
ABSTRACT 
 

ANANTHARAMAIAH, NAGENDRA. Study of Beaming Large High-Modulus 
Fiber Tows (Under the direction of Dr. Timothy G. Clapp and Dr. Yiping 
Qiu). 
  

A warp beam used to supply warp to the loom instead of a creel, will 

provide convenience in weaving fabrics manufactured from large tows of high 

modulus fibers as it will require less floor space and reduced frequency of 

changing the supply packages. Winding and unwinding large tows is a problem 

since individual filaments tend to break under variable stress-strain conditions. It 

is therefore necessary to optimize the manufacturing processes. A review of the 

previous work done in this area showed that only limited amount of work has 

been published. Available published research has been studied and 

documented.  

 

Theories describing the cross-sectional behavior of conventional yarns 

have been studied and correlated to the large tows. Normal beaming and 

weaving conditions were simulated to understand the problems faced. 

Experiments were conducted to simulate the beaming of large tows and their 

results were analyzed to study the behavior during this process by applying a 

variety of twist and tension level combinations on the tows. Packing factor was 

used to analyze the experimental data since it normalizes any variations in the 

tow dimensions. Abnormality in the value of packing factor, which influences the 

behavior of tows during winding and unwinding, was found for a particular load 

value, independent of the twist level.  

 

This work clearly proved that the application of tension during beaming 

causes a change in the cross-sectional area of large tow, resulting in the 

disintegration of the binder holding the individual filaments together. The 

disintegration of the binder allows the cross-section of the tow to vary on 



application of tension since there will be no external force holding the filaments 

together. A further increase in tension at this point may bring the filaments close 

together in a compact configuration and may result in the tow applying more 

pressure on the tows of previous layers wound. As a result, filament or tow 

breaks may occur during further processing. Future recommendations for a 

different approach to the problem and to understand the abnormality have been 

discussed. 
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1. Introduction 
 

Composites comprise a very broad and important class of engineering 

materials. Composites are structures containing two or more components, and 

in the case of fiber-reinforced composites they are fiber and resin. The origins 

of modern textile-reinforced composites are linked to the development of glass 

fibers, which commenced in 1938 by the Owens Corning Fiberglass 

Corporation (USA). Original large-scale applications included air filtration, 

thermal and electrical insulation and the reinforcement of plastics. As the 

technology of textile reinforced composites expanded, a growing demand from 

the aerospace industry for composite materials with superior properties 

emerged. In particular, materials with higher specific strength, higher specific 

modulus and low density were required. Other desirable properties are fatigue 

resistance, and dimensional stability. Fibers made from Carbon and other 

specialty polymers have been used to meet the growing demand for 

composites with specific engineering requirements. Composites have been 

produced in the range of tens of millions of tons. The annual growth rate has 

been about 5–10 % yearly [11].  

 

The demand for composite materials has driven researchers and 

manufacturers to seek new ways of making composites to improve material 

properties for performance and reduce the manufacturing cost. Researchers at 

North Carolina State University developed a process called 3–D orthogonal 

weaving [15]. The 3–D weaving process produces a three-dimensional fiber 

structure that improves the material properties of the final composite products. 

Large engineering composite structures are produced using 3–D weaving 

technology to assemble individual fibers into the final product. Bundles of 

continuous filaments, called tows, are used in the 3–D weaving process. 

 

Large Carbon and Glass tows have filaments ranging from a few 

hundred to more than 300,000 filaments. Large bundles pose a problem 
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during the manufacturing process due to individual fiber breakage. The main 

challenge in today’s tow processing is to minimize the filament breakage while 

optimizing the assembly process. 

 

Limited published research has been conducted on this topic. The 

results put forth have provided only partial understanding of the problems and 

behavior of carbon and glass fiber tows. This investigation will review 

published literature and model the behavior of large tows. Common 

processing problems will be identified and an experimental analysis on the 

behavior of tow under various processing conditions will be conducted. 
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2. Literature review 
 

The development of fiber-reinforced composites is partly due to the 

advancements in high-modulus fibrous materials, and partly to their use in 

producing pre-forms of different properties. Three-dimensional pre-forms with 

higher inter-laminar shear strength compared to laminated composites have 

increased their suitability for high strength, low weight composite applications.  

 

3-D woven pre-forms used for the manufacture of composites use high 

modulus fiber tows as warp and weft. Warp is supplied to the 3–D looms by 

means of creels thus facilitating individual control of tension. Attempts to use 

conventional warp let – off have been made with limited success.  The warp 

used for these pre-forms is usually in form of a tow. An advantage of using tow 

for pre-forms is the possibility of obtaining composites with preset fiber 

orientation [17].  

 

What follows is a review of fiber-reinforced composites using high 

modulus fibers, along with associated theory describing their properties and 

behavior as related to the present work. Fiber properties of the tows used in 

the present work and the construction of the tow are discussed. Assembly 

processes including a brief description of the 3–D loom and its mode of warp 

let–off mechanism is explained along with literature on the processing of yarns 

prior to weaving, especially the warping process.   

 

2.1 Composites 
 

 Composite materials refer to materials containing more than one phase 

such that the different phases are artificially blended together [4]. A composite 

material typically consists of one or more fillers in a selected matrix. The fillers 

can be the high performance fibers that can be continuous or chopped, woven 
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or non–woven, unidirectional or multidirectional. The matrix is usually a 

polymer, a metal, a ceramic, or a combination of different materials.  

 

Composites are generally categorized by the matrix used. This category 

of composites is known as Fiber Reinforced Polymer (FRP) composites or 

Polymer Matrix Composites (PMC’s). The other two categories of composites 

are Metal Matrix Composites (MMC’s), which use metals such as aluminum as 

the matrix, and reinforcement fibers such as silicon carbide; and Ceramic 

Matrix Composites (CMC’s), which use ceramic as the matrix and reinforce it 

with silicon carbide and boron nitride whiskers, or short fibers.  

 

Composite materials may be selected to give unique combinations of 

stiffness, strength, weight, thermal and chemical resistance or conductivity [1]. 

Composites can also be classified into three categories based on the shapes 

of the materials as: Particulate, Fiber-reinforced and Laminar Composites 

(Figure 2.1). 

 

 

 

 

 

 

                     

 

 

In particulate composites, discrete particles of a hard brittle material, 

like gravel, are uniformly dispersed in a softer and more ductile matrix, like 

cement. This category can be further subdivided as Dispersion – strengthened 

and true particulate composites.  

 

(a) (b) (c) 

Figure 2.1: Three categories of composite materials: (a) Particulate composite, (b) 
Fiber-reinforced composite and, (c) Laminar composite. 
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 Laminar composites have thin coatings, thicker protective surfaces, 

bimetallic elements, and laminates. Plywood with alternating layers of wood 

veneer and a capacitor composed of alternating layers of aluminum and mica 

are some examples. 

 

  The fiber-reinforced composites incorporate strong, brittle fibers, like 

glass or carbon fibers, in a soft, ductile matrix that can be a polymer, ceramic 

or metal matrix.  The fibers carry the load applied on the composites and the 

matrix helps to transmit and distribute the load among the fibers and also 

holds the fibers together in the composite. The fibers in the fiber-reinforced 

composites can be oriented as per end-use requirement as shown in Figure 

2.2. 

 

 
 

 

 
 
 
 
 
 

Figure 2.2: Orientation of fibers in Fiber-reinforced composites [1] 
(a) Unidirectional fibers, (b) randomly oriented discontinuous fibers, (c) Orthogonal 
fibers, and (d) multiple-ply fibers 
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2.2 High performance fibers 
 

High performance fibers are characterized as having high tensile 

strength and high modulus but a relatively low elongation and low density. 

These fibers are used in the manufacture of fiber-reinforced composites and 

also for making composite preforms to be made into a composite.  

 

2.2.1 Carbon Fibers  
 

Carbon fibers are produced by carbonizing organic precursor fibers and 

then graphitizing them at a very high temperature [6]. The common precursors 

are Polyacrylonitrile (PAN) and Rayon. Other precursors include 

Polyvinylalcohol, polyamide, phenolics, and pitch. Rayon is processed into 

high modulus carbon fiber in the absence of oxygen, and stretched during 

graphitization to obtain the preferred orientation. PAN, on the other hand, is 

slowly oxidized at temperatures between 200 and 300° C, pyrolysed, and 

stretched at various stages to obtain required orientation. Commercial carbon 

fibers are fabricated by using pitch as the precursor. The process flow for the 

manufacture of carbon fiber from PAN and pitch precursors are shown in 

Figure 2.3. 

 

Carbon fibers have an individual filament diameter of around 7 – 8 µm 

[11]. Carbon fibers are used in composites with a lightweight matrix. Carbon 

fiber composites are ideally suited to applications where strength, stiffness, 

low weight, and good wear resistance characteristics are critical requirements. 

They can be used where high temperature, chemical inertness, and high 

damping are important. Typically, carbon fibers have a tensile modulus of 200 

GPa to 600 GPa. 
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The main properties of carbon fiber are low density, high modulus and 

the flexibility of very fine fibers in the yarn [7]. On the other hand, the variation 

in its strength, low strain to failure, and relatively low compressive strength 

compared to tensile strength contribute to its undesirable features. Typical 

properties of carbon fiber are given in Table 2.1. 

 

 

CARBON FIBER 

PAN 
Polymerization 

Pitch 
Pitch Preparation 

Wet Spinning Melt Spinning 

Stabilization 
(Oxidizing Atmosphere) 

Infusion 
(Oxidizing Atmosphere) 

Carbonization 
(Inert atmosphere) 

Carbonization 
(Inert atmosphere) 

Graphitization 
(Inert atmosphere) 

Graphitization 
(Inert atmosphere) 

CARBON FIBER 

(a) (b) 

Figure 2.3: Process – Flow diagrams of Carbon Fiber manufacture from (a) 
PAN, and (b) Pitch fibers [4]. 
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Material Density 

(Mg/m3)

Modulus

(GPa) 

Tensile 

Strength

(GPa) 

Failure 

Strain 

(%) 

Typical Filament 

Diameters 

(µ) 

High Modulus 

Carbon 

1.5 530  1.9 0.36 7 – 8  

High Strength 

Carbon 

1.5 280 5.7 2.0 7 – 8 

Table 2.1: Properties of Carbon Fibers [4]. 

 

2.2.2 Glass Fibers 
 

The main components of Glass fibers are oxides of Aluminum, Silica, 

Calcium, Magnesium and Boron [8]. The mixture is dissolved as molten glass. 

This molten glass flows through heat–resistant platinum spinnerets containing 

holes with desired filament diameter. This melt is attenuated and cooled to 

form filaments. To prevent filament to filament abrasion and for proper 

handling of filaments, a thin coat of lubricant is applied. The filaments are then 

grouped together to desired size of tow and wound on to packages.  The 

unique properties of Glass fibers such as thermal and sound insulation, 

incombustibility, corrosion resistance, high strength to density ratio and 

relatively low conductivity are responsible for their use in various engineering 

applications. Glass fabrics are used in the electrical, electronic, chemical, 

metallurgical, food and construction material industries, etc.  
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Glass fibers are coated with a substance (usually silicon), to minimize 

the degradation of these fibers due to rubbing and atmospheric impurities. 

Vitrification and softening temperatures for E-glass fibers are 630°C and 

785°C [15]. During the manufacture of glass fiber, the suitability of the melt for 

drawing glass fibers is determined by its physical and chemical properties 

such as viscosity, surface tension, and gas saturation, chemical and thermal 

uniformity.  

 

The ability of the glass melt to be drawn into fiber depends on the ratio 

of its viscosity to its surface tension, and the stability of the fiber drawing 

process and its technological parameters depend basically on its viscosity, 

chemical and thermal uniformity and gas saturation [6].  Typical properties of 

glass fibers are given in Table 2.2. 

 

 

 

Glass Fiber Melt Extrusion through 
Spinneret or Bushing 

Attenuation and 
Quenching 

Strand formation 
(Collection of individual 
filaments into a strand) Sizing or Coating Package Winding 

Figure 2.4: Process – Flow diagram for Glass Fiber manufacture. 
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Table 2.2: Properties of Glass Fibers [5]. 

 

2.2.3 Construction of tow 
 

A tow is a bundle of twisted or untwisted continuous fibers, also called 

filaments. Large tows contain tens or hundreds of thousands of individual 

filaments [3]. The cross-section of the tow is assumed to be circular in the 

ideal configuration or arrangement. The cross section is typically elliptical or 

rectangular in practice. 

 

  

 

 

 

                   

 

 

 

A tow of continuous filaments can be considered analogous to a stack 

of poles or rods of infinite length placed adjacent to each other. The collection 

of filaments can assume different configurations depending on the external 

forces acting on the bundle. External forces include adhesive forces from 

binders that lock the filaments in place or mechanical forces applied by 

bending over curved surfaces. Again, the analogy of the rods can be applied 

here. The stack of rods when placed on the ground will try to disintegrate from 

Material Density  

(g/cc) 

Modulus 

(GPa) 

Tensile 

Strength 

(GPa) 

Elongation 

% 

Typical Filament 

Diameters 

(µ) 

E – Glass  2.5 – 2.59 72.4 3.45 4.4 7 – 17  

S – Glass 2.46 – 2.49 85 4.8 5.3 9 – 14  

C - Glass 2.56 69 3.31 4.8 7.5 – 10  

Individual 
Filaments 

Tow 

Figure 2.5: Cross-section of circular tow 
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any formation when placed on a flat surface, but will confirm to a specific 

shape when held together by external forces. 

 

Carbon and glass filaments do not have natural cohesion to bind 

individual filaments to each other. External forces are applied in the form of 

twist or binder to keep the filaments together. Twist can be applied in either 

the counterclockwise (S) or clockwise (Z) directions along the axis of the tow. 

Binders may be powder or emulsion based. The most typical binders are 

phenolic, melamine, and silicone resin. Binders are applied shortly after the 

filaments emerge from the spinnerets. In the absence of these external forces 

to hold the bundle together, the tow is unorganized and difficult to process.  

 

2.2.4 Material characteristics of tows 
 

1. Lack of twist 

 

Tows generally have very little or no twist at all. There is a possibility of 

the individual filaments in the tow breaking off at any obstruction in its path 

and accumulating at that point forming “fuzz-balls”. The reduction of diameter 

due to loss in filaments shows up as a defect in the fabric and will affect fabric 

properties. 

 

2. Load Carrying Capacity 

 

Due to lack of twist, the tows do not have enough cohesion between 

individual filaments to maintain a particular cross-sectional shape. Therefore, 

the application of tension during winding the tow on to a beam should be 

uniform for all the filaments, which means that ideally, the load carrying 

capacity should be uniformly distributed across all filaments. An increase in 

tension during beaming might form a groove or a decrease in tension might 
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form a pile, thus varying the length while unwinding, resulting in the variation 

of tension of that end during weaving. 

 

3. Low elongation 

 

High modulus fibers have low elongation making them brittle and quite 

difficult to handle. Due to lack of flexibility, some filaments in the tow tend to 

break while knotting two ends in case of any breakage in the ends, thus 

weakening the end. 

 

2.3 Warping 
 

‘Warp’, is the assemblage of a great number of individual ends or 

threads running parallel to each other [14]. Warping includes preparation of 

warps for weaving or warp knitting. A warp beam is the term used to describe 

the final package of warp yarns for weaving. There are two types of processes 

most often used to make warp beams, called direct warping and sectional 

warping. 

 

2.3.1 Direct Warping 
 

In direct warping the individual yarns, called ends, are wound directly 

from packages housed in a creel (Figure 2.6). This type of warping is also 

known as beam warping.  

 

The ends from the creel are wound on the beam in such a manner as to 

form a continuous sheet of yarns made up of the required number of ends, 

spaced equally apart and parallel to each other and brought into the same 

horizontal plane, with nearly the same tension between adjacent yarns.  
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2.3.2 Sectional Warping 

 

In indirect warping, sections of the warp are wound on a pattern drum, 

where the warp can be arranged in a definite order. This type of warping is 

also known as pattern warping or sectional warping (Figure 2.7). 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.7: Sectional Warping Machine 

Creel 

Warp 
Sheet

Pattern Drum

Reed
V-reed 

Creel 

Warp 
Sheet

Beam

Figure 2.6: Direct Warping Machine 

Press Roller
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On a warp beam, the tension of the ends and the force of the press 

roller (Figure 2.6) determine the build-up of the ends. Also, uniform tension 

from the middle of the beam to the outside, must be assured during the 

warping process. The tension on each package must be the same to achieve 

uniform tension across the beam. The density of the beam is primarily 

controlled by the amount of tension that is applied to each active yarn at the 

creel. The traversing motion of the reed guiding the warp sheet helps in laying 

smooth layers of warp on the beam. 

 

The most common type of warping done for large tows is direct warping 

because the tows would not have to go through multiple bending phases, 

which would result in damage to the filaments of the tow. There have been 

difficulties in preparing a warp beam of high modulus fibers and supplying the 

warp to the loom because of the difficulty in controlling the tension and 

because of the inextensible characteristics of the high modulus fibers. 

 

2.4 Tension variations while being unwound from the beam 
 

While unwinding from the beam, there can be variations in the tension 

of individual tows, which might cause a defective end product. This tension 

variation is produced by: 

 

1. Decreasing beam diameter 

 

As the warp yarns unwind from the beam, the diameter of the beam 

decreases. The tension on the tows increases due to this decrease in 

diameter. To prevent this from occurring, looms have rollers applying pressure 

on the beam, and increase the pressure as the diameter of the beam 

decreases. This maintains an equal tension on the whole warp sheet for the 

entire unwinding process. Glass and carbon fibers are sensitive to abrasion 

and the use of such rollers may damage the filaments. 
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2. Shed formation on the loom 

 

Shed formation is the process where the warp sheet is split into sets of 

yarns to form a passage for the filling yarn. For this, the warp is either pulled 

up or down from its initial plane and then later brought back to its original 

plane. This pull and release process creates a variation in tension because the 

initial pull tends to unwind more yarn which causes slack in the warp when the 

warp sheet is brought back to its original plane. Modern machines use 

precisely controlled mechanisms to control such variations. 

 

3. Varying angles at which each tow enters the weaving area (Path of the tow) 

 

In looms, the warp at the back beam is usually kept slightly wider to reduce 

the stress on the warp yarns at the extremes [18]. The yarns entering the 

weaving area from the extremes converge at an angle, while the yarns at the 

center stay straight. This change in angle results in an increase in tension at 

the extremes for similar amount of tension applied to all ends.  

   
      

Figure 2.8: Pressure roller to maintain tension of warp sheet 

Figure 2.9: 
(a) Recommended angle for 

warp entering the weaving 
area, and (b) Faulty 
arrangement for warp supply

(a) (b)
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2.5 Three – dimensional weaving 
 

High-performance fibers like carbon, ceramic, and metal fibers can be 

woven into multilayer fabrics using shuttle looms where the warp yarns are 

often taken from a creel of individual bobbins [16]. The creel arrangement 

using individual packages allows flexibility of the warp yarns to be mixed and 

also allows flexibility in their rate of let–off. But while creating other three-

dimensional textile structures, this operation becomes complex, where the 

structures have to be created by hand. This has an impact on the consistency 

of the dimensional structure and density due to variations in yarn tension and 

the beat-up force. A system was developed for manufacturing such complex 

structures, which is capable of manufacturing complex structures and shapes 

in a single process. The arrangement for a 3–D weaving machine is a 

modification of the traditional weaving process, where there are warp yarns 

and weft yarns, but also includes a third set of yarns called the Z yarn.  

 
 

 

 

The warp or lengthwise yarns are supplied by a collection of bobbins 

mounted on a creel. Two sets of yarns are arranged along the length of the 

Figure 2.10: Three – dimensional weaving system components. [16] 
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loom, the horizontal warp (x) yarns and the vertical (z) yarns. The filling (y) or 

weft yarns are provided separately from another set of bobbins on the side of 

the loom. A vertical row of needles fitted at the side of the machine help the 

filling yarns to be laid across the warp yarns in multiple layers. These needles 

work simultaneously or in succession to vary the size and shape of the 

structure.  A selvedge needle is inserted from below the weaving area to 

secure the selvedge loops on the vertical edge. The vertical (z) yarns are 

positioned in the fabric by the beat–up process, as this action pushes the 

crossed z yarns into a vertical arrangement against the already woven length 

of the fabric. 

  

The vertical movement of the harness stretches these yarns from the 

top to the bottom of the fabric and over the filling yarn, and is repeated in the 

opposite direction during the subsequent steps. This machine is operated with 

pneumatically controlled mechanical motions and is controlled by a 

microcomputer, using simple computer programs. Large tows are used for 

manufacturing large 3-D structures on the 3-D weaving machine. Complete T-

sections and I-sections (used in construction of buildings and bridge 

structures) can be manufactured on the 3-D machine using large tows. These 

structures are more stable and do not delaminate because of the presence of 

the z-yarns in the structure, and have lower weight because of the material 

properties of the large tows used. Large tows also provide increased cover 

factor to the structure due to the presence of a large number of filaments. 

Creels using individual packages of large tows are fed to the 3-D weaving 

machine. The use of creel provides better tension control on the individual 

tows, but takes up a lot of floor space and creates many bending points along 

the path of the tow. The use of beams in the place of huge creels is therefore 

necessary to reduce floor space and maintain the inherent properties of the 

tow and its filaments. 
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As the demand for 3-D woven structures continues to grow, feeding 

large tow beams will be needed to optimize production. Published literature on 

the topic of large tow properties and processing is limited. The remainder of 

this thesis is an attempt to document the behavior of tow during the winding, 

warping, and weaving processes. Classical models will be applied to describe 

the behavior of tow under typical external processing conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 19

3. Theory 
 

The objective of this chapter is to demonstrate the behavior and cross-

sectional profile of the tow during or after warping, with general assumptions 

regarding the behavior of tow under tension, and typical geometrical 

conditions. Classical geometrical and mechanics models of yarn bending 

behavior will be applied to the tows and the differences in the model 

assumptions for yarn and large tow will be noted. 

 

3.1 Cross-sectional profile of tow 
 

The cross-sectional profile of a tow is defined by the arrangement of 

individual filaments in the tow. The following factors influence the profile of the 

tow: 

• Filament cross-section 

• Tension 

• Inter-filament cohesion 

• Filament material properties 

• Packing factor 

• Bending force 

 

3.1.1 General Cross-sectional Profiles 
 

The cross-section of the individual filament varies according to the type 

of fiber. The cross-sections of carbon and glass fibers are usually circular for 

composites applications. The cross-section of a tow, however, is determined 

during the initial production of tow prior to composite manufacturing. The 

application of bonding materials called size on the tow restricts fiber 

movement and results in the formation of a ribbon or a flat tape that is wound 

on to a package. The cross-sectional shape of the tow in this case is assumed 

to be rectangular. On the other hand, if the tow is assumed to have a circular 
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cross section, where the individual filaments are assumed to be held in 

position to obtain this profile, application of load on the tow can change its 

profile to an elliptical cross section. 

 

The rectangular or elliptical cross-section of the tow is defined by its 

overall dimensions. The height of the tow and the width of the tow constitute 

its dimensions as illustrated in Figure 3.1 (a) and (b).  

 

 

 

 

 

 

 

 

 

 

 

 

 

This study assumes the cross-sectional shape of the tow to be circular 

before application of external forces to distort or set the cross-sectional shape. 

 

3.1.2 Packing Factor 
  

The cross-section of the tow is defined by its overall dimensions. 

However, individual filaments stacked together leave void spaces within the 

overall cross-section of the tow. Packing factor is the ratio of the cross-

sectional area occupied by the filaments to the cross-sectional area of the tow.  

 

 

Width 

Height 

(a) 

Width

Height 

(b)

Diameter

(c)

Figure 3.1: (a) Rectangular, (b) Elliptical and (c) Circular cross-section of tow 
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3.1.2a Idealized packing 

  

Idealized packing in a tow is achieved when the filaments of a tow are 

arranged in any orderly and regular pattern, such that they represent the most 

compact packing configuration [20].  

There are two basic forms of idealized packing of circular filaments [21]:  

1. Open packing in which the filaments are arranged in layers between 

concentric circles; and 

2. Close packing in which the filaments fit into a hexagonal pattern. 

 

3.1.2a.1 Open Packing 

 

A single fiber is present at the center or core of the fiber arrangement in 

an open packing assembly as shown in Figure 3.2. In ideal packing, there are 

no inter-fiber interstices, so six more fibers are packed around this central 

fiber. Another layer of fibers are packed in a circular arrangement, such that 

they are in contact with the fibers of the second layer. Subsequent layers are 

packed and arranged over the previous layers. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Layer n = 4 

Figure 3.2: Open Packing 

Arrangement in 
Concentric Circles 

R 
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Let the fiber at the core = layer number 1,   

 

Radius of circle around nth layer (R) = Radius of tow with n layers 

Therefore, the overall radius of the tow,  

 R = (2n - 1)Rfilament       (3.1)    

where, Rfilament is the individual filament radius. 

 

Therefore, 

Radius of nth layer from the center = 2(n - 1)Rfilament  = R  (3.2) 

If M fibers are closely packed around the circumference of a circle, then, angle 

subtended at the center by the distance between centers of the fibers  

 ρ = 360º / M.    (3.3) 

Hence, 

Radius of circle = Rcircle  = Rfilament cosec (180º / M)   (3.4) 

 

 

 

                       

          

 

       

 

 

 

Substituting values in equations 3.2 and 3.4, we obtain a table comparing the 

values of radii, as shown in Table 3.1: 

 

 

 

 

ρ
Rfilament 

Rcircle 

Figure 3.3: Angle subtended at the center by M filaments packed in a circle  



 23

Layer 
Layer 

Radius 

Yarn 

Radius 

(R) 

Total 

number 

of fibers

Maximum 

fibers in a 

layer 

Rfilament cosec 

[180º/M] 

(Rcircle) 

M 

1 0 Rfilament 1 1 - - 

2 2 Rfilament 3 Rfilament 7 6 2 Rfilament 6 

3 4 Rfilament 5 Rfilament 19 12 3.86 Rfilament 12 

     4.18 Rfilament 13 

4 6 Rfilament 7 Rfilament 37 18 5.76 Rfilament 18 

     6.08 Rfilament 19 

5 8 Rfilament 9 Rfilament 62 25 7.98 Rfilament 25 

6 10 Rfilament 
11 

Rfilament 
93 31 9.89 Rfilament 31 

Table 3.1: Open Packing 

 

3.1.2a.2 Hexagonal Close Packing 

 

A single fiber present at the center or core of arrangement of fibers in a 

close packing assembly has a hexagonal arrangement where all fibers are in 

contact with adjacent fibers from all directions as shown in Figure 3.4.  Here, 

the distance between the center of the core-fiber and the center of a layer lies 

between 2(n - 1) Rfilament at the corners and 1.732(n - 1) Rfilament at the center of 

the sides.  From the second layer onwards, a constant number of 6 fibers are 

added in every layer following the expression of 6(n-1) fibers in a particular 

layer, where n is the number of the layer. 
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Table 3.2 shows the number of fibers in each layer and the fiber distances 

from the center of the core-fiber. 

 

Distance from core-fiber to Layer  

Corner Center of a 

Side 

Number of 

fibers in the 

layer 

Total number of 

fibers in the 

bundle 

1 0 0 1 1 

2 2 Rfilament 1.73 Rfilament 6 7 

3 4 Rfilament 3.46 Rfilament 12 19 

4 6 Rfilament 5.20 Rfilament 18 37 

5 8 Rfilament 6.93 Rfilament 24 61 

6 10 Rfilament 8.66 Rfilament 30 91 

7 12 Rfilament 10.4 Rfilament 36 127 

8 14 Rfilament 12.1 Rfilament 42 169 

9 16 Rfilament 13.9 Rfilament 48 217 
Table 3.2: Hexagonal Close Packing 

 

The closest packing configuration is obtained till the 7th layer, which 

makes a total of 127 fibers. As the layers get added, the yarn outline becomes 

more complicated and tends to be circular for very large number of fibers. The 

above table shows only the values for hexagonal packing with a single core 

Figure 3.4: Ideal Hexagonal packing arrangement of filaments 

Dfilament 
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fiber, but it is also possible to obtain packing on more than one fiber as core in 

the arrangement. Perfect close packing can be obtained with more than a 

single core fiber for up to four fibers in the core, but the hexagonal outline no 

longer remains regular. Increasing the number of core fibers beyond four 

affects the packing and results in a void at the core if the number of core fibers 

exceeds five, giving a distorted shape to the whole yarn or tow structure [9].

  

An idealized bundle of parallel circular filaments can be arranged in a 

hexagonal structure as shown in Figure 3.4. Packing Factor is the ratio of the 

volume of the textile product filled with fibers [17]. 

 

Let filament diameter = Dfilament, and 

Inter-fiber void = t,   

Therefore, 

Packing factor = (π / 2√3) / (1+ t/ Dfilament)2.  (3.5) 

      

Hence, considering the tightest fiber arrangement, t = 0. This results in 

a limit structure whose packing factor = π / 2√3 = 0.907. This is the maximum 

density a tow can have. In a loose structure, we have t > Dfilament, which implies 

that packing factor, must be < 0.227. 

 

3.2 Force models 
   

Application of force in the form of tension or twist influences the profile 

of the tow since it has an effect on its cross-section as explained in section 

3.1.1. These forces are applied to the tow to impart cohesion between the 

individual filaments. The effect of external factors such as bending, twist and 

tension, and the influence of inter-filament cohesion, on the profile of the tow 

are discussed in this section. 
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3.2.1 Tension 
 

Tension is the act or process of stretching or elongating any object by 

the application of force. In the case of tows, longitudinal force (as shown in 

Figure 3.5) applied on either end along its axis results in the orientation of 

individual filaments along the direction of force applied, and also tends to 

reduce the thickness of the tow providing a compact structure. 

 

 

 

 

Tension on a tow cannot change the packing factor of an ideally packed tow 

assuming rigid filaments. However, in actual conditions, the measured packing 

factor can decrease under tension. Tension has the tendency to straighten 

and align the filaments, thus reducing the void space between filaments. 

 

3.2.2 Inter-filament Cohesion 
  

The arrangement of individual filaments in a tow is dependent upon the 

inter-filament cohesion. The inter-filament cohesion is dependent upon the 

following factors: 

• Shape of the individual filament 

• Spin finish  

• Friction 

The shape of the filament influences the coefficient of friction between the 

filaments and in turn the cohesive force. The shape of the filaments is 

assumed to be circular, with a fixed diameter along their entire length.  

Application of spin finish influences the inter-filament cohesion, since it acts as 

a bonding agent between the filaments and holds them together in a particular 

profile. Friction is another factor that influences inter-filament cohesion and is 

divided into two categories: 

Tow ForceForce 

Figure 3.5: Longitudinal force applied to a tow 
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• Filament-Filament friction, and 

• Filament-Metal friction 

 

Friction between the filaments, as discussed above, is dependent on the 

shape of the filament, but is also dependent on the material of the filament. 

During processing, the filaments come in contact with many metal surfaces in 

their path. The amount of friction between the surfaces is dependent on the 

type of surface finish applied on the metal as well as the filament. 

 

3.2.3 Type of material  
  

The type of tow material used will have a direct effect on its profile due to 

the following factors: 

• Stiffness 

• Number of filaments 

• Diameter of filaments 

The stiffness or modulus of the tow material is critical in it’s processing, since it 

influences the curvature of the tow when passing through different guides, the 

curvature being the degree of bending of the tow. This change in profile of the 

tow affects the arrangement of individual filaments. The number of filaments in 

the tow attributes to their arrangement in the tow and influences the packing 

factor, and the cross-section. The individual filament diameter varies according 

to the type of fiber. 

 

3.2.4 Imparting twist to a tow 
 
 Idealized geometry of tow on application of twist: 

Adopting the idealized helical yarn geometry, the following assumptions 

are made: 

• The tow is circular in cross-section, and is composed of a series of 

concentric cylinders. 
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• Each filament follows a uniform helical path around one of the 

concentric cylinders, so that its distance from yarn axis is always 

constant. 

• The fiber at the center follows the straight line of the yarn axis 

• The packing factor remains constant 

• Structure is made up of very large number of filaments 

  

The local helix angle for a given surface is constant for all fibers on that 

surface [2]. If Qv is the fiber helix angle on the cylindrical surface of radius r, 

and T is the twist per unit length of the yarn, 

tan Qv  = 2πrT    (3.6) 

In particular, the outer fibers of the yarn form the helix angle Q with the yarn 

axis, and, if d is the yarn diameter, 

tan Q = πdT          (3.7) 

The above equations show that the helix angle Qv of a straight singles 

yarn is dependent upon the local radius, r, of the yarn upon its twist. 

Therefore, the angle Qv is constant for any given r and T at every point along 

the yarn. But, if we assume the tow to be bent, the local helix may not be a 

function of only r and T. 

 

Considering the idealized helical yarn geometry, the density of the 

fibers packed in the tow remains constant throughout its length [3]. From the 

idealized structure [19], 

we have  

h = 1/T     

 (3.8) 

where  h = length of one turn of twist  

  T = Yarn twist = Number of turns per unit length  

It follows from the figures b and c that, 

l2 = h2 + 4π2r2    (3.9) 

L2 = h2 + 4 π2R2    (3.10) 
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Therefore,  

tan θ = 2πr/h     (3.11) 

tan α = 2πR/ h    (3.12) 

 

 

     

          

                     

            

        

        

        

                          

                       

       

 

 

 

 

This equation does not apply exactly in yarns with a finite number of fibers 

[19]. Considering the outermost layer of the multifilament yarn as shown in 

Figure 3.7, we obtain the diameter Dcircle of the circle, which circumscribes the 

fibers. When viewed from the measurement of the twist angle, distance from 

the center to the line of contact between the fibers of the multifilament yarn, 

becomes the diameter of the tow Dtow. 

Therefore, 

tan α = π(Dtow – Dfilament)/h = πdkT,  (3.13) 

   

where  Dtow = Tow diameter 

  Dfilament = Filament diameter 

  k = (Dtow – Dfilament)/ Dtow = Schwarz’s constant 

Figure 3.6: (a) Idealized helical geometry, (b) Diagram of cylinder at radius r - 
opened out, and (c) Yarn surface – opened out. 
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For yarns with a very large number of fibers k=1, but for fewer fibers 

k<1. To obtain a rough estimate of k, equating the tow cross-sectional area 

obtained from tow diameter with the tow cross-sectional area obtained by 

adding sum of filament diameters and inter-fiber interstices, we have 

πd2/4 = nπ (Dfilament)2/4Φ,    (3.14) 

where, 

Φ = packing fraction and 

n  = number of fibers. 

Therefore, 

Dfilament / Dtow = (Φ/n)1/2    (3.15) 

Now,  

k = 1 – (Dfilament / Dtow)    (3.16) 

k = 1 – (Φ/n)1/2,     (3.17) 

where Φ1/2 ≈ 1 for filaments. 

The equation simplifies to  

   k = 1 – (1/n) 1/2     (3.18) 

 
 
 
 
 

Dfilament 

Dtow – Dfilament 

Figure 3.7: Difference between outer diameter of tow and the diameter (Dtow – Dfilament) 
effective in measuring twist angle. 
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3.2.5 Bending of tows on a beam 
  

As discussed in the earlier section, the bending of a tow around yarn 

guides, tension devices, and finally around the beam, changes the cross-

section and inturn the profile of the tow to a great extent. To investigate the 

bending of tow filaments on the beam, the following assumptions have been 

taken: 

1. Every tow has a similar profile 

2. The warp beam has a regular and smooth surface on its core and the 

flanges. 

3. The tows wound on the beam would be regular and evenly laid across the 

beam, and in each layer. 

4. The individual filaments in the tow have circular cross-section. 

5. Every tow is wound with equal tension. 

6. The tow is straight before bending and has a uniform cross-section along 

its length. 

7. The tow material has the same modulus of elasticity in compression as it 

does in tension. 

8. The tow material is homogeneous and obeys Hooke’s law (Stress is 

proportional to strain). 

 

Using these assumptions, we try to construct a theoretical depiction of 

winding a tow on the beam. Let us consider a beam with the following 

dimensions as shown in Figure 3.8. 

Dcore = Diameter of the core of the beam 

Dtotal = Total diameter of a full beam (The diameter of a full beam is slightly 

less than the diameter of the flange of a beam) 
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Let Dtow = Diameter of the tow. 

One wrap of tow around the beam increases the diameter of the beam by 

2Dtow units. 

Therefore, change in diameter of the beam when one layer of tow is 

wound becomes, 

Dcore + 2Dtow 

          Dtow  

 

              

      Core       Dcore 

           

    First layer of tow       Dtow 

 

 

Therefore, every time a layer of tow is wound on the beam, the effective 

diameter increases by a factor of 2Dtow units. For an ideal case of a full warp 

beam,  

 

Total diameter Dtotal = 2 i=1∑ N Dtow + Dcore,    (3.19) 

where N = number of layers. 

 

DtotalDcore Dcore

Figure 3.8: Warp beam  

Figure 3.9: Cross-section of warp beam core. 
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3.3 Tow Model Parameters 
 

Consider a portion of the tow that is subject to bending by forces at 

each end as shown in Figure 3.10 (a). Due to these forces, the tow is bent 

from its original (straight) position to a curved position. Due to this action, the 

length of the top layer of filaments in the tow increase and the bottom layer of 

filaments shorten. This action has an effect of placing the upper layers of the 

tow in tension and the lower layers in compression. The above stated 

assumptions and the following discussions hold true when the tow section is 

subject to pure bending (equal force at the ends) 

 
Since the tow is a series of thin filaments, we can conclude the following 

from the resultant bending action as illustrated in Figure 3.10 (b): 

a. The upper layers are lengthened and are in tension 

b. The lower layers are shortened and are in compression 

c. At a certain point in the tow, a filament remains in its original state, 

hence free of any bending stresses. This filament is the neutral filament 

and lies in the neutral plane. 

 

Since we have assumed that the tow material obeys Hooke’s law, we can 

state that the stress on a filament at any distance x below the neutral filament 

plane is equal to the stress on a fiber at distance x above the neutral filament 

plane. Also, stress will vary linearly from the neutral filament to the outermost 

M M 

A 

A’ 

A’ 

A 

B’ 

B’ 

B 

B 

(a) (b) 

Figure 3.10: Tow subject to bending 
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filaments in either tension or compression. Let us take a section of the tow and 

assume a rectangular cross-section analogous to a rectangular beam as 

shown in Figure 3.11. 

For the section of the tow above and below the neutral plane to be in 

equilibrium, it is required that (a) the sum of longitudinal forces acting on the 

end planes should be zero, and (b) the resisting moment of the tow should be 

equal to the applied moment (force applied to bend the tow). 

 

(a) Referring to Figure 3.12, the tensile force Ftensile must equal the 

compressive force Fcompressive for equilibrium. Let σ be the stress on any 

element of area ∆A at a distance x from the neutral filament, then 

ΣF = Σσ∆A = 0, if the forces are in equilibrium.   (3.20) 

Since, stress is proportional to the distance x, 

σ = kx,        

 (3.21) 

Where k = proportionality constant. 

Therefore, 

Σσ∆A = Σkx∆A = kΣx∆A = 0     (3.22) 

x

x

H
ei

gh
t 

Figure 3.11: Stresses due to pure bending. 

x 
Neutral Filament PlaneM 

Width 
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Let x' be the distance from the neutral filament to the center of gravity of the 

area. 

Therefore,  

x'A = Σx∆A        (3.23) 

 x' = Σx∆A / A.        (3.24) 

From equation (3.22), Σx∆A must be zero, since x ≠ 0.  

Therefore, 

x' = 0 

Therefore, neutral filament lies in the center of gravity (centroid) of the section 

during bending. 

 

(b) The force at any distance x above the neutral filament is σ∆A. 

According to the theory of equilibrium, sum of moments at all sections 

should be equal to the applied moment M. Therefore, 

M = Σxσ∆A        (3.25) 

We have σ = kx, therefore, 

M = Σx (kx) ∆A = kΣx2∆A      (3.26) 

Let stress at the outermost filament = σmax, and  

its distance from the neutral filament = L. 

Therefore, 

 σmax = kL        (3.27) 

 k = σmax / L        (3.28) 

 M = (σmax / L) Σx2∆A       (3.29) 

Figure 3.12: Forces on rectangular section of tow subject to pure bending 

 

Fcompressive Fcompressive 

Ftensile x

x L
σcompressive 

σtensile 
σtensilemax 

σcompressivemax 
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The second moment or the Moment of Inertia (I) = Σx2∆A. Therefore, 

M = (σmax / L) I        (3.30) 

=> σmax = (M / I) L       (3.31) 

 

This equation relates to the maximum stress in the tow to the applied 

moment and the properties of the cross-sectional area, and is known as the 

Flexure Formula. Therefore, from equation 3.31 we understand that the 

maximum stress in the tow is directly proportional to the bending moment and 

is inversely proportional to its moment of inertia.  

 

 Thus, the filament cross-section, tension, bending force, material 

properties of the filament and the cohesion between the individual filaments of 

the tow are important factors influencing its profile. The ideal cross-sectional 

shape, ideal packing factor, and the behavior of large tows as described by 

these fundamental force models will guide the investigation of the actual tow 

behavior under various processing conditions. 
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4. Observation of tow behavior in composites assembly 
  

The conversion of tow to a composite perform requires various 

processing steps. The most common steps are observed to document the 

types of external conditions imposed on the tow during processing. Common 

problems caused by the tow are documented. As discussed in Chapter 3, the 

configuration of the filaments in a tow is greatly influenced by the tension 

applied on the tow. This is one of the major problems in practice. Various 

methods, such as the use of creels to supply warp to looms, and modified 

tension devices are being researched to control tension.   

 

4.1 Current industry practice for processing tows 
 

Actual processing of large tows was observed at a company’s glass fiber 

research center. Observations of this process are presented in this section. 

The company’s glass fiber reinforcement section deals with research on 

innovative methods and processes for the manufacture of glass fiber tow. 

They also manufacture glass fabrics for reinforcement in composites using 

conventional methods for the entire processing line.  

One of the most critical factors encountered by them during the beaming 

process of the glass fiber tows was controlling the tension of the warp yarns. 

The following observations were made during the visit to their research facility:   

 

1. The modified tensioning device applied the principle of 

electromagnetism to apply tension on to the tows while winding. Each 

individual unit is a cylinder, approximately 5 cms in diameter, and has 

an electromagnet inside, connected to the power supply. An external 

cover or cap is placed on this cylinder to keep the tow in the device 

(Figure 4.1). 
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2. When a tow (in this case, the whole tow) break occurs during the 

process of winding, the broken ends are glued together into place using 

a proprietary splicing fluid. Since glass does not have the flexibility to be 

knotted, this method is used to mend broken ends. 

 

3. The individual filaments in the tows are held together by the application 

of a special binder at the forming level, i.e. during the manufacture of 

the tows, before being wound on to packages. Also, for some special 

purposes, certain binder types are introduced for weaving. 

 

4. Another type of tensioning device (Figure 4.2) used by the company 

also applied the principle of electromagnetism to apply optimum tension 

on the tows. But in this case, the tensioners are vertically mounted and 

have a groove in which the tow travels. The required tension is applied 

by making the groove smaller or larger by the application of 

electromagnetic force. The mechanism used here is the increase or 

decrease in the distance between two plates, which form the groove. 

This device was also in the testing phase as the previously described 

device, and has the advantage of superior control over the ends. The 

acute angles in the path of the tow (Figure 4.2) are disadvantageous for 

this type of tensioner. 

Electromagnet 

Cover

Figure 4.1: Tensioning device in warping. 
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5. Standard sizes of beams used are (Width x Diameter): 

54” x 36”, 64” x 36”, and 72” x 36” 

 

6. Unwinding of glass fiber tows is not a problem unless fiber breakage 

occurs during the warping process. The broken filament level is very 

critical for a beam. Filamentation, or fraying of filaments, and the 

presence of fuzz balls at the entering reed, hook reed, split rods, and 

front comb can influence the beam's ability to unwind in a smooth 

manner. 

 

7. Another issue is the quality of the beam build at the flanges. Low 

selvages and/or high selvages can have major impact on the beam's 

ability to successfully unwind. If an end is wound with greater tension 

than the other ends at the edges, it results in a low selvage and 

conversely, if wound with lower tension, results in a high selvage. A 

beam with a low selvage will unwind with the ends at the extremes 

having greater tension than the others and will result in end breakages 

during weaving. Similarly, a beam with a high selvage will unwind with 

Yarn entry 

Electromagnetic Plates Yarn Path

Figure 4.2: Another type of tensioner used at the industry 
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the ends at the extremes having lower tension than the rest, resulting in 

entanglement of adjacent ends during weaving. 

 

The visit to the company provided valuable insights on the problems faced 

during handling and processing glass tows. The process modifications or 

special devices used by the company in an effort to counter these problems 

indicate the scope of the problem. 

 

4.2 Tow Packages 
  

Tows (filaments of a tow) are wound into packages as they are 

extracted from their molten state, through the bushings. The packages are 

wound to pre-determined tow lengths depending on the material of the 

filaments, and the end use. Tows are dipped in a bath of binder and flattened 

to a ribbon like shape to facilitate easy handling when it is unwound. Pictures 

of Glass and Carbon tow packages are shown in Figure 4.3. 

 

 

                                      
 

 

 
 
 
 

Figure 4.3: (a) Carbon and (b) Glass tow packages 

(a) (b) 
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4.3 Filament Winding 
 

Filament winding is the process of placing or winding continuous fibers 

on a mandrel surface in a precise geometric pattern. The fiber (Carbon Fiber, 

Fiberglass, Kevlar™, etc.) is pulled from a large spool, pulled through a bath of 

resinous polymeric material (epoxy, etc.), and wound on a mandrel. By 

winding continuous strands of carbon, fiberglass or other material in very 

precise patterns, structures can be built with properties much stronger than 

steel and at much lower weights. The winding process is highly automated and 

can be very repeatable from part to part. Actual winding is accomplished by 

rotating a mandrel while a delivery-head precisely positions fibers on the 

mandrel surface [10].  

 

The ability to accurately wind fibers at high production rates while 

providing high strength-to-weight ratios makes filament winding one of the 

most effective of any manufacturing method. Aligning the fibers in the 

directions of the loads can optimize directional strength and stiffness through 

the wound part. This makes fiber orientation critical to the performance of the 

part and largely determines the properties of the filament wound part.  
     

 “Filament Winding is the process that allows precise lay-down of 

continuous reinforcement in predescribed patterns at a high rate of speed. In 

this process, continuous resin impregnated reinforcements in the form of 

rovings or tows are wound over a rotating male mandrel” [12]. The properties 

of the composites made from filament winding depend on the basic properties 

of the matrix and reinforcement. In addition to this, two most important factors 

that contribute to efficient composite structures are the design of the winding 

pattern (polar, helical, hoop and modified helical; Figure 4.4) and the 

processes of fabrication. 
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Filament winding process can vary winding tension, winding angle or 

matrix content in each layer of reinforcement until the desired thickness, resin 

content and strength of the composite is achieved. Fiberglass is the most 

widely used fiber for commercial filament winding where dimensional stability, 

corrosion resistance and low cost materials and processing are required. 

Adhesive strength and heat resistance are important resin properties in the 

composite structure. Other factors such as fatigue strength, chemical 

resistance and moisture resistance are important in the selection criteria of the 

matrix system and are dependent on the mechanical properties required for 

the composite structure. Cylindrical, spherical, conical or dome-end 

configurations are the general shapes of filament-wound structures 

manufactured.  

 

 The procedure of filament winding involves the reinforcement in the 

form of tows or rovings to be wound on a rotating mandrel as shown in Figure 

4.5. The  

 

Figure 4.4: Basic filament winding patterns - (a) Helical, (b) Polar, and (c) Hoop 
patterns 

(a) 
(b)

(c)
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filament-winding machine traverses the wind eye, mounted on a robotic arm, 

at speeds synchronized with the rotation of the mandrel. The shape of the 

mandrel can be cylindrical, spherical or any other shape that is desired for the 

internal geometry of the composite part being manufactured. Water-soluble 

mandrels, Spider or plaster mandrels, Tubular steel mandrels and non-

removable metal liners are the types of mandrels being used. In most winding 

machines, the mandrel is suspended horizontally between a headstock and a 

tailstock like in a lathe. The tows or rovings are fed from creels and the tension 

on the tows or rovings are introduced at the creel using tensioning devices. 

These tensioners should have the capability to easily adjust the level of 

tension and have rewind capability to prevent fiber slacking and provide 

uniform tension independent of the package size. Curing the wound structure 

in an oven, commonly gas or electric, or autoclave completes the whole 

process of filament winding to form the desired composite structure.  

 

4.4 Tension Mechanisms 
  

Various tension mechanisms are used to restrict the variations in 

tension during tow processing. Two types of modified tension devices used by 

Control

Wind eye

Tow

Mandrel

Headstock Tailstock 

Figure 4.5: A typical filament-winding machine 



 44

the industry have been discussed in section 4.1. The major factors that are 

taken into account while designing a tension device for a large tows are linear 

density range, speed of operation, and path traveled by the tow through the 

device and also along the whole machine.  

 

     
 

 
 

 

 

4.5 Path of the Tow 
  

The tow has to pass through several guides and the eyelets that it 

encounters during any process. During the unwinding of the tows from the 

creel, the rows of packages are elevated from the front of the creel to the back 

in order to avoid entanglement of individual filaments in the tow. Also, 

guidelines are given by machine manufacturers on the maximum angle at 

which the tow should be bent while passing through the guides and eyelets. 

(a) (b) 

(c) 
Figure 4.6: Tension Mechanisms – (a) Disk type, (b) Whorl type, and (c) 
Electromagnetic type 

Package 

Tensioner 

Eyelet 

Yarn Path 
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Excessive angles would result in filament breakage in the tow and formation of 

fuzz-balls in these areas.   

 

4.6 Beam Vs Creel 
  

Beams are advantageous over creels because they require less floor 

space and are easier to handle. On the other hand, creels have individual 

tension control system for each tow and thus can have consistency in the 

application of tension. Tows on the creels have to travel through a series of 

guides to reach the loom, which can affect their smooth movement because 

the tows would have to bend around the guides at different angles at different 

positions. This factor is avoided using beams because, all the tows pass over 

the back rest in a loom and then go on to travel over or beneath the lease rods 

as required by the weaving process.  

 

4.6.1 Creels 
 

A creel is employed for controlling thread tension when it is being 

unwound from a package. Creels are used for let–off during the warping and 

also the weaving processes. This is very important for efficient warp 

preparation and weaving. The general creel configurations are in-line creel, V-

type creel, truck creels and specialty creels [23].  

 

The In-Line creels are used for long production runs and in many 

synthetic yarn applications. They are present in magazine or automatic 

transfer and non-magazine configurations and can be stacked to provide more 

working space. The V-type creels, named because of their shape are used for 

spun yarns. These creels employ less floor space and have the shortest 

possible yarn path from the package to the warper head or the weaving area. 

Hence, application of low tension is possible. The truck creels have yarn 

package trucks in the framework, where the trucks change upon yarn 
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exhaustion to reduce downtime. General variations of the above types are 

identified as specialty creels, which include several unique means of 

positioning the packages. 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 Advantage of using a creel for warp feeding is the control of individual 

yarn tension control along the entire length of yarn. This advantage is offset by 

the greater space requirements of a creel. Processing parameters such as 

proper package unwinding, passage of yarn through guides and eyelets, 

(a) (b) 

Packages 

Warp Sheet 

Figure 4.7: (a) Inline Creel and (b) V – Creel 
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SPACE 
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HEADSTOCK

 
CREEL 
IN 
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Figure 4.8: Truck Creel 
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maximum redirect angle, location of the guides, and fiber tension, as illustrated 

in Figures 4.9, 4.10, and 4.11 are very important [5]. 

 

4.6.1.1 Unwinding from Creel 

 

To prevent severe abrasion to the filaments and to avoid introduction of 

unwanted twist, the tow should be unwound from the top of the package 

(Figure 4.9a). Also, the fiber tows should not be unwound perpendicular to the 

package core, since this will prevent drastic tension variations (Figure 4.9b). 

Unwinding perpendicular to the core will not be convenient when large bobbins 

are used because during machine stoppage, the inertia of the bobbin at high 

speeds would create tension variations. Also, unwinding perpendicular to the 

core would damage the filaments of the tow due to abrasion caused by contact 

with other tow filaments. Instead, unwinding from top would create a balloon, 

which restricts the amount of filament abrasion due to reduced contact. 

 

 

 

  

 

       

 

 

 

 

 

 

4.6.1.2 Location of guides or Eyelets 

  

The guides should be depressed progressively from the back end of the 

creel to the front to ensure parallel placement of fibers and to prevent tow 

Figure 4.9: Unwinding (a) Parallel to the core, and (b) Perpendicular to the core of 
the package 
 

(a) 

Package Core 
Package Core 

(b) 
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ends from sliding or scuffing on the packages in front (Figure 4.7). This way 

tows unwinding from half-emptied packages at the back end of the creel will 

not touch the packages in front, where the tows converge. 

 

 

 

 

 

 

 

 

 

 

 

4.6.1.3 Redirect angle 

 

When a tow passes through any guides, it is deviated from its straight 

path. The angle by which it deviates is called the redirect angle. The optimum 

deviation in the path of the tow should not exceed 20° [5]. This factor comes 

into effect for all the yarn let – off systems that include guides for direction of 

the tow. 

 

 

 

 

 

 

 

 

 

Figure 4.10: Location of Guides 

Guide

Guide

Guide

To warping area 

 

Normal Path of Fiber

Guide

20° Max 

20° Max 

Fiber 

Fiber

Figure 4.11: Redirect Angle 



 49

Creels employ different tension devices to control tension on each running 

end. The type of tensioning systems may be post and disc devices, tension 

bars or electronically controlled electromagnetic units. Surfaces that come in 

contact with the yarn during the warping process are: 

• Eyelets used in the tension devices 

• Eye boards and eye bars in the creel 

• Flattening bars 

• Reed blades 

 

During warping, a tension bar is used in a feedback loop to adjust roll 

speed and control tension roll speeds and brakes are coordinated with the 

warper to eliminate slippage of yarn on the roll surfaces. 

 

4.6.2 Beams 
  

In the conventional weaving methods, beams are employed to supply 

warp yarns to the loom. A beam is a cylindrical package with a flange at each 

end. The warp is wound on a beam as a uniform sheet of parallel yarns. The 

standard beam diameters range from 36 inches to 55 inches and the width 

ranges from 54 inches to 110 inches depending on the number of warp ends 

required and the coarseness of the material to be wound [22].  

 

Beams occupy less floor space compared to creels. But, due to the fact 

that yarns like carbon and glass are manufactured in the form of a tow the 

dynamics of the warp yarns in this case is completely different. Factors 

influencing beaming of high modulus tows are:  

• Uniform tension on individual warp yarns 

• Yarn path 

• Geometry of the warp beam, 

• Friction between individual yarns, and between the yarn and the objects 

that they pass through 
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• Type of high performance fiber. 

 

During weaving, warp yarns (tows in this case) are subjected to abrasion 

against metallic parts like drop wires, heddles and reed, and during shedding 

(Figure 4.12b). They are subjected to tension during let-off and take-up and 

also during shedding and beat-up. All these factors lead to conditions 

favorable for end breakage due to the weakening of the warp, which should be 

minimized. 

 

 

 

 

                  

 

               

 

 

4.7 Processing Observations 
  

To observe and understand the basic problems encountered during 

winding and weaving large tows employing conventional assembly methods, 

the following machines were used for the experimental set-up. 

o Karl Mayer Beam Warper  

o Narrow Fabric Loom 

Glass fiber tow with 400 filaments and specification “G 75 1/0 615 0.7 Z WKS 

53”, produced by PPG Industries, Inc., was used. The tow has a linear density 

of 595 denier or 66 Tex, and a bare glass yardage of 7300 yards per 68 Tex.  

It has a minimum tensile strength of 6.5 lbs / 29 Newton. Properties of the 

glass tow used are given in Table 4.1. 

 
Fiber Type No. of Yardage Tensile Strength, 

Beam Core 

Flanges 

Figure 4.12: (a) Warp Beam, and (b) Path of warp in the loom 

(b) (a) 

Weaving 
Area 

Beam

Drop 
Wires

Heddle
Reed 
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 Filaments Bare Glass With Binder Minimum 

G75 400 7300 yds / 68 Tex 7221 yds / 69 Tex 6.5 lbs / 29 Newtons 

Table 4.1: Properties of G75 Glass fiber tow 

 

4.7.1 Warping 
 

 
 

 

The glass tow from a large package was taken and wound on to 48 smaller 

packages (cones) on a winding machine. Of these, 40 packages were placed 

on a Karl-Mayer beam warper for warp knitting and wound on to warp knitting 

beams. Three different beams were prepared. The surfaces of the beams 

used were polished to eliminate any rough edges that would otherwise 

damage the tow. One of the beams was wound with the ends at the extremes 

forming a raised structure. This build-up on the extremes was deliberate. 

Creel

Beam Mount 

Controls

Figure 4.13: Karl – Mayer Beam warper 
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The other two beams were wound to obtain an almost perfect laying of the 

tows. The beams were wound at the rate of 100 m/min and a length of 

approximately 100 yards was wound on each beam. 

 

4.7.2 Weaving 
 

The beams were mounted on a narrow fabric loom. Since the beams 

used were warp knitting beams, some modifications had to be done to mount 

the beams on the creel/stand of the loom. A pair of sleeves and a pair of 

collars were manufactured in the machine shop. Also, 3 holes were drilled on 

either flange of the beam, near the hub, to fix the tension pulleys on either 

side. 

Warp Sheet 
Reed 

Lease 

Figure 4.14: Yarn Passage on the beam warper 
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The beams of glass tows were then mounted on the creel of the narrow 

fabric loom. The ends were drawn and held under tension. Before weaving, 

the average tension on the tows was measured to be 147 cN (using a tension 

meter), which later increased to 156 cN during the process. This increase in 

tension might largely be due to the shedding on the loom. 

 

 
 

Heddles

Woven Fabric

Weft Needle 

Figure 4.16: Front view of the narrow fabric loom  

Beam

Heddles 

Drop Pins

Tension Bar

Figure 4.15: Narrow Fabric Loom 
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4.7.3 Observations during weaving 
 

It was observed that all the ends were not at equal tension. Ends that 

were slack got snarled up and formed fuzz balls (a fuzz ball is the 

accumulation of broken filaments at the guides, blocking the passage of the 

tow) near the drop-wires. Also, the individual filaments from the slack tows 

caught other filaments from adjacent tows, which resulted in filament breakage 

and accumulation of more fuzz balls at the drop-wires or at the heald-eyes. 

The tows at the extremes were subject to high abrasion due to the pull of the 

filler yarn. This resulted in a high degree of warp breakage on both sides of the 

fabric. Filaments in some tows frayed at the bends in their path from the beam 

to the reed of the loom. The bending or the wrap angles in the path of the tow 

were reduced as much as possible to prevent filament breakage. 

 

 
 

 

Due to the lack of twist and the number of filaments, the tows were not 

uniformly laid across the beam. This might have resulted in the difference in 

tension between adjacent tows. The description of the problem stated above 

would be similar to pulling a string of a certain fixed length from a fixed end 

Beam 

Tension Bars

Beam 
Mounting 
Frame 

Figure 4.17: Yarn passage from the beam, also showing beam mounting 
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and varying the vertical position of the string on the other end.  This 

phenomenon will either slacken or tighten the tow depending on how the next 

layer of the tow is placed on the beam. 

  

Therefore, from the observations during the industry visit, it was 

understood that the major causes of filament breakage in the tow was due to 

the acute bending angles in the path of the tow, and formation of fuzz-balls in 

its path. Modified tensioning devices were used to decrease the variations in 

tension during processing. Other issues such as the tow build up along the 

flanges of the beam, splicing on tow break, have been discussed. Advantages 

like the reduction in floor space and disadvantages like absence of individual 

tow tension control when using a beam over a creel have also been explained. 

Finally, experimental observations made during warping and weaving of glass 

tow in a laboratory facility has been documented. From these observations, 

the influence of variation in cross-sectional geometry with the change in 

tension, bending angle, and twist on the tow has been emphasized.  
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5. Investigation of cross-sectional behavior of large tow  
 

 Large tows wound on beams are the preferred method for feeding 3-D 

weaving processes to assemble large composite structures. The previous 

chapter illustrated the practical problems with processing tow when the 

filaments are not held together during processing. In practice, a bonding agent 

is applied to the large tow prior to being wound on packages. If the bond 

between the filaments is broken, then problems as described in Chapter 4 

occur. A series of experiments are conducted to study the effect of factors that 

may break the bonds. A change in the cross-section of the large tow would 

indicate change in the bonds. 

 

5.1 Experimental Design   
 

a. Tension  

Tows are bent around a cylinder, imitating the core of a warp beam. 

The tows are held on one end by tying on to a guide, and on the other end 

weights are suspended. The range of weights for the experiments 0g, 50g, 

100g, 200g, and 500g, are selected to observe the cross-sectional behavior of 

the tow at these different tensions. Four samples are cut for each set of 

weights, to introduce randomness in the observed samples. Also, the position 

of the tows on the cylinder for a given weight is varied to obtain a certain 

degree of randomness in the readings. 

 

b. Twist 

 Similar experimental setup was used as in the earlier case, but the tows 

were twisted to 2 turns per meter and 4 turns per meter.  These minimum 

values of twist were selected to minimize any damage to the filaments in the 

tow, due to bending of filaments at acute angles. Four samples for each set of 

weight and twist values were obtained similar to the previous experiment. The 

diameter of the cylinder selected was approximately 6 inches because, 
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considering this diameter, the circumference of the cylinder will be 6π inches, 

which is approximately half a meter. Therefore, one turn per revolution of the 

tow on the cylinder will introduce a twist of 2 turns per meter.  

  

The sets of values for which the areas and thus the packing factors 

have to be calculated are given in Table 5.1. 

 
Twist (TPM) Weight (gms) 
0  0 

0  50 

0  100 

0  200 

0  500 

2  50 

2  100 

2  200 

2  500 

4  50 

4  100 

4  200 

4  500 

 

 

5.2 Materials 
 

The tows used for the experiment were carbon and glass tow. A resin 

mixture was used to embed the fibers. 

 

The specification of the glass tow was: 

Name: HYBON 2022 

Yield: 450 yd/lb 

Linear Density: 1102 Tex  

 

Table 5.1: Values for which area and packing factor are to be calculated 
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Yield Fiber Type No. of 
Filaments 

Linear 
Density 

(Tex) 
yds/lb mg/m 

Filament 
Diameter 

(µm) 

HYBON 2022 2000 1100 450 1123 17 

 

 

The specification of the carbon tow was: 

Name: GRAFIL 34 – 700  

Yield: 310 yds/lb 

Density: 1.80 g/cm3 

 
Strength Modulus Density Yield Fiber 

Type 
No. of 

Filaments Ksi MPa Msi GPa lb/in3 Gm 

/cm3 

yds/ 

lb 

mg/

m 

Elongation 
% 

Filament 
Diameter 

(µm) 

34 - 700 24000 650 4500 34 234 0.065 1.80 310 1600 1.9 7 

 

 

Resin Mixture: 

DER 331 – Dow Epoxy Resin 

DER 732 – Dow Epoxy Resin 

DEH 26 – Dow Epoxy Hardener  

 

5.3 Apparatus   
 

A metal frame around 30 cms wide, 45 cms long and 45 cms tall was 

constructed with yarn guides placed on either side of the frame. A metal tray 

was placed at the bottom of the tray, which would act as the resin bath.  A 

hollow PVC cylinder of external diameter approximately 16 cms (6” nominal) 

was placed at the center of the frame such that it had low clearance between 

itself the plate. The cylinder was suspended in such a way that its height could 

be adjusted without disturbing the entire frame. The bottom half of the cylinder 

was covered with release fabric and the tray was coated with Airtech’s release 

solvent, to prevent resin from sticking to the respective surfaces. To twist the 

Table 5.2: Properties of HYBON 2022 Glass fiber tow 

Table 5.3: Properties of GRAFIL 34 – 700 Carbon fiber tow 
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tows to a predetermined value, a twist tester (manufactured by United States 

testing machines ltd.) was used as shown in Figure 5.2. 

 

5.4 Procedure 
 

a. Tension 

 

A tow of approximately 50 cm length was threaded through the 

apparatus. One end of the tow was tied to the guide and a known weight was 

suspended on the other end. Standard gram weights of 50gms, 100gms, 

200gms and 500gms were used. These weights simulated the amount of 

tension applied on the warp yarn during winding or unwinding on a beam. 

 

A resin mixture of 70% by weight DER (Dow Epoxy Resin) 732 and 

30% by weight of DER 331 was mixed with 10.3pph (parts per hundred parts 

Epoxy Resin) by weight DEH (Dow Epoxy Hardener) 26 to form the solvent for 

the resin bath. The resin was poured into the tray and then the whole 

assembly was placed in an electric oven. 

 

The resin is let to cure for about 3 hours at 80°C and for another 2 

hours at 100°C and is then cooled. The weights are removed from the tows 

after marking them and the cylinder is then carefully raised so that the whole 

resin block separates from the tray and sticks with the cylinder. Later, the resin 

block is separated from the cylinder and is cut into sections containing the 

tows embedded in the resin under the specific tension applied. The sections 

are then cut at different points to obtain 4 samples for a given weight, then 

sanded and polished to required dimensions and then observed under the 

microscope for the cross-sections. 
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b. Twist:  

 

The tows are cut to lengths of approximately 1m and then mounted on 

to the twist tester, which is set to a gauge length of 50cm. A single turn at one 

end of the mounted tow will produce a relative twist of 2 TPM (twist per meter). 

 

    
 

Following the same procedure, 2 TPM and 4 TPM twist was applied to 

four samples each of glass and carbon. The twist direction applied to all the 

samples was Z – twist. These 4 samples were then mounted to the apparatus 

explained above and then was allowed to set in the resin mixture with weights 

of 50g, 100g, 200g and 500g being applied to each type of tow. The resin 

block is then carefully removed from the apparatus. The sections are then cut, 

sanded and polished to required dimensions and then observed under the 

microscope for the cross-sections.  

 

Frame

Frame 

Tows

Resin Weight 

Figure 5.1: Frame used for experiments illustrating the setup of apparatus 
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5.5 Data Procurement for Analysis 
 

The polished sections obtained from the procedure described in 

sections 5.1.4 and 5.2.4 were observed under an optical microscope to obtain 

the dimensions of the tow to characterize its cross-section. Dimensions were 

classified into the length of the tow and the height of the tow at a certain 

increments from the origin or left most point of the tow cross-section. The 

divisions on the microscope eyepiece were calibrated using a micrometer 

slide. The calibration was done for a 2X-objective lens, which provides an 

overall magnification of 20X. The unit of measurement was millimeters. As 

shown in Figure 5.3, the tow cross-section was divided into 5 parts and height 

of the tow was measured at six points (H0 at L0, H1 at L1, H2 at L2, H3 at L3, 

H4 at L4, and H5 at L5) along the length of the tow.  

 

50 cms 

Figure 5.2: Twist tester used for applying twist to the tows 
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The measurements recorded are then fed to a Minitab worksheet for 

further analysis. The design of experiment and procedure for the two 

variables, tension and twist, were discussed in detail. The apparatus used for 

investigating the behavior of the tows on application of twist and tension is 

discussed. Finally, the procedure of obtaining raw data for calculating the 

cross-sectional area and packing factor is explained. In chapter 6, this data will 

be analyzed and the results discussed to understand the profile of the tow 

under applied tension and twist stated in Table 5.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

(L0, H0) L1 L2 L3 L4 (L5, H5) 

H1
H2 H3 H4

L

H

Figure 5.3: Data Measurement procedure (Carbon tow – Sample 6, Table 6. 1) 
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6. Data Analysis and Results 
 

 Glass and carbon tows have an initial cross-section pre-

determined by the external forces binding the filaments together. The general 

shape is a ribbon-like, rectangular shape that ranges in dimensions from 

narrow to wider width along the length of the tow as shown in Figure 6.1. 

Packing factor normalizes the differences in tow size and will be used to 

analyze the experimental data. 

 

         
 

 

The packing factor of the tow will be obtained from the data set 

gathered using the experiments explained in chapter 5. To obtain this packing 

factor, cross-sectional area of the tow is to be calculated. The dimensions of 

the tow have been obtained. A best-fit curve is generated from the cross-

section data. The area of cross-section is computed by integrating the curve. 

This is done using statistical software as explained in the following sections. 

  

 

 

 

Wider width

Figure 6.1: Tow samples showing variability in widths along their length. (a) Glass 
tow, (b) Carbon tow 

Narrow width

Narrow width

Wider width
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6.1 Data Analysis 
 

The data analysis was done using the Minitab® software to perform a 

regression analysis. The data obtained from the experiment were recorded in 

a worksheet and then used as input into Minitab® software independently for 

each experimental run. There are 12 unique runs for carbon and 12 unique 

runs for glass. Each run has four cross-section samples for analysis. The 

width values are input to the predictor or X values and the height values are 

input as the response or Y values from the worksheet in the software. Each 

group of these four sets with same weight and twist values are separately 

input into the software and a quadratic regression equation is obtained. A 

fitted line plot of values of tow height against the corresponding values tow 

width was also displayed for every set. 

 

Similarly, 12 groups of values were calculated to give 12 corresponding 

regression equations for carbon and glass tows. These equations were then 

integrated to obtain the area under the curve, by providing the minimum and 

maximum values of the width, substituting for the lower and upper limit values 

as explained below. The minimum value is set at zero. Table 6.1 contains the 

maximum length values for each sample and shows the 4 sets of values 

obtained for a carbon tow when a tensile load of 100 grams was applied. 

 

A quadratic equation can be written in the following form 

2clblah ++=       (6.1) 

where h and l are the height and width of the tow respectively and 0 ≤ l ≤ L. 

 

 

 

 

 
Width 

Height 

Figure 6.2: Cross-section of Tow 
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Sample 
Number 

Twist 
(TPM) 

Weight 
(grams) 

Height 
(mm) 

Width 
(mm) 

Total 
Width 
(mm) 

Average 
Width 
(mm) 

Area 
(mm2) 

5 0 100 0 0    

   0.6 1    

   0.7 2 4.2   

   0.8 3    

   1 4    

   0 4.2    

6 0 100 0 0    

   0.4 0.5    

   0.6 1.5 5.2   

   0.8 3    

   0.2 4.5    

   0 5.2  4.825  

7 0 100 0 0    

   0.4 0.5    

   0.4 1.5 5.2   

   0.6 2.5    

   0.4 4.5    

   0 5.2    

8 0 100 0 0    

   0.3 0.5    

   0.4 1.5 4.7   

   0.7 3    

   0.4 4    

   0 4.7    

Table 6.1: Raw Data for Carbon tow – 0 TPM twist and 100g weight 

 

Integrating equation 6.1, we have the expression for area under the curve 

Area (twist, weight) = Limit 0       L   
32

32
lclbal 





+






+   (6.2) 

where L is the maximum width of the tow sample 

 

Area (twist, weight) = ( ) ( ) ( ) 
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A regression plot is also displayed by the software, which is shown in Figure 

6.2. The data points are normalized and a smooth curve is presented. 

 

 

 

 

 

 

 

 

 

 

 

 

Similarly, from regression equations for other values of twist and weight, we 

get their coefficients as shown in Tables 6.2 and 6.3. 

 
Material Twist 

(TPM) 
 

Weight 
(gms) 

Coefficient 
a 

Coefficient 
b 

Coefficient 
c 

Maximum 
Width L 
(mm) 

0 50 0.0809213 0.274667 0.0644178 4.4 

0 100 0.0009278 0.137393 0.0230244 5.8 

0 200 -0.0056555 0.290313 0.0510520 5.15 

0 500 0.0070803 0.251034 0.0521668 4.775 

2 50 0.190709 0.0984879 0.0237518 5.475 

2 100 0.111599 0.132990 0.0275440 5.35 

2 200 0.0586622 0.181976 0.0354935 5.025 

2 500 0.0329582 0.266189 0.0513182 5.175 

4 50 0.0128312 0.314362 0.0655341 4.3 

4 100 0.0432633 0.236903 0.0477756 5.05 

4 200 0.0020317 0.264600 0.0539799 4.775 

Glass 

4 500 0.0134676 0.239167 0.0443348 5.2 

Table 6.2: Coefficient values from regression equations for glass tow. 

0 1 2 3 4 5

0.0

0.5

1.0

Length

H
ei

gh
t

h = 0.0339783 + 0.537546 l  - 0.106800 l**2

S = 0.180992      R-Sq = 69.8 %      R-Sq(adj) = 66.9 %

Regression Plot

Figure 6.3: Regression curve for carbon tow at 0 TPM twist and 100g weight



 67

 

 
Material Twist 

(TPM) 
 

Weight 
(gms) 

Coefficient 
a 

Coefficient 
b 

Coefficient 
c 

Maximum 
Width L 
(mm) 

0 50 0.0515635 0.278359 0.0494029 5.65 

0 100 0.0339783 0.537546 0.106800 4.825 

0 200 0.0303654 1.82764 0.712059 2.525 

0 500 0.0906911 0.617117 0.165084 3.45 

2 50 0.0177367 0.318636 0.0510288 5.6 

2 100 0.0480271 0.770577 0.194971 3.825 

2 200 -0.0449560 0.370523 0.0594595 5.65 

2 500 -0.0262833 0.415855 0.0716159 5.375 

4 50 0.0967060 0.242056 0.0341975 6.275 

4 100 0.0187683 0.325584 0.0414329 7.05 

4 200 0.158950 1.28980 0.362474 2.95 

Carbon 

4 500 0.0925221 0.519882 0.117806 4.225 

  Table 6.3: Coefficient values from regression equations for carbon tow. 

 

The equation to calculate the area under the curve obtained for the sample 

was in the form 

( ) ( ) 2106800.0537546.00339783.0 llh −+=      (6.4) 

where, 

h = Height of carbon tow at 0 TPM twist and 100 g weight, and 

l = Length of carbon tow at 0 TPM twist and 100 g weight  

 

We obtain the coefficients of equation 6.1 as a, b, and c. From equation 6.4, 

we have  

a = 0.0339783 

b = 0.537546 

c = 0.106800 

From Tables 6.1 and 6.2 we have L (0, 100) = 4.825 mm, which is the 

average length of the carbon tow for 0 TPM twist and 100g weight. Therefore, 
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for the above sample, we have the area under the 

curve

( ) [ ]{ ( ) [ ] ( ) [ ] }32 825.4*
3

106800.0825.4*
2

537546.0825.40339783.0100,0 



 −+



+=A  

          (6.5) 

 

A (0, 100) = 2.42 mm2       (6.6) 

 

 Area under the curve of carbon tow for 0 TPM twist and 100g weight = 2.42 

mm2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.4: Minitab® GUI for calculating a regression equation 
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We now insert the calculated value of the area in Table 6.4  

 

Sample 
Number 

Twist 
(TPM) 

Weight 
(gms) 

Height 
(mm) 

Width 
(mm) 

Total 
Width 
(mm) 

Average 
Width 
(mm) 

Area 
(mm2) 

5 0 100 0 0    

   0.6 1    

   0.7 2 4.2   

   0.8 3    

   1 4    

   0 4.2    

6 0 100 0 0    

   0.4 0.5    

   0.6 1.5 5.2   

   0.8 3    

   0.2 4.5    

   0 5.2  4.825 2.42 

7 0 100 0 0    

   0.4 0.5    

   0.4 1.5 5.2   

   0.6 2.5    

   0.4 4.5    

   0 5.2    

8 0 100 0 0    

   0.3 0.5    

   0.4 1.5 4.7   

   0.7 3    

   0.4 4    

   0 4.7    

Table 6.4: Calculated area from raw data for Carbon tow - 0 TPM twist and 100g weight 
 

Area under the curve is calculated for every sample and then tabulated for 

values shown in Tables 10.3 and 10.4 for Glass and Carbon tows respectively. 

These values are then used to calculate the packing factor, which is the ratio 

of the theoretical total filament cross-sectional area to the actual or calculated 

area. The cross-sectional area of a tow is a function of the individual filament 

cross-section area.  

Therefore, Total Filament Cross-sectional Area  

=  (Number of filaments * Cross-sectional Area of 

individual filament) 
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Using this equation the theoretical areas of the tows are calculated.       

1. For Glass Tow: 

Number of filaments: 2000 

Diameter of filaments: 0.017 mm 

Area of filaments: 0.000226865 mm2 

Total Filament Cross-sectional Area: 0.45373 mm2 

 

 

Figure 6.5 a: SEM image of Glass Tow Cross-section 

 

 

Figure 6.5 b: SEM image of Glass Tow Filaments  



 71

2. For Carbon Tow: 

Number of filaments: 24,000 

Diameter of filaments: 0.007mm 

Area of filaments: 0.000038465 mm2 

Total Filament Cross-sectional Area: 0.92316 mm2 

 

 

Figure 6.6 a: SEM image of Carbon Tow Cross-section 
 

 

Figure 6.6 b: SEM image of Carbon Tow Filaments 
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Therefore, total filament cross-sectional areas of Glass and Carbon 

tows were calculated to be 0.45373 mm2 and 0.92316 mm2 respectively. 

 

6.2 Packing Factor Results 
 

As discussed in Chapter 3, the packing factor for maximum density of 

filaments in a tow would be around 0.907. But due to inter-filament interstices 

caused by the factors described in Chapter 3, we have packing factors less 

than this value. The packing factor is calculated using the values obtained 

from the calculations of the theoretical area and the area under the curve for 

each sample. 

 

Packing factor is the ratio of the material area to the actual value of the 

cross-sectional area. Therefore, we calculate the packing factor for each 

sample by substituting the values in the following expression. 

AreationalCrossTow
AreationalCrossFilamentTotalFactorPacking

sec
sec

−
−

=  

Thus, for the sample discussed in the above sections, the Packing 

Factor for carbon tow with zero twist and 100g tension is  

AreationalCrossTow
AreationalCrossFilamentTotalFactorPacking

sec
sec

−
−

=  

       
4222358.2
92316.0

=FactorPacking  

 Packing Factor = 0.381 
 
 
Adding this value to Table 6.5, 
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Sample 
Number 

Twist 
(TPM) 

Weight 
(grams) 

Height 
(mm) 

Width 
(mm) 

Total 
Width 
(mm) 

Average 
Width 
(mm) 

Area 
(mm2) 

 
Packing 
Factor 

5 0 100 0 0     

   0.6 1     

   0.7 2 4.2    

   0.8 3     

   1 4     

   0 4.2     

6 0 100 0 0     

   0.4 0.5     

   0.6 1.5 5.2    

   0.8 3     

   0.2 4.5     

   0 5.2  4.825 2.42 0.381 
 

7 0 100 0 0     

   0.4 0.5     

   0.4 1.5 5.2    

   0.6 2.5     

   0.4 4.5     

   0 5.2     

8 0 100 0 0     

   0.3 0.5     

   0.4 1.5 4.7    

   0.7 3     

   0.4 4     

   0 4.7     

Table 6.5: Completed tabular data for Carbon tow - 0 TPM twist and 100g weight 
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 Material Twist 
Weight 
(grams) 

Area  
(mm2) 

Packing Factor 

0 TPM 50 1.185708 0.38266578 

0 TPM 100 0.818886 0.554082061 

0 TPM 200 1.496375 0.303219448 

0 TPM 500 1.002489 0.452603283 

2 TPM 50 1.220895 0.371637052 

2 TPM 100 1.094367 0.414605059 

2 TPM 200 1.091091 0.415849805 

2 TPM 500 1.364187 0.332600945 

4 TPM 50 1.224644 0.370499422 

4 TPM 100 1.18832 0.381824646 

4 TPM 200 1.06724 0.425143446 

4 TPM 500 1.225627 0.370202402 

Glass 

 

    
Table 6.6: Average Packing Factors for Glass Tow 

 

Similarly, the average packing factor values for all four samples for a 

set of weight and twist (for example, 50g and 0 TPM sample, 100g and 0 TPM 

sample, etc.) are calculated. The values of the packing factors for a sample 

set of twist and weight is then calculated and given in Tables 6.6 and 6.7 for 

glass and carbon tow respectively. 
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Material Twist 
Weight 
(grams) 

Area  
(mm2) 

Packing Factor 

0 TPM 50 1.764154 0.523287643 

0 TPM 100 2.422236 0.38111897 

0 TPM 200 2.08183 0.443436757 

0 TPM 500 1.725853 0.534900811 

2 TPM 50 2.10838 0.437852741 

2 TPM 100 2.183717 0.422747078 

2 TPM 200 2.085262 0.442707049 

2 TPM 500 2.158874 0.427611803 

4 TPM 50 2.555854 0.36119436 

4 TPM 100 3.384087 0.272794411 

4 TPM 200 2.979289 0.309859206 

4 TPM 500 2.069416 0.446096889 

Carbon 

 

    
Table 6.7: Average Packing Factors for Carbon Tow 

 

6.3 Discussion 
  

The values of cross-sectional area and packing factor in Tables 6.6 and 

6.7 are plotted against the corresponding weight values for a given set of 0 

TPM, 2 TPM and 4 TPM twist values. Straight line graphs of the load applied 

to the change in the packing factor for all three twist values, were plotted as 

shown in Figures 6.7 and 6.8 for glass tows and carbon tows respectively. The 

individual data for the calculation of packing factor for each sample of glass 

and carbon tow is given in the Appendix (Tables 10.1 and 10.2). Figures 6.7 

and 6.8 reflect the graphs drawn for weight to packing factor, since packing 

factor is inversely proportional to the overall cross-sectional area observed as 

explained in Section 6.2. 
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 Figure 6.7: Packing factor of GLASS TOW for various loads at (a) 0 
TPM, (b) 2 TPM, and (c) 4 TPM twist. 
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Figure 6.8: Packing factor of CARBON TOW for various loads at (a) 0 
TPM, (b) 2 TPM, and (c) 4 TPM twist.
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Figure 6.7a shows a sharp increase and decline for values of packing 

factor at 100g and 200g loads with zero twist. Figures 6.7b and 6.7c show a 

minor increase in the packing factor at 100g loads and a gradual decline on 

increasing the load. The decrease in packing factor is attributed to the 

separation of filaments from their original state, and an increase in the packing 

factor is due to the filaments coming close together in a compact arrangement. 

 

In Figure 6.8, the packing factor decreases at the 100g load which 

indicates that the filaments do not come together but are moving apart. Further 

increase in load to 200g brings the filaments closer together and at 500g, the 

filaments are densely packed. The abnormal value at the 100g load is present 

independent of the twist level. Since this abnormality is not expected, further 

investigation is warranted. 

 

Since the graphs in Figures 6.7 and 6.8 do not share a common scale, 

comparative graphs are plotted as shown in Figure 6.9 for glass tows, and 

Figure 6.10 for carbon tows, considering all the three twist levels. 
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Figure 6.9: Comparison of behavior of GLASS TOWS on application of tension at 
0 TPM, 2 TPM, and 4 TPM twist 
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Weight Vs Packing Factor (Carbon Tows)
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The general shape of the curves in Figure 6.9 shows a small increase 

in the packing factor upto a load of 100g and then a gradual decline, whereas 

the general shape of the curves in Figure 6.10 shows a sharp decline in the 

value of the packing factor upto a load of 100g and then a gradual increase in 

the value, indicating the increase in compactness of the structure. The reason 

for this change in the general shapes may be because of the fact that, for 

glass tows, a greater load will be needed to bring the filaments together for an 

increase in the packing factor. Adding twist to the tows along with the 

application of tension orients the filaments of the tow and could be a factor in 

reducing the variation in the width of the tow along its length. Also, packing 

factor may decrease when a small load is applied, because the load applies 

force on the tow more firmly against the surface of the cylinder and spreads 

the filaments as shown in Figure 6.11. A further increase in the load may make 

the filaments to move towards the center of the tow, applying lateral force on 

the tow. 

 

 

 

 

Figure 6.10: Comparison of behavior of CARBON TOWS on application of tension at 
0 TPM, 2 TPM, and 4 TPM twist 
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The average packing factors and the standard deviation for the three 

twist levels were calculated and given in Table 6.8 

 
Material Twist Level (TPM) Average Packing 

Factor 
Standard Deviation 

0 0.423142643
 

0.106509796
 

2 0.383673215
 

0.039771673
 

Glass 

4 0.386917479
 

0.026051922
 

0 0.470686 0.072239

2 0.43273 0.009159

Carbon 

4 0.347486 0.07507

Table 6.8: Average Packing Factors and Standard Deviation values 

 

 As observed from the values of average packing factor and standard 

deviation from Table 6.8, the maximum value of standard deviation is for the 

glass tow at 0 TPM twist. The average values suggest a decrease in the 

packing factor with increase in the twist for carbon tows and a decrease in the 

value at 2 TPM twist with a slight increase at 4 TPM twist for glass tow. 

 

Also, the graphs in Figures 6.9 and 6.10 confirm the speculation 

regarding the values obtained for 100g load as can be observed. To verify any 

Figure 6.11: (a) Spreading of filaments against the cylinder surface in 
application of smaller load, and (b) filaments coming together on increase in load
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experimental error, either procedural or apparatus related, the experiment is 

repeated for 50g, 100g and 200g loads, and discussed in the next section. 

Also, cross-sectional area and packing factor values for 0g load will be 

obtained as control sample values.  

 

6.4 Experimental Verification 
 

 It is observed from the figures in Section 6.3 that the values of packing 

factor for 100g load samples have an abnormality in relation to the values for 

other loads. To understand the reason for this deviation in the values, the 

experiment was repeated for zero turns per meter twist with 0 grams, 50 

grams, 100 grams, and 200 grams weights. GRAFIL 34-700 carbon tow was 

used for this experiment. The properties of the tow are discussed in Section 

5.3. The data obtained from this experiment are shown in the Appendix (Table 

10.4). The experimental design, apparatus, procedure and data procurement 

methods for this experiment were the same as explained in Chapter 5. In this 

experiment, care was taken to randomize the placement of tows on the 

cylinder, so that any particular position on the cylinder would not have a direct 

influence on the results. The area under the curve and packing factor were 

calculated as discussed in Section 6.2 and the values are given in Table 6.9. 

 
Material Weight (grams) Area (mm2) Packing Factor 

0 3.45757339 0.270249 

50 3.233936 0.28546 

100 6.288638 0.146798 

Carbon 200 2.06544 0.446956 
Table 6.9: Packing factor of carbon tows from second experiment 

 

The values obtained in Table 6.9 were plotted for the carbon tows to 

observe and verify the influence if the 100g load on the packing factor (Figure 

6.12). 
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On observing the graph (Figure 6.12) of packing factor for carbon tow, a 

sharp decline in the packing factor value is noted at the 100g weight mark. 

This validates the data obtained from the previous trial and to an extent, 

eliminates the error factor due to procedural or apparatus related reasons.  

 

6.5 Data Collection Using Image Analysis 
  

In the previous sections, cross-sections of the tows at different load and twist 

levels were observed under an optical microscope and their dimensions were 

recorded for further analyses. Images of the cross-sections were also taken 

(Figure 5.3) during that process. These images were also analyzed by using 

the Adobe PhotoShop software to obtain the cross-sectional area of the tow.  

The calibration was done using the image of a micrometer slide under the 

same magnification (20X).  Data was collected in the form of pixels and then 

converted into mm2 according to the calibration (Table 10.5).  Table 6.10 

shows the average cross-sectional areas and the packing factors calculated 

for each set of load to twist values for carbon tow. 
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Figure 6.12: Packing factors of carbon tow for second experiment. 
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 Sample 
Number 

Twist 
(TPM) 

Load 
(grams) 

Average Area 
(mm2) 

Packing 
Factor 

1 0 50 2.49 0.371 

2 0 100 2.54 0.363 

3 0 200 1.93 0.478 

4 0 500 1.85 0.499 

5 2 50 2.25 0.410 

6 2 100 2.15 0.429 

7 2 200 2.17 0.425 

8 2 500 1.91 0.483 

9 4 50 2.58 0.358 

10 4 100 2.6 0.355 

11 4 200 1.87 0.493 

12 4 500 2.83 0.326 

 

  

 

The Packing Factor values obtained were plotted against the load 

values for different twist levels as shown in Figure 6.13. The curves for 

different twist levels are almost similar for the packing factor values at 50 

grams, 100 grams and 200 grams loads, but are differ slightly at 500 grams 

load (Figure 6.13c), particularly at the 4 TPM twist level (Figure 6.8c). In 

general, packing factor increases as the load level increases, indicating a 

more consolidated yarn structure. 

 

 

 

 

 

 

 

 

 

Table 6.10: Packing Factor values of CARBON TOW (Values from 
Image Analysis) 
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Figure 6.13: Graphs to observe the packing factor of CARBON TOW for various 
loads at (a) 0 TPM, (b) 2 TPM, and (c) 4 TPM twist (Values from Image Analysis). 
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A comparative graph was plotted to observe all three curves in one 

plane (Figure 6.14).  

 

  

 

 

Data was collected using image analysis for the repeated experiment used for 

verification (Section 6.4) as shown in Table 6.11.  

 
Sample 
Number 

Twist 
(TPM) 

Load 
(grams) 

Average Area 
(mm2) 

Packing Factor 

1 0 0 2.34 0.394 

2 0 50 2.01 0.459 

3 0 100 2.62 0.352 

4 0 200 1.79 0.516 
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Figure 6.14: Comparison of behavior of CARBON TOWS on application of tension 
at 0 TPM, 2 TPM, and 4 TPM twist (Values from Image Analysis) 

Table 6.11: Packing Factor values of CARBON TOW (Values from 
Image Analysis) for repeated experiment 

Load Vs Packing Factor (Carbon Tow)

0

0.1

0.2

0.3

0.4

0.5

0.6

0 100 200 300 400 500 600

Load (grams)

Pa
ck

in
g 

Fa
ct

or

0 TPM
2 TPM
4 TPM



 86

Packing factor values were plotted against the load values as shown in Figure 

6.15. 

 

 

The graph depicts a similar curve as in Figure 6.12, indicating no 

significant variation in the data collected by different methods. Thus, the 

analyses of results from these experiments indicate the abnormality of value 

for the 100g samples. A different approach was taken to investigate this 

significant deflection. A short experiment to measure only one dimension of 

the tow was designed, as discussed in Chapter 7. 
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Figure 6.15: Packing factors of carbon tow for second experiment (Values from 
Image Analysis) 
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7. Follow-up experimentation 
  

 The experimental results discussed in Chapter 6 showed a deviation in 

the values of packing factor for 100g tension. A verification of the results was 

done by repeating the same experiment on carbon tow. Analysis of the results 

from this experiment confirmed the deviation for the 100g tension values. Also, 

as discussed in the previous chapter, the binder applied to the tow produces 

an external force on the tow that binds the individual filaments together. This 

restricts the movement of the filaments and holds them in a state which 

produces variable cross-section along the tow as shown in Figure 6.1.  This 

chapter discusses an experiment designed to observe changes to the carbon 

tow as a result of tension. 

  

7.1 Experimental Design 
 

The tow sample of 10 inches length was suspended between the vice 

grips on the SINTECH tensile strength tester. Using a 5 lbs load cell, loads of 

50g, 100g, 200g, 500g and 1000g was applied. These similar loads were 

selected so as to compare the results obtained from this experiment with the 

previous experiments. The 1000g load was applied to observe whether the 

tow dimension values remain constant with increase in loads above 500g. 

 

7.2 Materials 
 

The tows used for the experiment was carbon tow. The specification on 

the carbon tow was: 

Name: GRAFIL 34–700  

Yield: 310 yds/lb 

Density: 1.80 g/cm3 

Properties of the carbon tow used are given in Table 5.3. 
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7.3 Apparatus 
 

The SINTECH tensile strength tester was used for this experiment. The 

Testworks® software was used as the interface. A 2268 grams (5 lbs) load cell 

was used on the SINTECH and a millimeter scale was used for the 

measurement. The Nikon® Coolpix digital camera was used for taking pictures 

of the tow. 

 

 
 

 

7.4 Procedure 
 

A 10-inch sample of the carbon tow was prepared (according to ASTM 

standards for tensile testing) and mounted on the SINTECH. A 1-inch area 

was marked on the tow, midway to the 10-inch distance to have a constant 

area of observation for all the samples tested. The digital camera was 

mounted on a tripod and made to focus on the 1-inch region of the tow. Then, 

pictures were taken at 0 grams, 50 grams, 100 grams, 200 grams, 500 grams 

and 1000 grams loads. During the process, the SINTECH frame was paused 

at every load required, to obtain the image (Figure 7.1). A millimeter scale was 

Figure 7.1: Measurement of carbon tow width on SINTECH 

Tow 

Scale 
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introduced in the foreground of the tow when the image was to be taken so 

that the dimension of the tow can be measured using it. The images were later 

observed to measure the width of the tow samples at different loads. The data 

obtained from the images is shown in Table 7.1.  

 
Sample Width at 

0 grams 
(mm) 

Width at 
50 grams 
(mm) 

Width at 
100 grams
(mm) 

Width at 
200 grams
(mm) 

Width at 
500 grams 
(mm) 

Width at 
1000 grams 
(mm) 

1 5 5 4.5 5 4.5 4.5 
2 4 4 4 4.5 4 4 
3 5 5 4.5 4.5 4 4 
4 5.5 5 5.5 5 5 4.5 
5 5 5 5 5 4.5 4 
6 4 4 3.5 4 3.5 3.5 
7 6 6.5 6 6 5.5 5.5 
8 5 5 4.5 4.5 4 4 
9 5 5 4 5 4 4 
10 6 5 5.5 5 5 5 
11 5 5 5 5 4.5 4 
12 5 5 4.5 4.5 4 4.5 
Table 7.1: Carbon tow width on application of tension 
 

7.5 Analysis and Results 
 

The average values of the width of the carbon tow at each load is 

calculated and given in Table 7.2. 

 

Weight (grams) Average Width (mm) 
0 5.04 
50 4.96 

100 4.71 
200 4.83 
500 4.38 
1000 4.29 

 Table 7.2: Average width of carbon tow at varying loads 
 
 

A straight-line graph (Figure 7.2) and a fitted line regression plot (Figure 

7.3) were obtained for the average widths at each load.  
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Figure 7.3 shows a deviation at 100 grams load, which was seen in the 

results from the designed experiments (See Figures 6.7 and 6.8). The reason 

for this abnormality in the value of the width at 100g load is not understood. It 

is speculated that the external bonds between the fibers are beginning to 

break. Additional investigation is needed to explain this phenomenon.   
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In Figure 7.3, the width of the tow decreases as the load is increased 

and starts to level between 500 grams and 1000 grams load. We can assume 

the trend to remain constant with further increase in load.  

 

7.6 Discussion 
   

As observed from the series of experiments performed to investigate 

the behavior of large tows on application of tension and twist, the results and 

discussions in Chapter 6 and Chapter 7 clearly indicate a change in the 

packing factor value and tow width dimension at 100 grams load, especially in 

carbon tows. The reason for this divergence has not been clearly established 

in this investigation. It is assumed that this deflection in packing factor and tow 

dimension values could be attributed to the incoherence of the filaments at this 

load. One of the reasons for this could be the disintegration of the binder on 

the tow that holds all the individual filaments together approximately at this 

load. This enables the filaments to spread out and increase the cross-sectional 

area, thus decreasing the packing factor for this structure.   

 

Images were taken on the Scanning Electron Microscope (SEM) to 

observe the lateral surface of the tow. The focus was to observe any change 

in the structure of the binder on the application of load. The images are shown 

in the figures below for 0 grams (control sample), 50 grams, 100 grams, 200 

grams, and 500 grams load.  
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Figure 7.4: Carbon Tow – Control Sample 

Figure 7.5: Carbon Tow – 50 grams load 

Figure 7.6: Carbon Tow – 100 grams load 
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It can be clearly observed from Figures 7.6 and 7.7 that the binder starts 

disintegrating around the 100 grams load level.  This factor is responsible for 

the movement of filaments on application of force. Therefore, while winding a 

tow on a beam, the applied tensile force, if more than 100 grams, acts towards 

breaking the binders and allows the filaments to start spreading, since they will 

be against the surface of the beam. Now, since the filaments are free to move, 

an increase in tension will cause the filaments to group together, with the 

tensile force acting as the external force to hold them together. But, on 

increasing tension even more, the filaments in the tow form a rigid structure 

and may cause pinching in the previous layers wound resulting in frequent tow 

breakage during unwinding, due to varying tension on the tow. 

Figure 7.7: Carbon Tow – 200 grams load 

Figure 7.8: Carbon Tow – 500 grams load 
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8. Conclusion 
 

This study of beaming high modulus fiber tows yielded an 

understanding of the problems faced during the processing of large tows. An 

effort is made to relate the theories proposed for yarns with less fibers 

compared to the tows used here, which have a large number of filaments. 

Variations in twist and tension were applied to observe their effect on the 

cross-section and the packing factor of the tows considered. The following 

conclusions were drawn from the analysis of the experimental results: 

1. The cross-section changed as the tension increased, indicating the 

breaking of external bonds between individual filaments in the tow.  

2. There was abnormal behavior of the tow cross-section at 100 grams 

tension or load, indicating a possible load at which the breakage of bond 

occurs. 

 

8.1 Future Recommendations  
 

Recommendations for future research are: 

 

1. Larger Tows: This study was conducted on tows ranging from a minimum 

of 400 filaments to a maximum of 24,000 filaments. There are tows of even 

larger number of filaments amounting up to more than 300,000 filaments. 

These tows may behave differently than the ones considered in this study 

and may pose a different set of problems during their processing. 

 

2. Influence of External Binder: The tows used in this study had a light coat 

of binder or a type of size on them to keep the filaments together, helping 

to make the handling of these tows easier. This chemical agent might have 

influenced the results of this study, which can be verified by performing the 

same set of experiments on tows without size. Alternately, a study may be 

conducted to observe the influence of binders on the cross-section of tow. 
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3. Tension: The maximum load used in the designed experiments was 500 

grams. Loads greater than 500 grams can be used to observe the behavior 

of large tows when higher loads are applied, but without damaging the 

individual filaments. Also, loads can be varied based on the linear density 

of the tow to normalize the comparison of different size tows. A tensioning 

system with continuous feedback can be designed to study these effects. 

 

4. Introduction of greater twist: The twist values considered in this research 

are 2 turns per meter and 4 turns per meter. Greater twist can be 

introduced to the tows and their effect can be studied on the packing factor 

and the cross–section of the tows. Increased twist can be applied to 

different tow sizes based on the twist multiple to normalize the comparison. 

 

5. Real Time Monitoring: Real time monitoring of the tows can be done to 

observe the tows on the beam continuously as each layer is being wound. 

Actual dimensional data can be recorded for each layer as it is being 

wound on the beam. The effect of tow dimensions on winding a layer of 

tow on the previous layer can be approximately recorded. 

 

6. Estimation of tow geometry: The geometrical shapes considered in this 

study are trapezoidal and elliptical shapes of the tow that the tow assumes 

as an effect of varied parameters. Other geometrical shapes can be 

considered in the future. Also, a study on the migration of filaments on 

application of external forces like tension and twist and its influence on the 

tow geometry can be studied. 
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10. Appendix 
 

10.1 Raw Data and Minitab Result for Glass Tows 
 

Sr. 

No.  Twist 

Weight 

(gms) 

Height 

(mm)  

 Length 

(mm) 

Total 

Length 

(mm) 

Avg. 

Length 

(mm) Reg. Equation 

Avg. Area 

(mm2) 

1 0 50 0 0     

   0.2 1     

   0.4 2 4.6    

   0.4 3      

   0.25 3.5     

   0 4.6     

2 0 50 0 0     

   0.3 1     

   0.35 2 4.4    

   0.3 3     

   0.2 3.5     

   0 4.4  

4.4 (0 H 50) = 0.0809213 + 

0.274667 (0 L 50) - 

0.0644178 (0 L 50)**2  

3 0 50      1.185708 

   0.35 0     

   0.3 1     

   0.35 2 4.3    

   0.35 3     

   0 4.3     

4 0 50 0 0     

   0.35 1     

   0.3 2 4.3    

   0.35 3     

   0.35 4     

   0 4.3     

5 0 100 0 0     

   0.1 0.5     

   0.2 2 5.9    

   0.2 3     

   0.1 5     

   0 5.9     

6 0 100 0 0     

   0.1 1     

   0.2 2 5.8    

   0.1 3     
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   0.2 5     

   0 5.8  

5.8 (0 H 100) = 0.0009278 + 

0.137393 (0 L 100) - 

0.0230244 (0 L 100)**2  

7 0 100 0 0    0.818886 

   0.1 1     

   0.2 2 5.6    

   0.2 3.5     

   0.1 5     

   0 5.6     

8 0 100 0 0     

   0.1 1     

   0.2 2 5.9    

   0.2 3.5     

   0.2 5     

   0 5.9     

9 0 200 0 0     

   0.25 1     

   0.3 2 5.3    

   0.4 2.5     

   0.3 5     

   0 5.3     

10 0 200 0 0     

   0.3 1     

   0.45 2.5 5.2    

   0.5 4     

   0.4 5     

   0 5.2     

11 0 200 0 0     

   0.25 1  

5.15 (0 H 200) = -0.0056555 + 

0.290313 (0 L 200) - 

0.0510520 (0 L 200)**2  

   0.4 2 5   1.496375 

   0.4 3.5     

   0.3 4.5     

   0 5     

12 0 200 0 0     

   0.2 1     

   0.2 2 5.1    

   0.3 3.5     

   0.3 5     

   0 5.1     

13 0 500 0 0     

   0.2 1     

   0.3 2 5    
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   0.3 3     

   0.2 4     

   0 5     

14 0 500 0 0     

   0.3 1     

   0.3 2.5 4.8    

   0.3 3     

   0.2 4     

   0 4.8     

15 0 500 0 0  

4.775 (0 H 500) = 0.0070803 + 

0.251034 (0 L 500)- 

0.0521668 (0 L 500)**2  

   0.2 1    1.002489 

   0.3 2 4.7    

   0.3 3     

   0.2 4     

   0 4.7     

16 0 500 0 0     

   0.2 1     

   0.2 2.5 4.6    

   0.3 3     

   0.2 4     

   0 4.6     

17 

2 

Turns/m 50    

 

  

   0.2 0     

   0.3 1.5     

   0.3 2 5.3    

   0.3 4     

   0 5.3     

18 

2 

Turns/m 50    

 

  

   0.2 0     

   0.3 1     

   0.3 2.5 5.4    

   0.2 4.5     

   0 5.4  

5.475 (2 H 50) = 0.190709 + 

0.0984879 (2 L 50) - 

0.0237518 (2 L 50)**2  

19 

2 

Turns/m 50    

 

 1.220895 

   0.2 0     

   0.2 1     

   0.3 2.5 5.5    

   0.2 4     
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   0 5.5     

20 

2 

Turns/m 50    

 

  

   0.2 0     

   0.2 2     

   0.25 3 5.7    

   0.2 4     

   0 5.7     

21 

2 

Turns/m 100    

 

  

   0.2 0     

   0.2 1 4.9    

   0.3 2     

   0.2 4     

   0 4.9     

22 

2 

Turns/m 100 0 0  

 

  

   0.2 0.5     

   0.3 1 5.4    

   0.3 2.5     

   0.2 3     

   0 5.4  

5.35 (2 H 100) = 0.111599 + 

0.132990 (2 L 100) - 

0.0275440 (2 L 100)**2  

23 

2 

Turns/m 100    

 

 1.094367 

   0.2 0     

   0.2 1.5     

   0.2 3 5.6    

   0.25 4     

   0 5.6     

24 

2 

Turns/m 100 0 0  

 

  

   0.2 0.5     

   0.2 1.5 5.5    

   0.3 3.5     

   0.2 5     

   0 5.5     

25 

2 

Turns/m 200 0 0  

 

  

   0.2 0.5     

   0.25 2 5.1    

   0.25 3     

   0.25 4     

   0 5.1     
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26 

2 

Turns/m 200 0 0  

 

  

   0.25 0.5     

   0.25 1.5 5    

   0.25 3     

   0.25 4.5     

   0 5  

5.025 (2 H 200) = 0.0586622 + 

0.181976 (2 L 200) - 

0.0354935 (2 L 200)**2  

27 

2 

Turns/m 200 0 0  

 

 1.091091 

   0.2 0.5     

   0.25 1.5 5    

   0.25 2.5     

   0.2 4.5     

   0 5     

28 

2 

Turns/m 200 0 0  

 

  

   0.25 0.5     

   0.25 1.5 5    

   0.2 3.5     

   0.25 5     

         

29 

2 

Turns/m 500 0 0  

 

  

   0.2 0.5     

   0.3 1.5 5.2    

   0.3 3.5     

   0.2 4.5     

   0 5.2     

30 

2 

Turns/m 500 0 0  

 

  

   0.25 0.5     

   0.3 2 5.3    

   0.35 2.5     

   0.3 4.5     

   0 5.3  

5.175 (2 H 500) = 0.0329582 + 

0.266189 (2 L 500) - 

0.0513182 (2 L 500)**2  

31 

2 

Turns/m 500 0 0  

 

 1.364187 

   0.2 0.5     

   0.3 1.5 5.3    

   0.2 2     

   0.2 4     
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   0 5.3     

32 

2 

Turns/m 500 0 0  

 

  

   0.3 1     

   0.4 1.5 4.9    

   0.45 3.5     

   0.3 4.5     

   0 4.9     

33 

4 

Turns/m 50 0 0  

 

  

   0.3 1     

   0.4 2.5 5    

   0.4 3.5     

   0.2 4.5     

   0 5     

34 

4 

Turns/m 50 0 0  

 

  

   0.2 1     

   0.3 2 4.2    

   0.45 3     

   0.3 4     

   0 4.2  

4.3 (4 H 50) = 0.0128312 + 

0.314362 (4 L 50) - 

0.0655341 (4 L 50)**2  

35 

4 

Turns/m 50 0 0  

 

 1.224644 

   0.35 1     

   0.4 2 4    

   0.5 3.5     

   0.2 4     

         

36 

4 

Turns/m 50 0 0  

 

  

   0.2 0.5     

   0.3 1.5 4    

   0.35 2.5     

   0.2 3.5     

   0 4     

37 

4 

Turns/m 100 0 0  

 

  

   0.2 0.5     

   0.3 2 5.3    

   0.3 3     

   0.2 4.5     

   0 5.3     
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38 

4 

Turns/m 100 0 0  

 

  

   0.3 0.5     

   0.3 1 4.8    

   0.4 3     

   0.3 4     

   0 4.8  

5.05 (4 H 100) = 0.0432633 + 

0.236903 (4 L 100) - 

0.0477756 (4 L 100)**2  

39 

4 

Turns/m 100 0 0  

 

 1.18832 

   0.2 0.5     

   0.25 1.5 5    

   0.25 2.5     

   0.25 4     

   0 5     

40 

4 

Turns/m 100 0 0  

 

  

   0.2 1     

   0.3 2.5 5.1    

   0.3 3     

   0.2 4     

   0 5.1     

41 

4 

Turns/m 200 0 0  

 

  

   0.2 1     

   0.3 2 4.9    

   0.3 3     

   0.3 4     

   0 4.9     

42 

4 

Turns/m 200 0 0  

 

  

   0.2 1     

   0.3 2 4.8    

   0.3 3     

   0.2 4     

   0 4.8  

4.775 (4 H 200) = 0.0020317 + 

0.264600 (4 L 200) - 

0.0539799 (4 L 200)**2  

43 

4 

Turns/m 200 0 0  

 

 1.06724 

   0.2 1     

   0.3 2 4.8    

   0.3 3.5     

   0.2 4.5     
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   0 4.8     

44 

4 

Turns/m 200 0 0  

 

  

   0.3 1     

   0.3 2 4.6    

   0.2 3.5     

   0.2 4     

   0 4.6     

45 

4 

Turns/m 500 0 0  

 

  

   0.3 1.5     

   0.3 2.5     

   0.3 3.5 5.3    

   0.2 4.5     

   0 5.3     

46 4 

Turns/m 500 0 0  

 

  

   0.3 1     

 

  0.4 2  

5.2 (4 H 500) = 0.0134676 + 

0.239167 (4 L 500) - 

0.0443348 (4 L 500)**2    

   0.4 4 5.2   1.225627 

   0.2 5     

   0 5.2     

47 4 

Turns/m 500 0 0  

 

  

   0.2 1     

   0.2 2.5 5.2    

   0.3 3.5     

   0.2 5     

   0 5.2     

48 4 

Turns/m 500 0 0  

 

  

   0.25 1     

   0.25 2 5.1    

   0.2 3.5     

   0.25 4.5     

   0 5.1     

Table 10.1: Glass tow data 
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10.2 Raw Data and Minitab Result for Carbon Tows 
 

Sr. 

No.  Twist 

Weight 

(gms) 

Height 

(mm)  

 Length 

(mm)  

 Total 

Length 

(mm) 

Avg. 

Length 

(mm) Reg. Equation 

Avg. Area 

(mm2) 

1 0 50 0 0     

   0.3 0.5     

   0.4 2.5 5.5    

   0.45 3     

   0.3 5     

   0 5.5     

2 0 50 0 0     

   0.3 1     

   0.3 2 5.5    

   0.4 3.5     

   0.45 4.5     

   0 5.5     

3 0 50 0 0     

   0.4 1  

5.65 (0 H 50) = 0.0515635 + 

0.278359 (0 L 50) - 

0.0494029 (0 L 50)**2 1.764154 

   0.5 2.5 6    

   0.3 3.5     

   0.3 5     

   0 6     

4 0 50 0 0     

   0.3 0.5     

   0.3 1.5 5.6    

   0.4 3     

   0.3 4.5     

   0 5.6     

5 0 100 0 0     

   0.6 1     

   0.7 2 4.2    

   0.8 3     

   1 4     

   0 4.2     

6 0 100 0 0     

   0.4 0.5     

   0.6 1.5 5.2    

   0.8 3     

   0.2 4.5     

   0 5.2  

4.825 (0 H 100) = 0.0339783 + 

0.537546 (0 L 100) - 2.4222358 



 107

0.106800 (0 L 100)**2   

7 0 100 0 0     

   0.4 0.5     

   0.4 1.5 5.2    

   0.6 2.5     

   0.4 4.5     

   0 5.2     

8 0 100 0 0     

   0.3 0.5     

   0.4 1.5 4.7    

   0.7 3     

   0.4 4     

   0 4.7     

9 0 200 0 0     

   0.8 0.5     

   0.9 1 2.5    

   1.2 1.5     

   1.2 2     

   0 2.5     

10 0 200 0 0     

   0.9 0.5     

   1 1 2.4    

   1.2 1.5     

   1.2 2     

   0 2.4  

2.525 (0 H 200) = 0.0303654 + 

1.82764 (0 L 200) - 

0.712059 (0 L 200)**2 2.0818301 

11 0 200 0 0     

   0.9 0.5     

   1 1 2.6    

   1 1.5     

   0.9 2     

   0 2.6     

12 0 200 0 0     

   1 0.5     

   1.1 1 2.6    

   1 1.5     

   0.9 2     

   0 2.6     

13 0 500 0 0     

   0.5 0.5     

   1 1.5 3.3    

   0.7 2.5     

   0.5 3     

   0 3.3     
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14 0 500 0 0     

   0.5 0.5     

   0.6 1 3.2    

   1 2     

   0.7 3     

   0 3.2  

3.45 (0 H 500) = 0.0906911 + 

0.617117 (0 L 500) - 

0.165084 (0 L 500)**2   1.7258527 

15 0 500 0 0     

   0.4 0.5     

   0.8 1.5 3    

   0.6 2     

   0.4 2.5     

   0 3     

16 0 500 0 0     

   0.3 0.5     

   0.4 1.5 4.3    

   0.6 2.5     

   0.4 3.5     

   0 4.3     

17 

2 

Turns/m 50 0 0  

 

  

   0.4 1.5     

   0.5 3.5 6    

   0.5 4.5     

   0.3 6     

         

18 

2 

Turns/m 50 0 0  

 

  

   0.5 1.5     

   0.5 3.5 5.2    

   0.5 4.5     

   0.4 5     

   0 5.2  

5.6 (2 H 50) = 0.0177367 + 

0.318636 (2 L 50) - 

0.0510288 (2 L 50)**2 2.1083801 

19 

2 

Turns/m 50 0 0  

 

  

   0.5 1.5     

   0.4 3.5 5.5    

   0.4 4.5     

   0.3 5.5     

   0 5.8     

20 

2 

Turns/m 50 0 0  

 

  



 109

   0.3 1.5     

   0.4 3.5 5.7    

   0.5 4.5     

   0.4 5.5     

   0 5.7     

21 

2 

Turns/m 100 0 0  

 

  

   0.7 0.5     

   1 1.5 3.7    

   1 2.5     

   0.8 3.5     

   0 3.7     

22 

2 

Turns/m 100 0 0  

 

  

   0.4 0.5     

   0.5 1.5 3.9    

   0.6 2.5     

   0.5 3.5     

   0 3.9  

3.825 (2 H 100) = 0.0480271 + 

0.770577 (2 L 100) - 

0.194971 (2 L 100)**2 2.183717 

23 

2 

Turns/m 100 0 0  

 

  

   0.4 0.5     

   0.5 1.5 4    

   0.6 2.5     

   0.5 3.5     

   0 4     

24 

2 

Turns/m 100 0 0  

 

  

   0.4 0.5     

   0.9 1.5 3.7    

   0.6 2.5     

   0.4 3.5     

   0 3.7     

25 

2 

Turns/m 200 0 0  

 

  

   0.2 1     

   0.3 2.5 5.7    

   0.6 4     

   0.5 5     

   0 5.7     

26 

2 

Turns/m 200 0 0  

 

  

   0.2 1     
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   0.35 2.5 5.5    

   0.7 4     

   0.5 5     

   0 5.5  

5.65 (2 H 200) = -0.0449560 + 

0.370523 (2 L 200) - 

0.0594595 (2 L 200)**2 2.0852616 

27 

2 

Turns/m 200 0 0  

 

  

   0.2 1     

   0.3 2.5 5.8    

   0.7 4     

   0.6 5     

   0 5.8     

28 

2 

Turns/m 200 0 0  

 

  

   0.4 1     

   0.5 2.5 5.6    

   0.4 4     

   0.3 5     

   0 5.6     

29 

2 

Turns/m 500 0 0  

 

  

   0.3 1     

   0.4 2.5 5.3    

   0.5 4     

   0.4 5     

   0 5.3     

30 

2 

Turns/m 500 0 0  

 

  

   0.3 1     

   0.5 2.5 5.2    

   0.6 4     

   0.5 5     

   0 5.2  

5.375 (2 H 500) = -0.0262833 + 

0.415855 (2 L 500) - 

0.0716159 (2 L 500)**2 2.158874 

31 

2 

Turns/m 500 0 0  

 

  

   0.3 1     

   0.6 2.5 5.5    

   0.6 4     

   0.3 5     

   0 5.5     

32 

2 

Turns/m 500 0 0  
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   0.3 1     

   0.5 2.5 5.5    

   0.5 4     

   0.4 5     

   0 5.5     

33 

4 

Turns/m 50 0 0  

 

  

   0.1 1.5     

   0.4 2.5 5.6    

   0.5 4     

   0.3 5     

   0 5.6     

34 

4 

Turns/m 50 0 0  

 

  

   0.3 1     

   0.4 3 7    

   1.2 5     

   0.9 6.5     

   0 7  

6.275 (4 H 50) = 0.0967060 + 

0.242056 (4 L 50) - 

0.0341975 (4 L 50)**2 2.5558539 

35 

4 

Turns/m 50 0 0  

 

  

   0.4 1.5     

   0.6 2.5 5.5    

   0.4 4     

   0.2 5     

   0 5.5     

36 

4 

Turns/m 50 0 0  

 

  

   0.6 0.5     

   1 2 7    

   0.3 5     

   0.3 6.5     

   0 7     

37 

4 

Turns/m 100 0 0  

 

  

   0.2 1     

   0.6 3.5 7    

   0.6 5.5     

   0.2 7     

         

38 

4 

Turns/m 100 0 0  

 

  

   0.3 1     
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   0.5 3.5 7.2    

   0.8 5.5     

   0.6 7     

   0 7.2  

7.05 (4 H 100) = 0.0187683 + 

0.325584 (4 L 100) - 

0.0414329 (4 L 100)**2 3.3840869 

39 

4 

Turns/m 100 0 0  

 

  

   0.3 1     

   0.5 3.5 7    

   0.8 5.5     

   0.2 7     

         

40 

4 

Turns/m 100 0 0  

 

  

   0.6 1     

   0.7 3.5 7    

   0.3 5.5     

   0.2 7     

         

41 

4 

Turns/m 200 0 0  

 

  

   0.9 0.5     

   1 1.5 3    

   0.9 2.5     

   0.8 3     

         

42 

4 

Turns/m 200 0 0  

 

  

   1 0.5     

   1.1 1.5 2.8    

   1 2.5     

   0.9 2.8     

      

2.95 (4 H 200) = 0.158950 + 

1.28980 (4 L 200) - 

0.362474 (4 L 200)**2 2.9792886 

43 

4 

Turns/m 200 0 0  

 

  

   1.1 0.5     

   1.3 1.5 3    

   1.2 2.5     

   1.1 3     

         

44 

4 

Turns/m 200 0 0  

 

  



 113

   0.9 0.5     

   1.4 1.5 3    

   0.9 2.5     

   0.8 3     

         

45 

4 

Turns/m 500 0 0  

 

  

   0.4 1     

   0.5 2 4.2    

   0.5 3     

   0.4 4     

   0 4.2     

46 

4 

Turns/m 500 0 0  

 

  

   0.4 1     

   0.5 2 4.8    

   0.6 3     

   0.3 4     

   0 4.8  

4.225 (4 H 500) = 0.0925221 + 

0.519882 (4 L 500) - 

0.117806 (4 L 500)**2 2.0694159 

47 

4 

Turns/m 500 0 0  

 

  

   0.7 0.5     

   0.9 1 3.2    

   1 2     

   1 3     

   0 3.2     

48 

4 

Turns/m 500 0 0  

 

  

   0.4 1     

   0.7 2 4.7    

   0.5 3     

   0.3 4     

   0 4.7     

Table 10.2: Carbon tow data 
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10.3 Experimental verification raw data for glass tow  
 

Sr. 

No.  Twist 

Weight 

(gms) 

Height 

(mm)  

 Length 

(mm) 

Total 

Length 

(mm) 

Avg. 

Length 

(mm) Reg. Equation 

Avg. Area 

(mm2) 

1 0 0 0 0     

   0.2 1     

   0.2 2 4.7    

   0.1 3     

   0.1 4     

   0 4.7     

2 0 0 0 0     

   0.2 1     

   0.2 2 4.3    

   0.1 3     

   0.3 4     

   0 4.3  

4.05 (G 0 H 0) = 0.0984294 + 

0.113312 (G 0 L 0) - 

0.0285949 (G 0 L 0)**2  

3 0 0      0.694752 

   0.3 0     

   0.2 1 3.2    

   0.3 2     

   0.2 3     

   0 3.2     

4 0 0 0 0     

   0.3 1     

   0.2 2 4    

   0.2 3     

   0.1 4     

         

5 0 50 0 0     
   0.1 1     
   0.2 2 4.5    
   0.2 3     
   0.3 4     
   0 4.5     
6 0 50 0 0     
   0.5 1     
   0.2 2 4.5    
   0.2 3     
   0.1 4     

   0 4.5  4.525 

(G 0 H 50) = 0.0218287 + 
0.211949 (G 0 L 50) - 

0.0457538 (G 0 L 50)**2  
7 0 50 0 0    0.855606 
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   0.2 1     
   0.3 2 4.6    
   0.2 3     
   0.2 4     
   0 4.6     
8 0 50 0 0     
   0.2 1     
   0.2 2 4.5    
   0.2 3     
   0.3 4     
   0 4.5     
9 0 100 0 0     
   0.3 1     
   0.3 2 4    
   0.2 3     
   0.3 4     
         

10 0 100 0 0     
   0.2 1     
   0.2 2 4.1    
   0.1 3     
   0.2 4     

   0 4.1  4.25 

(G 0 H 100) = 0.0289938 + 
0.194597 (G 0 L 100) - 

0.0423922 (G 0 L 100)**2  
11 0 100 0 0    0.795923 

   0.2 1     
   0.1 2 4.3    
   0.2 3     
   0.2 4     
   0 4.3     

12 0 100 0 0     
   0.3 1     
   0.3 2 4.6    
   0.2 3     
   0.2 4     
   0 4.6     

13 0 200 0 0     
   0.1 1     
   0.2 2 4.1    
   0.3 3     
   0.3 4     
   0 4.1     

14 0 200 0 0     
   0.2 1     
   0.3 2 4    
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   0.4 3     
   0.3 4     
         

15 0 200 0 0  4.1 

(G 0 H 200) = 0.0008399 + 
0.271462 (G 0 L 200) - 

0.0522194 (G 0 L 200)**2  
   0.4 1    1.085411 
   0.4 2     
   0.4 3 4.2    
   0.4 4     
   0.4 4.2     

16 0 200 0 0     
   0.2 1     
   0.4 2     
   0.3 3 4.1    
   0.3 4     
   0 4.1     

Table 10.3: Experimental verification data for glass tow 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 117

10.4 Experimental verification raw data for carbon tow 
 

Sr. 

No.  Twist 

Weight 

(gms) 

Height 

(mm)  

 Length 

(mm)  

 Total 

Length 

(mm) 

Avg. 

Length 

(mm) Reg. Equation 

Avg. Area 

(mm2) 

1 0 0 0 0     

   0.4 1     

   0.4 3 8.2    

   0.3 5     

   0.3 7     

   0 8.2     

2 0 0 0 0     

   1.5 1     

   1.7 3 7    

   2 5     

   2 7     

      

7.55 (C 0 H 0) = 0.352653 + 

0.0445649 (C 0 L 0) - 

0.0006679 (C 0 L 0)**2  

3 0 0 0 0    3.836871 

   0.1 1     

   0.5 3     

   0.7 5 7.6    

   0.3 7     

   0 7.6     

4 0 0 0 0     

   0.2 1     

   0.2 3     

   0.2 5 7.4    

   0.2 7     

   0 7.4     

5 0 0 0 0     

   0.6 0.5     

   0.7 2.5 6.7    

   0.4 4.5     

   0.2 6.5     

   0 6.7     

6 0 0 0 0     

   0.6 0.5     

   0.3 2.5 6.7    

   0.5 4.5     

   0.3 6.5     

   0 6.7  

6.7 (C 0 H1 0) = 0.208863 + 

0.247793 (C 0 L1 0) - 

0.0387297 (C 0 L1 0)**2  
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7 0 0 0 0    3.078276 

   0.7 0.5     

   0.5 2.5 6.9    

   0.5 4.5     

   0.3 6.5     

   0 6.9     

8 0 0 0 0     

   0.5 0.5     

   0.6 2.5 6.5    

   0.6 4.5     

   0.4 6.5     

         

9 0 50 0 0     
   1 0.5     
   1.2 1     
   1.4 1.5 2.5    
   1.2 2     
   1.2 2.5     

10 0 50 0 0     
   1 0.5     
   1.3 1 2.6    
   1.3 1.5     
   1 2     

   0 2.6  

3.45 (C 0 H 50) = 0.223913 + 
0.877388 (C 0 L 50) - 

0.201647 (C 0 L 50)**2  
11 0 50 0 0    3.233936 

   0.6 1     
   0.8 2     
   1 3 4.6    
   1.1 4     
   0 4.6     

12 0 50 0 0     
   1 1     
   1.5 2 4.1    
   1 3     
   0.8 4     
   0 4.1     

13 0 100 0 0     
   1.5 1.5     
   1.4 3 6.5    
   1.5 4.5     
   1.5 6     
   0 6.5     

14 0 100 0 0     
   1.2 1.5     
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   1.3 3 6.1    
   1.3 4.5     
   1.1 6     

   0 6.1  

6.075 (C 0 H 100) = 0.110693 + 
0.741956 (C 0 L 100) - 

0.108050 (C 0 L 100)**2  
15 0 100 0 0    6.288638 

   1.7 1.5     
   1.5 3 6    
   1.5 4.5     
   1.6 6     
         

16 0 100 0 0     
   0.6 1     
   0.6 2.5 5.7    
   0.5 4     
   0.6 5.5     
   0 5.7     

17 0 200 0 0     
   1.2 0.5     
   1.3 1 2.3    
   1.3 1.5     
   1 2     
   0 2.3     

18 0 200 0 0     
   0.7 0.5     
   1.1 1 2.2    
   1.2 1.5     
   1 2     

   0 2.2  

2.15 (C 0 H 200) = 0.0174731 
+ 2.27208 (C 0 L 200) - 

0.973038 (C 0 L 200)**2  
19 0 200 0 0    2.06544 

   1 0.5     
   1.2 1 2.1    
   1.1 1.5     
   1 2     
   0 2.1     

20 0 200 0 0     
   1.1 0.5     
   1.2 1 2    
   1.2 1.5     
   0.9 2     
         

Table 10.4: Experimental verification data for carbon tow 
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10.5 Average Area values from Image Analysis 
 
Sample  
Number 

Twist 
(TPM) 

Load  
(grams) 

Pixels Area  
(mm2) 

Average 
Area (mm2) 

1 0 50 24134 2.4134  
2 0 50 22595 2.2595 2.49 
3 0 50 26205 2.6205  
4 0 50 26599 2.6599  
5 0 100 21214 2.1214  
6 0 100 35467 3.5467 2.54 
7 0 100 23388 2.3388  
8 0 100 21615 2.1615  
9 0 200 20872 2.0872  
10 0 200 17489 1.7489 1.93 
11 0 200 17880 1.7880  
12 0 200 21094 2.1094  
13 0 500 14972 1.4972  
14 0 500 19486 1.9486 1.85 
15 0 500 17070 1.7070  
16 0 500 22343 2.2343  
17 2 50 24238 2.4238  
18 2 50 25368 2.5368 2.25 
19 2 50 16720 1.6720  
20 2 50 23479 2.3479  
21 2 100 23135 2.3135  
22 2 100 28336 2.8336 2.15 
23 2 100 17139 1.7139  
24 2 100 17565 1.7565  
25 2 200 17936 1.7936  
26 2 200 17296 1.7296 2.17 
27 2 200 23072 2.3072  
28 2 200 28333 2.8333  
29 2 500 19312 1.9312  
30 2 500 18374 1.8374 1.91 
31 2 500 17970 1.7970  
32 2 500 20578 2.0578  
33 4 50 27186 2.7186  
34 4 50 20510 2.0510 2.59 
35 4 50 29752 2.9752  
36 4 50 26040 2.6040  
37 4 100 24173 2.4173  
38 4 100 27061 2.7061 2.60 
39 4 100 24943 2.4943  
40 4 100 27932 2.7932  
41 4 200 16045 1.6045  
42 4 200 18229 1.8229 1.87 
43 4 200 19276 1.9276  
44 4 200 21052 2.1052  
45 4 500 19534 1.9534  
46 4 500 25107 2.5107 2.13 
47 4 500 21221 2.1221  
48 4 500 19270 1.9270  
Table 10.5: Average Area values from Image Analysis 
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10.6 Average Area values from Image Analysis for Repeated 
Experiment 
 
Sample  
Number 

Twist 
(TPM) 

Load  
(grams) 

Pixels Area  
(mm2) 

Average 
Area (mm2) 

1 0 50 17566 1.7566  
2 0 50 22448 2.2448 2.34 
3 0 50 25440 2.5440  
4 0 50 28229 2.8229  
5 0 100 16083 1.6083  
6 0 100 21312 2.1312 2.01 
7 0 100 21387 2.1387  
8 0 100 21418 2.1418  
9 0 200 21932 2.1932  
10 0 200 27000 2.7000 2.62 
11 0 200 24321 2.4321  
12 0 200 31595 3.1595  
13 0 500 19129 1.9129  
14 0 500 18045 1.8045 1.79 
15 0 500 18150 1.8150  
16 0 500 16403 1.6403  
Table 10.6: Average Area values from Image Analysis for Repeated Experiment 
 
[For Tables 10.5 and 10.6: 1 Pixel = .0001 sq. mm (caliberated using micrometer)]
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10.7 Data Sheets for HYBON 2022 glass tow 
 

 
 
 
 
   
 
 

HYBON 2022 FIBER GLASS SINGLE END ROVINGS 
 

 STANDARD REQUIREMENTS NOMINAL DATA TEST METHOD 
 

1.0 Filament* 
 1.1 Type “E” Glass MIL-R-60346C 
 1.2 Glass Composition Borosilicate ASTM C169 (Pt.1) 
 1.3 Softening Point 1540°F Littleton Method 
 1.4  Specific Gravity 2.52 - 2.61 MIL-R-60346C (Sec.4) 
 1.5 Diameters, nominal (micrometers) T (23.5), S (22.2), PPG D-18P or ASTM D578 
   MN (16.5), K (13.3) 
 1.6 Tensile Strength 200,000 psi, min. ASTM D2343 
 

2.0 Size (binder) 
 2.1 Type (Multiple compatibility)* Silane IR Analysis: 
    ASTM D2587 or PPG 52-49C 
 2.2 Loss on Ignition (LOI) 0.55 + 0.15%   PPG 52-Y-100, or ASTM D578 
 2.3 Wet-Out Rate (polyester) 95%-23; 100%-21 (typical) PPG L03A (trough) 
 2.4 Compatibility in:  Polyester     Epoxy 
  2.4.1. Horizontal Shear Strength 8,000 min.   10,000 min. ASTM D2344 
   of Fil. Wound NOL 
   Rings, psi 
   2.4.1.1   Shear Strength 80%                90% 
    Retention after 

                                                           
1 Source: Ms. Kim Sisk, PPG Industries, Inc. 

1MATERIAL CONTROL STANDARD 
PPG INDUSTRIES, INC.
FIBER GLASS PRODUCTS 

ONE PPG PLACE 

PITTSBURGH, PA  15272 
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    6-hr. water boil 
  2.4.2 In-Plane Shear Strength 5,500               TBD  PPG S-23P or ASTM D3914 
   Of Pultruded Rods, psi** (typical) 
3.0 Yarn Count (bare glass)Yield, yd/lb.              218, 225, 250,330, 450, 675,1200,1800 + 7%    MIL-R-60346C (Sec. 6) or 
   TEX, gm/km                    2275, 2204,1985,1500,1100,735,414,276 + 7%    PPG 52-Y-100  
  
 

4.0 Moisture   0.1% max.  PPG 52-Y-102 or ASTM D2654 
 
5.0 Roving Package Construction 
 5.1 Build & Workmanship As in MIL-R-60346C  Visual 
 5.2 Dimensions & Weight As in PPG Product Bulletin Scales 
 5.3 Payout (Unwinding) Inside (no tube)  Visual (no catenary, no splices) 
 
6.0 Shelf Life***   1 year (approx.) @ 70°F & 65% R.H. See 2.3 & 2.4 above 
 

*    As defined by MIL-R60346C, Roving for Prepreg, Filament Winding and Pultrusion applications  
      Type I-”E” Glass (electrical grade).   
      Class 1,2 & 3 - Sizing compatible with epoxy resins, polyester resins, and as specified. 
 
**   Rod composition: 63% fiber glass, 26% G.P. polyester, 11% calcium carbonate filler, by weight. 
 

*** Store in cool, clean, dry location.  Shelf life is determined by storage temperature and ease of wet-out.  It is estimated to be as shown if storage is at relatively 
cool ambient (approx. 70° F), or possibly longer if fabrication conditions permit wet-out 
       before matrix resin gelation.  Prolonged aging, or storage for a few months at elevated temperature, e.g. 120°F may reduce 
       wet-out rate & therefore impair laminate properties if the glass is not wetted. 
 
 

2/20/01 
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Hybon 2022 Roving2                                                                
                

                                                                                                           
(Revised 1/02)                 

                                                           
2 Source: Ms. Kim Sisk, PPG Industries, Inc. 

APPLICATION 
Hybon 2022 roving is a single 
end roving for filament winding 
and weaving/knitting and is made 
of electrical (E) glass fiber.  This 
roving is compatible with either 
polyester, vinyl ester, and  epoxy 
resin systems. 2022 roving is 
designed for filament winding 
and pultrusion applications  
which require maximum wet-out 
and wet-out consistency together 
with good abrasion resistance 
and processing characteristics.  
It is suitable for applications 
such as piping in oil-field CO2 
gathering systems and pressure 
cylinders. 
 

 
USER BENEFITS 
• Provides strand hardness 

without sacrificing rapid and 
complete wet-out   

• Excellent payout and package transfer   
• Low resin demand during processing  
• Excellent package transfer efficiency through the use of an outer 

adhesive film 
• Product is manufactured in conformance to ISO 9002 requirements 
• Supported by experienced Customer Liaison Services 

Representatives 
 

PRODUCT DESCRIPTION 
 

Property 
 

Unit 
Minimum Average Value ASTM 

Method 
  Polyester Epoxy Vinyl 

Ester 
 

Apparent Horizontal Shear 
Strength 

 
MPa 

 
55/44* 

 
62/56* 

 
55/44* 

 
D2344 

 ksi 8/6.4* 9/8.1 * 8/6.4*  
 kg/cm2  562/450* 633/569 562/450  

*Strength after immersion in boiling water for six hours. 
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PRODUCT DESCRIPTION  
                                                                                                                             N 

Type of Fiber 

Roving Yiels, nominal 
±7% (yd/lb) 

103 206 218 250 288 330 413 450 675 827 1200 1800 

TEX, nominal ±7% 
(g/km) 

4800 2400 2275 1985 1722 1500 1200 1100 735 600 413 276 

Fiber Diameter, 
nominal 

T MN MN M LM Q MN MN K Q MN K 

Micrometers, µm 24 17 17 16 15 20 17 17 13 19 17 13 

Type of Sizing Silane Silane Silane Silane Silane Silane Silane Silane Silane Silane Silane Silane 

Percent of Sizing, (by 
wt. of glass) 

.55 .55 .55 .55 .55 .55 .55 .55 .55 .55 .55 .55 

 
 
PALLETIZING & PACKAGING DATA 
 

Packaging Option 1: 
• Yields: 103, 206, 413 & 827 
• 48 packages/pallet 
• Pallet weight: 980 kg 
• Package weight 20.4 kg 
Packaging Option 2: 
• Yields: 218, 250, 288, 330, 450, 675, 1200, & 1800 
• 60 packages/pallet 
• Pallet weight: 1,225 kg 
• Package weight: 20.4 kg 

 
Caution:  To avoid possibility of potential injury, maintain column 
stability by limiting pallet stacking to two or three high as noted on 
individual shipping container. 
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10.8 Data Sheets for GRAFIL carbon tow 

GRAFIL – Typical Properties of Carbon Fiber 
Fiber Type Number of 

Filaments 

Strength * 

Ksi (MPa)

Modulus *

Msi (GPa)

Density

lb/in3 

(g/cm3)

Yield 

yds/lb 

(mg/m)

X-Sectional Area 

in2 

(mm2) 

Elongation 

% 

Filament 

Diameter 

µm 

34-700 12000 650 

(4500) 

34 

(234) 

0.065 

(1.80) 

620 

(800) 

6.89x10-4 

(0.444) 

1.9 7 

34-700 24000 650 

(4500) 

34 

(234) 

0.065 

(1.80) 

310 

(1600) 

13.78x10-4 

(0.888) 

1.9 7 

34-700WD 12000 650 

(4500) 

34 

(234) 

0.065 

(1.80) 

620 

(800) 

6.89x10-4 

(0.444) 

1.9 7 

34-600 48000 600 

(4150) 

34 

(234) 

0.065 

(1.80) 

155 

(3200) 

27.56x10-4 

(1.776) 

1.8 7 

34-600WD 48000 600 

(4150) 

34 

(234) 

0.065 

(1.80) 

155 

(3200) 

27.56x10-4 

(1.776) 

1.8 7 

* Impregnated Strand Test – SACMA Methodology 
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GRAFIL – Standard Spool Selection 
Spool Weight Fiber Length Spool Outside 

Diameter 

Fiber Type Number of 

Filaments 

lbs kgs yds meters

Size Levels 

% 

Standard Box 

Number of 

Spools in mm 

Spool Core 

Type 

5.0 2.25 3060 2800 1.2 9 5.4 137 34-700 12000 

10.0 4.50 6120 5600 1.2 5 6.9 175 

I 

5.0 2.25 1530 1400 1.2 9 5.5 140 34-700 24000 

10.0 4.50 3060 2800 1.2 5 7.0 178 

I 

4.5 2.00 2754 2520 1.4 9 5.4 137 34-700WD 12000 

9.0 4.00 5486 5020 1.4 5 6.9 175 

I 

5.0 2.25 765 700 1.2 9 5.6 142 34-600 48000 

10.0 4.00 1530 1400 1.2 5 7.2 183 

I 

5.0 2.25 765 700 1.4 9 5.6 142 34-600WD 48000 

10.0 4.00 1530 1400 1.4 5 7.2 183 

II 

I – Spool Core Dimensions: ID 2.98 in. (75.55mm), OD 3.2 in. (82mm), Length 11.5 in. (292mm) 

II – Spool Core Dimensions: ID 2.98 in. (75.55mm), OD 3.2 in. (82mm), Length 11.75 in. (298mm) 

 

03/2001 
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10.9 Data Sheets for ECG 75 glass tow 

BOBBIN YARN 

ECG 75 1/0 0.7Z 615/53 bbn 

EC9 68 Z28 G15/53 bbn 
PROPERTIES INDIVIDUAL PACKAGE LOT PACKAGE INFORMATION  

     

Binder – Type 615  PPG Bobbin Type 53 

               % Nominal LOI % 1.00 % 1.00 % Splicer Splice Free 

               % Tolerance LOI % +/- 0.25 % +/- 0.05 % Transfer Tails Tie-on-Tails Available 

   Nominal Weight of Full Package 20.60 lbs / 9.4 kg 

Yardage – Bare Glass, Nominal 7300 yds / 68 Tex 7300 yds / 68 Tex Minimum Package Weight 6.0 lbs / 2.7 kg 

                 With Binder, Nominal 7221 yds / 69 Tex 7221 yds / 69 Tex Package Weight Classification Supplied SF 18 

                 % Tolerance +/- 5.4 % +/- 1.1 %  SF 10 

                 % COV, Nominal  1.80 %  SF6 

                 % COV, Nominal  2.60 % Minimum Metered Bobbin Length 137,500 yds / 125,600 Meters 

   Breakdown by Bobbin Size Each Shipment Contact PPG Customer Service 

Broken Filaments per Plane, Maximum  10.0    

     

% Moisture Content Maximum 0.25 % 0.20 %   

     

Tensile Strength, Minimum 6.5 lbs / 29 Newtons    

     

Twist – Turns per inch +/- 0.20 tpi    

Tolerance – Turns per Meter +/- 8 tpm    

11/1/2000 

PPG FIBER GLASS 
ESM – Electronics & Specialty 
Materials 


