cR are the outer and 

inner radii of the fiber; is the refractive index of the immersion liquid; 0n λ is the wavelength 

of the incident light and it equals to 546 nm, because green light was used in the experiment; 

B is the distance between two neighboring fringes. Equation 3.8 allows the estimation of the 

refractive index of the core component alone by subtracting the retardation effect of the 

sheath component. The refractive index ( fn ) of the homocomponent N6 and PE fibers was 

determined according to equation 3.9. 

                                                              02 f
Z n n
RB
λ

= −                                                    (Eq.3.9) 

where Z is the shift in the fringes measured at the center of the fiber; R is the fiber radius. 
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The birefringence ( ) of the sheath, core, and homocomponent fibers was obtained as the 

difference between corresponding refractive indices in the parallel  and perpendicular 

( n ) directions to the fiber axis. Ten measurements in each direction were made and average 

values of the refractive indices were calculated. The immersion liquids used for the 

determination of the refractive indices of the N6, PE, and sheath-core fibers had refractive 

indices 1.528, 1.512, and 1.512, respectively. 

nΔ

)(
⏐⏐

n

⊥

 

3.4 CHARACTERIZATION OF THE FABRICS  

3.4.1 BASIS WEIGHT  

 

One of the most important properties of a fabric is its basis weight. Many properties 

including strength, thickness, porosity, tearing strength, and others are influenced by changes 

in the basis weight of the fabric [158]. The basis weight of the spunbond samples was 

defined using Standard Test Method for Mass Unit Area of Nonwoven Fabrics (ASTM 

D6242-98).  All samples were conditioned at 65 ± 2% relative humidity and 21 ±1˚C 

temperature prior to testing. Ten specimens with the length and width of 4 inches (10.16 cm) 

were cut from each of the fabrics and weighed with a calibrated balance to 0.1%. The mass 

per unit area was calculated for each specimen to the nearest 0.1 g/cm2 using equation 3.10: 

                                                               
A
SM =                                                          (Eq. 3.10) 

where M is mass per unit area, (g/cm2); S is mass of specimen, (g); A is area of specimen, 

(cm2). The average values of the fabric basis weight and standard deviation for each sample 

were reported. 
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3.4.2 THICKNESS AND BULK DENSITY  

 

The thickness of the fabrics was determined as the distance between the upper and the 

lower surfaces of the material, measured under a specified pressure, using Standard Test 

Method for Thickness of Nonwoven Fabrics, ASTM D5729-97 [159]. The digimatic 

indicator (Mitutoyo) was used with accuracy 0.001. A pressure foot was 25.40±0.02 mm, and 

the applied force was 4.14±0.21 kPa. 10 readings were obtained from each of the samples. 

The average thickness and standard deviation were calculated and reported for each sample. 

The bulk density of the samples was determined by dividing the fabric basis weight on its 

thickness. 

 

3.4.3 TENSILE STRENGTH  

 

The breaking force and elongation at break of a fabric are very important physical 

characteristics of a material. Breaking force is the maximum force applied to a fabric to cause 

its failure [160-161]. Elongation is the ratio of the extension of a material to the length of the 

material prior to stretching, expressed as a percent [154]. The methods used in the testing of 

these characteristics of the fabrics were the Standard Test Method for Breaking Force and 

Elongation of Textile Fabrics, ASTM D5035-90 (Strip method) and ASTM D5034 (Grab 

test). All samples were conditioned to the standard testing conditions prior to testing. For the 

strip method, six specimens (25.4 x 152.4 mm) of each sample and for the grab method, six 

specimens (100 x 150 mm) of each sample were tested in machine (MD) and cross-machine 

(CD) directions, respectively. Each specimen was mounted centrally in the pneumatic flat 
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surface clamps of the tensile testing machine (Instron, CRE) and tested. A constant time to 

break 20±3 s, a gage length 75±1 mm, break sensitivity 90%, and a loading rate 300±10 

mm/min were used in the test methods. Values for the breaking force and elongation of the 

test specimen in MD and CD were obtained. Average values for the breaking force and 

elongation-at-break were calculated and reported. 

 

3.4.4 TEAR STRENGTH  

 

The tear strength of a fabric is the average force required to continue a propagated 

tear through the width of the fabric specimen [162-163]. In nonwoven fabrics, the maximum 

tear strength is often reached when the force required to reorient the fibers surpasses the 

force required to break the fibers [162]. This force reflects the interlocking (bonding) of the 

fibers in the nonwoven fabric. The test methods used for this characterization were the 

Standard Test Method for Tearing Strength of Nonwoven Fabrics by the Trapezoid 

Procedure (ASTM 5733-99) and by the Tongue Procedure (ASTM D 2261-96). The device 

used in this test was the Instron, CRE device. The clamps used were manual (to prevent 

material slippage), flat clamps. Tongue tear strength values were defined for five specimens 

(75 x 200 mm) in MD and CD directions. The gage length 75±1 mm, the break sensitivity 

90% and the loading rate 300±10 mm/min were used in this procedure. In the trapezoid 

procedure, five specimens were cut in both MD and CD from each sample, according to the 

specifications depicted in Figure 3.4. The slot for the initiating cut was 1/16 inches (1.5 mm) 

in width and 3/8 inches (15 mm) in length. The orientation of this cut corresponded to the 

orientation of the fabric in the chosen direction, either MD or CD. The fabric specimens were 



loaded into the Instron by lining up the two diagonals of the trapezoid, with the bottom edges 

of the clamp and the cut is between the two clamps. The gage length 25±1 mm, the break 

sensitivity 90%, and the loading rate 300±10 mm/min were used in the trapezoid procedure. 

 

 

Figure 3.4 Trapezoid sample specifications.  

In each procedure, the maximum breaking force was recorded for each tested 

specimen and the average value of strength was calculated and reported.  All samples were 

conditioned at 65 ± 2% relative humidity and 21 ±1˚C temperature prior to testing. 

 

3.4.5 AIR PERMEABILITY 

 

Air permeability is an important factor in the performance of such materials as gas 

filters, clothing, tents, etc. [164]. It was of interest of this study to determine whether or not 

the air permeability of the fabrics was influenced by the number of islands and a polymer 

composition used. To measure this property, the Standard Test Method for Air Permeability 
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of Textile Fabrics, ASTM D737-04 was used. This test method employs the use of the 

Frazier Air Permeability Testing Machine [164]. The device utilizes a series of orifices that 

have specified diameter openings used to direct air flow. The rate of air flow passing 

perpendicular through a known area of a fabric was adjusted to obtain a prescribed air 

pressure differential between the two fabric surfaces. From this rate of air flow, the air 

permeability was determined. The rates of flow of air in cm3 per cm2 of fabric per seconds 

were obtained by measuring pressure differential (pressure drop) between the two surfaces of 

the fabric. The test area was 2.75 inches (69.9 mm). Ten measurements were taken from each 

sample and the average values were calculated and reported. All samples were conditioned at 

65 ± 2% relative humidity and 21 ±1˚C temperature prior to testing. 

 

3.4.6 ABSORPTION 

 

Fabric absorbent capacity and the rate of absorption were measured with a 

gravimetric absorbency testing system (GATS 2000) developed at the NCRC. Three 

specimens with the diameter of 3.5 inches (89 mm) were cut from each fabric sample and 

weighed. The mass of water in grams absorbed in the fabric during a 20 min time period was 

measured. Specimen weights varied from 0.4 to 1 gram. The absorbent capacity was 

calculated by dividing of the volume of absorbed water by the mass of dry fabric. The rate of 

absorbency was calculated by dividing of the fabric absorbent capacity by the time. The 

average values of the absorbent capacity and the rate of absorbency were calculated and 

reported. All samples were conditioned at 65 ± 2% relative humidity and 21 ±1˚C 

temperature prior to the testing. 



4 COMPUTATIONAL APPROACH 

4.1 BRIEF DESCIPTION OF THE FIBER MODEL  

 

To determine the influence of the quench air velocity and fiber spinning speed on 

fiber solidification we performed the computational modeling of fiber formation in the 

spunbond spin-line using Fluent 2D fiber model and actual spinning conditions of the N6, 

PLA, PE, PP, PET, N6/PE, PP/PE, PP/PLA, PET/PE, and N6/PLA mono-component and 

bicomponent fibers.  The Fluent 2D fiber model was developed for mono-component 

filament melt spinning. It is based on the solution of a system of first order differential 

equations representing the momentum, energy and mass balance [165]. Steady-state 

conditions were assumed over the modeled spinline.  

Since solidification of the polymer melt is typically achieved between the spinneret 

and aspirator, the mechanisms of the filament draw-down in the spunbond process are 

basically the same as in conventional melt spinning process with the tension exerted by 

aspirator replacing the take-up roll tension [144]. Thus, equations developed for conventional 

melt spinning [165-167] may be used for the modeling of the fiber formation in the spunbond 

process, as it was demonstrated by Chen et al. [144].   

The primary independent process variables used in the model were the mass flow rate 

of the polymer (throughput), diameter of the die, polymer extrusion temperature, spinline 

length, cooling conditions (quench air velocity and temperature), and take-up speed (fiber 

spinning speed at the end of the spin-line, fS ), which was calculated from the mass balance 

equation using known final fiber denier ( fdenier ) and polymer mass flow rate ( ): Q
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                                                       9000f
f

QS
denier

= ×                                                (Eq. 4.1) 

In addition to these variables, polymer characteristics, such as elongational viscosity, 

density, heat capacity, heat conductivity, solidification and melting points, were also 

incorporated into the model. 

 

4.2. GOVERNING EQUATIONS OF THE FIBER FLOW 

 

Fundamental equations of the melt spinning are equations of mass, momentum and 

energy conservation. The conservation of a fiber element (i.e., the conservation of mass) is 

given by:  

                                                              ( )f f f
d u A W
dz

ρ =                                              (Eq. 4.2) 

where fρ  is the fiber density; fu  is the fiber velocity vector; fA  is the surface area vector of 

the fiber surface parallel to the flow direction; z is the axial direction; W is the polymer 

throughput.  

Fiber formation is driven by tensile forces (also known as rheological forces) applied 

at the take-up point or aspirator. The result of applying of such forces is drawing of the fiber 

and increasing its molecular orientation in axial direction [144]. A force balance for 

differential fiber element gives the equation of a change of the fiber momentum along the 

spinline:  

                                                          f
friction gravitation

dudF W F Fdz dz
= + −                           (Eq. 4.3) 
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The tensile forces ( ) acting on the fiber are influenced by acceleration of the fiber (i.e. 

inertia), friction between the fiber and surrounding air moving with a different velocity (air 

drag), and gravitational forces. The acceleration of the fiber is given by: 

F

                                                            2(f )f f f

du dW
dz dz

ρ= u A                                        (Eq. 4.4) 

The friction force can be written as:  

                                      1 (
2 par f par ffrcition a f ax fc d u u u uF ρ π,= | − | )−                             (Eq. 4.5) 

where aρ  is the air density; f axc ,  is the axial friction coefficient parallel to the fiber; fd  is 

the fiber diameter;  is the air velocity parallel to the fiber.   paru

The gravitational force is computed from:  

                                             2

4 fgravitation f f
f

gW d nF u
gπρ= = ⋅                                       (Eq. 4.6) 

where fn  is the direction vector of the fiber element and g is the gravitational constant. 

The tensile force  is related to the components of the stress tensor F ,zz rrτ τ by:  

                                                                      ( )zz rrfF A τ τ= −                                        (Eq. 4.7) 

where fA  is the  cross-sectional area of the fiber. 

Neglecting visco-elastic effects and assuming Newtonian flow, one can obtain the 

rheological force according to Newton’s law f
f

du
dz

τ η= :  

                                                                   2 f
zz f

du
dz

τ η=                                               (Eq. 4.8) 

                                                                  f
rr f

du
dz

τ η= −                                                (Eq. 4.9) 
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leading to  

                                                                 3 f
ff

du
F A dz

η=                                            (Eq. 4.10) 

where 0fη η=  is zero shear rate viscosity. The elongational viscosity is shear viscosity 

multiplied by three [165].  

The transport of enthalpy in and to a differential fiber element is balanced to calculate 

the fiber temperature along the spinning line.  

              ( ) ( ) ( )f
ff f f f ff f vh r abs r e

dTd dh d T T Q Q Qu A Adz dz dz
ρ λ π α

, ,
⋅ = + − + + −          (Eq. 4.11) 

where fh  is the fiber enthalpy; fλ  is the fiber thermal conductivity; fT  is the fiber 

temperature; α  is the heat transfer coefficient between fiber and cooling medium; T  is the 

ambient temperature. The first and second right-hand side terms of equation 4.11 represent 

the heat transfer due to conduction and convection mechanisms, recpectively. The release of 

the latent heat due to crystallization (solidification) of the fiber is not accounted in this 

model. This effect is typically responsible for the temperature plateau often observed during 

crystallization [136]. Thus, we would not expect to observe the plateau at the fiber 

solidification point. The effect of natural convection is also neglected in the model due to the 

prevalent effect of the forced convection. From the fluid mechanics of the cylindrical flow:  

                                                       2 ( )f
fvh

du
dQ

dz
π= 2                                                    (Eq. 4.12) 

where  is heat transfer due to viscous heating. Radiation heat exchange:  vhQ

                                                        f fr abs d GQ ε
,

=                                                      (Eq. 4.13) 

                                                        4
f f fr e d TQ π ε σ

,
=                                                   (Eq. 4.14) 
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where  and  are heat exchange due to absorption and emission respectively; G  is 

the thermal irradiation; 

r absQ , r eQ ,

fε  is the fiber’s emissivity, and σ  is Boltzman constant. The fiber 

enthalpy:  

                                                          f

ref

T

f pT
h dT= ∫ C                                                      (Eq. 4.15) 

where  is the specific heat capacity of the polymer.  pC

 

4.3 NUMERICAL SOLUTION OF THE FIBER FLOW EQUATIONS 

 

All these fundamental equations were solved numerically by discretizing into a set of 

algebraic equations and using the tri-diagonal matrix algorithm. All differential equations for 

conservation of mass, momentum, and energy were solved sequentially (i.e., segregated from 

one another). To obtain a converged solution several iterations have to be performed. 

Momentum transfer from fiber to surrounding fluid was computed by using the Fluent model 

and considering the change of the momentum of the fiber as it crosses each control volume in 

the model:  

                          2( ( ) ( )
2

a
f par f latc f f c f par f lat

fibers

d l c cu u u uF
2 )ρ π , , ,= − −∑ −                   (Eq. 4.16) 

where f cl ,  is the length of the fiber f  in cell c ; latu  is the velocity of fluid (air) lateral to the 

fiber; f parc ,  is the drag coefficient parallel to the fiber; f latc ,  is the drag coefficient lateral to 

the fiber.  

 87



The heat transfer from the fibers to the surrounding air was computed in Fluent by 

balancing the change of the fiber energy as it crosses each control volume in the Fluent 

model.  
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)                                                 ( ( ) f fc f f c f
fibers

Q d l T T u Fπ α,= − +∑                             (Eq. 4.17) 

where fF  is the momentum exchange of fiber f .  

The fibers participate in radiation exchange by absorbing energy from the 

surrounding flow and emitting energy at the fiber temperature. This effect was considered by 

computing the absorbed and emitted energy of the fibers in each cell.  

                                                         
4

f
abs f

fibers

G A G
ε

= ∑                                                (Eq. 4.18) 

                                                        4

4
f f

emiss f
fibers

A
G T

ε
σ

π
= ∑                                          (Eq. 4.19) 

where G  is the irradiation of the surrounding flow.  

The fibers are subject to several physical effects that can be considered via 

experimental correlations. Some of these effects may be lateral or longitudinal oscillations 

due to the applied take-up system, or to gas flow turbulence in the spinning chamber. 

Because of this, the Fluent fiber model makes use of correlations to compute transfer of 

momentum, heat, and mass to the fibers.  

To compute the drag due to flow moving parallel to fibers a drag coefficient was used 

from the model of Kase and Matsuo [168]: 

                                                                 0 81

1 24
f par

d

c
Re, .

.
=                                                (Eq. 4.20) 



Reynolds number was computed based on relative velocity of surrounding flow parallel to 

the fibers a pardu
dRe ρ

η= . Lateral drag due to flow of the surrounding fluid perpendicular to the 

fibers was computed from [169]:  

                                                                                       (Eq. 4.21) 
2

1 2 3( log log10 d lat d lata a Re a Re
f latc ,+ +
, = ),

Reynolds number was computed based on relative velocity of surrounding flow 

perpendicular to the fibers a latdu
d latRe ρ

η, = .  

A heat transfer coefficient was used based on a model from Kase and Matsuo [167] 

for pure parallel flow (Eq. 4.22) and perpendicular flow ( Eq. 4.23):  

                                                                                                          (Eq. 4.22) 0 3340 42dNu Re .= . d

                                                    0 334 1 680 42 (1 )lat
d d

f par

uNu Re
u u

. /= . +
−

                         (Eq. 4.23) 

As we have already mentioned in the previous part, fibers were treated as Newtonian 

fluids in the Fluent model. In elongational flow of Newtonian fluids, the elongational 

viscosity (Trouton viscosity) is related to the zero shear viscosity by a factor of 3 . Since this 

approach is applied to our computation, only zero shear viscosity was described. In melt 

spinning, the fiber is considered to be liquid until its temperature falls below the 

solidification temperature [165]. For the liquid state an exponential approach was used:  

                                               0 exp( )
f

BA
C T

η =
+

                                                        (Eq. 4.24) 

where fT  is the fiber temperature in Celsius; C  = 273 K; A and B are the polymer 

characteristics found experimentally by using inversion procedure described below. The fiber 

model used a blending interval f bl f liquid f solT idT T, , ,= −  to provide a smooth transition of the Δ
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viscosity between liquid and solid state of the fiber. The viscosity in this blending interval 

was computed as:  

                                                 
( )

0
( )

f liquid f f f solid

f solid T f liquid ff

f bl
T T T T

T

T

η η

η
,

, ,

,
− − ,

Δ
=

+
                                                (Eq. 4.25) 

where f liquidT ,  is the fiber melting point; f solidT , is the fiber solidification point; f liquidη ,  is the 

viscosity of melt; f solidη ,  the viscosity of the solidified fiber.  

 

4.4 FIBER FLOW MODELING - PROBLEM STATEMENT 

 

This study considered a turbulent flow of quenching air through a fiber bundle. The 

computational domain was represented by the  grid shown in Figure 4.1. 2D
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Figure 4.1 Computational grid display. 

 
 

Homo-component fibers were injected at the top wall (spinneret exits) in 24 rows, 

however the actual computation was performed for 12 rows of fibers due to the symmetry of 

the problem. Each row consisted of 89 nozzles. The diameter of each nozzle was 0.35 mm, 

and the polymer flow rate in each nozzle was 51 10−⋅  kg/s. The 1st and 24th fiber rows were 

located at a distance of 12.7 mm from the left- and right-sided quench. The spacing between 

fiber rows was kept constant at 5.2 mm. The total spunbond spinline length was 1651 mm. 

The quench was located 63.5 mm below the spinneret exits and had length of 393.7 mm  
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(without accounting for the wall thickness of 6.4 mm). The exhaust chimney had a length of 

50.8 mm (without accounting for the wall thickness of 3.2 mm).   The fibers were considered 

to be taken up in the center of the fiber bundle at the bottom of the spunbond spinline.  The 

simulations were performed by using actual spinning conditions of N6, PE, PP, PLA, PET, 

N6/PLA, PP/PLA, PP/PE, PET/PE, and N6/PE single and bicomponent fibers summarized in 

Table 4.1. N6, PLA, PP, and PE were always extruded at the temperatures of 547.2 K,  500.2 

K, 513.2 K,  and 489.2 K, respectively. The only exceptions were N6/PE I/S  and N6/PE 

core-sheath fibers, where N6 and PE were extruded at the temperatures of 539.2 K and 500.1 

K, and 539.2 K and 488.7 K, respectively. 100 % PET was extruded at 569.3 K, while PET 

islands in the PET/PE fibers were extruded at 566.5 K. The cooling air temperature was 286 

K in all cases.  
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Table 4.1 Spinning conditions of the samples used in the simulation  
Polymer Polymer Ratio, % Processing conditions Sample Abbreviation № of Isl 

Island Sea Island Sea Quenching air 
velocity, m/s 

Spinning speed, 
m/s 

100 % N6 0 - N6 - 100 1.68  45.5 
100 % PLA 0 - PLA - 100 0.54  60.0 
100 % PE 0 - PE - 100 1.02 36.6 
100% PP 0 - PP - 100 1.68 82.6 

100% PET 0 - PET - 100 0.54 75.0 
36 I/S 25/75 N6/PLA 36 N6 PLA 25 75 0.54  79.7 
36 I/S 50/50 N6/PLA 36 N6 PLA 50 50 0.7 50.9 
36 I/S 75/25 N6/PLA 36 N6 PLA 75 25 1.68 51.7 

108 I/S 25/75 N6/PLA 108 N6 PLA 25 75 0.54 84.9 
108 I/S 50/50 N6/PLA 108 N6 PLA 50 50 1.33 50.0 
108 I/S 75/25 N6/PLA 108 N6 PLA 75 25 1.68 47.4 
216 I/S 25/75 N6/PLA 216 N6 PLA 25 75 0.54 70.9 
216 I/S 50/50 N6/PLA 216 N6 PLA 50 50 0.7 52.0 
216 I/S 75/25 N6/PLA 216 N6 PLA 75 25 1.68 43.9 
360 I/S 25/75 N6/PLA 360 N6 PLA 25 75 1.02 62.1 
360 I/S 50/50 N6/PLA 360 N6 PLA 50 50 1.33 58.8 
360 I/S 75/25 N6/PLA 360 N6 PLA 75 25 1.68 56.3 
108 I/S 25/75 N6/PE 108 N6 PE 25 75 1.68 41.7 
108 I/S 50/50 N6/PE 108 N6 PE 50 50 1.68 41.9 
108 I/S 75/25 N6/PE 108 N6 PE 75 25 1.68 40.0 
108 I/S 25/75 PP/PE 108 PP PE 25 75 1.33 47.4 
108 I/S 50/50 PP/PE 108 PP PE 50 50 1.33 33.3 
108 I/S 75/25 PP/PE 108 PP PE 75 25 1.33 42.9 

108 I/S 25/75 PP/PLA 108 PP PLA 25 75 1.68 23.1 
108 I/S 50/50 PP/PLA 108 PP PLA 50 50 1.68 27.3 
108 I/S 75/25 PP/PLA 108 PP PLA 75 25 1.68 40.9 
108 I/S 75/25 PET/PE 108 PET PE 75 25 1.02 75.0 

1 I/S 25/75 N6/PE 1 N6 PE 25 75 1.68 60.0 

 

An example of the cooling (quench) air velocity vectors and contours is displayed in 

Figure 4.2.  As one may notice, upon exit from the quench the air flow was divided into two 

parts, one of which was sucked into the exhaust fun chimney and the other one was dragged 

down towards the collecting belt by the fast moving fibers. Moreover, part of the ambient air, 

surrounding the spunbond line, was also dragged down towards the belt by the melt spun 

fibers. The largest air velocity vectors appeared near the belt where the fibers had the highest 

speed and in the middle of the fiber bundle due to the air deflection resulting from the 

interaction between the air and fibers. 



     
a)                                                                      b) 

Figure 4.2 Quench air: a) velocity vectors; b) velocity contours. 

 

The polymer materials used in the simulations had properties given in Tables 4.2 – 4.3.  

Table 4.2 Rheological properties of the polymers used in the simulation 
Polymer A, kg/m-s B, K C, K Solid state viscosity, kg/m-s Blending Interval, K 

N6 1.8 x 10-3 6337 0 108 64 
PLA 1.2 x10-6 9401 0 108 57 
PE 5.1x10-1 3000 0 108 19 
PP 1.0 x 10-3 6114 0 108 58 

PET 0.4 x 10-3 6833 0 108 69 
 

Table 4.3 Thermal properties of the polymers used in the simulation 
Polymer Melting 

Temperature 
Tm,  K  

Solidification 
Temperature, 

Tsolid, K  

Specific Heat, 
J/kg-K  

Thermal Conductivity, 
W/m-K 

N6 493.2 429.2 1600 0.20 
PLA 440.2  383.2 1800 0.20 
PE 398.2 379.3 2200 0.30 
PP 443.1 385.0 2000 0.10 

PET 526.2 457.2 1250 0.24 
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The values of A and B given in Table 4.2 were calculated according to equation 4.26. First, 

zero shear viscosities of the polymers were obtained for different range of temperatures. The 

example of PLA polymer viscosity as function of shear rate at the temperature of 180 °C is 

depicted in Figure 4.3. 
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Figure 4.3 Viscosity of PLA as function of shear rate measured at 180 °C. Left hand side axis 
– viscosity; right hand side axis – torgue. 

 
 

The values of A and B were found by plotting 0lnη  as function of 1

fT
 for the equation:  

                                                              0ln ln ( )
f

BA
C T

η = +
+

                                  ( Eq. 4.26) 

where  for 0C = fT measured in K; fT is the polymer temperature; oη is the polymer zero 

shear viscosity measured at fT .  



Equation 4.26 represents a line in which  is the intercept of the line with ln A 0lnη -

axis and B is the slope of the line. The plots of 0lnη  as function of 1

fT
 for N6, PLA, PE, PP, 

and PET polymers are given in Figure 4.4. 

Fiber injection considered in the model was a line injection with the starting points 

located at constant intervals on this line. Each fiber consisted of a straight line between the 

injection point and the take-up point divided into a number of finite volume cells. Every fiber 

defined in a fiber injection had its own grid. At first, the simulation was performed by using 

an equidistant fiber grid for each fiber, which follows the same pattern as described above. 

For further refinement of the grid, a three-sided grid, which consisted of three sides where 

fiber grid can be graded, was selected. In this case, the first side was near the injection point. 

The other two sides were around a refinement point within the grid (i.e., around a fiber 

solidification point).  
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Figure 4.4 Temperature dependence of zero shear viscosity of the polymers used in the 
simulation: a) PLA; b) N6; c) PE; d) PP; and e) PET.  
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5 RESULTS AND DISCUSSION 

5.1 EFFECT OF THE NUMBER OF ISLANDS AND POLYMER COMPOSITION ON 

THE FIBER DIAMETER AFTER THE SEA POLYMER REMOVAL  

5.1.1 THEORETICALLY ESTIMATED  

 

The number islands required to produce nanofibers has to be established before 

conducting of the exeperiemnts.  Therefore, below one can find an estimation procedure for 

the establishing of the size of the islands at different island to sea polymer ratios and island 

counts.  

Let us find the dependence of the fiber diameter after dissolving of the sea polymer, disl, 

on the number of islands, N, at various ratios of island to sea polymer, Risl-sea, by making 

following assumptions:  

1) the shape of all islands and the fiber itself are round; 

2) the diameter of the fiber before the sea removal, Df , is a constant and does not 

depend on  the number of islands; 

3) the diameters of all islands are equal and Nidd isli ,1, == ; 

4) the total area of all islands ( ) is in direct proportion to the total area of the fiber SislS f: 

  fseaislisl SRS −=                     (Eq. 5.1) 

The total area of the fiber: 

  
4

2
f

f

D
S π=                 (Eq. 5.2) 

Assumptions 1 and 3 give us: 
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                             (Eq. 5.3) 

By substituting equations (5.1), (5.2) into (5.3) one can easily obtain:  

  f
seaisl

isl D
N

R
d −=                                                         (Eq. 5.4) 

The results of the estimations of the island fiber diameter after the sea polymer 

removal are presented in Table 5.1 and Figure 5.1.  

 

Table 5.1 Influence of the island count and polymer ratios on the fiber diameter  

Initial composite fiber diameter, 
Df  = 10  μm 

Initial composite fiber diameter, 
Df  = 20  μm 

 
Fiber diameter after sea removal, 

disl , μm 
Fiber diameter after sea removal, 

disl , μm 

 
N 
of 

Islands 
 

25(isl)/75(sea) 
 

50(isl)/50(sea) 
 

75(isl)/25(sea) 
 

25(isl)/75(sea) 
 

50(isl)/50(sea) 
 

75(isl)/25(sea) 

36 0.83 1.18 1.44 1.67 2.36 2.89 
72 0.59 0.83 1.02 1.18 1.67 2.04 

108 0.48 0.68 0.83 0.96 1.36 1.67 
144 0.42 0.59 0.72 0.83 1.18 1.44 
180 0.37 0.53 0.64 0.74 1.05 1.29 
216 0.34 0.48 0.59 0.68 0.96 1.17 
252 0.31 0.44 0.54 0.63 0.89 1.09 
288 0.29 0.42 0.51 0.59 0.83 1.02 
324 0.28 0.39 0.48 0.55 0.79 0.96 
360 0.26 0.37 0.46 0.53 0.74 0.91 
600 0.20 0.29 0.35 0.41 0.58 0.71 
1000 0.16 0.22 0.27 0.32 0.45 0.55 

 

It was indicated that an increase in the number of islands led to a decrease in the 

resulting fiber diameter after the sea removal. It was also shown that a smaller ratio of the 

island polymer and a smaller diameter of a fiber before the sea polymer removal led to a 

smaller final fiber diameter. When the initial diameter of the fiber was 10 μm,  the diameters 

of the filamets after the sea polymer removal were equal or less than 0.5 μm for the polymer 
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compositions 25(isl)/75(sea), 50(isl)/50(sea), and 75(isl)/25(sea)  and  the number of islands  

108, 216, and 324, respectively (Figure 5.1, a and Table 5.1). When the initial diameter of the 

fiber was 20 μm, the final diameters of the fibers were equal or less than 0.5 μm for polymer 

compositions 25/75, 50/50, and 75/25 and the number of islands 600, 1000, and more than 

1000, respectively (Figure 5.1, b and Table 5.1).  
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                                    a)                                                                        b) 

Figure 5.1 The effect of the number of islands and polymer composition on the final fiber 
diameter: a) Df  = 20 μm; b) Df  = 10 μm. 

 

5.1.2 EXPERIMENTALLY MEASURED  

 

Theoretical relationships between the number of islands, polymer composition, and 

the resulting island fiber diameters were examined experimentally by using 

PP(island)/PE(sea) and N6 (island)/PLA(sea) bicomponent fibers. SEM images of the PP/PE 

fiber cross-sections were taken (Figure 5.2) and the diameters of the PP islands were 

measured with the image analysis system. The diameters of the N6 islands were measured  

 100
after PLA polymer removal. The results of the island diameter measurements are illustrated 



in Figure 5.3 and Table 5.2.  

 

              
                     a)                                           b)                                                  c) 

Figure 5.2 SEM micrographs of the PP/PE islands-in-the-sea fibers: a) 108 islands, b) 216 
islands, c) 324 islands.  

 
 

The experimentally obtained diameters of the islands were within the range of the 

island diameters calculated theoretically for the fibers whose initial diameter was 20 and 10 

μm, respectively, because the initial diameter of the drawn PP/PE and N6/PLA fibers was 

between 20 and 10 μm. Similarly to theoretical predictions, the experimental study 

demonstrated the island fiber diameter reduction with an increase in the number of islands, 

meaning that there was a good agreement between theoretical calculations and the 

experimental study.  However, some deviations from the theoretical trends caused by the 

variation in the initial drawn fiber diameters were observed. These variations were more 

evident for the PP/PE fibers than for the N6/PLA fibers. This could be explained by the fact 

that the PP/PE fibers showed more variability in the initial fiber diameter than the N6/PLA 

fibers (Figure 5.4). For instance, in the case of 75 %, 50% and 25% of PP, the drawn the 

PP/PE fiber diameters varied in the range  from 15.7 to 18.0 μm, 17.5 to 27.2 μm and 12.1 to 

17.0 μm, respectively.  
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It was shown that higher ratio of the sea polymer and smaller initial diameter of the 

drawn fibers results in a smaller diameter of the island fibers. PP/PE fibers having larger 

initial fiber diameter than N6/PLA fibers exhibited a larger diameter of islands. Overall, 

nanofibers were obtained by the spinning of 324 I/S PP/PE fibers with 25 % of PP polymer 

and 360 I/S N6/PLA fibers with all three polymer ratios. The smallest diameter of the N6 

fiber, measuring 360 nm, was achieved by the removing of 75 % of PLA from the 360 I/S 

N6/PLA fibers having initial diameter of 12.9 microns (Table 5.2).      
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a) b)   

 

 

 

 

 

 

 

 

c) d) 

 

 

 

 

 

 

 

 

                                    e)      f)   

Figure 5.3 Fiber diameter as function of the number of islands for different island and sea 
polymer ratios: a) 75/25 PP/PE; b) 75/25 N6/PLA; c) 50/50 PP/PE; d) 50/50 N6/PLA; e) 

25/75 PP/PE; f) 25/75 N6/PLA. 
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Table 5.2 Diameter of islands in the drawn fibers  
Diameter of island fibers, µm 

Island polymer ratio, 
(wt. %) 

Island polymer ratio,  
(wt. %) 

Island polymer ratio, 
 (wt. %) 

N 
of 

islands 
75% PP 75% N6 50% PP 50% N6 25% PP 25% N6 

36 2.07 
(σ=0.3) 

2.26 
(σ=0.26) 

3.54 
(σ=0.28) 

1.78 
(σ=0.21) 

0.94 
(σ=0.18) 

1.33 
(σ=0.2) 

108 1.42 
(σ=0.14) 

1.2 
(σ=0.18) 

1.23 
(σ=0.17) 

1.0 
(σ=0.16) 

0.92 
(σ=0.14) 

0.77 
(σ=0.08) 

216 0.88 
(σ=0.2) 

0.83 
(σ=0.2) 

0.74 
(σ=0.14) 

0.67 
(σ=0.1) 

0.58 
(σ=0.1) 

0.56 
(σ=0.09) 

324 0.72 
(σ=0.12) - 0.69 

(σ=0.12) - 0.49 
(σ=0.09) - 

360 - 0.5 
(σ=0.12) - 0.48 

(σ=0.1) - 0.36 
(σ=0.07) 
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       a)                                                                               b) 

Figure 5.4 The initial diameter of drawn bicomponent fibers as function of the number of 
islands: a) PP/PE; b) N6/PLA. 

 
 
5.1.3 SUMMARY  

 

Both theoretical and experimental study of the dependence of the fiber diameter after the sea 

polymer removal on the number of islands, polymer composition and initial diameter of the 

drawn bicomponent fibers indicated that with increasing the number of islands or ratio of the 

sea polymer and decreasing the initial composite fiber diameter, the resulting island fiber 
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diameter decreased. It was experimentally established that for N6/PLA and PP/PE I/S fibers 

with an average diameter of 15-16 µm at least 234 and 324 islands are required to produce 

nanofibers when 75% of sea is subsequently removed. The smallest fibers, measuring 360 

nm, were obtained by the removal of 75 % of  PLA from N6/PLA bicomponent fibers, 

having diameter of 13 µm. The study showed that the spunbond process combined with the 

I/S bicomponent fiber technology can be a feasible method of the production of nanofibers. 

 

5.2 SELECTION OF ISLAND AND SEA POLYMER COMBINATIONS  

5.2.1 AQ55 AS A POTENTIAL SEA POLYMER  

5.2.1.1 POLYMER MELTING VISCOSITY  

 

It was shown that for the conjugate spinning of polymers, their melt viscosities must 

be similar [115-120]. N6 and AQ55 polymers showed similar melting viscosities at the same 

range of temperatures, while PP and AQ55 polymers demonstrated significant differences in 

their values of melt viscosity (Figure 5.5). To match the viscosities of PP and AQ55 

polymers, they have to be extruded at temperatures of 240 oC or even higher. However, these 

extruding conditions are just an assumption. All studied polymers showed shear rate 

dependent viscosities, but our study was conducted at the low shear rate (71 s-1), while in the 

real spinning processes the shear rates used are much higher. 
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Figure 5.5 Polymer melting viscosity as function of the temperature and time. 

 
 

5.2.1.2 SPINNING CHALLENGES OF PP AND AQ 55  

 

It could be assumed that significant differences in the melting viscosities of PP and 

AQ55 at the same range of temperatures (Figure 5.5) would cause difficulties in the 

conjugate spinning of these polymers. It was previously shown that in order to match the 

viscosities of the polymers, they have to be extruded at the temperature of 240 oC or even 

higher. Because PP of this particular grade usually spins at lower temperatures, the extrusion 

of the polymers at high temperatures could potentially cause problems during quenching and 

drawing of the conjugate fibers. It is possible that PP, extruded at such a high temperature, 

would not solidify properly and form capsules of liquid polymer inside of the solid AQ55 

matrix, which could explode during drawing, making the process of obtaining of the 

bicomponent fibers impossible.  



 

                          
            a)      b) 

Figure 5.6 Typical cross-section of fibers: a) 36 I/S fiber: b) 18I/S PP/AQ55 fiber.  

Our hypothesis was confirmed experimentally during the spinning of PP with AQ55. 

Our attempt to spin 36 I/S PP/AQ55 fibers with a typical fiber cross-section depicted in 

Figure 5.6 a, failed. PP did not solidify properly, and the conjugate fibers were tacky and 

formed ropes, yielding poor fabric formation. To spin PP/AQ55 bicomponent fibers, we 

changed the spinpack design and obtained the fiber cross-sections depicted in Figure 5.6 b. In 

this way we were able to find a temporary solution to this problem. A new fiber cross-section 

had an outer layer made of solely AQ55 polymer. This change helped to encapsulate PP 

islands inside of the fibers, preventing them from sticking to each other during spinning, but 

because of this change, the island count was reduced to only 18. For further investigation of 

PP and AQ55 spinning problems, fibers made up of 100% PP, 100% AQ55, 

PP(core)/AQ55(sheath) and PP(sheath)/AQ55(core) were obtained. During the spinning of 

PP(sheath)/AQ55(core) fibers, we encountered problems similar to those described above. PP 

stayed in a semi-liquid, low viscous state and caused roping. As a result, we were not able to 

obtain any drawn bicomponent fibers. On the other hand, PP(core)/AQ55(sheath) fibers were 

spun and freefall as well as drawn fibers were obtained.  
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Examples of the cross-sections of the spun freefall PP/AQ55 fibers are depicted in 

Figure 5.7. Depending on whether PP was in the core or in the sheath, the fiber cross-section 

changed significantly. When PP was in the core (Figure 5.7, a) the area of the core was 

approximately 6 times larger than the area of the sheath, while when PP was in the sheath 

(Figure 5.7, b) the area of the core was only 1.2 times larger than that of the sheath. This may 

result from the differences between melt and solid density of two polymers, the differences in 

their melting viscosities and swelling behavior. Also, as may be noted from Figure 5.7, PP 

and AQ55 demonstrated poor adhesion at the polymer-polymer interface that is likely due to 

incompatibility of the polymers.  

 

                        
a)                                                                     b) 

Figure 5.7 Optical images of the freefall fiber cross-sections: a) PP(core)/AQ55(sheath); 

b) PP (sheath)/AQ55(core). 

 
 

During fiber spinning, it was observed that in order to cause solidification of 100% 

AQ55 fibers without causing their breakage, the cooling air velocity should be about 0.54 

m/s. However, solidified AQ 55 fibers were brittle and difficult to draw. Moreover, there was 

no cohesion between them, making the process of fabric formation impossible. To cause  

solidification of 100 % PP fibers, the cooling air velocity used was 1.68 m/s. Thus, it was 

clear that to solidify PP fibers require quench air of a higher velocity at the same temperature 
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(55 F) than AQ55 fibers.  During spinning of sheath-core and I/S PP/AQ55 fibers, the speed 

of the cooling air was 1.02 m/s, which was not sufficient for the solidification of PP, while 

AQ55 became over quenched and extremely brittle.  

 

5.2.1.3 MECHANICAL PROPERTIES OF THE PP/AQ55 FIBERS  

  

The tensile properties of 18 I/S PP/AQ55 fibers in which AQ55 was removed by 

soaking of the fibers in hot (80 ˚C) water for an hour (treated fibers) and the tensile 

properties of the fibers in which AQ55 was not removed (untreated fibers) were studied and 

the results are reported in Figures 5.8-5.9 and Table 5.3-5.4. 
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Figure 5.8 Tensile properties of the freefall fibers: a) untreated; b) treated. 
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         Figure 5.9 Tensile properties of the drawn fibers: a) untreated; b) treated. 

 

Table 5.3 Tensile properties of the 18 I/S PP/AQ55 freefall fibers 
Untreated Treated  

25/75 
PP/AQ55 

75/25  
PP/AQ55 

25/75 
PP/AQ55 

75/25 
PP/AQ55 

Elongation at break, % 11.8 (σ=1.0) 207 (σ=19.2) 164 (σ=15.9) 590 (σ=35.7) 
Tenacity, gf/den 0.4  (σ=0.04) 0.4 (σ=0.04) 0.4  (σ=0.4) 0.5 (σ=0.6) 

Initial modulus, gf/den 52.9  (σ=5.4) 37 (σ=0.4) 34  (σ=0.4) 36.5 (σ=0.4) 
 

Table 5.4 Tensile properties of the 18 I/S PP/AQ55 drawn fibers 
Untreated Treated  

25/75 
PP/AQ55 

75/25  
PP/AQ55 

25/75 
PP/AQ55 

75/25 
PP/AQ55 

Elongation at break, % 20.6 (σ=2.6) 129.2 (σ=13.9) 180 (σ=18.5) 201.0 (σ=20.0) 
Tenacity, gf/den 1.7 (σ=0.2) 0.9 (σ=0.1) 4.8 (σ=0.5) 2.8 (σ=0.3) 

Initial modulus, gf/den 130.2 (σ=12.7) 52 (σ=5.3) 167.6 (σ=17.0) 131.0 (σ=13.3) 
 
 

After the complete or partial removal of AQ55 polymer from the I/S fibers, the strain 

at break (elongation at break) of the freefall and drawn fibers increased significantly (Figures 

5.8, b and 5.9, b), suggesting that AQ55 material prevented the stretching of the bicomponent 

untreated fibers in the tensile machine.  It is possible that brittle AQ55 failed faster than PP 

upon the stretching, causing high stress concentrations on the PP islands and leading to a 



premature failure of a whole untreated I/S fiber. An evidence of the premature failure of AQ 

55 phase in the outer layer and the matrix of 18 I/S PP/AQ55 fibers during their stretching is 

demonstrated in Figure 5.10. Upon stretching, cracks appeared and propagated on the fiber 

surface causing complete failure of the fiber outer layer, made of AQ55, first (Figure 5.10, a-

b) and then islands were released, as a result of the complete failure of the fiber matrix made 

solely of AQ55 (Figure 5.10, c).  

 
 

     
a)                                          b)                                                c) 

Figure 5.10 SEM images of 18 I/S PP/AQ55 freefall untreated fibers at various elongations: 
a) 50%; b) 100%; and c) 150%. 

 
 

The ability of the drawn fibers to be stretched to a very high extent after AQ55 

removal and even before its removal (Figure 5.9) supported our hypothesis about the issues 

with  solidification and drawing of PP. Because of insufficient drawing of the PP phase in the 

bico-spinline, the drawn treated fibers demonstrated a typical behavior of low oriented semi-

crystalline polymer responding to an applied stress.  

Generally, the values of the initial modulus of the treated fibers decreased and the 

values of the tenacity of the treated fibers increased compared to those of untreated fibers. 

This suggests that AQ55 phase composing of the bicomponent fibers was more brittle and 
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had higher modulus than the PP phase, while the PP phase had higher value of the tenacity 

than the AQ55 phase of the bicomponent fiber. 

Figure 5.11 demonstrates the tensile behavior of the PP/AQ55 sheath-core 

bicomponent fibers and single component PP and AQ55 fibers. 100% PP freefall fibers had 

the highest values of the breaking force and elongation at break (Figure 5.11, a). 

PP(core)/AQ55(sheath) fibers exhibited behavior similar to that of 100% PP freefall fibers. 

This behavior may be explained by over-quenching of the AQ55 phase and inadequate 

quenching and attenuation of the PP phase during the actual spinning process of the 

bicomponent fibers. Due to this over-quenching, the AQ55 phase in the sheath of the sheath-

core fibers became brittle; it did not resist crack appearance and propagation on its surface, 

resulting in a premature failure of the AQ55 phase and a whole fiber, as a result of a high 

stress concentration on the PP phase (Figure 5.12).  The cracking of the AQ55 sheath 

allowed PP, remaining in the fiber, to be drawn to a high extent due to its insufficient 

attenuation in the spinline and to demonstrate a typical behavior of low oriented semi-

crystalline polymer responding to an applied stress (Figure 5.11, a). Figure 5.12 confirmed 

that the drawing of fibers during the testing occurred only in the PP phase with the 

simultaneous failure of the AQ55 phase. 

PP(sheath)/AQ55(core) freefall fibers had relatively low values of the strain at break 

and breaking force, compared to PP(core)/AQ55(sheath) fibers (Figure 5.11, a). It may be 

explained that even though AQ55 was in the middle of the fiber, it was still brittle and had 

larger area compared to the area of the sheath (Figure 5.7, b) so that the premature failure of 

AQ55 phase accelerated the failure of a whole fiber, resulting from the large stress 

concentrations in the PP phase.  
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 of PP(core)/AQ55(sheath) fibers: a) 50% of elongation; b) 200% of 
elongation; c) 500% of elongation. 

e drawn 100% PP and 100% AQ55 fibers, it 

 55 fibers had a much higher value of the initial modulus and lower 

 Table 5.5). 

These results are in complete d for 18 I/S PP/AQ55 fibers 

nd discussed above. The results suggest that the fibers made up of 100% PP and the fibers 

composing of 100% AQ55 had very different mechanical properties, PP filaments were more 
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Figure 5.11 Tensile behavior of fibers: a) freefall; b) drawn. 
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flexible

Table 5.5 Tensile properties of PP and AQ 55 fibers 

 and tough and could be drawn to a high extent, while AQ55 fibers were stiff and 

brittle and had low value of strain at break.  

 

Sample Initial modulus, 
gf/den 

Elongation at break, 
% 

Tenacity, 
gf/den 

100 % AQ55, drawn 227.3 (σ=14.4) 37.5 (σ=1.4) 3.4 (σ=0.3) 
100 % PP, freefall 22.3 (σ=2.1) 521.4 (σ=26.1) 0.5 (σ=0.04) 
100 % PP, drawn 65.8 (σ=4.4) 90.8 (σ=8.9) 3.9 (σ=0.4) 

50/50 PP/AQ55 core/sheath, freefall 19.6 (σ=1.2) 472.8 (σ=22.6) 0.4 (σ=0.02) 
50/50 PP/AQ55 core/sheath, drawn 32.6 (σ=1.9) 705.9 (σ=25.1) 1.2 (σ=0.1) 
50/50 PP/AQ55 sheath/core, freefall 29.5 (σ=1.5) 191.4 (σ=10.6) 0.5 (σ=0.03) 

                                                    

                                                                                                                                                         
        
 

 

 

 

 drawn fibers (Figure 5.13, Table 5.5) 

revealed that these fibers were not drawn properly during the spinning process. Such a 

behavior of y be explained that AQ55 phase 

prevented fibers from increase in the elongation at 

break of these f lted from the 

itial cracking of the AQ 55 phase during the spinning and drawing. If this was the case, 

AQ55 phase failed easier during the tensile testing of the drawn fibers than during the testing 

 

 

 

Figure 5.13 Tensile properties of the drawn PP/AQ55 fibers      
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of the freefall fibers. The presence of micro-cracks on the surface of the drawn 

PP(core)/AQ55(sheath) fibers was confirmed by the SEM micrograph (Figure 5.14). A 

significant drop in the values of the tenacity and initial modulus of PP(core)/AQ55(sheath) 

drawn fibers was also observed, compared to those of 100% PP and 100% AQ55 drawn 

fibers, meaning that there was an interaction between PP and AQ55 polymers in the spinline, 

resulted in the decline of the mechanical properties of the I/S fibers compared to that of 

single component fibers.   

 

 

Figure 5.14 SEM micrograph of the PP(core)/AQ55(sheath) drawn fibers. 

 

aterials showed very different mechanical properties, 

melting viscosities and solidification kinetics. Due to differences in the polymer melting 

viscosities and solidification rates, AQ55 solidified much faster than PP in the spin-line. 

Therefore, while AQ55 has already solidified, PP was yet in low viscous state. Thus, the 

elongational stress experienced by PP in the spin-line vanished instantly, as further 

deformati ication), 

leading to a possibility of stress relaxation (orientation relaxation) in PP [116].  This explains 

the hig

 
To summarize, AQ 55 and PP m

on of the spin-line can not occur beyond this position (AQ55 solidif

h extensibility of PP phase after AQ55 polymer was removed from the composite  
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r melting viscosities and mechanical properties. 

ecause the difference between viscosities of N6 and AQ55 was not as significant as in the 

ymers in the I/S bico-

onfiguration, which could lead to better fiber properties. The fibers made up of 108 I/S 

drawing properties while PP and AQ55 had very different drawing behavior. It could be 

fibers. Also, because molten PP was flowing along the interface of solidified AQ55, it could 

promote farther stretching of the AQ55 phase, as a result of shearing forces acting on their 

interface [120]. This may explain the appearance of cracks on the AQ55 surface. The 

difference in the solidification kinetics of the polymers also led to dissimilarities in the 

mechanical properties of the AQ 55 and PP phases. The former became extremely brittle, 

while the latter was extremely stretchable.  

 

5.2.1.4 PP/AQ55 AND N6/AQ55 FIBER DRAWING BEHAVIOR  

 

The study of the properties of the bicomponent fibers made up of PP and AQ55 indicated 

many different problems with the spinnability of these polymers in the bico-configuration 

arising from significant differences in thei

B

case of PP and AQ55, we expected better spinnability of these two pol

c

N6/AQ55 with different polymer compositions were spun and their properties were studied. 

Comparative characteristics of the drawing behavior of the fibers made up of PP, N6, and 

AQ55 are presented in Table 5.6.  

100% PP fibers were drawn in the spunbonding process up to 12 times of their 

original diameter, 100 % N 6 fibers were drawn up to 5.8 time of their original diameter, and 

100 % AQ 55 fibers were drawn up to approximately 5.4 times of their original diameter. 

From the drawing behavior of these fibers it can be seen that N6 and AQ55 had similar 
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 in the polymer composition than fibers consisted of PP 

and AQ

Table 5.6 The diameter and linear density of the freefall and drawn fibers 

expected that the bicomponent fibers made up of N6 and AQ55 would have less variability in 

the fiber diameter with the change

55.  Indeed, the N6/AQ55 I/S fibers showed less variability in the fiber diameters 

with a change in the ratio of N6 than the PP/AQ55 fibers and the final diameter of the 

N6/AQ55 fibers was in between that of single component N6 and AQ55 fibers. In the case of 

PP/AQ55 fibers, the final diameter of the drawn fibers was similar to that of AQ55 

homocomponent fiber, confirming again the idea that AQ55 restrained the deformation of the 

I/S and sheath-core fibers.  

 

Sample Diameter, μm Denier 
100% PP, freefall 156.7 (σ=2.6) 157.2 (σ=2.6) 
100% PP, drawn 13.1 (σ=0.1) 1.1 (σ=0.1) 

138.9 (σ=8.2) 
100% AQ55, drawn 25.9 (σ=0.5) 5.2 (σ=0.1) 

100% N6, drawn 15.7 (σ=1.9) 2.0 (σ=0.2) 

50/50 PP(core)/AQ55(sheath), drawn 24.6 (σ=0.5) 4.3 (σ=0.2) 
25/75 PP/AQ55 18 I/S, freefall 138.7 (σ=14.0) 138.6 (σ=11.0) 
25/75 PP/AQ55 18 I/S, d
75/25 PP/AQ55 18 I/S, fr

100% AQ55, freefall 150.0 (σ=8.9) 

100% N6, freefall 90.3 (σ=9.6) 65.7 (σ=6.1) 

50/50 PP(core)/AQ55(sheath), freefall 166.7 (σ=1.2) 196.9 (σ=4.1) 

rawn 23.3 (σ=2.1) 3.9 (σ=0.4) 
eefall 142.8 (σ=12.9) 123.9 (σ=10.1) 

75/25 PP/AQ55 18 I/S, drawn 27.6 (σ=2.5) 4.6 (σ=0.4) 
25/75 N6/AQ55 108 I/S, drawn 19.8 (σ=1.7) 3.1 (σ=0.5) 

3.1 (σ=0.3) 75/25 N6/AQ55 108 I/S, drawn 19.8 (σ=1.1) 

 

To e N6 and AQ55 co owed similar m ities 

and drawing ger polymer-polyme ould form durin f the 

fibe Stronger in ld not allow s ding 

(sheari  components u  of the spinlin nsile 

load during testing [170]. The absence of the debonding is generally very i or the 

 summarize, becaus mponents sh elting viscos

 behavior, stron r interface c g spinning o

rs in the spunbonding process. terface wou i slignificant 

ng) and debonding of two pon applying e e stress or t
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 118

final properties of the spun fibers. When the indi

not possible due to the absence of the tensile stress across the interface [170]. Strong 

interfac

the tenacity and modulus) than that of PP/AQ55 

bers (Table 5.7). 

vidual components are debonded, drawing is 

e between N6 and AQ55 polymers may lead to better drawing of both components in 

the fiber during spinning, inducing better orientation of the polymeric chains in these 

components and leading to better mechanical performance of the fibers. Then, the 

mechanical properties of the N6/AQ55 bicomponent fibers would be expected to be better 

than the properties of the PP/AQ55 fibers. 

 

5.2.1.5 MECHANICAL PROPERTIES OF THE N6/AQ55 FIBERS  

 

The study of the tensile properties of the N6/AQ55 fibers indicated that these 

bicomponent fibers did not show significantly better performance than the PP/AQ55 fibers 

(Table 5.7), moreover in the case of 25 % of the island polymer content, the N6/AQ55 fiber 

performance was even worse (in terms of 

fi



Table 5.7 Mechanical properties of the N6/AQ55 and PP/AQ55 fibers  
Number 
of islands Composition 

Elongation at 
break, 

% 

Tenacity, 
gf/den 

Initial modulus, 
gf/den 

Secant modulus 
at failure, 

gf/den 

0 100 % PP 90.9 
(σ=8.9) 

3.9 
(σ=0.4) 

65.8 
(σ=4.4) 

20.6 
(σ=1.1) 

0 100 % AQ55 37.5 
(σ=1.4) 

3.4 
(σ=0.3) 

227.3 
(σ=14.4) 

9.0 
(σ=0.4) 

0 100 % N6 52.9 
(σ=6.2) 

7.2 
(σ=0.8) 

178.7 
(σ=18.2) 

13.6 
(σ=1.4) 

25/75 N6/AQ55 41.7 
(σ=6.8) 

1.3 
(σ=0.1) 

73.4 
(σ=10.1) 

3.2 
(σ=0.2) 108 

75/25 N6/AQ55 39.4 
(σ=4.6) 

1.4 
(σ=0.2) 

59.6 
(σ=6.6) 

3.7 
(σ=0.4) 

25/75 PP/AQ55 20.6 
(σ=25.6) 

1.7 
(σ=0.2) 

130.2 
(σ=12.7) 

8.1 
(σ=0.9) 18 

75/25 PP/AQ55 129.2 
(σ=13.9) 

0.9 
(σ=0.1) 

52 
(σ=5.3) 

0.7 
(σ=0.1) 

 

The performance of the N6/AQ55 bicomponent fibers can be estimated from the 

performance of the single component fibers using the Rule of Mixtures (ROM) and assuming 

no interaction between these two components. When there is no interaction between 

components, for a biconstituent system, the overall system property Xs could be found:  

                                                       1 1 2 2sX X V X V= +                                                     (Eq. 5.5) 

where iX  and  iV are the corresponding property and the volume fraction of component = 1 

and 2 [171]. This criterion could be used to examine any possible interactions between two 

components and a plot X

i

s versus V1 should result in a straight line. Thus, if the experimental 

results of the system property fall exactly on the line, it can be inferred that there is no 

interactions between components at all. If such interactions exist, the modified ROM can be 

adopted [171]: 

                                                   1 1 2 2sX X V X V X= + + Δ                                               (Eq. 5.6) 
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where XΔ  is used to account for the effect on system properties caused by the interactions. If 

XΔ > 0, the interactions result in a positive or synergetic effect on the system, and  XΔ < 0, 

the interactions result in a negative or reduced effect on the system. Expected bicomponent 

fiber tenacity (T ) was calculated adopting equation 5.5 and assuming no interactions 

between components: 

                                                           1 2 1 1 2 2T TV T V+ = +                                                                            (Eq. 5.7) 

where   is a total tenacity of the bicomponent fiber,  ,  and  ,1 2T + 1T 1V 2T    2V are the tenacity 

and volume fraction of the bicomponent fiber components.  

4.4 gf/den and 6.3 gf/den were the calculated from ROM values of the tenacity of the 

25/75 N6/AQ55 and 75/25 N6/AQ55 fibers, respectively. Experimentally established 

performance of the bicomponent fibers was worse than expected, indicating that there were 

interactions between polymers during the fiber spinning, arising from their incompatibility 

and leading to a developing of a relatively weak interface between them. This could lead to 

deterioration of the performance of the bicomponent fibers. Similar argumentation was 

applicable for the rest of bicomponent fiber properties (modulus, breaking force, etc.).  

Even though N6 and AQ55 showed similar drawing and melting behavior, and their 

mechanical properties were not as different as in the case of PP and AQ55, N6/AQ55 I/S 

fibers still demonstrated poor performance, which was one of the reasons of the weak 

resulting fabric that showed no integrity after the removal of AQ55. This suggests that AQ55 

polymer showed poor fiber forming properties and in order to be accepted for the use as the 

sea polymer in the I/S approach its spinning characteristics should be significantly improved. 
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5.2.1.6 SUMMARY  

 

PP and AQ55 components showed very dissimilar melting viscosities, solidification 

kinetics, mechanical properties and drawing behavior. As a result, these components 

demonstrated poor fiber formation in the spinline. In particular, PP did not solidify properly 

and as a result, it was not drawn properly. AQ55, on the other hand, solidified earlier in the 

spinline becoming very brittle. Due to the fast solidification of AQ55 and shearing forces 

acting on the PP/AQ55 interface, cracks appeared on the AQ55 surface during the spinning, 

causing premature failure of PP/AQ55 fibers under the load. Thus, extreme brittleness of the 

AQ55 phase and insufficient drawing of the PP phase induced overall poor mechanical 

performance of the PP/AQ55 bicomponent and PP mono-component fibers after AQ55 

removal.  

On the other hand, N6 and AQ55 components showed a good match in the values of 

the polymer melt viscosity and fiber draw ratios. Also, component mechanical properties 

were not as different as in the case of PP/AQ55 bicomponent fibers. However, the N6/AQ55 

I/S fibers still demonstrated very poor mechanical performance, and in some cases this was 

even worse than the performance of PP/AQ55 fibers. This suggests that AQ55 polymer has 

insufficient fiber forming characteristics, such as too high brittleness and viscosity, low 

drawability, etc. To accept this polymer as the sea for the I/S bicomponent technology, its 

spinning characteristics has to be significantly improved.  

Finally, we demonstrated that when an appropriate spinpack design is used, in which 

one polymer (islands) would be completely surrounded by the other one (sea), then the 

spinning of completely incompatible polymers, such as PP and AQ55, becomes possible. 
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However, to form strong I/S fibers, the sea polymers has to be flexible enough to be able to 

be drawn to high extents in the bico-spinline.   

 

5.2.2 PE AND PLA AS POTENTIAL SEA POLYMERS  

5.2.2.1 MELTING VISCOSITIES OF POLYMERS  

 

It is known that successful bicomponent fiber spinning requires compatibility of the 

polymer melt viscosities [115-120]. PP and PLA showed similar viscosities at the 

temperatures at which these polymers are typically extruded, i.e. 220 - 240 oC (Figure 5.15). 

To match the viscosities of PLA and N6 polymers, PLA and N6 were recommended to be 

extruded at temperatures in the range of approximately 220 – 230 oC and 260 – 280 oC, 

respectively (Figure 5.15). For conjugate spinning of PE and PP, these materials should be 

extruded in the range of 220 – 240 oC, while for bico-spinning of PE and N6 materials, which 

showed the largest difference in the values of their melting viscosities, PE and N6 should be 

extruded at about 220 and 260 – 280 oC, respectively (Figure 5.15).   

Based on the polymer melt viscosity study, the best bicomponent fiber formation in 

the spunbonding line would be expected for PP/PLA, followed by N6/PLA, PP/PE and 

N6/PE combinations, respectively. 
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a)                                                                    b) 

Figure 5.15 Melting viscosity as function of temperature and time: a) PLA vs. PP and N6; b) 
PE vs. PP, N6. 

 

5.2.2.2 FIBER DRAWING BEHAVIOR  

 

Sufficient attenuation in the spunbond spinline and good performance of the I/S fibers 

made up of N6 and PE components would be expected due to their relatively similar drawing 

behavior (Table 5.8). As can be seen from Table 5.9, the diameter of N6/PE bicomponent 

fibers was in between that of the single component N6 and PE fibers and showed little 

variability with a change in the ratio of N6. This may be an indication of a relatively strong 

interface between the components and their sufficient attenuation in the spunbond bico-

spinline without sliding or debonding of the polymers on their interface. N6 and PLA 

homocomponent fibers demonstrated less similar drawing behavior than the N6 and PE fibers 

(Table 5.8), thus a weaker interface is expected to form between the N6 and PLA 

components during their bico-spinning, because according to Lin et al. [170] a strong 

interface develops  
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between the polymers having similar draw ratios. Moreover, the N6/PLA I/S fibers showed 

more variability in the composite fiber diameter with change in the polymer ratio than N6/PE 

fibers confirming the formation of weaker interface between N6 and PLA than between N6 

and PE materials. Overall, the final diameter of N6/PLA fibers increased with increasing the 

N6 ratio (Table 5.9). Finally, PP and PLA, as well as PP and PE single component fibers 

exhibited very different drawing behavior in the spunbond spinline (Table 5.8) and thus, they 

are expected to form weaker interfaces between the polymers in the conjugate fibers [170]. 

As a result, the bicomponent PP/PE and PP/PLA fibers demonstrated significant variability 

in their diameters with change in the fiber compositions (Table 5.9). Overall, PP/PE fibers 

had diameters similar to that of the PE fibers, while PP/PLA conjugate fibers had diameters 

larger than those of both the PP and PLA fibers. 

 

 Table 5.8 Diameter and linear density of the single component fibers 
Composition Diameter, μm Draw Ratio Denier 

100 % PE, freefall 98.4 (σ=9.0) 64.4 (σ=5.9) 
100 % PE, drawn 19.3 (σ=2.0) 

5.1 
2.5 (σ=0.2) 

100% N6, freefall 90.3 (σ=9.6) 65.7 (σ=6.1) 
100% N6, drawn 15.7 (σ=1.9) 5.8 2.0 (σ=0.2) 

100% PLA, freefall 98.4 (σ=9.1) 85.5 (σ=8.4) 
100% PLA, drawn 13.1 (σ=1.3) 7.5 1.5 (σ=0.1) 
100 % PP, freefall 156.7 (σ=2.6) 157.2 (σ=2.6) 
100% PP, drawn 13.1 (σ=0.1) 12 1.1 (σ=0.1) 

 

Among all studied polymer combinations, the strongest interface and thus, the best 

mutual attenuation in the spunbond spinline that could potentially lead to the best mechanical 

performance would be expected for the N6/PE, followed by N6/PLA, PP/PLA and PP/PE 

fibers, respectively. The smallest diameter was obtained for the N6/PLA fibers, followed by 
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N6/PE, PP/PE, and PP/PLA filaments, respectively (Table 5.9). This means that N6/PLA 

fibers would result in the smallest diameter of islands after PLA removal. 

 
   

Table 5.9 Diameter and linear density of the drawn bicomponent fibers 

Number of islands Composition Diameter, μm Denier 
25/75 N6/PE 17.6 (σ=1.1) 2.2 (σ=0.3) 
50/50 N6/PE 17.2 (σ=1.0) 2.2 (σ=0.3) 108 
75/25 N6/PE 17.1 (σ=1.6) 2.3 (σ=0.3) 

25/75 N6/PLA 11.1 (σ=0. 8) 1.1 (σ=0.2) 
50/50 N6/PLA 14.6 (σ=1.2) 1.8 (σ=0.2) 108 
75/25 N6/PLA 15.2 (σ=1.0) 1.9 (σ=0.1) 
25/75 PP/PE 17.0 (σ=0.8) 1.9 (σ=0.1) 
50/50 PP/PE 20.2 (σ=2.0) 2.7 (σ=0.3) 108 
75/25 PP/PE 18.0 (σ=0.8) 2.1 (σ=0.1) 

25/75 PP/PLA 21.7 (σ=1.9) 3.9 (σ=0.3) 
50/50 PP/PLA 20.8 (σ=1.7) 3.3 (σ=0.3) 108 
75/25 PP/PLA 17.8 (σ=1.5) 2.2 (σ=0.2) 

 

5.2.2.3 FIBER MECHANICAL PROPERTIES  

 

If there were no mutual interactions between the components forming conjugate 

fibers, then according to rule of mixture, from the performance of the homocomponent fibers 

(Figure 5.16 a, c, e and Table 5.10) it would be expected that the conjugate fibers made up of 

N6 and PLA would have the highest tenacity, followed by the fibers made up of N6 and PE, 

PP and PLA, and PP and PE, respectively. Similarly, the highest value of the initial modulus 

would be expected for the N6/PLA fibers, followed by the PP/PLA, N6/PE and PP/PE fibers, 

respectively. The PP/PE fibers should have the largest strain at break, followed by the 

N6/PE, PP/PLA and N6/PLA fibers. Also, from the properties of the homocomponent fibers 

could be seen that the best compatibility of components in terms of their modulus were for 

N6/PLA, followed by PP/PE, PP/PLA and N6/PE components.  
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Overall, the conjugate fibers showed predicted trends for the stain at break and 

tenacity, with the only difference that the PP/PLA and PP/PE fibers had similar values of the 

tenacity. Very different trends were observed for the initial modulus of the examined fibers. 

N6/PE demonstrated the second largest values of the modulus after N6/PLA, followed by 

PP/PE and PP/PLA fibers. In general, only the N6/PLA bicomponent fibers behaved as 

predicted, i.e., they had highest values of the tenacity and modulus and the lowest values of 

the strain at break.  The lowest strain at break indicated that the N6/PLA fibers were drawn 

the most sufficiently in the spunbond spinline. The N6/PE fibers also showed good 

performance, following that of the N6/PLA fibers.  

The ratio of the island polymer to the sea polymer influenced only the tenacity and 

initial modulus in the N6/PE fibers, i.e., with an increase in the N6 content their values of the 

tenacity and modulus increased (Figures 5.16, b and d).  
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e)      f) 

Figure 5.16 Mechanical properties of the single component and bicomponent fibers. 
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Table 5.10 Mechanical properties of the single component and bicomponent fibers 

Number  
of  

islands 
Composition Tenacity, 

gf/den 

Elongation at 
break, 

% 

Initial 
modulus, 

gf/den 

Secant 
modulus at 

failure, 
gf/den 

0 100 % PE 1.0 (σ=0.1) 83.8 (σ=6.9) 13.9 (σ=2.0) 1.2 (σ=0.1) 
0 100 % N6 7.2 (σ=0.8) 52.9 (σ=6.2) 178.7 (σ=18.2) 13.6 (σ=1.4) 
0 100 %  PLA 3.9 (σ=0.4) 12.4 (σ=1.3) 154.8 (σ=16.3) 31.2 (σ=3.1) 
0 100 % PP 3.9 (σ=0.4) 90.9 (σ=8.9) 65.8 (σ=4.4) 20.6 (σ=1.1) 

25/75 N6/PE 2.1 (σ=0.5) 10.6 (σ=3.1) 42.0 (σ=4.7) 20.7 (σ=2.2) 
50/50 N6/PE 2.9 (σ=0.2) 33.5 (σ=5.2) 51.3 (σ=5.3) 8.6 (σ=0.6) 108 
75/25 N6/PE 3.6 (σ=0.5) 26.2 (σ=4.3) 78.5 (σ=8.0) 13.9 (σ=1.3) 

25/75 N6/PLA 4.8 (σ=0.5) 13.4 (σ=1.2) 122.7 (σ=12.6) 35.7 (σ=3.6) 
50/50 N6/PLA 3.0 (σ=0.2) 14.0 (σ=1.5) 81.8 (σ=6.2) 21.6 (σ=2.5) 108 
75/25 N6/PLA 3.2 (σ=0.4) 12.4 (σ=0.1) 104.6 (σ=10.7) 26.1 (σ=2.7) 
25/75 PP/PLA 1.7 (σ=0.1) 13.1 (σ=2.0) 36.1 (σ=1.3) 11.8 (σ=1.0) 
50/50 PP/PLA 1.7 (σ=0.2) 20.5 (σ=2.5) 33.5 (σ=1.2) 7.3 (σ=0.8) 108 
75/25 PP/PLA 1.7 (σ=0.1) 12.7 (σ=1.2) 42.6 (σ=2.4) 13.4 (σ=2.0) 
25/75 PP/PE 1.5 (σ=0.1) 45.9 (σ=4.7) 52.8 (σ=0.7) 3.3 (σ=0.3) 
50/50PP/PE 1.2 (σ=0.1) 62.5 (σ=6.5) 34.6 (σ=3.7) 2.0 (σ=0.2) 108 
75/25 PP/PE 1.9 (σ=0.2) 122.3 (σ=11.5) 40.6 (σ=4.2) 1.6 (σ=0.14) 

 

Equation 5.7 was used to calculate the expected values of the bicomponent fiber 

tenacities from the tenacities of the single component filaments assuming no interaction 

between the two components. 108 I/S 25/75 N6/PLA and 108 I/S 25/75 N6/PE fibers showed 

the tensile strength as it was predicted according to rule of mixture (Table 5.11). Fibers made 

up of PP and PLA demonstrated the largest deviation of the measured tenacities from the 

predicted ones. The PP/PE conjugate fibers also showed large deviations of the actual tensile 

behavior from the predicted one. This means that in the case of PP/PE and PP/PLA fibers 

there were strong repulsive interactions between the polymers during the spinning process, 

arising from the differences in the polymer properties and leading to the formation of weak 

interfaces between the polymers. These repulsive interactions may include sliding, 

debonding, or fracturing one of the components, and they may cause the deterioration in the 

final fiber properties. N6/PLA and N6/PE fibers showed more or less similar deviations of 
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the measured tenacities from the predicted ones, however, fibers made up of N6 and PE 

demonstrated the smallest reduction effect resulting from the interaction of the two polymers 

on their interface, which was likely due to stronger interface formed between N6 and PE 

polymers than between N6 and PLA materials. Overall, all examined bicomponent fibers 

exhibited negative deviations of the measured tenacities from the calculated ones, confirming 

mutual interactions between the polymers during conjugate fiber spinning, which led to 

imperfect interfaces formed between the polymers. Thus, the interactions between polymers, 

resulting from their incompatibilities, were responsible for deterioration of the mechanical 

properties of the resulting composite fibers. Overall, PP and PLA components displayed the 

most significant polymer incompatibility, which resulted in the formation of the weakest 

interface between the compounds in the spunbond spinline. 

 
Table 5.11 Measured and predicted bicomponent fiber tenacities 

N of islands Ratio,  
wt % 

Polymer 
combination 

Predicted, 
gf/den 

Measured, 
gf/den 

Difference, 
gf/den 

Reduction 
effect, % 

25/75 N6/PLA 4.8 4.8 0 0 
50/50 N6/PLA 5.7 3.0 2.7 47.4 108 
75/25 N6/PLA 6.4 3.2 3.2 50.0 
25/75 N6/PE 2.2 2.2 0 0 
50/50 N6/PE 3.7 2.2 1.5 40.5 108 
75/25 N6/PE 5.3 3.6 1.7 32.0 
25/75 PP/PLA 3.9 1.7 2.2 56 
50/50 PP/PLA 3.9 1.7 2.2 56 108 
75/25 PP/PLA 3.9 1.7 2.2 56 
25/75 PP/PE 1.7 1.5 0.2 11.8 
50/50 PP/PE 2.4 1.2 1.2 50.0 108 
75/25 PP/PE 3.2 1.9 1.3 40.0 

 

To summarize, among all studied bicomponent fibers, fibers made up of PP and PLA, 

and PP and PE showed the worst performance. Both of them had the lowest values of the 

tenacities. Moreover, PP/PE fibers demonstrated the highest values of the strain at break, 
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indicating poor drawing of these fibers in the spinline. Insufficient drawing of the fibers 

could lead to their low molecular orientation and crystallinity, resulting in poor mechanical 

performance. The N6/PLA bicomponent fibers, on the other hand, showed the best 

performance in terms of the tenacity and modulus. They also had the lowest values of the 

strain at break, suggesting that these fibers were the most properly drawn. The N6/PE fibers 

performed worse than the N6/PLA fibers, but their mechanical properties were much better 

than those of the PP/PE and PP/PLA fibers. In general, comparing properties of the single 

component fibers with those of the bicomponent fibers, one may notice that: 1) the 

mechanical properties of the N6/PE fibers were better than those of the PE fibers, but worse 

than those of the N6 fibers;  2) the mechanical properties of the N6/PLA fibers were similar 

to those of the PLA fibers, but worse than the properties of N6 fibers; 3) the mechanical 

properties of the PP/PE fibers were slightly better than those of the PE fibers, but worse than 

those of the PP fibers; 4) the mechanical properties of the PP/PLA fibers were worse than 

those of both PP and PLA single component fibers.  

The N6/PE composite fibers demonstrated the performance, which was better than 

that of the PE fibers, but worse than the performance of the N6 homocomponent filaments. 

Because the N6 fibers had significantly higher tenacity, modulus and lower elongation at 

break than the PE filaments, we believe that these differences may facilitate a transfer of 

generated by strain driven tests shear and tensile forces through the weaker sea component to 

the stronger internal phase, i.e. to N6, thus enhancing the strength of N6/PE filaments. 

However, such load transfer may be possible only in the presence of a strong interface 

between the polymers, as it has been shown by various researchers [172-174]. A weak 

interface would not allow any substantial generated load transfer between the matrix (sea) 
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and the island fibers due to debonding of the islands from the sea and sliding of the strong 

islands relative to the weak matrix. Such sliding typically results in an abrupt drop in the 

loading force as a consequence of low levels of normal stress acting across the interface 

[172]. Thus, a weak interface would result in the fiber fracture by phase debonding and 

relatively low loading strengths. On the other hand, a strong interface typically leads not only 

to the phase debonding, but also to a crack propagation through the weak phase [174].  

Because we believe that the N6/PE fibers had the strongest interface among all considered 

materials, and PE had a higher elongation at break than N6, it is possible that the generated in 

the fiber stress was actually transferred between the strong N6 islands and weak PE phase 

during strain driven mechanical testing. This could explain the performance of the N6/PE 

composite fibers, which was better than that of PE, but worse than the performance of N6 

homocomponent fibers (Table 5.10). Our hypothesis about the stress transfer between 

stronger N6 islands and weaker PE sea through the strong interface between the polymers 

was also confirmed with a help of SEM analysis of the 108 I/S N6/PE fiber fracture 

mechanism (Figure 5.17, a). The figure indicates a fracture path partially through the matrix 

of the composite fibers, thus pointing to a strong interface between the components of the 

bicomponent N6/PE fibers.  

N6/PLA bicomponent filaments had the tenacity and elongation of nearly pure PLA 

filaments, which was likely due to the fracture of PLA sea initiating the failure of the 

bicomponent fibers. In other words, in the case of N6/PLA fibers, there was little or no stress 

transfer between weaker PLA and stronger N6 islands due to a relatively weak interface 

between N6 and PLA polymers (in comparison to that of between N6 and PE) and a lower 

elongation at break of the PLA component. Moreover, SEM analysis of the N6/PLA fiber 



fracture indicates the failure path by mostly debonding in the N6/PLA fibers pointing to a 

weak interface between N6 and PLA compounds of the conjugate fibers (Figure 5.17, b). 

Once debonding occurred, the stress transfer between PLA and N6 became impossible, and 

the failure of the weakest component (PLA) could initiate the failure of the whole fiber.     

 
 

                               
a)                                                                                 b) 

Figure 5.17 Mechanism of the I/S fiber breakage: a) N6/PE; b) N6/PLA. 

 

The case of the PP/PE fibers is somewhat similar to that of the N6/PE conjugate 

fibers, with only difference that PP and PE did not have such strong enterface, thus the 

loading stress could cause early debonding of the polymers and premature failure of the 

composite fibers through the weaker PE component having also low elongation at break, as 

was reported by various authors [170, 172-174]. Still, before debonding, some generated 

stresses could be perhaps transferred to the PP phase, resulting in composite fiber properties 

that are better than those of PE, but worse than those of PP single component fibers. Also, it 

could be possible that the strength (molecular orientation) of the PE component of the 

bicomponent fibers was higher than that of pure PE fibers. Thus, PE phase of the N6/PE 
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fibers could fail latter than 100% PE fibers, this may also explain the performance of the 

PP/PE fibers, which was better than that of PE single component filaments. 

PP and PLA had the worst compatibility among all considered combinations, and 

thus, the weakest interface between the polymers. Hence, the generated in the tests stress 

could cause fast debonding of the polymers and premature failure of the composite fibers 

through one of the components. Because the elongation at break of the PP/PLA I/S fibers was 

similar to that of pure PLA fibers, we believe that the failure of the composite fiber was 

initiated through the breakage of the brittle PLA phase.  

 

5.2.2.4. MODELING OF THE FIBER SOLIDIFICATION  

 

To explain the results described in the previous section, computational modeling of 

the homocomponent fiber formation in the spunbond spinline was performed using the actual 

spinning conditions of the bicomponent PP/PLA, N6/PLA, PP/PE, and N6/PE, and 

homocomponent N6, PE, PP, and PLA fibers, which were given in Table 4.1. The model 

outputs were the solidification lengths of the monocomponent PP, PE, N6 and PLA fibers, 

summarized in Table 5.12. 

As may be noted from the table when the spinning conditions of the I/S N6/PLA and 

N6/PE fibers were used in the simulation, the model indicated that N6 component solidified 

faster in the spinline than PLA and PE polymers. However, the difference between the 

solidification lengths of N6 and PLA were not as significant as the differences between the 

solidification distances of the N6 and PE polymers. Moreover, N6 component of the N6/PLA 

fibers solidified slower in the spunbond spinline than 100 % N6 fibers, while the N6 
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component of the N6/PE fibers solidified earlier in the spinning line than pure N6 fibers. 

Both sea components, i.e. PE and PLA, solidified earlier in the spunbonding line than their 

single component counterparts. When spinning conditions of the 108 I/S PP/PLA fibers were 

used in the model, PLA was predicted to solidify slightly faster than PP or pure 100 % PLA 

fibers. On the other hand, the PP phase of the conjugate fibers was predicted to solidify latter 

in the spinline than 100% PP fibers. In the case of the 108 I/S PP/PE fiber spinning 

conditions, the model predicted PP to solidify slightly faster than PE, but slightly slower than 

100 % PP fibers.   The PE phase of the PP/PE fibers was estimated to solidify slightly faster 

than pure PE fibers. 

 
Table 5.12 Fiber solidification length 

Fiber Solidification Length1, cm  Spinning Conditions 
Used in the Model N6 PLA PE PP 

100% N6 10.6 - - - 
100 % PLA - 26.1 - - 
100 % PE - - 22.0 - 
100 % PP - - - 17.0 

108 I/S 25/75 N6/PLA 14.6 21.3 - - 
108 I/S 50/50 N6/PLA 11.1 16.0 - - 
108 I/S 75/25 N6/PLA 10.5 15.2 - - 
108 I/S 25/75 N6/PE 10.0 - 20.4 - 
108 I/S 50/50 N6/PE 10.0 - 20.4 - 
108 I/S 75/25 N6/PE 10.0 - 20.4 - 
108 I/S 25/75 PP/PE - - 20.2 18.4 
108 I/S 50/50 PP/PE - - 20.4 18.8 
108 I/S 75/25 PP/PE - - 20.3 18.6 

108 I/S 25/75 PP/PLA - 16.0 - 18.1 
108 I/S 50/50 PP/PLA - 15.8 - 18.0 
108 I/S 75/25 PP/PLA - 15.4 - 18.6 

Keys: 1 – measured from the exit from the spinneret along the spunbond spinline 

 

To estimate how the computationally predicted solidification behavior of the 

homocomponent fibers could change in the bicomponent systems, simple estimations of the 

heat transfer by conduction and convection in the bicomponent PP/PLA, N6/PLA, PP/PE, 

and N6/PE fibers were obtained according to Equations 5.8– 5.9 using the data from Tables 



3.2, 4.1-4.3. For simplicity, the fibers were considered as sheath-core fibers, in which the 

islands and sea became the core and sheath, respectively. In all cases, the island (core) 

polymers were extruded at higher temperatures than the sea (sheath) polymers. Thus, the rate 

of the heat transfer ( ) from the core to the sheath per unit length of the fiber ( ) can be 

estimated according to Equation 5.8: 

cQ L

                                                            2 (
ln( )f

c

c c c
R
r

Q k T T
L

)sπ −
=                                             (Eq. 5.8) 

where  is core thermal conductivity; and  are the temperature and radius of the core, 

respectively; 

ck cT cr

sT  is the temperature of the sheath, fR is the radius of the fiber.  

The rate of heat transfer ( sQ ) from the sheath to the cooling air per unit length of the fiber is 

given by:  

                                                       (s )s D s a
Q k Nu T T
L

π= −                                              (Eq. 5.9) 

where sk  is sheath thermal conductivity;  is the temperature of the cooling air; aT DNu  is 

Nusselt number, which can be defined as 

11
32

2 1
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0.62Re Pr0.3
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Pr
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+

 when the Reynolds 

number Re 4000a f

a

V D
ν

= 〈 . Pr is the Prandtle number, which is equal to 0.71 for air; fD  is the 

diameter of the fiber;  is velocity of the cooling air; aV aν  is viscosity of the air. 

In the case of the N6/PE, PP/PE, and PP/PLA fibers, our estimations demonstrated 

that the rate of the heat transfer from the core to the sheath was slower than the rate of the 

heat transfer from the sheath to the air or from single component N6 and PP fibers to the air. 
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Moreover, the rates of heat transfer from the PLA and PE sheath to the air were smaller than 

the rates of heat transfer from pure PLA and PE fibers to the cooling air. Hence, it is 

expected that the core and sheath polymers composing of the bicomponent fibers would 

solidify farther downstream in the spinline than was predicted by the model, but the 

correlations between the solidification lengths of the core and sheath would be maintained. 

Similar arguments could be applied to the island and sea polymer solidification rates. Thus, 

the computational results depicted in Table 5.12 could be used for qualitative analysis of the 

solidification mechanisms of the island and sea polymers in the spunbond bico-spinline.  

According to the model predictions, during the spinning of the N6/PE I/S fibers, N6 

would solidify faster than PE, and thus, it would experience higher elongational stresses than 

the PE component, as was demonstrated by various researchers [115-120].  Moreover, 

because of significant differences in the solidification rates of N6 and PE polymers, PE could 

undergo orientation (and stress) relaxation after solidification of N6, as reported by Kikutani 

et al. [116]. Hence, sufficient orientation of the N6 component and orientation relaxation of 

the PE component would be expected during the N6/PE I/S fiber spinning [116, 120].  

To verify the validity of the fiber model results and the correlations between the fiber 

solidification length and its molecular orientation, computational modeling and birefringence 

measurements of the 100% N6, 100% PE, N6 (core) and PE (sheath) of the sheath-core fibers 

were performed. The results are reported in Table 5.13. Due to the complexity of the I/S 

structures, the actual measurements of molecular orientation in the islands and sea is 

extremely difficult, or even impossible. Thus, the sheath-core fibers were chosen for 

simplicity. 
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Table 5.13 N6/PE fiber solidification lengths and birefringence values 

Fiber Solidification Length, cm Birefringence Spinning Conditions 
Used in the Model N6 PE N6 PE 

100 % N6 10.6 - 0.040±0.003 - 
100 % PE - 22.0  0.045±0.005 

0.007±0.00051

1 I/S 25/75 N6/PE 9.8 18.9 0.042±0.003 0.005± 0.00042

Keys: 1 measured at the N6/PE interface; 2measured in between of the fiber surface and the polymer-to-
polymer interface 

 

According to the model predictions, N6 core and PE sheath would solidify earlier in 

the spinline than pure N6 and PE fibers, therefore N6 core and PE sheath should experience 

higher spinline stresses and thus, develop better molecular orientation than single-component 

N6 and PE fibers (Table 5.13). Indeed, N6 core demonstrated a slightly better molecular 

orientation than pure N6 fibers, but the PE sheath exhibited significantly lower orientation 

than that of 100 % PE fibers. This observation confirms our hypothesis that during 

bicomponent fiber spinning, a significant difference between solidification rates of the two 

components may result in the development of the orientation by the component solidifying 

first, while the component solidifying last would undergo orientation relaxation, as a result of 

the stress relaxations acting on the last component. Interestingly, PE birefringence measured 

at the polymer-polymer interface was slightly higher than that of measured within the sheath. 

This may be due to shearing forces acting between N6 and PE, which helped N6 to promote 

the attenuation of the PE on their interface. Similar results were reported by Yoshimira et al. 

[120]. The 108 I/S N6/PE and sheath-core N6/PE fibers were spun under similar conditions 

(Table 4.1), thus it could be expected that the N6 islands and PE sea would behave in a 

similar manner to the N6 core and PE sheath. Hence, N6 islands would develop significant 

orientation, while PE sea would undergo orientation relaxation during bicomponent fiber 
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spinning.  Therefore, it is possible that because of the strong interface between N6 and PE, 

the weaker un-oriented PE sea phase would transfer generated stresses to the stronger N6 

island phase. This may explain the performance of the N6/PE I/S fibers, which was better 

than that of 100% PE, but worse than the performance of 100% N6 fibers (Table 5.10).  

Overall, our results confirmed that the fiber model could be used for qualitative 

analysis of the solidification mechanisms of the island and sea polymers in the spunbond 

bico-spinline. 

In the case of the PP/PE fibers, PP was predicted to solidify and reach maximum fiber 

spinning speed slightly faster than PE, thus it would experience higher spinline stress than PE 

and could develop molecular orientation. PE may also improve its orientation due to shearing 

forces acting on the interface between almost solidified PE and unsolidified PP due to small 

differences in the solidification rates of these components according to Yoshimira et al. 

[120]. Moreover, PP islands were predicted to solidify further downstream in the spinline 

than pure PP fibers, while PE sea would be expected to solidify earlier in the spinning line 

than 100% PE fibers. Thus, the PP islands would develop lower orientation (strength) than 

100 % PP fibers, while PE should have better molecular orientation (strength) than pure PE 

fibers. This would explain the performance of the PP/PE I/S fibers, which was better than 

that of PE single component fibers, but worse than the performance of pure PP fibers. In 

particular, PE phase of the PP/PE fibers could fail latter than pure 100% PE fibers, leading to 

improved mechanical properties of PP/PE fibers, over those of PE single component 

filaments. 

In the case of the PP/PLA fibers, the PLA sea was predicted to solidify and reach 

maximum fiber spinning speed slightly faster than PP islands or 100% PLA fibers, thus it 
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would experience higher spinline stress than PP or pure PLA fibers and could develop better 

molecular orientation, becoming even more brittle than single component 100% PLA fibers. 

On the other hand, PP islands were predicted to solidify further downstream in the spinline 

than 100% PP fibers, and those they should develop worse orientation or strength than pure 

PP fibers. Such a mismatch in the mechanical properties of the PP islands and PLA sea, as 

well as the weak interface between the polymers could cause a premature failure of the PLA 

phase, leading to a failure of a whole composite fiber. This would explain that the 

mechanical properties of the PP/PLA fibers were worse than those of both single component 

PP and PLA fibers. 

Our estimations by using equations 5.8-5.9 demonstrated that in the case of the 

N6/PLA bicomponent fibers the rate of the heat transfer from N6 core to PLA sheath was 

much higher than the rate of the heat transfer from PLA sheath to the cooling air or from N6 

single component fibers to the air. Thus, it can be expected that in the case of the I/S N6/PLA 

fibers, N6 would solidify even earlier in the spinline that was predicted by the model, while 

PLA heated from the inside by the N6 could solidify even farther downstream than it was 

predicted by the model.  Because of this, N6 islands could reach their maximum spinning 

speed faster than PLA sea or 100% N6 fibers. Thus, they would experience higher spinline 

stresses than PLA sea or pure N6 fibers due to their higher elongational viscosity, as has been 

reported by various authors [115-120]. Hence, a sufficient orientation of the N6 component 

in the bicomponent fibers is expected. Moreover, according to the model predictions, the 

differences between solidification rates of the N6 and PLA were not very essential, thus, 

faster moving N6 could promote the stretching of PLA phase, improving its molecular 

orientation [120]. All of these may lead to a better development of both phases, and to an 
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improved performance of the I/S fibers compared to other bicomponent structures, as was 

shown in the previous section. However, an improved orientation of the PLA phase could 

result in its increased brittleness and cause its premature failure under the load, accelerating 

the failure of the N6/PLA composite fibers. This may explain the mechanical properties of 

the N6/PLA fibers similar to those of PLA homocomponent fibers. 

 

5.2.2.5 SUMMARY  

 

Our study indicated that in order for polymer materials to form strong bicomponent 

I/S fibers and thus strong island fibers after the sea polymer removal the selected components 

should have good mechanical properties or at least the island component has to be strong. 

Additionally, the mutual interactions between the components during the bicomponent fiber 

spinning, arising from incompatibility of the polymers, have a pronounced negative effect on 

the bicomponent fiber mechanical properties. Thus, to reduce the negative effect from 

polymer mutual interactions, the components forming the conjugated fibers should develop 

strong interface in the spunbond spinline, which, in turn, requires similarity in the component 

drawing behavior (draw ratios). Moreover, to develop strong I/S fibers, the bicomponent 

fiber compounds should have similar elongational viscosities, and solidification rates 

(solidification lengths), or at least islands should solidify slightly faster and thus, have higher 

elongational viscosity than the sea.  In case when islands would solidify slightly faster than 

the sea, they experience higher spinline stresses than the sea, and thus, they could develop 

sufficient molecular orientation. Moreover, the islands would reach the fiber final spinning 

speed faster than the sea, therefore they could accelerate the sea, promoting its molecular 
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orientation. When the islands solidify significantly earlier in the spinline than the sea, the sea 

could undergo the molecular orientation relaxation, as was shown for the N6/PE core-sheath 

fibers. 

According to abovementioned requirements, the N6/PLA polymer combination was 

suggested to be the best choice for the I/S fiber developing. The N6/PLA I/S fibers having 

the smallest diameter, which can lead to the smallest diameters of islands after PLA removal, 

demonstrated the best mechanical performance among all examined polymer combinations. 

These fibers had the highest value of modulus, tenacity and the lowest value of strain at 

break, indicating sufficient attenuation of the bicomponent filaments in the spinline. This 

may be explained by the fact that N6 and PLA components had relatively similar viscosities, 

draw ratios, and mechanical properties, in terms of the initial modulus and tenacity. 

Moreover, the interaction between these two polymers in the spinline resulted in a smaller 

reduction effect on the bicomponent fiber performance, compared to that of PP/PE and 

PP/PLA, meaning that although the interface between N6 and PLA was relatively weak, it 

was still stronger than the interface between PP and PE, and PP and PLA polymers.  In 

addition, due to small differences in the solidification rates of the N6 islands, solidifying 

first, and PLA sea, solidifying last, both components could develop sufficient molecular 

orientation in the spinline. This could be responsible for a relatively good performance of the 

N6/PLA conjugate fibers. Finally, the ease of the PLA removal by treating of the I/S fabric in 

the mix of hot water and caustic soda, makes N6 and PLA polymer combination a suitable 

choice for the production of strong micro- and nanofibers from the bicomponent I/S 

nonwovens. 
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N6/PE I/S fibers also showed good performance, even though these components 

demonstrated the largest difference in their melting viscosities and mechanical properties. 

Nonetheless, N6 and PE showed the best match in their draw ratios, and thus the interaction 

between the two components in the spinline resulted in the smallest deterioration effect on 

the mechanical properties of N6/PE I/S fibers. Moreover, N6/PE fibers exhibited the smallest 

variability in the final diameter, indicating uniform and sufficient drawing of the conjugate 

fibers in the spunbond spinline, as a result of the relatively strong interface between N6 and 

PE polymers. Despite significant differences in the solidification rates of the N6 islands, 

solidifying first, and PE sea, solidifying last, the strong interface between the materials 

allowed for weak, un-oriented sea to transfer loading stresses to strong, oriented islands, 

leading to overall good mechanical properties of the N6/PE I/S fibers. The only problem with 

using PE in the I/S approach for obtaining micro- and nanofibers, is the difficulty of its 

removal. However, because of PE low melting point and molecular orientation, its ability to 

flow, and recrystallize, the N6/PE combination could be used in strength optimization of 

thermally bonded nonwovens, in which PE and N6 would be binding and reinforcing agents, 

respectively. 
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5.3 N6/PLA ISLANDS-IN-THE-SEA FIBER AND FABRIC PROPERTIES  

 

Previously we concluded that N6/PLA polymer combination is a suitable selection of 

polymers for the production of strong micro- and nanofibers from the I/S fibers. To examine 

how the number of islands and polymer ratios in the original composite fibers influence 

various fiber and fabric properties, several sets of N6/PLA samples consisting of 36, 108, 

216, and 360 islands were developed and analyzed in comparison to homocomponent N6 and 

PLA fiber properties. Although, three polymer combinations (25%, 50%, and 75% of N6) 

were used for the production of the I/S fibers, for simplicity we will only report the results 

obtained for 25 % and 75 % of N6 fiber ratios, representing the minimum and maximum 

content of N6 polymer in the conjugate fibers. 

 

5.3.1 FIBER PROPERTIES  

5.3.1.1 THERMAL BEHAVIOR AND CRYSTALLINE STRUCTURE BY DSC  

 

Comparing the melting temperatures of the fibers made up of N6 and PLA (Table 

5.14) with the melting temperatures of the N6 and PLA polymers (Table 5.15), one may 

notice that all single component fibers were melted at lower temperatures than the polymers 

from which they were made. At the same time, the crystallinities of the N6 and PLA fibers 

were higher than those of the polymers. Since melting temperature depends not only on the 

degree of crystallinity, but also on the size and degree of perfection of crystals, it is possible 

that during the spinning of the fibers at high speeds the total order of the polymer systems 

increased due to the fiber attenuation that potentially led to an increase of total fiber 
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crystallinity, but formed crystals became smaller and less perfect than crystals formed in the 

polymer pellets. 

 
Table 5.14 Data extracted from the DSC thermograms of the homocomponent and 

bicomponent fibers  
Tm, n6˚C 

I/S Sample 
γ α 

ΔH 
f,m, n6, 
J/g 

Tm, PLA 
˚C 

ΔH f,m, 

PLA 
J/g 

T c,c 
˚C 

ΔH c,c 
J/g 

Χ, N6 
% 

Χ, PLA 
% 

Χtoatal 
% 

T 
g,PLA 
˚C 

0 100% N6 215.0 221.2 75.8 - - - - 32.9 - 32.9 - 

0 100 % 
PLA - - - 166.9 47.4 76.8 7.8 - 42.4 42.4 64.9 

25/75 
N6/PLA 215.7 219.4 25.9 169.3 24.6 79.0 10.2 11.3 15.4 26.7 68.3 

36 75/25 
N6/PLA 215.5 219.4 48.3 168.9 12.2 75.0 3.4 21.0 9.5 30.5 - 

25/75 
N6/PLA 215.6 - 22.6 169.2 29.1 75.8 10.0 9.8 20.4 30.2 60.4 

108 75/25 
N6/PLA 215.3 220.4 44.0 169.1 16.1 75.3 5.2 19.1 11.7 30.8 61.2 

25/75 
N6/PLA 213.6 218.6 12.9 167.2 33.8 75.2 9.7 5.6 25.7 31.3 - 

216 75/25 
N6/PLA - 219.0 42.7 165.7 9.2 74.4 3.3 18.6 6.3 24.9 63.8 

25/75 
N6/PLA - 218.6 14.4 167.1 30.7 76.5 5.3 6.3 27.2 33.5 64.5 

360 75/25 
N6/PLA 216.0 221.5 41.2 166.3 11.0 68.7 0.04 17.9 11.7 29.7 - 

 

Table 5.15 Data extracted from the DSC thermograms of the N6 and PLA polymers 
Tm, n6˚C 

I/S Sample 
γ α 

ΔH f,m, 

n6, 
J/g 

Tm, PLA 
˚C 

ΔH f,m, 

PLA 
J/g 

Χ, N6 
% 

Χ, PLA 
% 

Χtoatal 
% 

0 100% N6 - 222.0 54.4 - - 25.4 - 25.4 

0 100 % 
PLA - - - 172.5 38.0 - 40.6 40.6 

 

Figure 5.18 demonstrates DSC thermograms of the N6 and PLA homocomponent drawn 

fibers. The scan of the PLA fibers showed glass transition temperature (Tg) approximately at 

64.9 ˚C, followed by a cold crystallization, and a melting peak. The crystallization took place 

during heating in the DSC, suggesting insufficient development of crystallinity during the 

spinning of the PLA fibers. The melting point (Tm) of the PLA fibers was 166.9 ˚C and the 



degree of crystallinity was 42.4 %. The results are consistent with those reported for high-

speed melt spun PLA fibers with low D-lactide content [175-176].      
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Figure 5.18 DSC thermograms of: a) single component N6 and PLA fibers; b) the derivative 
of the thermogram of  the N6 single component fibers. 

 
 
 N6 fibers did not show any distinct cold crystallization peak. It may be due to the 

substantial development of the crystallinity in the fibers during the spinning process or due to 

room conditioning. An alternative explanation is that during sample preparation for DSC the 

Nylon 6 fibers absorbed moisture, which was lost endothermically by heating in the DSC.  

The vaporization peak could overlap with the cold crystallization peak, making it invisible. 

The degree of crystallinity of the N6 fibers was 32.9 %. N6 fiber melting was represented by 

a double melting peak (at 215 and 221.2 ˚C), in which the second peak dominated the first 

one (Figure 5.28b). These results are in accordance with the results reported by other 

researchers [137]. The appearance of multiple peaks may be explained by: 1) 

multimodal/broad distribution of morphological forms, crystallographic forms, crystallite 

sizes, or crystallite order; 2) melting, recrystallization, and remelting, as well as 

reorganization below the onset of melting. Of these two, the first reason is the most common 
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one [177]. It is known that N6 can exist in two basic crystallographic forms, the α crystal 

(a=0.956 nm, b=1.724 nm, c=0.801 nm, β = 67.5˚) with almost completely extended zigzag 

chain configurations (chain repeat unit is about >17 Å) and hydrogen bonds between 

antiparallel chains, and γ crystal (a=0.933 nm, b=1.688 nm, c=0.478 nm, β = 121˚ ), in which 

amide groups are twisted out of the plane of methylene groups, shortening the chain repeat 

distance to about 16.8 Å and permitting hydrogen bonds to form between parallel chains [50, 

178-180]. Both forms are believed to be monoclinic and can be present in N6 fibers 

simultaneously [178, 180-181], but depending on the processing parameters either of these 

forms could dominate. For instance, it has been shown that typical commercial high speed 

spinning that involves rapid quenching of melts resulted in fibers with a predominant γ 

crystal form that may be highly oriented, while annealing of fibers at high temperatures, hot 

drawing or spin-draw process could lead to the production of fibers with a high α crystal 

content at the expense of both γ and amorphous components [50, 179-184]. Conversion of 

the γ structure into α structure involves breaking and relocating of the hydrogen bonds [185]. 

Increasing the spinning speeds typically results in the increase in the γ crystal content, while 

increasing the annealing temperatures typically results in the increase in α crystal content 

[50, 178, 180, 182-186]. Because γ crystals are thermodynamically less stable than α crystals, 

the melting temperature of γ crystals is known to be at most 10 ˚C lower then that of α 

crystals [185]. Then, the observation of the dominant melting peak of the N6 fibers at the 

temperature 221.2˚C might be an evidence of high content of the α crystallographic form in 

the N6 fibers. However, because γ crystals are heat sensitive, they can be transformed into 

bigger, more perfect α crystalline structures by heat treatment (annealing). This probably 

happened during the heating of the N6 fibers in the DSC. Thus, the determination of the form 
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of the crystal structure dominated in N6 fibers before it has been heated in the DSC is 

extremely difficult.                           

Figure 5.19 presents typical DSC thermograms of the bicomponent fibers made up of 

N 6 and PLA polymers. All scans showed Tg, followed by a cold crystallization peak, and 

then followed by two melting peaks (detailed information obtained from the thermograms is 

reported in Table 5.14).  

From comparison of the DSC scans of the bicomponent fibers with those of the single 

component fibers, it is evident that Tg and cold crystallization peak belonged to the PLA 

phase. Tg of the PLA phase was in the range from 60 to 68 ˚C, Tm of PLA phase ranged from 

165 to 169 ˚C, and its cold crystallization peak was in the range from 68 to 79 ˚C (Table 

5.14). All peaks of the PLA phase were in the range of 2-8 ˚C from those of the single 

component PLA fibers. The melting of Nylon 6 phase was represented by double melting 

peaks (in almost all scans) that lay in the region between 213 and 220 ˚C, suggesting that α 

and γ crystals were present in the N6 phase. In some cases, such as 36 I/S (all compositions) 

and 108 I/S (75 % of N6), γ form of crystals was dominant, in other cases, such as 216 (75 % 

N6), and 360 (25 % N6), α form of crystals was predominant. The rest of the fiber 

compositions seemed to have equal amount of both crystallographic forms.  
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c) d) 

Figure 5.19 DSC thermographs of: a)36 I/S; b)108 I/S; c)216 I/S; and d) 360 I/S. 

 
 

Following the same arguments as in the case of the single component fibers, we may 

suggest that the N6 phase of the I/S fibers had a high content of γ crystals in its crystalline 

structure that resulted from the high-speed spinning and fast quenching of the I/S fibers in the 

spunbond line, and these γ crystals were transformed into α form of crystals by annealing of 

the I/S fibers in the DSC. High content of γ crystals may be an evidence of insufficient 

attenuation of the I/S fibers in the spunbond line. Generally, Tm of γ crystals were in the 

range 213 – 217˚C and Tm of α crystals were in the range of 218 - 221˚C, the maximum 
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difference between the melting temperatures of α and γ crystals was 8 ˚C (Table 5.14). Our 

results are similar to those reported by other researches [180].  

 

5.3.1.2 CRYSTALLINE STRUCTURE BY X-RAY DIFFRACTION  

 

The predominant α structure of N6 fibers is usually characterized by two strong 

equatorial reflections at 2θ = 20˚ and 24˚. WAXS patterns of the predominant γ form exhibit 

a single equatorial reflection at 2θ = 22˚ and a meridional reflection at about 2θ = 11˚ [179, 

187]. The typical diffraction scans of the single and bicomponent fibers are depicted in 

Figure 5.20. The X-ray diagram of the 100 % N6 fiber (Figure 5.20, a) was characterized by 

one peak located on the top of the amorphous halo at 2θ = 22˚. Displayed was the equatorial 

diffraction scan of the fiber crystalline structure in which γ crystalline form was predominant. 

The results are in accordance with DSC results reported in the previous section and with the 

results reported by other authors [50, 178-182]. The equatorial scan of the PLA fibers (Figure 

5.20, a) had a maximum at 2θ = 16.5˚. Similar results were reported previously for annealed 

and hot drawn PLA samples [188-189].  The diffraction scans of all I/S bicomponent fibers 

(Figure 5.20, b) were characterized by a single peak located on the top of the amorphous halo 

at 2θ ranging from 22 to 22.6˚ (Table 5.16). This peak was assigned to the high content of γ 

crystals in the N6 phase of the bicomponent fibers. The peak intensity of the PLA phase was 

not observed in the case of the bicomponent fibers, probably because it overlapped with the 

amorphous region of the N6 phase.  
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a)                                                                          b) 

Figure 5.20 Typical diffraction scans of: a) single component N6 and PLA fibers; b) 
bicomponent N6/PLA I/S fibers. 

 

Table 5.16 Diffraction angles of the N6 phase in the N6/PLA I/S fibers 
Polymer composition, % Number of islands 

25/75 75/25 
36 22.4˚ 22.2˚ 

108 22.2˚ 22.4˚ 
216 22.2˚ 22.2˚ 
360 22.6˚ 22.0˚ 

 

It is known that if the intensity of the X-ray reflection increases, the crystallinity and 

the size and perfection of crystals increase [182]. Thus, the decrease in the intensity of the 

diffraction peaks of the I/S bicomponent fibers, compared to the intensities of the single 

component N6 and PLA fibers, can be attributed to the decrease in the crystallinity, size, and 

perfection of crystals in these I/S fibers. This may result from the presence of the interface 

between the two polymers during fiber spinning, since it has been reported that small, 

imperfect crystallites are typically formed in the vicinity of polymer interfaces [115]. The 

relative intensities of the N6 fibers were slightly higher than these of PLA fibers (Figure 

5.20, a). These results would be expected if the N6 fibers had higher value of crystallinity 
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than the PLA fibers. However, DSC showed that the PLA fibers had significantly higher 

crystallinity than the N6 fibers. It is known that diffractometers obtain intensity data at 

discrete values of 2θ, with the accuracy highly dependent on the number of counts measured 

at the detector and on the sample size. Since the determining of the degree of crystallinity of 

the fibers by X-ray analysis was not the purpose of this study, the sample size was not 

consistent for all reflection scans. Also, the count time used was 2.5 seconds, which should 

be reduced to obtain more precise data for intensities. For the purpose of this study, we 

assumed that DSC provided appropriate data for the degree of crystallinity of the studied 

fibers. Still, X-ray reflection scans allowed identifying diffraction angles at which maximum 

intensities for the N6 phase of the I/S fibers were observed and the calculation of the 

orientation functions of the N6 and PLA phases became possible.  

 

5.3.1.3 CRYSTALLINITY  

 

Figure 5.21 highlights the relationships between the number of islands and 

crystallinity of the N6 and PLA phases in the I/S fibers. Bicomponent fibers made up of 36 

islands showed the highest crystallinity for N6 component, which decreased slightly as the 

number of islands increased from 36 to 360. On the other hand, the fibers with 360 islands 

exhibited the highest degree of crystallinity for the PLA phase. Overall, the crystallinities of 

both components of the I/S fibers were lower than the crystallinities of pure N6 and PLA 

fibers.  Choi et al. [115] also observed a decline in the phase crystallinity of the bicomponent 

filaments and concluded that this decline was due to the interface between the polymers 

composing the bicomponent fibers. 
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                                             a)                                                               b) 

Figure 5.21 The crystallinity of the bicomponent and homocomponent fibers as function of 
the number of islands for different polymer ratios: a)  N6 phase; b) PLA phase. 

 

5.3.1.4 CRYSTALLINE ORIENTATION  

 

Figure 5.22 demonstrates a typical χ-scan of the I/S bicomponent fibers at the 

diffraction angles 2θ = 22 to 22.6˚. It is expected that for perfect unoriented materials the 

relative intensity would be constant. Thus, an increase in the intensity with χ angle would 

indicate some preferential orientation in the N6 and PLA phases, as it may be seen from 

Figure 5.22. 

The Herrman’s orientation functions for the N6 and PLA phases of the I/S fibers as 

functions of the number of islands are presented in Figure 5.23. Because peak intensities of 

the PLA phase were not obtained from X-ray reflection scan, we proceeded with χ scan for 

75 % PLA at fixed 2θ = 16, 16.5 and 17˚. The maximum intensities were found at fixed 2θ 

=17˚, and these data are reported in Figure 5.23, b.  
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Figure 5.22 Typical χ-scan of the I/S bicomponent fibers at fixed diffraction angle for N6. 

 
 

Overall, N6 and PLA components of the bicomponent fibers as well as single 

component N6 and PLA fibers showed low orientation of polymer chains in the crystalline 

regions, suggesting insufficient attenuation of these fibers in the spunbond spinline. No 

particular correlations were found between N6 and PLA component Herman’s orientation 

function and the number of islands originally used for production of the I/S N6/PLA fibers.  

However, the variability in the distribution of the islands over the conjugate fiber cross-

sectional shapes and fiber spinning conditions influencing fiber solidification lengths could 

be major factors influencing the axial alignment of the polymer chains in the crystalline 

regions of the N6 and PLA fibers. 
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a)                                                                    b) 

Figure 5.23 Crystalline orientation of the polymer chains of the bicomponent and 
homocomponent fibers as function of the number of islands for different polymer ratios in 

the: a) N6 phase; b) PLA phase. 

 
 
 The variability in Herman’s orientation function of the PLA and N6 components in 

the I/S fibers could be caused by the variability in the distribution of the islands over the 

filament cross-sections (Figure 5.24). Better attenuation of the PLA and N6 phases as a result 

of shearing forces acting on their interface could be expected for cases where islands were 

distributed evenly over the bicomponent fiber cross-sections, i.e. for the 36 I/S fibers. On the 

other hand, uneven dispensation of the islands over the conjugate fiber cross-sections 

consisting higher count of islands could prevent an equal stretching of the PLA and N6 

components in the spunbond spinline and result in the decline of Herman’s orientation 

functions of both components.  
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a)                                                       b) 

Figure 5.24 Optical images of the fiber cross-sections:  a) 36 I/S N6/PLA; b)108 I/S N6/PLA. 
10x (a) and 40x (b) magnifications were used. 

 
 
5.3.1.5 MODELING OF THE N6 AND PLA FIBER SOLIDIFICATION IN THE 

SPUNBOND SPINLINE  

 

 Attempting to explain the results observed for crystalline molecular orientation of the 

N6 and PLA phases of the I/S fibers, discussed in the previous section, computational 

simulation of the monocomponent fiber formation in the spunbond spinline was performed 

by using actual spinning conditions of the N6/PLA I/S and homocomponent N6 and PLA 

fibers as input values for the model (Tables 3.2 and 4.1). Table 4.1 indicates that during 

spinning of the PLA homocomponent fibers, the quench air velocity used was lower and the 

fiber spinning speed was higher than during spinning of the N6 monocomponent fibers. 

Thus, when 25/75 N6/PLA fibers were spun their spinning conditions resembled those of 

100% PLA fibers, while when 75/25 N6/PLA I/S fibers were spun, their spinning conditions 

were similar to the spinning conditions of pure N6 fibers.  The model outputs were the 

solidification lengths of the N6 and PLA monocomponent fibers, which are presented in 

Table 5.17 and Figure 5.25. 
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Table 5.17 N6 and PLA fiber solidification lengths 
Fiber Solidification Length1, cm Number of islands  Spinning Conditions Used in 

the Model N6 PLA 
0 100 % N6 10.6 - 
0 100% PLA - 26.1 

25/75 N6/PLA 16.3 21.9 36 
75/25 N6/PLA 10.4 15.1 
25/75 N6/PLA 14.6 21.3 108 
75/25 N6/PLA 10.5 15.2 
25/75 N6/PLA 18.7 23.2 216 
75/25 N6/PLA 10.6 15.3 
25/75 N6/PLA 12.2 17.2 360 
75/25 N6/PLA 10.3 15.0 
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a)                                                                        b) 

Figure 5.25 Fiber solidification length as function of the number of islands and polymer 
ratios for: a) 0.5  6/ 1 / ;airm s V m s≤ ≤ 2 / 85 /fm s V m s≤ ≤ ; b) ; 

, where V is cooling air velocity; 
1.68 /airV m= s

44 / 56 /fm s V m s≤ ≤ air fV is fiber spinning speed. 

 
 
 As may be noted from Table 5.17 and Figure 5.25, in the case when the spinning 

conditions of the 25/75 N6/PLA I/S fibers were used in the model, the solidification lengths 

of 75 % PLA fibers were shorter than those of 100 % PLA fibers, while the solidification 

distances of the 25 % N6 fibers were longer that the solidification lengths of the 100 % N6 

fibers. The former may be explained by the fact that in the case of 75 % PLA the fiber 

spinning speeds were higher than those used for the spinning of 100 % PLA fibers at similar 
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cooling air velocities, and it is well known that higher fiber spinning speed results in shorter 

fiber solidification lengths [145]. The latter is due to low quench air velocities used in the 

spinning and modeling of the 25/75 N6/PLA fibers. For comparison, 1.68 m/s was the 

quench air speed used for the spinning and modeling of 100 % N6 fibers. In the case when 

spinning conditions of the 75/25 N6/PLA I/S fibers were used in the model, the solidification 

lengths of 25% PLA fibers were significantly shorter than those of 100 % PLA fibers, while 

the solidification distance of the 75% N6 fibers were either slightly shorter or similar to the 

solidification lengths of the 100% N6 fibers. The former may be explained by the high 

cooling air velocities used in the actual spinning and simulation of 75/25 N6/PLA fibers. For 

comparison, 100% PLA fibers were spun and modeled at 0.54 m/s quench air velocity. The 

latter was due to very similar spinning conditions used for the spinning and modeling of  the 

75/25 N6/PLA and 100% N6 fibers. Overall, N6 fibers solidified faster than PLA ones. An 

interesting fact that 216 I/S N6/PLA fibers demonstrated the longest solidification lengths, 

while 360 I/S N6/PLA fibers exhibited the shortest solidification distances.  

To predict how solidification lengths of the N6 and PLA components would change 

during bicomponent fiber solidification we estimated the rate of the heat transfer from N6 to 

PLA, from PLA to the cooling air, and from N6 to the cooling air, using Equations 5.8-5.9. 

Our estimations demonstrated that in the case of the N6/PLA bicomponent fibers the rate of 

heat transfer from N6 core to PLA sheath was much higher than the rate of the heat transfer 

from PLA sheath to the cooling air or from N6 single component fibers to the quenching air. 

Thus, it can be expected that in the case of the I/S N6/PLA fibers, N6 would solidify earlier 

in the spinline than it was predicted by the model, while PLA heated from the inside by the 

N6 could solidify farther downstream than it was predicted by the model.   
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It is known that when the difference between solidification distances of two 

components of the conjugated fiber is not very large, the component solidifying first and 

experiencing higher spinline stresses could promote the attenuation, and thus molecular 

orientation of the other unsolidified yet component [116, 120]. This will result in an 

improved orientation of both phases composing of the bicomponent fibers.  

According to the model predictions, and the rate of the heat transfer estimations, N6 

islands and PLA sea solidified faster in the spunbond spinline than pure N6 and PLA fibers. 

At the same time, Herman’s orientation functions of 100 % N6 and 100 % PLA fibers were 

lower than those of the N6 islands and PLA sea (Figure 5.23). 216 I/S N6/PLA fibers 

demonstrated the longest solidification distances and lowest values of Herman’s orientation 

function (Figure 5.23).  This suggests the relationships between fiber solidification rate and 

its molecular orientation. Overall, shorter fiber solidification length could lead to higher 

values of Herman’s orientation function. 

 The modeling results of the fiber formation in the spunbond process also revealed that 

both cooling air velocity and fiber spinning speed played prominent role in the fiber 

solidification, i.e. an increase in both these variables resulted in the decline of the fiber 

solidification lengths. However, it seems that quench air velocity plays a more dominant role 

in the fiber solidification rate than the fiber spinning speed.   
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5.3.1.6 FIBER MECHANICAL PROPERTIES BEFORE AND AFTER PLA 

REMOVAL  

 

Tensile properties of the composite I/S fibers (without removing PLA) are reported in 

Figure 5.26.  With the exception of tenacity for the filaments with 25 % N6, all fibers 

containing 360 islands showed the highest tenacity and initial modulus.  The results reported 

in Figure 5.26 and those depicted in Figures 5.21 and 5.23, show a lack of correlation. This 

suggests that amorphous orientation played a dominant role in the mechanical properties of 

the fibers, as was suggested by various authors [190-191].  Overall, the I/S fibers 

demonstrated performance similar to that of PLA homo-component filaments, which had a 

lower elongation to break than 100% N6 fiber. The fracture of PLA sea initiated the 

catastrophic failure of the bicomponent fibers, as it was previously shown in Figure 5.17.  

Thus, the I/S fibers tended to exhibit tensile properties similar to those of 100% PLA fibers. 

After the removal of the PLA from the N6/PLA I/S fibers, the tensile properties of the 

N6 fibers were investigated and the results are reported in Figure 5.27. The data suggest that 

the values of the fiber tenacity and initial modulus grew as the number of islands initially 

composed of the I/S fibers increased from 36 to 360. Somewhat similar trends were reported 

for the tenacity and initial modulus of the I/S N6/PLA fibers (Figure 5.26). 

The majority of the N6 fibers exhibited performance superior to that of the I/S fibers. 

Overall, the N6 fibers released from the composite fibers originally made up of 360 islands 

showed the highest values of the tenacity and modulus. Thus, if there is direct correlation 

between N6 fiber and fabric performance, the N6 web initially composed of 360 islands 

would be expected to have the best mechanical properties. 



 160

  

 

 

 

 

a)                                                                  b) 

Figure 5.26 I/S N6/PLA fiber mechanical properties as function of the number of islands for 
different polymer ratios: a) tenacity; b) initial modulus. 

 

 

 

 

 

a)                                                                          b) 

Figure 5.27 N6 fiber mechanical properties after PLA removal as function of the number of 
islands for different polymer ratios: a) tenacity; b) initial modulus. 

 
 

Interestingly, the N6 fibers originally composed of 216 islands demonstrated a drop 

in the values of the fiber tenacity (Figure 5.27 a). At the same time, these fibers exhibited the 

longest solidification lengths (Table 5.17 and Figure 5.25). Moreover, the N6 fibers, 

consisted of 360 islands originally, demonstrated the best performance and shortest 

solidification lengths. Such a coincidence may indicate relationships between fiber 
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solidification rates and its performance. In particular, fast solidification rates (short 

solidification distances) may lead to a better fiber mechanical performance. 

 

5.3.1.7 SUMMARY  

 

The study of the crystalline structure, crystallinity and crystalline orientation of 100 

% N6, 100 % PLA,  N6 (islands) and PLA (sea) of the I/S bicomponent fibers showed that γ 

form, with H-bonds between parallel chains, was the dominant crystalline structure in the N6 

phase of the bicomponent N6/PLA and single component N6 fibers. This form is typically 

less stable and less perfect than α form and it develops as a result of high speed spinning and 

fast quenching of the fibers in the spinline. Because fibers having this form of the crystalline 

structure are typically difficult to draw, this may explain overall low crystalline orientation 

observed in 100% N6 and N6 island fibers. 

Crystallinities of the PLA sea and N6 islands in the I/S fibers were lower than these 

of the 100% PLA and 100% N6 fibers. This is likely due to the interface between N6 and 

PLA polymers, because according to Choi et al. [115] small and imperfect crystals are 

typically formed at the interface of incompatible polymers during fiber bico-spinning. 

Herman’s orientation functions of the PLA and N6 phases of the conjugate fibers were higher 

than those of 100 % PLA and 100% N6 fibers. This was likely due to the faster solidification 

of the N6 islands and PLA sea in spinline, compared to that of pure N6 and PLA fibers. No 

particular correlations between the fiber performance and its crystallinity or crystalline 

orientation were indicated, suggesting amorphous orientation as a dominant factor 

influencing the fiber performance. The N6 filaments released from 216 I/S fibers and 
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solidified the slowest, showed drop in their values of the tenacity and Herman’s orientation 

function.  This may indicate relationships between the fiber solidification rate and its 

performance and crystalline orientation. In particular, shorter solidification lengths could 

potentially lead to higher Herman’s orientation function and fiber mechanical properties. The 

N6 filaments released from the composite fibers composed of 360 islands had the best 

performance. Thus, if there are direct relationships between fiber and fabric performance, N6 

nonwovens initially made up of 360 islands would have the best mechanical properties.  

 

5.3.2 N6 FABRIC PROPERTIES AFTER PLA REMOVAL  

5.3.2.1 TENSILE AND TEAR STRENGTH  

 

After PLA was removed from the hydroentangled N6/PLA fabric, tear and tensile 

properties of the N6 webs were obtained and the results are summarized in Figures 5.28 and 

5.29. It may be noticed that the tensile and tear strength of the nonwovens tested did not 

show either significant deterioration or improvement as the size of the fibers comprising 

these webs decreased to sub-micron levels. This contradicts to the results reported in Figure 

5.27 for the N6 fibers, where the fibers originally composed of 360 islands demonstrated the 

best performance.  The disagreement is partly due to the fact that the fabrics examined did 

not entangle equally well and consequently, bonding efficiency rather than fiber strength was 

the dominant factor influencing the fabric mechanical properties.   

Among the samples made up of 75 % of N6, the fabric initially consisted of 108 and 

216 islands showed the best tensile and tear performance in CD and MD, respectively. 

Nonwovens originally composed of 25 % of N6 and 36 islands demonstrated the highest 



tensile and tear properties in MD, whereas the webs made up of 25 % of N6 and 360 islands 

had the highest values of the tensile and tear strength in CD. Visual examination of the 

hydroentangled substrates, which exhibited the best performance, suggested that these webs 

had the most uniform structure and showed no delaminating during mechanical testing in 

contrast to other samples tested. This means that web uniformity and bonding efficiency were 

prevalent factors influencing the mechanical properties of the hydroentangled N6 webs. 
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a)                                                                            b) 

Figure 5.28 Tensile strength of the N6 fabrics after PLA removal as function of the number 
of islands for different polymer ratios: a) MD;  b) CD. 
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a) b) 

Figure 5.29 Tear strength of the N6 fabrics after PLA removal as function of the number of 
islands for different polymer ratios: a) MD; b)CD. 

 

Although the basis weight of the bicomponent fabrics prior to the removal of PLA 

was kept at about 170 g/m2, after 75 % and 25% of the sea polymer was removed, the fabric 

basis weight dropped to 50 g/m2 and 140 g/m2, respectively. Thus, to compare the 

performance of the 75% N6, 25% N6, and 100% N6 webs, their strength were normalized to 

the same basis weight (100 g/m2). The normalized data displayed insignificantly small 

differences between the strength of 25% N6 and that of 75% N6 webs and these differences 

resulted from dissimilarities in the web structure and uniformity (Figures 5.30 and 5.31). The 

N6 micro- and nanofiber nonwovens exhibited better tear, but worse tensile strength than 

homocomponent N6 web composed of the fibers measuring of 16 microns. The latter may be 

explained by the fact that larger fibers experienced smaller stress concentrations under the 

load than the smaller ones. The former is likely due to the larger number of fibers resisting 

the tear propagation in the N6 micro- and nanofiber webs than in the homocomponent N6 

fabric having the same basis weight. 
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a)                                                                     b) 
Number of islands

Figure 5.30 Normalized tensile strength of the N6 fabrics after PLA removal as function of 
the number of islands for different polymer ratios: a) MD; b) CD. 
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a)                                                                       b) 

Figure 5.31 Normalized tear strength of the N6 fabrics after PLA removal as function of the 
number of islands for different polymer ratios: a) MD; b) CD. 

 
 
5.3.2.2 EFFECT OF BONDING ON THE N6 FABRIC PERFORMANCE  

 

Overall, the hydroentangled N6 fabrics consisting of micro- and nanofibers showed 

high values of tensile and tear strength. However, the tensile properties of these fabrics were 

improved, when calendering was applied to the N6 hydroentangled webs after PLA had been  
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removed (Table 5.18). This is likely due to an increase in the fabric stiffness, which in turn 

enhances fabric resistance to an applied stress and increases the amount of force needed to 

cause the fabric failure. On the other hand, the hydroentangled webs, thermally point-bonded 

before PLA removal, showed poor performance after the sea was dissolved. Calendering of 

the bicomponent web at 190 ºC caused interfusion of N6 and PLA polymers in the fibers 

forming bond spots. Thus the removal of PLA led to the disintegration of the bonds that 

became a source of the N6 fabric failure under the applied stress (Figure 5.32). Still, the web 

bonded by hydroentangling only showed the highest tearing strength. The decrease of the N6 

fabric tear strength after point-bonding could be due to the reduced mobility of the fibers as 

was reported by Bhat et al. [21-22]. 

 

Table 5.18 Tensile and tear properties of the N6 fabric originally composed of 108 I/S after 
PLA removal  

MD CD 
 
№ 

 
Bonding conditions 

Tensile 
Strength, 

N 

Tear 
Strength, 

N 

Tensile 
Strength, 

N 

Tear 
Strength, 

N 
1 Hydroentangled only – PLA Removed 168.7 ±4.8 83.4±3.5 51.0±2.4 151.1±3.5 

2 Hydroentangled and Calendared at 145o C 
after PLA removal 178.5±6.8 49.1±2.6 52.0±0.4 104.0±4.0 

3 Hydroentangled and Calendared at 190o C 
prior to PLA removal 69.7±3.2 27.5±1.3 29.4±0.8 43.2±1.7 

 

 

 



                              
a)                                                                b) 

Figure 5.32 SEM micrographs of the bond spots of the I/S hydroentangled fabric: a) point-
bonded after PLA removal; b) point-bonded before PLA removal. 

 

5.3.2.3 AIR PERMEABILITY, ABSORBENT CAPACITY AND THE RATE OF 

ABSORBENCY  

 

The absorbent capacity, defined as the volume of liquid absorbed per mass of dry 

sample, and the rate of the absorbency, defined as the volume of liquid absorbed per mass of 

dry sample per unit time, are shown in Figures 5.33 -5.34. As was reported by Gupta et al. 

[192-193] the absorbent capacity and the rate of absorbency of a fabric decrease when the 

fiber diameter, web thickness and pore size decline and the fabric basis weight and density 

increase. Thus, one would expect that the fabric made up of 25 % of N6 would have the 

lowest rate of absorbency and the lowest absorbent capacity because it consists of smallest 

fibers (Figure 5.3). However, it was observed that this type of the fabric showed the best 

absorbent capacity and the rate of absorbency. It may be explained that 75 % of material was 

removed from the fabric, leading to a very open fabric structure and low fabric bulk density.  

The absorbent capacity and the rate of the absorbency exhibited a clear decrease with 

the increase in the number of islands due to the decrease in the fabric thickness (Figure 5.35, 
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d-e). The significant decrease in the web thickness with almost unchangeable basis weight of 

the fabrics among the same polymer compositions led to the essential increase in the web 

density (Figure 5.35, a, f, c) leading potentially to the reduction in the fabric pore sizes. All 

of these caused the observed reduction in the N6 fabric moisture absorption abilities. The 

only fabric that showed the deviation from above described trend was that made up of 25 % 

N6 and 108 I/S. This was due to the increase in its thickness that caused the reduction of its 

bulk density. Also, this fabric was the fluffiest among all of the samples, with poor bonds. 
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                                      c)                                                                                d) 

Figure 5.33 Absorbent capacity of the N6 fabric after PLA removal: a) 36 I/S; b) 108 I/S; c) 
216 I/S; d) 360 I/S. 
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Although, all N6 samples demonstrated good moisture absorbing properties, N6 

fabric made up of 36 I/S originally showed the best performance in terms of the absorbent 

capacity and the rate of absorbency. Air permeability results (Figure 5.35, f) were somewhat 

similar to the absorbency results, however, the fabric air permeability showed much more 

variability and a clear trend of the dependence of fabric air resistance on the number of 

islands was difficult to establish. The variability in the fabric air permeability was caused by 

non-uniformity of the webs since the air permeability is very sensitive to web porosity. 

Nonetheless, the fabric made of 25 % of N6 showed the smallest resistance to air flow due to 

its higher openness of the web structure. 
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Figure 5.34 The rate of absorbency of the N6 fabric after PLA removal: a) 36 I/S; b) 108 I/S; 
c) 216 I/S; d) 360 I/S. 
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Figure 5.35 N6 fabric properties as function of the number of islands: a) basis weight; b) 
thickness; c) bulk density; d) absorbent capacity; e) absorbency rate; f) air permeability. 

 



Figure 5.36 and Table 5.19 demonstrate the effect of the post thermal bonding 

(calendering) on the fabric absorbent properties. Due to the decrease in the web thickness and 

the increase in the fabric basis weight and density, as well the distortion and blocking of 

some pores during calendering, fabric absorbent capacity and absorbency rate deteriorated 

significantly. 
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                                            a)                                                                 b) 

Figure 5.36 Effect of the bonding on the N6 fabric absorbency: a) absorbent capacity; b) 
absorbency rate. 

 

Table 5.19 Effect of the bonding on the N6 fabric absorbency 

Bonding 
conditions 

Basis 
Weight, 

g/m2 

Thickness, 
mm 

Bulk Density, 
g/mm3 

C, 
cm3/g 

Q, 
cm3/g*s 

Hydroentangling 
only 

115 
(σ=12.4) 

0.5 
(σ=0.04) 

2.4·10-4 
(σ=0.3·10-4) 

7.0 
(σ=0.5) 

0.08 
(σ=0.01) 

Hydroentangling 
and calendering 

137 
(σ=3) 

0.3 
(σ=0.02) 

4.1·10-4 
(σ=0.3·10-4) 

4.6 
(σ=0.4) 

0.02 
(σ=0.01) 

 

5.3.2.4 SUMMARY  

 

It has been demonstrated that strong micro- and nanofiber could be produced by the 

spinning of the I/S fibers made up of N6 (islands) and PLA (sea) with the subsequent 
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removing of PLA.  Hydroentangling was found to be a viable method of bonding of these 

bicomponent structures and the hydroentangled fabrics, in contrast to thermally bonded 

samples, were able to withstand post-processing steps required for dissolving of the sea from 

the resulting nonwovens. 

An investigation of the role of the number of islands and percent polymer 

composition on the N6 fabric properties showed that the island count or polymer percent 

composition did not have a significant effect on the performance of the N6 fabrics after the 

PLA phase was removed. The lack of correlations between N6 fiber and fabric mechanical 

properties suggested bonding and web uniformity as a dominant factors influencing fabric 

performance. The best mechanical properties demonstrated hydroentangled N6 webs that had 

the most uniform structure and were bonded most efficiently.  Calendering of the 

hydroentangled N6 fabrics after PLA removal improved their tensile performance as a result 

of an increase in their material rigidity and reduced their tear strength due to decreased 

mobility of the fibers.  

The study of the absorption capacity, absorbency rate, and air permeability of the N6 

fabric after PLA removal  showed that the fabric made up of 25 % N6 demonstrated the best 

absorptive and air permeable properties due to its lowest bulk density or highest openness of 

the web structure.  Decrease in the absorbent capacity and the rate of absorbency of the N6 

fabrics with the increase in the number of islands was due the decline in the fiber size (pore 

size) and web thickness at almost constant basis weight among the same polymer 

compositions and the increase in the web bulk density. The highest capacity and rate of 

absorbency showed samples originally made up of 36 I/S. No trend between air permeability 

and number of islands was established. Post thermal bonding of the hydroentangled N6 
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fabrics reduced the fabric absorbent capacity and the rate of absorbency as a result of the 

increase in the web density and basis weight, and the decrease in its pore size and thickness, 

as well as blocking some the pores during calendering.  

 

5.4 THE USE OF N6/PE ISLANDS-IN-THE-SEA FIBERS FOR STRENGTH 

OPTIMIZATION OF THERMALLY BONDED NONWOVENS  

 

In the preceding sections, it has been shown that the N6/PE I/S fibers had overall 

good performance, even though N6 and PE components demonstrated the largest differences 

in their melting viscosities and mechanical properties. Nonetheless, N6 and PE components 

had relatively similar drawing behavior in the spunbond spin-line, because the diameter of 

the N6/PE bicomponent fibers was in between that of the single component N6 and PE fibers 

and it exhibited small variability with a change in the polymer ratios. According to Lin et al. 

[170], such observation may be an indication of a strong interface between the components 

and their sufficient attenuation in the spunbond bico-spinline without sliding or debonding of 

the polymers on their interface. Thus, due to a relatively strong interface between N6 and PE 

polymers, the interactions between the PE sea and N6 islands in the bico-spinline resulted in 

the smallest deterioration effect on the mechanical properties of the N6/PE I/S fibers (Table 

5.11).  

Significant differences in the solidification rates of the N6 islands, solidifying first 

and developing sufficient molecular orientation and strength, and PE sea, solidifying last and 

experiencing orientation relaxation, and the relatively strong interface between the materials 

allowed for the weak un-oriented PE sea to transfer generated stresses to the strong, oriented 
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N6 islands under the load. This enhanced the overall mechanical properties of the N6/PE I/S 

fibers, which were better than those of 100 % PE fibers, but worse than the mechanical 

properties of 100 % N6 fibers (Table 5.10). The stress transfer between PE and N6 phases 

was also possible because the PE sea had higher elongation at break than the N6 islands.  

Moreover, the melting temperature of PE was about 95°C lower than that of N6 

(Table 3.1). Thus, the thermal bonding of the N6/PE structures at the temperatures above 

melting point of PE, but well below that of N6 could cause complete melting of the PE sea 

without adversely affecting the islands, which, in turn, could decrease the risk of reducing the 

ultimate fabric strength. Completely molten PE matrix would form strong, unfailing bonds, 

while intacked N6 islands would reinforce the fibers at their weakest links, i.e. at the bond 

periphery [21-24, 26, 28].  Hence, N6/PE combination could be a perfect choice for the 

strength optimization of thermally bonded nonwovens, in which PE and N6 would act as 

binding and reinforcing agents, respectively. 

Finally, during the thermal bonding process, the weaker un-oriented PE phase in the 

bicomponent bridging fibers, including the region at the bond periphery, would not endure 

significant morphological changes, and thus, there would be a little if any loss in the PE 

component strength [23]. Thus, if the N6 islands would not be affected in the bonding 

process, then the properties of the N6/PE fibers at the bond periphery should not differ 

essentially from those of the original, unbonded I/S fibers. In this case, weak links would not 

be created in the calendered bicomponent nonwovens, enabling better load sharing among 

the fibers and leading to a stronger web. Finally, the filaments with 75% of N6 as the island 

had the highest values of strength and modulus (Table 5.10).  Therefore, the composition 

75/25 N6/PE was used further in the strength optimization study. 
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5.4.1 HOMO- AND BICOMPONENT CALENDERED SUBSTRATES  

5.4.1.1 PERFORMANCE AT DIFFERENT BONDING TEMPERATURES  

 

To evaluate the effectiveness of the I/S bicomponent fibers in the thermal bonding, 

the 108 I/S 75/25 N6/PE and 100% N6 pre-consolidated webs were calendered at the 

bonding temperatures ranging from 125 °C to 155 °C and 170 °C to 200 °C, respectively 

(Table 3).  The tongue tear and grab tensile strength values were obtained for these sample 

series and plotted as a function of the bonding temperature (Figures 5.37 and 5.38). 

As it may be noted from the figures, the bicomponent fabric bonded at 145 °C and N6 

fabric bonded at 200 °C showed the maximum tensile strength in both directions and the 

highest tear strength only in CD.  The MD tongue tear data demonstrated peak values at 135 

and 190 °C for bicomponent and homo-component sample series, respectively.  Because the 

tensile properties of the bicomponent fabric bonded at higher temperature than 145 °C started 

to deteriorate, this temperature was considered to be optimal for this sample series.  The most 

favorable bonding temperature for the N6 samples was considered to be 200 °C because 

webs bonded at this temperature demonstrated no delaminating during testing in contrast to 

other N6 samples bonded at lower temperature.  

All bicomponent sample series showed a considerably better performance than the 

100% N6 homo-component nonwovens.  For comparison, the 108 I/S 75/25 N6/PE fabric, 

bonded at its optimum bonding temperature (145 °C), had a tongue tear strength about three 

to four times higher than that of the homo-component N6 fabric bonded at 200 °C.  The grab 

tensile strength of the same bicomponent fabric was more than three times higher in the MD 

and more than two times higher in the CD than the tensile strength of the N6 fabric.   
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                                        a)                                                                b) 

Figure 5.37 Tongue tear strength as a function of the bonding temperature: a) 108 I/S 75/25 
N6/PE; b) N6 sample series. Solid lines - MD; dash-dot lines - CD. 

 

 

 

 

 

a) b)      

Figure 5.38 Grab tensile strength as a function of the bonding temperature: a) 108 I/S 75/25 
N6/PE; b) N6 sample series. Solid lines - MD; dash-dot lines - CD. 

 
 
5.4.1.2 FABRIC BONDING MECHANISMS  

 

The difference in the bonding mechanisms of the homo- and bicomponent fabrics can 

be seen from the appearance of the fibers in the bond spot and at the bond periphery of these 

fabrics (Figures 5.39 and 5.40).   
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Figure 5.39 Bond spots of 100% N6 fabric bonded at 200 oC. 

 
 

As can be noted from Figure 5.39, the homocomponent N6 fibers in the bond spot 

and its vicinities were damaged; they flatterned and lost their definition.  This means that N6 

fibers within and in the vicinities of the bond spots endured significant macro- and micro- 

morphological changes, in comparison to the original, un-bonded fibers, and became weaker 

due to the loss of fiber molecular orientation. Thus, in the presence of the strong bonds, the 

failure in the calendered fabric is expected to propagate along the weak bridging fibers 

entering the bond spots, as was reported before [21-24, 26, 28]. If this is true, then the 

comparison of the performance of the mechanically bonded webs consisting of original, un-

damaged N6 fibers to a thermally bonded fabric, in which N6 fibers supposedly lost their 

strength, would show that the former performs significantly better than the latter. To prove 

the point, three N6 sample series were examined: calendered only, hydroentangled only, and 

calendered after hydroentangling (Table 5.20).  
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                                                    a)                                                      b) 

Figure 5.40 108 I/S 75/25 N6/PE fabric bonded at 145 oC: a) bond spot; b) the fibers in the 
bond spot. 

 
 

Hydroentangling was chosen because it is a mechanical bonding process, which 

entangles the web of loose fibers by subjecting them to multiple rows of fine, high pressure 

water jets. Therefore, this bonding method should not influence fiber morphology or 

strength.  Indeed, the hydroentangled N6 spunbonded fabrics were stronger than their 

thermally bonded counterparts and the hydroentangled structures lost their properties after 

being calendered.  This confirms that thermal bonding of homocomponent N6 webs causes 

irreversible morphological changes in the N6 fibers entering the bond spots, leading to a 

lower performance. 
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Table 5.20 Tensile and tear strength of the N6 homocomponent fabric 
Tensile Strength, N Tear Strength, N 

Bonding Method 
MD CD MD CD 

Calendering at 200 °C 
446.4 

(σ=20.6) 

328.6 

(σ=30.4) 

53.0 

(σ=8.8) 

49.1 

(σ=3.9) 

Hydroentangling only 
758.3 

(σ=23.5) 

412.0 

(σ=23.5) 

75.5 

(σ=2.9) 

87.3 

(σ=9.8) 

Hydroentangling + Calendering at 200 °C 
701.4 

(σ=30.4) 

362.0 

(σ=28.5) 

40.2 

(σ=12.8) 

64.8 

(σ=2.9) 

 
 
In the case of the 108 I/S N6/PE point-bonded fabric, the nylon islands were 

enwrapped by the completely molten polyethylene sea, but the fibrous structures of the 

islands remained intact along their entire length (Figure 5.40).  The bonding temperature of 

145 °C would not be expected to cause a significant change in the morphology or the 

strength of the N6 islands along their entire length, including the region at the bond 

periphery, which is known to be the weakest link in well-bonded webs [21-24, 26, 28].  At 

the same time, the temperature of 145 °C caused complete melting of the PE sea, resulting in 

solid, unfailing bonds. Several researchers [21-24, 26, 28] have demonstrated that if strong 

bonds are formed, then the failure occurs in the bridging fibers at the bond edge.  Because PE 

was initially un-oriented, very little loss of the molecular orientation or strength in the PE 

component would be expected during thermal bonding process [23].  Thus, because of 

supposedly un-affected islands, the strength of the bridging bicomponent fibers, including the 

region at the bond periphery, in the thermally bonded N6/PE nonwovens should not differ 

essentially from the strength of original, unbonded N6/PE I/S fibers. If this is true, then due 

to the strong bonds, thermally bonded bicomponent nonwovens would be expected to 

perform better than their mechanically bonded counterparts. To confirm this hypothesis, 



 180

three N6/PE sample series were examined: calendered only, hydroentangled only, and 

calendered after hydroentangling (Table 5.21).  

 

Table 5.21 Tensile and tear strength of the 108 I/S 75/25 N6/PE bicomponent fabric 
Tensile Strength, N Tear Strength, N 

Bonding Method 
MD CD MD CD 

Calendering at 145°C 
1435.2 

(σ=75.5) 

779.9 

(σ=30.4) 

175.6 

(σ=13.7) 

178.5 

(σ=13.7) 

Hydroentangling only 
263.9 

(σ=7.9) 

431.6 

(σ=10.8) 

71.6 

(σ=5.9) 

69.7 

(σ=9.8) 

Hydroentangling + Calendering at 145 °C 
1029.1 

(σ=38.3) 

570.9 

(σ=17.7) 

169.7 

(σ=13.7) 

126.6 

(σ=2.9) 

 
 
Hydroentanglement produced nonwovens having the lowest values of tensile and tear 

strength.  These values were comparable to those obtained for the hydroentangled 

homocomponent N6 fabrics with the exception of the tensile strength in MD direction.  After 

calendering, the 108 I/S 75/25 N6/PE hydroentangled fabric showed an increase in the tensile 

and tear properties, unlike N6 hydroentangled fabric. However, the highest values of the 

strength were demonstrated by the nonwovens calendered at optimal temperature of the 

bonding.  These results show that thermal bonding of the I/S N6/PE structures leads to the 

improved performance of the calendered spunbonds due to formation of the strong bonds 

without adversely affecting the bicomponent fiber strength. 
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5.4.1.3 FIBER CRYSTALLINITY 

 

To examine the morphological changes in the homocomponent and bicomponent 

fibers after thermal bonding, 100 % N6 and 108 I/S 75/25 N6/PE fibers before and after 

calendering at the temperatures 200 and 145 °C, respectively, were analyzed by using DCS. 

The results are listed in Table 5.22. 

 
Table 5.22 Values of the heat of fusion (ΔH) and crystallinity (χ) obtained from the DSC 

thermograms of the homocomponent and bicomponent fibers before and after calendering 
 I/S Composition Sample Description ΔH N6, 

J/g 
ΔH PE, 

J/g 
χ, N6 
% 

χ, PE 
% 

0 100% N6 Fibers before bonding 75.8 - 32.9 - 
0 100% N6 Bridging fibers at the bond 

edge after bonding 
59.4 - 25.8 - 

108 75/25 N6/PE Fibers before bonding 49.8 28.4 21.6 9.7 
108 75/25 N6/PE Bridging fibers at the bond 

edge after bonding 
48.1 23.5 20.9 8.0 

 
 
 As may be seen from Table 5.22, crystallinity of 100% N6 and N6/PE I/S fibers, 

entering the bond spots, reduced after thermal bonding; however, this reduction was 

insignificant for N6/PE filaments. This, in turn, confirms our above statements that 

calendering of N6 homocomponent webs caused significant changes in the morphology and 

thus, strength of the bridging fibers at the bond spots. On the other hand, the morphology or 

strength of the N6/PE bridging fibers, entering the bond spots, in the calendered webs were 

almost unchanged.  Therefore, the significant loss of the strength in the fibers at the bond 

periphery of the thermally bonded N6 webs, in contrast to a little loss of the strength in the 

fibers entering bond spots of the bicomponent thermally bonded nonwovens, were 

responsible for the poor performance of the N6 fabrics in comparison to the performance of 

N6/PE sample series.   



 182

5.4.2 OPTIMIZATION OF THE PERFROMANCE OF THE BICOMPONENT 

NONWOVENS  

5.4.2.1 POLYMER RATIOS AND NUMBER OF ISLANDS  

 

Although the results of mechanical testing of the I/S N6/PE fibers indicated that the 

fibers made of 75% of N6 showed the best performance, the influence of the polymer ratio 

on the fabric mechanical properties was also investigated.  Pre-consolidated spunbond webs 

made up of fibers with 85, 75, and 50% of N6 were calendered at 145 °C and their 

mechanical properties were determined (Figure 5.41).  As can be seen from the figure, the 

fabric containing 75% of N6 had the highest tear strength in both directions and the highest 

tensile strength in CD.  When using nylon ratios higher than 75%, it is probable that the sea 

polymer is not sufficient to completely bind the structure together and consequently, the 

properties deteriorate.   

To determine the effect of the number of islands on the mechanical properties of the 

calendered bicomponent nonwoven fabrics, pre-consolidated spunbond webs made up of 

fibers with 1, 18, and 108 islands were calendered at 145 °C and tested for their tear and grab 

tensile strength.  The results of the tests are presented in Figure 5.42.  The figure shows that 

the 18 I/S N6/PE fabric had the highest tensile strength, whereas the 108 I/S N6/PE fabric 

demonstrated the highest tear strength in both directions.  The latter may be explained by the 

fact that when tear propagates through the fabric, the islands are released and bunch together 

absorbing significant energy.  If the bonding between the island and the matrix is good, then 

better fabric tear strength would be expected to be achieved.    
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a)                                                                                      b) 

Figure 5.41 108 I/S N6/PE fabric mechanical properties as a function of polymer ratios: a) 
tear strength; b) tensile strength. Solid lines - MD; dash-dot lines - CD. 
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Figure 5.42 Mechanical properties of the bicomponent 75/25 N6/PE fabric as a function of 
the number islands: a) tear strength; b) tensile strength. Solid lines - MD; dash-dot lines - 

CD. 

 
 

Note however, that all I/S structures (Figure 5.42) performed significantly better than 

the N6 homocomponent sample series (Figures 5.37, b and 5.38, b). This confirms again the 

fact that calendering of the N6/PE bicomponent structures allowed for the formation of 

strong, unfailing bonds without damaging of the fiber internal structure, i.e. islands. 
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5.4.2.2 BONDING METHODS  

Although calendering seems to be the bonding mechanism, which led to the strongest 

bicomponent fabric, other methods, which may optimize the mechanical performance of the 

I/S fabrics, should not be neglected.  For this reason, the pre-consolidated 108 I/S 75/25 

N6/PE spunbond webs were subjected to different bonding methods, summarized in Table 

5.23. 

Figures 5.43 depicts the tear and grab tensile properties of the nonwoven fabrics 

produced as the result of the thermal and mechanical bonding processes.  Among all samples, 

nonwovens bonded via calendering at the temperature of 145 °C (C-145 °C), through air 

bonding at the temperature of 160 °C (T-160 °C), their combination (T-160 °C – C-145 °C), 

and hydroentangling with subsequent calender bonding at the temperature 155 °C (1H- C-

155 °C) showed the highest values of the tear and tensile strength.  It is of interest to note 

that three of the abovementioned candidates are only thermally bonded fabrics.  

As one may notice, the web bonded through air at 160 °C with subsequent 

calendering at 145 °C demonstrated the highest value of the tear strength only in MD; 

whereas its calendered counterpart showed high tear strength in both directions.  The stability 

in the tear performance as well as high values of the tensile strength in both directions made 

108 I/S 75/25 N6/PE calendered only fabric the best candidate in terms of its mechanical 

properties.  



Table 5.23 Methods used to bond the N6/PE bicomponent fiber webs  
Trial Mechanical Bonding Thermal bonding 

1 Hydroentangling (H) - - - 

2 Hydroentangling (H) - Calendering (C) - 

3 - - Calendering (C) - 

4 - - - Through Air Bonding (T) 

5 Hydroentangling (H) - - Through Air Bonding (T) 

6  - Through Air Bonding (T) Calendering (C) 

7 Needlepunching (NP) Hydroentangling (H) - - 

8 Needlepunching (NP) - Calendering (C) - 

9 Needlepunching (NP) Hydroentangling (H) Calendering (C)  

10 Needlepunching (NP) - - Through Air Bonding (T) 

11 Needlepunching (NP) - Through Air Bonding (T) Calendering (C) 

 

 185

0

50

100

150

200

250

Te
ar

 S
tr

en
gt

h,
 N

H2

H1-C
-155

 C̊

C-145
 C̊

T-160
 C̊

H1-T
-160

 C̊

T-160
 C̊ -C

145
 C̊

NP1-H1

NP1
-C

-145
 C̊

NP1
-H

1-C
145

 C̊

NP1
-T-160

 C̊

NP1
-T160

 C̊ -C
-145

 C̊

Bonding Method

 

 

 

 

 

 

0

500

1000

1500

2000

2500

3000
Te

ns
ile

 S
tr

en
gt

h,
 N

H2

H1-C
-155

 C̊

C-145
 C̊

T-160
 C̊

H1-T
-160

 C̊

T-160
 C̊ -C

145
 C̊

NP1-H1

NP1
-C

-145
 C̊

NP1
-H

1-C
145

 C̊

NP1
-T-160

 C̊

NP1
-T160

 C̊ -C
-145

 C̊

Bonding Method

a)                                                               b) 

Figure 5.43 Mechanical properties of the 108 I/S 75/25 N6/PE fabric as a function of the 
bonding method: a) tear strength; b) tensile strength. Black color – MD; grey color – CD. 

 

 

5.4.2.3 MATERIALS USED AS THE ISLANDS  

 

In the next step the influence of the polymers employed as the islands on the 

performance of the thermally bonded nonwovens was investigated.  PP and PET were 
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selected as the islands in combination with PE as the sea. The PET/PE combination was 

chosen because PET homocomponent fibers had higher tenacity, initial modulus, and melting 

point than the PE fibers, while the PE filaments had much higher elongation at break than 

PET (Tables 3.1 and 5.24). Thus, it is expected that weak PE would transfer stresses to the 

strong PET component, which was actually confirmed by the results of tensile testing of the 

108 I/S 75/25 PET/PE fibers (Table 5.24). In particular, these fibers demonstrated 

mechanical properties better than those of PE single component fibers and worse than the 

properties of pure PET fibers, meaning that loading stress was transferred to the PET phase 

through weak PE phase. This could be possible only in a presence of a relatively strong 

interface between the polymers, as was reported by various researches [172-174]. A weak 

interface would not allow for any substantial load transfer between the sea and the islands 

due to debonding of the islands from the sea and sliding of the strong islands relative to the 

weak matrix. Such sliding typically results in an abrupt drop in the loading force as a 

consequence of low levels of normal stress acting across the interface [172]. Because of 

significant differences in the melting points of the PET and PE (Table 3.1), the thermal 

bonding, at the temperature essentially lower than the melting point of PET, but higher than 

that of PE, would not be expected to influence the morphology and the strength of the PET 

islands in the vicinity of the bond spots; whereas the PE sea would be completely melted 

forming solid, strong bonds and transferring stresses to the strong islands under the load.   

Earlier in this thesis it was shown that the PP/PE combination yields poor fiber 

formation in the spunbond spinline due to the relatively weak interface between the 

polymers, significant differences in their melting viscosities and draw ratios. Poor fiber 

formation resulted in the relatively weak PP/PE fibers with weak interface between PP and 
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PE polymers. Thus, the loading stress caused early debonding of the polymers and premature 

failure of the composite fibers through the weaker PE component having also lower 

elongation at break, similarly to what was reported by various researchers [170, 172-174]. 

Still, before debonding, some stresses were perhaps transferred to PP phase, resulting in the 

composite fiber properties better than those of PE, but worse than those of PP single 

component fibers (Table 5.24). Also, according to the fiber solidification computational 

results, PP should solidify and reach maximum fiber spinning speed slightly faster than PE, 

thus it would experience higher spinline stress than PE and could develop sufficient 

molecular orientation. PE may also improve its orientation due to shearing forces acting on 

the interface between almost solidified PE and unsolidified PP due to small differences in the 

solidification rates of these components according to Yoshimira et al. [120]. Moreover, PP 

islands were predicted to solidify further downstream in the spinline than pure PP fibers, 

while PE sea would be expected to solidify earlier in the spinning line than 100% PE fibers. 

Thus, PP islands would develop lower orientation (strength) than 100 % PP fibers, while PE 

should have better molecular orientation (strength) than pure PE fibers. Hence, PE phase of 

the PP/PE fibers could fail latter than pure 100% PE fibers, which could explain the 

performance of the PP/PE fibers, which was better than that of PE single component 

filaments, but worse than the performance of pure PP fibers. Finally, the development of the 

molecular orientation in the sea component could lead to its sufficient strength loss in the 

vicinity of the bond spots during thermal bonding. Also, the mechanical and thermal 

properties of the PP and PE fibers were not as different as in the case of N6/PE and PET/PE 

(Tables 3.1 and 5.24). Thus, it is expected that thermal bonding at 145 oC (almost the onset 

of the PP melting) could potentially cause irreversible morphological damage to the PP 
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islands. All of these as well as the weak interface between the PP and PE phases of the I/S 

fibers may lead to a premature failure of the calendered PP/PE fabrics at the bond edge. 

Therefore, PP/PE thermally bonded nonwovens is not expected to perform well and PP/PE 

combination was only selected for comparative properties. 

The 108 I/S 75/25 PP/PE and 108 I/S 75/25 PET/PE spunbond substrates were 

calendered at 145 °C, tested for their mechanical properties and compared to those obtained 

with the N6/PE pair.  A comparison of tensile and tear properties of the N6/PE, PP/PE, and 

PET/PE calendered nonwovens is given in Figure 5.44 

 

Table 5.24 Properties of the single component and bicomponent fibers 
Number 

of 

islands 

Composition Tenacity, 

gf/den 

Elongation at 

break, 

% 

Initial modulus, 

gf/den 

Secant modulus 

at failure, 

gf/den 

Solidification 

length,  

cm 

0 100 % PE 1.0 (σ=0.1) 83.8 (σ=6.9) 13.9(σ=2.01) 1.2 (σ=0.1) 22.0 

0 100 % N6 7.2 (σ=0.8) 52.9 (σ=6.2) 178.7(σ=18.2) 13.6 (σ=1.4) 10.6 

0 100 %  PET 8.4 (σ=1.0) 15.0 (σ=1.4) 210.8(σ=22.0) 74.5 (σ=8.0) 11.6 

0 100 % PP 3.9 (σ=0.4) 90.9 (σ=8.9) 65.8(σ=4.4) 20.6 (σ=1.1) 17.0 

108 75/25 N6/PE 3.6 (σ=0.5) 26.2 (σ=4.3) 78.5(σ=8.0) 13.9 (σ=1.3) 10.0/20.4 

108 75/25 PP/PE 1.9 (σ=0.2) 122.3(σ=11.5) 40.6 (σ=4.2) 1.6 (σ=0.14) 18.6/20.3 

108 75/25 PET/PE 5.8 (σ=0.5) 42.8(σ=5.7) 34.8 (σ=3.4) 14.5 (σ=2.0) 8.7/22.0 

 

 

As expected, the PP/PE bonded substrates demonstrated poor tensile strength; 

however, their tear strength values were better than those of the PET/PE bonded samples. 

This may be due to higher stretching ability of the PP/PE fibers over that of the PET/PE 

fibers (Table 5.24), and thus, higher resistivity of the PP/PE fibers to a tear propagation than 

the resistivity of PET/PE fibers. Interestingly, the PP/PE bonded nonwovens demonstrated a 

performance, which was better than  or similar to a performance of 100 % N6 bonded webs.  
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a)                                                                  b) 

Figure 5.44 Mechanical properties of the bicomponent fabrics as a function of polymer 
combinations: a) tear strength;  b) tensile strength. Black color – MD; grey color – CD 

 

 

Unexpectedly, the PET/PE thermally bonded nonwovens, composing stronger fibers 

and having higher differences in the polymer melting temperatures than the N6 and PE fibers 

demonstrated worse performance than that of the N6/PE bonded substrates; still their 

performance was better than that of pure N6 bonded sample series. The former may be due to 

a perhaps weaker interface formed between PET and PE polymers than between N6 and PE 

polymers. Weaker interface could result in earlier phase separation and inadequate stress 

transfer from the potentially weak PE sea to the potentially strong PET islands. The 

dissimilarity in the drawing behavior of the compounds of the conjugate fibers typically 

speaks in favor of the weak interface between the materials composing of the bicomponent 

fibers [170]. PET and PE fibers were drawn 10.3 and 5.1 times their original diameters in the 

spunbond spinline. Such significant differences in the draw ratios of the PET and PE may 

lead to the formation of a weak interface between these materials in the bicomponent fibers, 

causing early debonding and premature failure of these fibers under the load.  
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Another possible explanation of the relatively poor performance of the PET/PE fibers 

could be that the PE sea developed sufficient molecular orientation during spinning of the 

PET/PE I/S fibers. This could be achieved if the differences between solidification rates of 

the PET and PE were not very significant, as was stated earlier [116-120]. Significant 

molecular orientation of the sea component could potentially lead to a sufficient loss of the 

PE sea strength in the vicinity of the bond spots as a result of the heat diffusion during 

thermal bonding, which in turn, could initiate premature failure of the composite thermally 

bonded fabric. On the other hand, if the components had significantly different solidification 

lengths, than the shearing of the slowly solidifying material at the wall of the fast solidifying 

component could cause the fracture of already solidified material and weak overall 

mechanical performance of the conjugate fibers. 

Based on the results obtained from modeling the PET and PE fiber formation in the 

spunbond spinline by using the actual spinning conditions of the 100% PET, 100% PE, and 

PET/PE I/S fibers (Tables 4.1 - 4.3) and estimations of the heat transfer between PET and 

PE, PE and the cooling air, and PET and the air by using equations 5.8 - 5.9, we believe that 

the PET phase solidified significantly earlier (almost at the spinneret exit) in the spinline than 

the PE phase of the conjugate fibers (Table 5.24). Thus, due to shearing forces, PE could 

cause fracturing of PET islands in the spinning line, which could result in the premature 

failure of PET/PE I/S calendered webs. 

 Overall, it was shown that at the present bonding conditions the 108 I/S 75/25 N6/PE 

fabric still had superior performance over other fabrics in terms of its tear and tensile 

strength.   
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5.4.2.4 MATERIALS USED AS THE SEA  

 

Many applications of the strong, durable nonwovens, such as shelters, tents, etc., 

require coating of the nonwoven webs. PE low melting point makes it an unlikable choice for 

the coatings, which typically require high curing temperatures.  Eastman co-PET 20110, 

typically used as a binder in the bicomponent fibers, is known for its ability to withstand high 

temperatures, therefore it was chosen as the sea polymer in combination with N6 as the 

island polymer for the thermal bonding application. 

To test the mechanical properties of co-PET containing nonwovens, the 108 I/S 75/25 

N6/co-PET pre-consolidated spunbond webs were calendered at 130 – 170 °C. The results of 

the tests are summarized in Figure 5.45.  As may be noted, the fabric tear properties peaked 

at about 140 °C and started to decrease slightly with an increase in the bonding temperature.  

On the other hand, the tensile properties of the fabric continued to increase with raise of the 

bonding temperature.  This indicates that optimal bonding conditions of the fabric, at least in 

terms of the fabric tensile strength, were not observed yet. 

Generally, the values of the tensile and tear strength for the N6/co-PET substrates 

were significantly higher than those observed for 100 % N6 homo-component structures 

(Figures 5.37, b and 5.38, b). This confirms again the advantage of using of the I/S structures 

in the thermal bonding process over that of the homocomponent filaments. The 108 I/S 75/25 

N6/co-PET calendered fabric had grab tensile strength comparable to that of the 108 I/S 

75/25 N6/PE calendered web, but its tear strength was considerably lower than the tear 

strength obtained for the N6/PE fabric. Thus, it seems that N6/PE represents the best 



combination of polymers to be used for the strength optimization of the thermally bonded 

nonwovens. 
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                                        a)                                                               b) 

Figure 5.45 Mechanical properties of 108 I/S 75/25 N6/co-PET as a function of the bonding 
temperature: a) tear strength; b) tensile strength. Solid lines: MD, dash-dot lines: CD. 

 
 

5.4.3 SUMMARY  
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The study revealed that the strength of a point-bonded fabrics could be improved 

significantly with the use of the I/S fibers, such as N6/PE, in which the properties of the 

island component differ essentially from those of the sea.  In the N6/PE fibers, the N6 islands 

had high strength, modulus, and molecular orientation and low strain at break; while the PE 

sea had the low melting temperature and molecular orientation.  Thus, calendering caused 

complete melting of the sea, leaving the islands intact along their entire length. Moreover, the 

un-oriented and weak PE phase endured very little, if any, change in the morphology or 

strength during thermal bonding process. Therefore, the strength of the bridging bicomponent 

N6/PE fibers, including the region at the bond periphery, in the thermally bonded nonwovens 
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did not differ essentially from that of the original, un-bonded N6/PE I/S fibers. During 

mechanical testing, weak un-oriented PE acted as a matrix that held the structure together 

and transferred the stress to the stronger islands through strong interface between the 

polymers. This led to the superior performance of the calendered N6/PE fabric over that of 

the thermally bonded N6 web, in which fibers in the bond spots and their vicinities 

underwent sufficient loss of the molecular orientation or strength. Among different number 

of islands and polymer ratios, nonwovens containing filaments with  18 and 108 I/S  and 

composed of 75% of N6 and 25% of PE demonstrated the best tensile and tear strength, 

respectively. The examination of the influence of various bonding methods on the N6/PE 

bicomponent fabric performance indicated that simple calendering resulted in the fabrics 

having superior performance over that of the samples bonded with other techniques. 

 The study of the different island and sea polymers showed that the N6/PE calendered 

combination demonstrated the highest tensile and tear strength, suggesting that in addition to 

significantly different island and sea fiber mechanical and thermal properties, a strong 

interface between the polymers is required for the production of high strength thermally 

bonded nonwovens. Weak interface do not allow significant stress transfers between weak 

sea and strong islands due to debonding of the components, which results in the deterioration 

of the bicomponent fiber performance. Moreover, weak un-oriented sea is recommended to 

be formed for the thermal bonding process, because un-oriented material would not endure 

significant macro- and micro- morphological changes in the vicinities of the thermal bonds. 

Thus, there would be a little, if any, loss in the sea component strength during calendering.   

Therefore, if the islands were not affected in the bonding process, then the properties of the 

I/S fibers at the bond periphery would not differ essentially from those of the original, 
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unbonded composite fibers. In this case, weak links would not be created at the bond 

periphery of the calendered bicomponent nonwovens, enabling better load sharing among the 

fibers and leading to a stronger web. A weak un-oriented sea, in the presence of strong and 

oriented islands, could be developed when the islands solidify significantly earlier in the 

spinline than the sea. However, there is an upper limit for the difference between 

solidification rates of the polymers. When this difference is too high, fracturing of the 

component solidifying first is possible due to shearing forces acting at the polymer-polymer 

interface. 

Overall, all examined I/S bonded substrates demonstrated better performance over 

that of thermally bonded 100 % N6 nonwovens.  

 

6 CONCLUSIONS  

 

In this thesis the author demonstrated the utility of the spunbond process and the I/S 

bicomponent fibers for the production of micro- and nanofiber based nonwovens and for 

strength optimization of thermally bonded fabrics.  

It was shown that strong micro- and nanofiber based nonwovens could be produced 

by using of the I/S fibers after overcoming several issues: 1) choosing a spinpack design able 

to facilitate the bicomponent fiber spinning process; 2) selecting the bonding method able to 

withstand the sea polymer removal step; 3) selecting polymers for the I/S fibers according to 

their abilities to be spun in bico-configuration, and ability of the sea polymer to be removed 

with smallest environmental issues involved in the removal process. The spinpack design 

was proposed, in which the sea completely enwraps the islands, and acts a shield protecting 
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them during fiber spinning and reducing overall fiber spinning challenges. Hydroentangling 

was found to be a viable method of bonding of the I/S bicomponent structures. 

Hydroentangled I/S fabrics, in contrast to thermally bonded samples, were able to withstand 

post-processing steps required for dissolving of the sea from the resulting nonwovens. 

Finally, it was shown that to form strong bicomponent I/S fibers or strong island fibers after 

the sea polymer removal, the selected island and sea components should have good 

mechanical properties, or at least the island has to be stronger than the sea. To reduce the 

negative effect of the polymer-polymer interactions, arising from incompatibily of the 

polymers, on the I/S fiber mechanical properties, the island and sea components should 

develop a relatively strong interface in the spunbond spinline, which, in turn, requires 

similarity in the component drawing behavior (draw ratios). Moreover, to develop strong I/S 

fibers, the bicomponent fiber compounds should have similar elongational viscosities, and 

solidification rates (solidification lengths), or at least islands should solidify faster and thus, 

have higher elongational viscosity than the sea. According to all of these requirements, 

N6/PLA and N6/PE were suggested as the best candidates for the I/S approach. The former 

was recommended to be used for the micro- and nanofiber web production, while the latter 

was suggested to be used for the strength optimization of thermally bonded nonwovens. 

Strong micro- and nanofiber based nonwovens were developed by dissolving PLA in 

the mix of hot water and caustic soda from the bicomponent N6/PLA fabrics. After 75 % of 

PLA was removed from the I/S fibers, the resulting fibers showed a decline in a fiber 

diameter from 1.3 to 0.36 µm when the number of islands was increased from 36 to 360. The 

diameter of fibers with 75% N6 showed a decrease from 2.3 to 0.5 µm for the same island 
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range. Overall, the smallest fibers, measuring 360 nm, were obtained by the removing of 75 

% of PLA from the composite fibers having original diameter of 13 µm.  

The crystallinity of the N6 islands and PLA sea in the I/S fibers was worse, while 

their values of Herman’s orientation function were higher than those of the single component 

N6 and PLA fibers. The deterioration in the crystallinity of the islands and sea compared to 

that of 100 % N6 and PLA fibers was likely due to the imperfect interface formed in the 

spinline between N6 and PLA polymers, because it is known that small and imperfect 

crystals are typically formed in the vicinity of the polymer interface of a bicomponent fiber 

[115]. An increase in Herman’s orientation function of both components of the conjugated 

fibers compared to that of the homocomponent N6 and PLA filaments was likely due to 

faster solidification rates of the N6 islands and PLA sea compared to those of single 

component N6 and PLA fibers as well as shearing forces acting between the islands and sea. 

Overall, our study demonstrated that there are relationships between fiber solidification rate, 

performance and molecular orientation. In particular, shorter solidification lengths could lead 

to a better fiber mechanical properties and higher values of its Herman’s orientation function.  

An investigation of the role of the number of islands and percent polymer 

composition on the N6 fiber properties revealed that an increase in the island count or the sea 

polymer content caused a decrease in the resulting fiber diameter and improvement in its 

mechanical properties. On the other hand, the island count or polymer percent composition 

did not have a significant effect on the performance of the N6 fabrics after the PLA phase 

was removed. No correlations between N6 fiber and fabric mechanical properties suggested 

bonding and web uniformity as a dominant factors influencing fabric performance. The best 

mechanical properties demonstrated hydroentangled N6 webs that had the most uniform 
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structure and were bonded most efficiently.  Calendering of the hydroentangled N6 fabrics 

after PLA removal improved their tensile performance as a result of an increase in their 

material rigidity and reduced their tear strength due to decreased mobility of the fibers. 

Absorptive and air permeable properties of the N6 fabrics showed a deterioration with an 

increase in the island count or decrease in the sea polymer content. Overall, the best 

absorptive and permeable properties had the fabrics made up of 25 % of N6 because of their 

highest structural openness and lowest bulk density.  

It was also demonstrated that by using bicomponent islands-in-the-sea fiber 

technology, it is possible to overcome the shortcomings of the thermal bonding process and 

produce nonwovens with significantly higher strength. This study has revealed that the 

strength of a calendered fabric could be improved significantly with the use of the I/S fibers, 

such as N6/PE, which have a relatively strong interface between the polymers and sufficient 

differences in the properties of the island and sea components.  In the N6/PE fibers, the 

island (N6) had a higher strength, modulus, and molecular orientation and lower strain at 

break than the sea; while the sea phase had a significantly lower melting temperature and 

molecular orientation than the islands.  Because of such differences in the the properties of 

the sea and island polymers, the thermal bonding process caused complete melting of the PE 

sea, leaving the islands intact along their entire length. This allowed formation of the solid, 

unfailing bonds without adversely affecting the internal fiber structure, i.e. islands. 

Moreover, the un-oriented and weaker PE phase endured very little, if any, change in the 

morphology or strength during thermal bonding process. Therefore, the strength of the 

bridging bicomponent N6/PE fibers, including the region at the bond periphery, in the 

thermally bonded nonwovens did not differ from those of the original, un-bonded N6/PE I/S 
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fibers. During mechanical testing, the weaker, un-oriented PE acted as a matrix that held the 

structure together and transferred the stress to the stronger, oriented islands via a strong 

interface between the sea and islands. This led to the superior performance of the calendered 

N6/PE fabric over that of the calendered N6 web, in which fibers in the bond spots and their 

vicinities underwent sufficient loss of the molecular orientation and strength. Among 

different number of islands and polymer ratios, nonwovens containing filaments with  18 and 

108 I/S  and composed of 75% of N6 and 25% of PE demonstrated the best tensile and tear 

strength, respectively. The examination of the influence of various bonding methods on the 

N6/PE bicomponent fabric performance indicated that simple calendering resulted in the 

fabrics having superior performance over that of the samples bonded with other techniques. 

 The study of the different island and sea polymers showed that the N6/PE calendered 

combination demonstrated the highest tensile and tear strength, suggesting that in addition to 

significantly different island and sea fiber mechanical and thermal properties, a relatively 

strong interface between the polymers is required for the production of high strength 

thermally bonded nonwovens. Weak interface does not allow significant stress transfers 

between the sea and islands due to debonding of the components, which results in 

deterioration of the bicomponent fiber performance. Moreover, weak un-oriented sea is 

recommended to be formed for the thermal bonding process, because un-oriented material 

would not endure significant macro- and micro- morphological changes in the vicinities of 

the thermal bonds. The un-oriented sea, in the presence of strong and oriented islands, could 

be developed when the islands solidify significantly earlier in the spinline than the sea. 

However, when the islands solidify too early in the spinline, their fracturing is possible as a 
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result of shearing of the low viscous sea at the wall of the high viscous islands. Fracturing of 

the islands could cause the premature failure of the bicomponent fibers and webs.  

Overall, our study suggests that the I/S approach is a reliable method for the 

production of strong nanofiber based nonwovens and for the strength optimization of 

thermally bonded fabrics. Nanofiber webs produced by this method can provide significant 

increase in performance in many applications, especially in liquid and aerosol filtration field, 

while calendered I/S nonwovens may be used in applications where high strength is required, 

i.e., outdoor fabrics, house wrap, tents, awing, parachutes, and the like.   

 

7 RECOMMENDATIONS  

 

In this thesis the author recommended the N6/PLA combination as the best candidate 

for the use in the I/S approach for production of strong micro- and nanowebs. However, a 

search for new, less expensive and more environmentally friendly polymer combinations is 

advised. Moreover, more detailed investigation of the island and sea crystalline and 

amorphous orientations as function of the number of islands and spinning conditions used is 

required for more complete understanding of the factors influencing the I/S fiber formation in 

the spunbond spinline. Therefore, a method of measuring of the total molecular orientation in 

the islands and sea of the conjugate fibers has to be developed.  

The mechanisms and the differences brought about by using the I/S fibers to achieve 

higher strengths in thermally bonded substrates were also discussed in the thesis.  Although 

substantial number of experiments was conducted, much remains to be done to develop a full 

and complete understanding of the underlying material-process-property interactions. These 
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include a detailed investigation of the failure mechanism of the I/S fibers as well as thermally 

bonded I/S fabrics. In particular, much needs to be done regarding the study of mechanisms 

involved in the process of stress transfer between islands and sea. In particular, the strength 

of interface between N6 islands and PE sea has to be determined. This could be potentially 

done by using a torsion pendulum. Moreover, bonding conditions of N6 homocomponent 

webs need to be optimized as well as more tests have to be performed to determine the effect 

of the island count on the resulting mechanical properties of bicomponent thermally bonded 

nonwovens. Finally, fundamental studies of the intrinsic properties of the island components 

before and after calendering - in the unbonded regions, within and in the vicinities of the 

bond spots - are also required.   

Moreover, the importance of the fiber solidification mechanism on its molecular 

orientation and performance was demonstrated. However, the computational modeling of the 

homocomponent fiber spinning in the spunbond spinline was only performed. The modeling 

of the bicomponent fiber formation could be very beneficial for the verification of the 

experimental and computational results presented in this thesis.  
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