
 

 

ABSTRACT  

WON, JESSICA MINJUNG. Protection of High-performance Fibers from UV Radiation. 

(Under the direction of Dr. Abdel-Fattah M. Seyam). 

High-performance fibers have exceptional strength and/or specific resistance to be used 

under extreme conditions. High-performance fibers have been developed and brought up 

with broad fields. However, high-performance fibers tend to lose their strengths significantly 

upon the exposure to light. Therefore, developing a protection system(s) of high-performance 

fibers is required to extend their lifetime and to minimize the limitation of outdoor 

application.  

Since physical covering is the most efficient method to protect high-performance fibers from 

the light, two types of protective sheath are developed and analyzed which are extruded 

polymeric films and electrospun polyurethane layers. Four types of extruded polymeric films 

and six types of electrospun polyurethane layers were developed. The light transmission of 

each of these sheaths was measured using UV-VIS spectroscopy. One type of high-

performance fiber was selected in braid form which was PBO fiber, Zylon®. The braid was 

covered by each type of sheaths and exposed to UV light using specialized chamber and its 

tensile strength was measured before and after UV exposure. Additionally, the fiberweb 

structure of electrospun polyurethane layers was analyzed.  

Extruded polymeric films made from polyethylene containing different levels of titanium 

dioxide (TiO2) nanoparticles and White CC® were developed. Polyethylene loaded with 10% 

of TiO2 showed the best protection among the four types of extruded polymeric films. 



 

 

Electrospun polyurethane layers were developed from polyurethane solution with different 

levels of TiO2 nanoparticles at different surface speed of collecting drum. Electrospun 

polyurethane layers loaded with 1% of TiO2 processed at high-speed collector showed the 

best protection among the six types of electrospun polyurethane layers. Electrospun 

polyurethane layers showed better protection compared to extruded polyethylene films.  

Keywords: High-performance fibers, UV degradation, UV resistance, UV Protection, 

sheathing, covering, extruded film, electrospun layer, polyethylene, polyurethane, Titanum 

Dioxide nanoparticles. 
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1. INTRODUCTION  

High-performance fibers are the fibers which have exceptional strength, heat resistance 

and/or chemical resistance to be used under extreme conditions such as exposed to high 

temperature, harmful chemicals or abrasion from external sources. The properties required to 

these fibers may include high tensile strength, good thermal and chemical resistance, 

dimensional stability, lightweight, and high electrical conductivity. 

Recently, numerous advanced materials have been developed in the fiber form with high 

strength to weight ratio. As polymer science progressed, high-performance fibers such as 

Kevlar®, Spectra®, Zylon®, Vectran® were developed for specific applications. High-

performance fibers are brought up with broad fields such as, medical services, aircrafts, 

informational technology, nano technology, and bio technology.   

However, high-performance fibers are generally sensitive to light exposure since the light has 

enough energy to break polymeric structure especially UV radiation. High-performance 

fibers lose their strengths significantly, which is the most important characteristic of such 

fibers, upon exposure to light.  

To overcome such undesired characteristics, many research approaches have been  

undertaken to protect high-performance fibers such as loading  them with UV stabilizers, 

coating them with surface finish systems containing UV blockers, and sheathing them with 

protective layers loaded with UV blockers.  

This work was undertaken to develop suitable protective systems for high-performance fibers 

from UV radiation. In this work, two types of sheaths were developed to protect braid 

structure from PBO fiber. The two protective systems are extruded polyethylene films and 

electrospun polyurethane layers containing UV blockers. 

Chapter one covers an overview of this work and highlights the importance of high-

performance fibers. Chapter two reviews the previous research works and compares and 
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contrasts between the types of high-performance fibers. It sheds the light on the photo 

degradation of high-performance fibers, previous research dealt with protection methods for 

high-performance fibers, and measurement methods of UV protection. Chapter three deals 

with the objective of this current research and justifies the need for the current research based 

on the findings from the literature review. Chapter four shows the experimental methods 

including materials, manufacturing processes, testing equipments, and statistical analyses that 

were undertaken to achieve the objectives. Chapter five provides the results of the developed 

protective systems. The results are supported by statistical analyses and discussions. Chapter 

six and seven cover conclusions based on the results of this work and suggestions for future 

research works, respectively. 
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2. L ITERATURE REVIEW  

 2.1. HIGH -PERFORMANCE FIBERS 

2.1.1. NYLON  

Nylon is frequently referred to as polyamide which is a polymer containing monomers of 

amides joined by peptide bonds -(-CONH-)-. Nylon was the first synthetic fiber and was 

developed in 1938 by scientists at Du Pont, Caruthers W. Nylon became a high-performance 

fiber for many years since it had a high strength-to-weight ratio [1].  

The conventional method to manufacture nylon filament is two-step melt spinning, 

comprised of spinning and drawing. The molten polymer solidifies into a filament form 

which has a little molecular orientation. The newly formed filaments must be drawn to 

achieve desirable properties through molecular orientation and crystallinity.  

Also, a one-step, high-speed spinning process is being used increasingly. In high-speed 

spinning, filament windup speed is very high and orientation and crystallization occur in 

elongation flow. At a constant feeding rate, higher spinning speeds will produce more 

extended chains in the melt and form a finer filament. Therefore, the finer fiber has usually 

higher modulus and tenacity [2].  

Since the drawing can make many differences such as molecular anisotropy, density 

equilibrium, moisture sorption, tenacity and elongation-at-break, the speed and amount of 

drawing is determined by specific end uses. 

Nylon has high strength, elongation, and abrasion resistance. Nylon is a semi-crystalline 

polymer. The amide group -(-CONH-)- provides strong intermolecular hydrogen bonding in 

polyamide chains and Vander walls forces in the methylene chains acting on crystallization. 

Basically, higher fiber orientation and crystallinity will produce better properties, so nylon 

has outstanding durability and physical properties because of these structures [3]. Also 
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according to spread of molecules shaped zigzag structure, it has high elongation. The fiber of 

nylon has good flexibility by very low initial Youngôs modulus.  

The resistibility of nylon for acid is weak, but for alkali is strong. It gives nylon high strength 

at elevated temperatures, toughness at low temperatures, combined with its other properties, 

such as stiffness, wear and abrasion resistance, low friction coefficient and good chemical 

resistance. These properties have made nylons the strongest of all man-made fibers in 

common use. 

Nylon is not only good fiber for high performance applications but also for applications 

where esthetics and comfort and feel are required since it can be dyed in a wide range of 

colors and its flat form (untwisted filament yarn) provides smooth, soft and long lasting 

fabrics. Nylon can be changed to desirable amount of luster such as bright, semi-bright or 

dull. Nylon fabrics are highly resilient and dimensional stable because it can be heat-set. 

Nylon paved the way for easy-care garments because it is easy to wash and ready to wear 

after wash without ironing. Also permanent set is possible to get pleats [3].  

Outstanding characteristic of nylon is induced to the versatile textile industry. It can be made 

strong enough to stand up tire cords under the heavy vehicles weight. It can be made fine 

enough for thin textile, high fashion hosiery, and very light textile for parachute cloth and 

backpacker's tents. Nylon has high resistance to insects, fungi, and many chemicals. It can be 

used in carpets, nylon stockings and many military applications.  

Nylon 66  

In nylon 66, adjacent chains have no directionality and the hydrogen bonding is in chains 

within the same sheet. Since nylon 66 has more compact molecular structure, it has better 

weathering properties. The fiber of nylon 66 is 100% elastic under 8% of extension, specific 

gravity of 1.14 g/cm3, and melting point of 263
o
C. Nylon 66 has extreme chemical stability 

and biological resistance [3].  
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Nylon 6  

In nylon 6, the chains are parallel and the hydrogen bonding is in the chains in adjacent 

sheets. Figure 1 shows the chemical structure of nylon 6. The main difference between nylon 

6 and nylon 66 is the melting point which is a serious disadvantage of nylon 6. The melting 

point of nylon 6 is 216°C which is much lower than that of nylon 66 (263°C). However, 

nylon 6 has more rapid moisture absorption, easy to dye, greater elasticity and elastic 

recovery, and higher impact resistance [1]. 

Figure 1 Chemical structure of repeat unit of nylon 6 [4] 

 

2.1.2. ARAMID FIBERS  

Aramid fiber is a manufactured fiber in which the fiber-forming substance is a long chain 

synthetic polyamide in which at least 85% of the amide linkages (-CO-NH-) are attached 

directly to two aromatic rings. This definition makes difference between aramid fibers and 

polyamides fibers. Aramids are prepared by the generic reaction between an amine group and 

a carboxylic acid halide group.    

Because of the high tensile strength and modulus of aramid fibers, these are applied to ship 

building and civil engineering. Also, aramid fibers are flexible/soft, so easier to be woven 

than stiff /brittle fibers such as glass, ceramic, or metallic fibers. Therefore these are applied 

to fabrics for aircraft and containers and sport goods. In addition, since aramid fibers have 
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high heat resistance, flame retardation, and cut resistance, these are used in various types of 

protective clothing such as fire fighterôs gear and cut protective gloves. 

Kevlar® 

Kevlar® is the most well-known para-phenylene group fiber which is introduced in 1965 by 

Dupont. Para-phenylene groups are the amide groups attached to the phenyl rings opposite to 

each other, at carbons 1 and 4 (Figure 2).  

Figure 2 Chemical structure of repeat unit of Kevlar ® [2] 

Kevlar® has good dynamic energy-absorption characteristics, high specific strength and 

modulus, and excellent thermal properties. The highly crystallized and oriented structure 

gives a rise to high dynamic modulus. Kevlar® also possesses moderate elongation. Specific 

gravity is 1/5 of steel but it has high strength and elasticity. The strength is five to eight times 

higher than steel wire and elasticity is four times higher than nylon.  

 Kevlar® is developed to several types with different strong points. Kevlar 29 (all-purpose 

yarn) is used in fabric form for environmental and ballistic protection. Kevlar 49 is a high 

modulus fiber, Kevlar 119 is a high elongation fiber and Kevlar 129 is a high tensile strength 

fiber. Table 1 shows the mechanical properties of Kevlar® fibers. 

As Kevlar® has high strength and high heat resistance, it can extend the lifespan of breaks 

and reduce the cost of maintenance. Since Kevlar® has high heat resistance, it is used as 

gaskets to pack the crack and can be used as a hosepipe to convey the high temperature 

liquid. Protective clothing made of Kevlar® can protect wearer from sharp objects and high 

heat.  
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Nomex® 

Nomex® is the most well-known meta-phenylene group fiber which is introduced in 1963 by 

Dupont. Meta-phenylene groups are the amide groups that are attached to the phenyl ring at 

the 1 and 3 positions (Figure 3). In Nomex® the aromatic groups are all linked into the 

backbone chain through the 1 and 3 positions.  

Figure 3 Chemical structure of repeat unit of Nomex® [2] 

Strength and elasticity is similar to nylon but Nomex® has an excellent thermal resistance. 

There are no changes of electrical and mechanical properties up to 200°C and the critical 

properties are not changed up to 350°C. Contrary to other thermal-resistance materials, 

Nomex® is lightweight and can absorb moisture to some extents leading to a beneficial 

property to apply to clothing. Table 1 shows the mechanical properties of Nomex® fiber. 

Because of its excellent electrical insulating properties, Nomex® is used as insulator for 

electric motors, microwave ovens, transformers and electronic generators. Also, since it has a 

good thermal resistance, it can be applied to machines operating with high temperature such 

as hot gas filters in commercial dryers, photocopiers, printing blankets, steam and iron press 

covers. Nomex® is strong and light, so it is a good material to transportation such as aircraft 

parts, engine nacelles and helicopter blades. As mentioned above, Nomex® is suitable for 

protective clothing for firefighters, motor car racers, oil and chemical workers and space 

explorers. 
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2.1.3. ULTRA HIGH MOLECULAR WEIGHT POLYETHYLENE  

Ultra high molecular weight polyethylene fibers (UHMW) are also known as high-modulus 

polyethylene (HMPE) or high-performance polyethylene (HPPE).   UHMW is a type of 

polyolefin and made up of extremely long chains of polyethylene aligned in the same 

direction. Each chain is bonded to the others with so many Vander Waals bonds [2]. These 

characteristics cause high-performance properties in flexible polymers. Figure 4 shows the 

chemical structure of repeat unit. 

The shaping process is complex. Gel spinning at low polymer concentration is followed by 

extraction of the solvent and the critical drawing step. The very high draw ratio in this system 

develops high strength and stiffness of the fiber. However, the low melting point of this 

material limits its applicability at elevated temperatures.  Also the non-polar nature of this 

material decreases its adhesion to resins [5].  

Figure 4 Chemical structure of repeat unit of UHMW fiber 

The primary properties of UHMW are high strength and high modulus in the low density. 

The density of UHMW is slightly less than one. The combination with the low density makes 

the specific tenacity and modulus extremely high. The tenacity is 10 to 15 times higher than 

that of good quality steel. On weight basis, they are the strongest and almost the stiffest 

commercially available materials. They offer the highest percentage of absorbed energy 

versus total impact energy [2]. Also, UHMW fibers have excellent additional properties such 

as chemical resistance, UV resistance, moisture resistance and fatigue resistance.  

http://en.wikipedia.org/wiki/Polyethylene
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However, creep resistance, low temperature resistance, poor adhesion and low compression 

properties limit its application. The weak bonding between olefin molecules gives much 

poorer heat resistance than other high-strength fibers. Its melting point is around 144 to 

152°C. According to DSM Company of Netherland, it is not advisable to use UHMW fibers 

at temperatures exceeding 80 to 100 °C for long periods and it becomes brittle at 

temperatures below -150 °C. Also, they are sensitive to oxidizing media. In normal air the 

fiber is stable for many years, but in strongly oxidizing media, fibers will lose strength very 

fast [1].  

Since UHMW can absorb extremely high amounts of energy, it is applied to products for 

ballistic protection, cut-resistant gloves and motor helmets. Also, it can be used to improve 

the impact strength of carbon or glass fiber-based composites. Due to their high abrasion 

resistance, they are used for ropes and gloves [2]. 

Spectra® 

Spectra® is the newcomer to the composite market. Spectra® offers the advantages of low 

density and high tenacity. It melts at 147°C and is sensitive to heat. Spectra® 1000 is 

stronger and has higher modulus than spectra® 900. Table 1 shows the mechanical properties 

of Spectra® fibers 

Spectra® is used in numerous applications as follows; ballistic vests, helmets, armored 

vehicles, sailcloth, fishing lines, marine cordage and lifting slings, cut-resistant gloves, and 

safety apparels. Among the applications, ballistic application has become important because 

of the development of laminated composite structures [2]. 

 

 

 

http://en.wikipedia.org/wiki/Melting_point
http://en.wikipedia.org/wiki/Brittle


10 

2.1.4. PBO FIBERS 

PBO (polyphenylene benzobisthiazole) is thermoset liquid crystalline polyoxazole [1]. PBO 

fiber is the most well-known Heterocyclic Aromatic Polymer. The development of PBO 

compositions was conducted by Wolf and others, with the continuing work of Dow Chemical 

Company and Toyobo. PBO is synthesized by Diaminoresorcinol Hydrochloride and 

Terephthalic Acid in a polyphosphoric acid solution. Figure 5 shows the PBO polymerization 

[2].  

 

 

Figure 5 Schematic of PBO polymerization 

Higher rigidity than aramids and lack of amide bond translate to improved thermal 

properties. It has high flame resistance and has exceptionally high thermal stability. Also, it 

has good mechanical properties and good chemical resistance. Strength of PBO fiber is twice 

that of aramids and modulus is similar to carbon fibers. Toyobo has recently succeeded in 

improving PBO fibers, and the modulus of the improved PBO fiber obtained can be as high 

as 360 GPa [2].  

There are some disadvantages due to specific chemistries such as poorer ultraviolet stability 

and adhesion to resins which limit its use in some applications. Also, expensive ingredients 

and highly aggressive solvent result in significantly higher prices versus aramid fibers [5].  

However, the excellent mechanical properties are found in such areas as athletic equipment 

and high-fidelity speaker cones. In this speaker good dielectric properties are important. 

Nonstructural applications may take the form of woven fabrics and cables. 
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PBO fabrics are light and flexible and provide improved comfort and mobility. They are 

ideal for heat and flame resistant work-wear such as for fire fighters. Motorcycle suits have 

particular areas such as the knee and elbow regions. Reinforced with PBO fabric provides the 

required excellent heat, flame and abrasion resistance. As with aramids, PBO is ideal for 

ballistic protection fabrics and panels. PBO has high energy absorption and rapid dissipation 

of impact by the fibrillar morphology.  

Another application utilizing the excellent thermal properties is heat-resistant felt. This 

property is now being used by glass manufacturers. For example, the mats on which the hot 

shaped-glass fabrications are in place for cooling. General applications for reinforcement 

include those for tires, belts, cords as well as for optical fiber cables [2].  

Zylon® 

Strength of Zylon® is 5.8 GPa which is about twice as strong as steel wire (2 Gpa), and 

weight of Zylon® is five times lighter than steel wire. Therefore, proportional strength of 

Zylon® is about ten times stronger than that of steel wire (See Table 1). Also, Zylon® has 

noticeable properties among super fibers such as high elasticity, heat resistance, and flame 

retardation. Figure 6 shows the chemical structure of repeat unit. 

According to many beneficial properties of Zylon®, it is applicable to protective clothing, 

sport goods, aerospace products and industrial materials [6]. There are two types of Zylon® 

fibers, AS (as spun) and HM (high modulus) and Table 1 shows the mechanical properties of 

Zylon® fibers. 

Figure 6 Chemical structure of repeat unit of Zylon® 
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2.1.5. THERMOTROPIC LIQUID CRYSTAL POLYMERS  

Liquid Crystal Polymers (LCPs) are based on aromatic structures like the para-aramid fibers 

[5]. Thermotropic liquid crystal polymers (TLCPs) are made by heating a polymer. Lyotropic 

liquid crystal polymers such as Kevlar® are made by dissolving a polymer in a solvent.  

TLCPs consist of very rigid, chain-like molecules. Most of the molecules are randomly 

oriented [1].  

 To obtain adequate physical properties, a slow heat treatment process has to be applied. 

When it cooled down, the extruded fiber has a highly oriented structure which gives high 

tensile strength and modulus. Because of this high orientation, drawing after spinning is not 

necessary. Also, solid-state polymerization of the spun fiber results in fibers with very high 

strength and modulus.  

The strength and stiffness of TLCPs are similar to para-aramid fibers and the thermal 

properties of TLCPs are somewhat lower than those. TLCP fibers are used in applications 

such as tow ropes, cargo tie-downs, tethers, and cables [5]. The research of TLCPs has 

resulted in a commercially available melt-spun wholly aromatic polyester fiber called 

Vectran® [2].  

Vectran® 

The commercially available TLCP, Vectran®, is created by Celanese Acetate LLC in 1985 

and now produced by Kuraray Co., Ltd. This polymer is based on copolyesters and made by 

the acetylation polymerisation of p-hydroxybenzoic acid and 6-hydroxy-2-naphthoic (Figure 

7) [2].  
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Figure 7 Chemical structure of repeat unit of Vectran® 

Vectran® has high strength and modulus, excellent creep resistance, excellent chemical 

resistance, high abrasion resistance, excellent flex/fold characteristics, excellent retention 

properties at high/low temperatures, outstanding cut resistance, and high impact resistance 

[2]. Vectran® is five times stronger than steel (See Table 1) and ten times stronger than 

aluminum. 

Vectran® is used in numerous applications around the world that require its unique 

properties. It is used in ropes and cables because of high strength with no creep, superior 

abrasion resistance and moisture resistance. Also, it is used in industrial products such as heat 

resistant belting, tape reinforcement, and aerospace products as it is chemically and thermally 

resistant. In addition, Vectran® is an excellent fiber to produce sports and leisure products 

such as sailcloth, bowstrings and snowboards since it has high strength, minimal moisture 

absorption and excellent flex/fold/abrasion/impact resistance [7].  

There are two types of Vectran® fibers, HS and M. Vectran® HS is the high strength 

reinforcement fiber and Vectran® M is a high performance matrix fiber. Table 1 shows the 

mechanical properties of Vectran® fiber. 
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2.1.6. COMPARATIVE STUDY OF HIGH -PERFORMANCE FIBERS  

This chapter consists of the comparative studies of fibers described previously. First of all, 

mechanical properties are important to evlauate the high-performance fibers. Table 1 is the 

summary of mechnical properties.  

Nylon fiber has extremely high elongation at break among high-performance fibers, since it 

has a flexible chain between the amide group. Aramid fibers such as Kevlar® and Nomex® 

show the high maximum use temperature among high-performance fibers. Nomex® has very 

high elongation at break, but strength and modulus are relatively lower than the others. The 

UHMW fibers are the lightest and have the highest strength per weight and volume. Zylon® 

has the highest strength and modulus among those fibers.  

Table 1 Mechanical properties of high-performance fibers [2], [8], [25] 

Fiber type 

Density 

(g/cm
3
) 

Elongation 

at break 

(%) 

Breaking 

tenacity 

(g/denier) 

Initial 

modulus 

(g/denier) 

Moisture 

regain (%) 

Melting 

point (°C) 

Nylon 1.14 17 to 45 4.0 to 7.2 45 2.8 to 5.0 NA 

Kevlar® 29 1.44 3.6 23 555 7 427 

Kevlar® 49 1.44 2.4 23.6 885 3.5 427 

Nomex® 1.38 28 4.9 95 4.5 371 

Spectra® 0.97 2.7 to 3.5 26 to 34 1200 < 0.1 147 

Zylon® AS 1.54 3.5 42 1303 0.6 650 

Zylon® HM  1.56 2.5 42 1949 0.6 650 

Vectran® HS 1.41 3.3 23 525 < 0.1 330 

Vectran® M 1.41 2.0 9 425 < 0.1 276 

Stainless steel 7.88 11 1.8 to 3.2 - - 1426 
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2.2. PHOTO DEGRADATION MECHANISM AND DEGREE OF HIGH -

PERFORMANCE FIBERS  

Direct sunlight includes infrared, visible, and ultraviolet (UV) light. Infrared light has longer 

wavelength than visible light and ultraviolet light has shorter wavelength than visible light as 

shown Figure 8. Among them, UV light which is 6% of solar radiation reaching the earthôs 

surface has enough energy to affect human skin and destroy microorganism. Also, UV light 

has enough energy to break chemical bonds causing chains scission and hence causes 

degradation of many polymeric materials.  

Figure 8 Electromagnetic spectrum [9] 

Unfortunately, high-performance fibers are no exceptions to this phenomenon. Photo 

degradation of polymers occurs when the energy of the absorbed radiation is sufficient to 

break chemical bonds and form free radicals or ions that may propagate a chain reaction. 

Many of high performance fibers contain double and triple bonds and aromatic structures that 

increase thermal stability. However, this unsaturation also makes them susceptible to actinic 

degradation [10].  

Exposure to UV will result in photo degradation including chain scission and cross linking. 

Hence, it results in changes of chemical and mechanical properties such as the reduction of 
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tenacity which is the most important property of high-performance fibers. The following 

sections deal with the mechanism and the amount of photo degradation of specific types of 

high-performance fibers.   

 

2.2.1. NYLON  

It is known that unprotected polyamides are sensitive to degradation and discoloration by 

heat, by water vapor at high temperatures, and by light in the presence of air [11]. The photo 

degradation of nylon-6 fiber proceeds by a random scission of the polymer chain. In photo 

degradation of polyamides, chain scission is predominant rather than cross-linking from UV 

[6]. Since the C-N bond is the weakest in polyamide molecule, the polymer molecule breaks 

at the C-N bond. After break at C-N bond, the nitrogen atom remains attached to the polymer 

molecule [11].  

A previous study reported the results on the reduction of tensile strength of nylon-6 fabric 

after UV exposure. From the fadeometer exposure nylon-6 lost 43% of its strength after 60 

hours and lost 77% of its strength after 120 hours [11]. Also, other previous studies have 

shown degraded nylon 6 shows cracks, yellowing and decrease in strength and elongation at 

break. Also, rapid loss of molecular weight and brittleness were found [6].  

 

2.2.2. ARAMID FIBERS  

The aromatic structure of aramid fibers is responsible for greater thermal stability. However 

this structure may accelerate photochemical degradation since it has greater potential for light 

absorption. The aramid structure consists of benzene rings connected by amide linkages [-

CO-NH-] that are susceptible to oxidative cleavage and forming carboxylic acid [-COOH] 

and nitroso end groups [-N=O]. Also stiff aramid fibers such as Kevlar® and Nomex® are 

more susceptible to UV damage [10].  
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Kevlar® 

Photo degradation causes the changes in mechanical properties in Kevlar®. However it 

depends on the thickness of textile structure. Thicker textile items such as half-inch rope can 

minimize strength loss, since the outer layer protects the most of inner filaments. Unwoven 

yarns showed less susceptibility to degradation than yarn in fabric.  

Kevlar® shows better UV resistance than Zylon® and Vectran® in previous works. From the 

weatherometer Kevlar® yarn lost 11% of its strength after 24 hours of UV exposure and lost 

26% of its strength after 96 hours [6].   

Nomex® 

Nomex® is one of the high temperature resistant fibers. However it is highly sensitive to UV 

radiation resulting in a loss in strength, discoloration, brittleness and a decrease in flame 

resistance. From AFUôs of Xenon exposure Nomex® loses 44.6% of its strength after 160 

hours [10].  

 

2.2.3. ULTRA HIGH MOLECULAR WEIGHT POLYETHYLENE  

The paraffinic structure -[CH2CH2]- of polyethylene fibers cannot absorb light of wavelength 

longer than 300 nm and the radiation of wavelength shorter than 300nm cannot reach earthôs 

surface. Therefore the initial absorption of polyethylene fibers is occurred at carbonyl groups 

which are formed during polymerization or processing of the polymer [12].  

Since the oxidation and cross linking reaction take place predominantly in the amorphous 

region in the presence of air, among polyethylene fibers UHMW which has more crystalline 

region and less amorphous region shows less oxidation and cross linking reaction. Low 

density polyethylene shows the better mechanical properties after exposure and more durable 

to UV exposure than high density polyethylene in spite of its higher degree of oxidation [13].  
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UHMW lost 8% of its strength after 200 hours of exposure and lost 20% after 400 hours 

using Xenon-light weatherometer [14]. Figure 9 shows the relative UV resistance of high-

performance fibers. It shows UHMW has the best UV resistance among high-performance 

fibers [2]. Hence, Spectra® offers superior UV resistance which is better than Kevlar®, 

Nomex®, Zylon®, Vectran®, polyester and nylon.  

Figure 9 Strength retention as a function of UV exposure [1] 

 

 

 

 

 

 



19 

2.2.4. PBO FIBERS 

Zylon® 

From the Zylon® official website, it has been seen that the strength of Zylon® decreases 

sharply during UV exposure. Also, Zylon® is degraded by not only UV but also visible light. 

In the lab testing Zylon® AS and HM lost about 70% strength after 500 hours (about 21 

days) of exposure. In the outdoor testing Zylon® AS and HM lost about 65% strength after 6 

months (about 180 days) of exposure [15].  

Another study shows more serious results from accelerated aging in the weatherometer. This 

work shows that unprotected PBO yarn lost 63% of its strength after 24 hours of UV 

exposure in the weatherometer and 85% of its strength after 96 hours. After 144 hours of 

exposure Zylon® lost 88% of its strength [6].  

 

2.2.5. THERMOTROPIC LIQUID CRYSTAL POLYMERS  

Vectran® 

Vectran® also lost strength significantly upon exposure but less than Zylon®. From the 

weatherometer the Vectran® lost 31% of its strength after 24 hours of UV exposure and loses 

78% of its strength after 96 hours.  After 144 hours of exposure Vectran® lost 87% of its 

strength with the form of yarn [6].  

Since the UV resistance of HPF is affected by the form of final product such as filament, 

yarn, rope or fabric, from the data of Vectran® official website, Vectran® showed better 

result than the previous work with the form of 0.6 cm rope in diameter. After 200 hours of 

exposure, Vectran® lost 25% of its strength and lost 30% after 400 hours of exposure using 

Xenon-light weatherometer, but it is still unacceptable performance [14].  
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2.3. UV-PROTECTION METHODS FOR HIGH -PERFORMANCE FIBERS 

2.3.1. LOADING  

In the textile industry, the most traditional way to improve UV resistance is loading the 

polymer with UV stabilizers (UV blockers or absorbers) during melt extrusion. The 

application of a selected UV stabilizer inhibits or reduces the photo degradation. Various 

chemical compounds are available to use as UV stabilizer including antioxidants and 

pigments. The function of stabilizer is achieved by either absorbing or scattering UV 

radiation.  

In case of nylon, it is possible to load with UV stabilizer such as titanium dioxide (TiO2) and 

zinc oxide (ZnO) during melt spinning. TiO2 is the most commonly used as UV blocker or 

photo catalyst. Under UV exposure, the TiO2 absorb photons with energy equal or higher 

than its band gap energy (<385nm) where UVA and UVC can be applied [1].  

Previous works showed the efficacy of the UV absorber in reducing the photo degradation in 

nylon-6 fiber. Since the photo degradation of nylon-6 fiber is caused mainly by ultraviolet 

light, loading with UV absorbers can improve UV resistance [11].  

However, loading UV stabilizers to most of high-performance fibers during extrusion is not 

possible due to the harsh conditions of spinning process. For example, solutions to produce 

PBO fibers are extremely viscose and processes to produce UHMW fibers are very complex 

from gel spinning to critical drawing step[5].   

Also, adding UV blocker/absorber may cause loss of strength, which is the most important 

mechanical property of high-performance fibers. Previous work on nylon showed the effect 

of loading TiO2 on mechanical properties. Nylon 66 yarn loaded with 0.5% nano TiO2  

showed 21% loss of tensile strength which was  3.62 N compared to unloaded nylon 66 yarn 

which was 4.57 N. Additionally adding TiO2 reduced elongation at break either [29]. It 

seems that the incorporation of the pigment leads to a noticeable decrease on mechanical 

properties. 
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Also, the tensile strength of polyester loaded and unloaded with TiO2 nanoparticles were 

studied and the tensile strength of the fiber loaded with TiO2 decreased slightly. Polyester 

loaded with 1% TiO2 decreased by 6% compared with pure polyester corresponding with the 

decrease of elongation at break [32]. It seems that TiO2 promotes degradation of fibers by 

acting a catalyst for thermal degradation and weaken fibers as a result of the individual solid 

crystals providing weak points within the fiber matrix.  

However, other previous work showed that the tensile strength of polypropylene film loaded 

with TiO2 tends to increase after UV exposure possibly due to cross linkage of chains or 

recombination of free radical intermediates via another mechanism. [31] Another previous 

study investigated the effects of adding nanoparticles such as TiO2, ZnC, CuO, SiC on 

composites. In all the cases, strength decreases initially but increases with higher proportions 

of the nanoparticles [30].  

Therefore the effect of loading UV blocker/absorber on mechanical properties depends on the 

types of fiber and nanoparticle, the level of nanopartilcles, and their reactivity. Also it 

becomes even more complex to predict the effect of loading TiO2 after UV exposure. Studies 

on the mechanism and reactivity of specific fibers to nanoparticles are suggested to be 

conducted in the future.    

As it is extremely difficult to process and has risk to add UV blocker/absorber which may 

cause loss of strength, it is required to develop new methods to protect high-performance 

fibers from UV. 

 

2.3.2. COATING  

Photo-stability of fibers can be improved by chemical coating. Coating process is simply 

done by feeding yarn or fabric to finish application system. Finish solution is added to the 

yarn or fabric and the treated yarn or fabric passes over a heated drum to let the finish cure 
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on the surface of yarn or fabric. The UV stabilizers can be added to coating solution such as 

TiO2, ZnO, carbon black, and some commercial photo stabilizers. 

Figure 10 shows tensile strength of uncoated Kevlar® yarn and Kevlar® yarn coated with 

TiO2 as a function of UV exposure time. The coated fiber shows less loss of strength than the 

uncoated. After 156 hours of UV exposure, the uncoated yarn became powdery and degraded 

completely while the coated yarn shows 36% loss of tensile strength.  Also, other results such 

as elongation and SEM image showed obvious improvement of protection from UV after 

TiO2 coating [16].   

 

Figure 10 Tensile strength of coated and uncoated Kevlar® as a function of UV 

exposure time [16] 

However, previous work at NCSU supported by NASA showed that chemically coating the 

fiber surface with a thin film containing UV blockers does not provide required protection 

due to the lack of durability on the coating materials and the lack of uniform penetration 

between and within the filaments. The work revealed that physical coverings with thin film 

gave better protection compared to chemical treatments [6].  
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2.3.3. SHEATHING  

Protective layers which block the UV can be applied as a sheath to cover high-performance 

fibers. Physical covering is a much better option compared to the chemically coating option. 

Previous works showed protective layer such as aluminum, Teflon, and a thin flexible film 

containing carbon black gave a high protection from UV radiation due to reflecting away all 

the radiation.  

A Kevlar® yarn wrapped with Teflon tape showed less than 3% of strength loss after 1 day 

exposure while untreated sample showed about 11% loss which is almost four times of 

wrapped sample. After 4 and 6 day exposure, wrapped samples showed much higher UV 

resistance than untreated samples (Figure 11). Also, the Vectran® sample wrapped with 

Teflon showed only 30% loss after 144 hours exposure while uncovered showed 87% loss 

(Figure 12) [6]. 

 

Figure 11 Strength retention of Kevlar® untreated and covered with Teflon as a 

function of UV exposure [6] 
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Figure 12 Strength retention of Vectran® untreated and covered with Teflon as a 

function of UV exposure [6] 

Increasing the number of protective layers showed better UV resistance. Experiment with 

Zylon® yarn sheathed with different number of layers of polyethylene film loaded with 

carbon support this result as it can be seen from Figure 13. The tensile strength loss of 

Zylon® sheathed with one layer was 15%, with two layers was 7 %, and with three layers 

was 6%, while untreated Zylon® lost 63% of tensile strength after 1 day of exposure to UV 

[6]. 
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Figure 13 Strength retention of Zylon® untreated and one, two, and three layers of 

black polyethylene [6] 

The sample covered with thicker layer shows better UV resistance. From the results of 

previous work, it can be seen that Zylon® sheathed with 0.032 mm polyethylene film loaded 

with carbon support gave 15% strength loss after 1 day exposure, while untreated Zylon® 

lost 63% of tensile strength. The thicker samples with 0.089 and 0.526 mm black 

polyethylene showed better protections which are 2 % and 3 % strength loss after 1 day 

(Figure 14). Zero (0) cm in thickness means untreated braid. 
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Figure 14 Strength retention of Zylon® untreated and covered with 0.031, 0.089, and 

0.526 mm of black polyethylene [6] 

(Zero (0) cm thickness uncovered braid) 

However, the more layers and the thicker sheath cause the higher weight add-on which is not 

desirable and lower the strength to weight ratio of high performance fibers. Therefore, there 

is need to find out the optimum level between the required amount of protection and the 

amount of add-on.  
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2.4. UV-PROTECTION MEASUREMENT METHODS  

This chapter provides the testing and evaluation methods that are used to assess the amount 

of protection from UV radiation of proposed protective systems.  

 

2.4.1. UV TRANSMISSION PROPERTIES 

The transmission of UV rays through protective layer can be measured by Ultraviolet-visible 

spectroscopy (UVïVIS). It refers to absorption spectroscopy in the UV-visible spectral 

region which is the adjacent range from infrared to ultraviolet (180 to 820 nm). 

Figure 15 shows the components of a typical double spectrometer. A beam of light source is 

separated into wavelengths by diffraction grating (Mirror 1). The wavelengths are split into 

two beams by half mirror. One beam, the sample beam, passes through a container with a 

sample and the other beam, the reference beam, passes through a same container without a 

sample. Then the intensities of these light beams are measured by detector and compared [1]. 

The obtained result is a graph of the transmittance or absorbance as a function of the 

wavelength [9]. Incandescent or arc discharges in lamps filled with gases or the vapors of 

metals or chemical compounds are used as sources of ultraviolet and visible radiation [6].  
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Figure 15 Diagram of a double-beam UV-VIS spectroscopy [1] 

 

2.4.2. MECHANICAL PROPERTIES  

Accessing mechanical properties of both treated and untreated samples after exposure to UV 

can show the amount of protection of the treatment. It is one of the direct and general 

methods to measure the amount of protection. It can be simply done by measuring and 

comparing the specific property of both treated and untreated samples after UV exposure. 

Tensile testing is commonly used since this property the most critical for high-performance 

fibers.  

To simulate UV exposure under controlled conditions, weatherometer is commonly used 

instrument for this purpose. It has a lamp to emit radiation from 230 nm up to 750 nm. 

Mechanical properties of untreated and treated samples before and after the UV exposure by 

weatherometer (or daylight) can be tested to see the amount of degradation of each sample 

and difference between samples.  
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Losses in strength during UV exposure indicate that chemical changes such as chain scission 

and reduction in polymer chain length and physical changes such as reduction in molecular 

weight have taken place in the fiber molecular structure [11].  

The degradation by UV exposure leads to change of tensile failure mode, and contributes to 

the loss of mechanical properties. Therefore, filaments become easy to break and the tenacity 

and break extension of degraded filaments drop sharply. Figure 16 shows the effects of UV 

irradiation on properties of Twaron2000 filaments. Tenacity, break extension and work to 

break of the filaments decrease rapidly [9].  

Figure 16 Tensile properties as a function of irradiation time [9] 

 

2.4.3. FIBER MORPHOLOGY  

The surface morphology of fibers can be observed using scanning electron microscopy 

(SEM). The largely high resolution magnified images of fiber surface allow visual 

observation of damage since the UV beam is known to have an etching effect on the surface 

of the filament. SEM is a microscope that uses electrons instead of light to form an image. 

The SEM can produce a largely magnified image with high resolution.  
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A beam of electrons by an electron gun goes through the microscope vertically. After going 

through electromagnetic fields and lenses, the beam focuses down toward the sample. When 

the beam hits the sample, electrons and X-rays are ejected from the sample. Detectors collect 

the X-rays and scattered electrons and convert them into a signal to produce the final image. 

Figure 17 shows the schematic process of SEM for fibers before and after exposure to UV 

radiation [17].  

Left images of Figure 18 are the surface images of Twaron2000 filaments before and after 

UV exposure for 144 hours. Image (b) after UV exposure indicates that the surface of the 

filaments becomes rough and corrugated. Therefore, comparing two images by SEM before 

and after UV exposure leads assessment of the amount of degradation qualitatively. 

Figure 17 Schematic principle of SEM [17] 
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Also, image by SEM after tensile test can show the breaking mode which can explain the 

filaments characteristics. Right images of Figure 18 are broken ends (after subject to tensile 

loading) of Twaron2000 filaments before and after UV exposure. Image (b) after UV 

exposure shows the filament turns brittle and is broken without fibrillation or fibril splitting 

since degradation causes to facilitate molecular chain scission. Fibrillation or fibril splitting 

is typical break appearance of the original highly oriented filament such as seen in image (a) 

[9].  

 Figure 18 SEM image of the surface before (a) and after (b) UV exposure (left) and 

Tensile broken ends before (a) and after (b) UV exposure (right) of Twaron2000 

filaments [9] 
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2.4.4. CHANGES IN MOLECULAR AND CRYSTALLINE STRUCTURE  

Since large molecular is broken and the amount of monomer is increased after random 

scission process, photo degradation causes decrease in molecular weight [11].  

X-ray diffraction (XRD) can be used for identification of the crystalline phases and 

estimation of the crystalline size. Crystallinity is calculated using the area under the peaks in 

the X-ray curves. Figure 19 is an example of X-ray diffractiogram. Previous work with 

Zylon® found that there is no huge change in crystallinity values between before and after 

exposure [6].  

 

Figure 19 X-ray diffractogram for Zylon ® exposed yarn 8 days [6] 
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2.5. EXPERIMENTAL STUDIES  

2.5.1. PREVIOUS STUDIES ON EXTRUDED POLYMERIC FILMS   

There are two main types of sheaths in rope industry, extruded polyethylene films and 

braided sheaths. Extruded polyethylene films are usually stiffer than braided sheaths [39]. 

Figure 20 shows the appearance of extruded polyethylene films and braided sheaths.  

Figure 20 Extruded polyethylene films (left) and braided sheaths (right) 

Since the electric wires need to be insulated to survive, the electric wire insulation using 

polymer extrusion technology has been known for many years. The technology could be 

applied to produce protective sheathing for high performance fibers.  

Extruded polymeric films are used to isolate the fibers from any outside contacts. Extruded 

polymeric films are added in order to contribute to the performance of fibers and to improve 

abrasion resistance and to protect fibers from UV. 

The extrusion of polymeric materials starts with the powder or pellet form. This substance is 

added to a machine. The machine utilizes a screw-type action for helping in mixing and 

pushing the compounds to die opening. Usually the extruded material is conveyed into a cool 

water to be solidified.  Figure 21 shows cross head extrusion, one type of polymer based 
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extrusion process. Wire or rope is fed into the melt flow and thus the wire or rope is became 

a part of the extrusion [18].  

Figure 21 Diagram of cross head extrusion [18] 

 

2.5.2. PREVIOUS STUDIES ON ELECTROSPUN POLYURETHANE 

LAYERS  

Electrospun layer can be adopted as the sheathing protective layer. The electrospinning 

process is used to make fine fibers in the range of nano-scale by charging a polymer solution 

with high volts. Due to the extremely thin fibers, electrospun polyurethane layers provide a 

very large surface area [19]. Also electrospun layer is extremely thin, lightweight, and 

mechanically flexible. Therefore electrospun layer is an excellent material to protect fibers 

without significant increases in weight and thickness [20]. Due to these characteristics, it has 

wide potential applications from biomedical application, filtration to protective clothing. 

Electrospinning uses electrostatic forces as the driving force to spin fibers. When the charge 

of polymer at increasing voltage exceeds the surface tension at the tip of the spinneret, the 

polymer gets ejected. The charged jet comes out of the spinneret, first in the form of Taylor 

cone and then is sprayed randomly to form fiberweb. Figure 22 shows a schematic of 

electrospinning. 
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Figure 22 Schematic of electrospinning [21] 

Electrospun layer containing zinc oxide (ZnO) for UV-protection was developed in a 

previous work. The thin electrospun layer with ZnO improved UV-protection significantly. 

Electrospun layer with 1% wt. ZnO increased the percent of UV-A blocking from 39.8 to 

87.2 and the percent of UV-B blocking from 39.4 to 93.4 with 3.1g/m
2 

of fiberweb areal 

density. Also, the web with 2% wt. ZnO increased the percent of UV-A blocking from 39.8 

to 94.3 and the percent of UV-B blocking from 39.4 to 98.5 with 3.0g/m
2
 of web areal 

density [20].  
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3. RESEARCH OBJECTIVE  

High-performance fibers have unlimited potential applications. However poor UV resistance 

limits the applications and their lifetime. Although there are trials to overcome this weakness, 

more efficient methods are still need to be developed. To find better way to improve UV 

resistance, one type of high-performance fiber was selected which was PBO (Zylon®) and 

several approaches were investigated which were four types of extruded polymeric sheath 

and electrospun polyurethane layers in this study.  

The need for research to protect PBO braid from UV prompted NASA to fund this research. 

PBO braid is the load tendons of ultra long duration balloons (ULDB) under development by 

the National Aeronautics and Space Administration (NASA). Figure 23 shows the ULDB. 

The ULDB  is designed as pumpkin shape since the pumpkin shape reduces the diameter of 

balloon. The small diameter of balloon reduces the hoop strength to maintain the structure 

and, therefore, the ULDB can carry the more loads.  

Figure 23 Ultra long duration balloon (left) and location of tendons in the balloon (right) 

The tendons located between gores provide the global pressure containing strength. Since the 

whole balloon rely on only tendons, the tendon is one of the most important elements of the 

balloon structure. Also, due to the pumpkin shape, if there is one breakage or slippage of 
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tendon, the whole balloon is destroyed totally, since the loss of tendon causes high stresss of 

skin. 

The NASA Balloon Program Office develops ULDB to carry scientific instrument  with a 

target of 100 or more days of near space mission. The balloons are required to stay at high 

altitude conditions. Figure 24 shows altitude and solar elevation angle during balloon flight. 

The balloons are required to stand from room temperature to -80°C and from zero pressure to 

75 Pa. Finally the balloons settle in 35,000 m and -20°C during the flight. 

Figure 24 Altitude and solar elevation angle during flight of scientific balloon 

As mentioned earlier, Zylon® is sensitive to light exposure. To improve the mission 

performance of the ULDB, new methods for protecting the tendons from the environmental 

effects need to be developed. Also, the high altitude conditions (35,000m, -20°C) are needed 

to be consider.  

Since it has been found from the literature review chapter that physical covering with 

protective layers is the best choice to protect high-performance fibers from UV, the 

objectives of this research is to find the best protective layers to cover high-performance 
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fibers physically. The protective layer system must be of lightweight to maximize the 

payload of the balloon. 

The first requirement of the protective layer is to provide enough UV protection. Previous 

works found that the coverings with more number of layers and thicker layers can give better 

UV protection. However, the second requirement of the layer is to weigh less than 3.5 g/m 

braid which is the weight of current protective layer, Kynar®, used in NASA Scientific 

Balloon Program. Therefore, the objectives of this research is to find the best protective 

layers to cover high-performance fibers providing better UV protection with less weight add-

on (not to exceed 3.5 g/m braid). Also, savings of the weight of protective layers can 

maximize the payload as mentioned earlier.  

In the present work, two types of protective layers have been implemented which were 

extruded polymeric films and electrospun polyurethane layers. UV transmission properties 

and mechanical properties before and after exposure with protective layers were measured to 

assess the degree of protection of the developed protective layer system. 

The extruded polymeric films were made of polyethylene with or without UV blockers. Four 

types of extruded polymeric films were developed with different types of and different levels 

of UV blockers. The samples were exposed to UV and visible light for 0, 1, 2, 3, 4, and 6 

days and mechanical properties were analyzed.  

The electrospun polyurethane layers were made of polyurethane with or without UV blocker 

which was TiO2 nanoparticle. Six types of electrospun polyurethane layers were developed 

with different amount of TiO2 and different speed of fiberweb collector. The samples were 

exposed to UV and visible light for 6 days and mechanical properties were analyzed. Fiber 

structure of electrospun polyurethane layers was investigated to find the effect of velocity of 

collector and the relationship between fiber structure and UV protection.  

The next chapter will address details of materials and experiment methods.  
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4. EXPERIMENTAL  

4.1.  PROTECTION OF HIGH -PERFORMANCE FIBERS USING EXTRUDED 

POLYMERIC FILMS   

4.1.1. MATERIALS  

Braid  

Zylon® is Toyoboôs commercial name for p-phenylene-2,6-benzobisoxazole (PBO) and 

selected as the load tendon of ULDB, since Zylon® has the highest strength and modulus 

among the currently available high-performance fibers as shown in Table 1. A hollow 16-

strand PBO braid manufactured at Cortland Cables Company was used. Each strand consists 

of two 166.67 tex (1500 denier) Zylon® HM yarns consisting of 996 filaments. The braiding 

structure is 2×2 as shown in Figure 25. 

 

Figure 25 Schematic structure of PBO braid 

As mentioned earlier, this braid is the load tendons of NASA scientific balloons. The NASA 

Balloon Program Office develops giant scientific balloons with a target of 100 or more days 

of near space mission duration. Tendons are required to have high strength to weight ratio to 

maximize the payload. There are 290 tendons in a balloon and each tendon is required to load 

1,600 lbs equally. 
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Sheath 

Polymeric sheaths were extruded from compound polymer made of polyethylene in pellet 

form loaded with or without UV stabilizer. Polyethylene was used since it is resistant to UV 

and temperature that is suitable to be used in high altitude. Polyethylene extruded polymeric 

films without UV blockers (Unloaded PE, PE 0% TiO2), polyethylene extruded polymeric 

films loaded with 5 % TiO2 (PE 5% TiO2), polyethylene extruded polymeric films loaded 

with 10 % TiO2 (PE 10% TiO2), polyethylene extruded polymeric films loaded with White 

CC® (PE White CC®) were manufactured and used in current study.  

Nanoparticle rutile TiO2 was used as UV blocker supplied by Nanostructure & amorphous 

materials, Inc. TiO2 nanoparticle was cylindrical shape with 10 nm in diameters and 40 nm in 

length. Density of TiO2 nanoparticle was 4.17 g/ml. PE White CC® was polyethylene loaded 

with White CC® supplied by POLYONE Co. The data sheet of White CC® is attached to 

Appendix C. More details on material analyses are reported in reference 22.  

 

4.1.2. EXTRUSION OF SHEATHS  

Sheathing process was performed at Cortland Cables Company. Untreated braid was fed into 

extrusion die to apply a compounded polymer that is one of the sheathing materials. When 

braid is going through the extruder head, the compounded polymer covers the braid as 

tubular shape. The sheathed braid is going through cold water instantly to coagulate the 

sheath and to separate the braid from sheath.   
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4.1.3. WEIGHT ADD -ON CALCULATIONS FOR SHEATHS  

Weight add-on calculations due to sheathing were calculated. 10 cm of the braid and the 

extruded polymeric films were measured. Ten (10) cm of the bare braid weighed 0.56 g. Ten 

(10) cm of the sheaths weighed from 0.26 to 0.28 g which weighed from 2.6 to 2.8 g/m braid 

which are lower than the maximum allowed of 3.5 g/m braid.   

Thicknesses of the sheaths were from 0.36 cm to 0.41 cm. However, circumferences of braid 

with sheaths were 0.9 cm constantly due to compression of the extruded polyethylene films. 

After extrusion the braids became more circular with higher density. More details on physical 

characteristics (Energy Dispersion X-Ray Analysis (EDX) by SEM, Thermal Gravimetric 

Analysis (TGA), and Transmission Electron Microscopy (TEM)) are reported in reference 22. 

Table 2 is brief physical properties of four types of extruded polyethylene films. 

Table 2 Dimension, weight, and thickness of extruded polyethylene films 

Types of 

sheaths 

Circumference, 

cm 

Length, 

cm 

Weight, 

g/10cm 

Weight, 

g/m 

% Weight 

Add-on 

Thickness, 

cm 

Unloaded PE  0.9 10 0.26 2.6 46.2 0.41 

PE Loaded 

with 5% TiO 2 
0.9 10 0.26 2.6 49.7 0.39 

PE Loaded 

with 10% TiO 2 
0.9 10 0.28 2.8 48.6 0.41 

PE Loaded 

with White  

CC® 

0.9 10 0.27 2.7 47.1 0.36 
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4.1.4. EXPERIMENTAL DESIGN  

As the physical covering is the most efficient method to protect high-performance fibers, 

extrude polymeric sheaths were adopted to protect PBO braid as stated earlier. This method 

is using same principle of electric jackets. The variable considered for this part was the type 

of extruded polymeric sheath and the number of days of UV exposure.  

The non-sheathed braid is considered as a control to benchmark the effect of the sheathing 

type. Four types of extruded polyethylene films were developed with different types of UV 

blockers. 

This experiment was conducted to find the best sheath giving the desirable amount of 

protection with lightest weight possible. Experimental design of extruded polymeric films is 

depicted in Table 3. The non-sheathed braid and the braids with four types of extruded 

polyethylene films were exposed to UV radiation for 0, 1, 2, 3, 4, and 6 days. 

Table 3 Experimental design of extruded polymeric films 

The responses (dependent variables) considered for the experiment include UV transmittance 

and tensile properties of braids and yarns unraveled from braids which are selected as the 

reliable measurement methods from previous literature review to identify the best candidate 

for PBO braid.  

Variable  Levels 

Type of sheath 
5 levels 

( including non-sheathed sample) 

Time, days 0, 1,  2,  3,  4, 6 

Total Number of 

Treatments 
5 × 6 = 30 
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4.2. PROTECTION OF HIGH -PERFORMANCE FIBERS USING 

ELECTROSPUN POLYURETHANE LAYERS  

4.2.1. MATERIALS  

Braid  

Same material was used for extruded polymeric sheath described in section 4.1.1. 

Sheath 

The electrospun polyurethane layers were made by electrospinning process from 

polyurethane with or without UV blocker. Electrospinning experiments were carried out by 

using polyurethane as the polymer, since it can be easily dissolved in a range of solvents. Use 

of polyethylene was not available at the NCSU College of Textiles, since it requires precise 

control of solution temperature. It is suggested that electrospinning trials be conducted in the 

future when equipment is available. Therefore, the use of the polyurethane was decided to 

prove research hypotheses; the effect of loading TiO2 and speed of the collecting surface.  

The UV blocker was the same TiO2 nanoparticles described in section 4.1.1. for extruded 

polymeric sheath. The solvent used to dissolve the polyurethane was N, N-

Dimethylacetamide (DMF) (Product 11569, Acros Organics, NJ, USA) (MW = 87.12, D = 

0.937). 
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4.2.2. ELECTROSPINNING APPARATUS   

Electrospinning apparatus consists of three main devices, sprayer, collecting device, and high 

voltage power supply as shown in Figure 26 and 27. The spraying setup has a needle (20 

gauges and 1 inch in length) as a spinneret; syringe (REF 305462, BD Syringe, Singapore) 

and a syringe pump (Model NE-1000, New Era Pump Systems, Inc., NY, USA). The pump is 

held at the same height of the center of collecting drum and the distance from the tip of the 

needle to the surface of the drum was 10 cm. Pump rate was fixed at 1 ml/hr. 

The polymer solution is given positive field with the help of a high voltage power supply 

(Model WK125R5, Glassman High Voltage, Inc., NJ, USA). The wire from the high voltage 

power supply is held to the needle with the help of a rubber holder. The high voltage power 

supply has a capacity ranging from 0 to 125 kV. For the current experiment voltage was 

fixed at 20kV. 

The collecting device is a cylindrical drum with an external drive. The drum has an electrical 

connection such as a brass plate and a metal rod to get the negative field so that it helps to 

collect the fibers. A copper foil  (6 inches in width and 12 inches in length) is wound over the 

drum, covering the metal rod to maintain same electric field over the drum surface. An 

aluminum mesh (6 inches in width and 27 inches in length to cover the whole drum 

circumference) is placed on top of the foil to help to remove the electrospun samples. The 

collecting device for electrospinning has been reported earlier [19].  
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Figure 26 Electrospinning setup ï sprayer and collector (left)  

and high voltage power supply (right) 

 

Figure 27 Schematic diagram of electrospinning setup 
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4.2.3. SAMPLE PREPARATION   

Electrospinning solutions were prepared by dissolving the polymer in N, N-

Dimethylacetamide. Polymer solution concentration was 11% by weight. The solution was 

stirred by using a magnetic stirrer for one day under low speed stirring and had a viscosity of 

958 cP at room temperature.  

For the samples with TiO2 nanoparticles, the particles were added to the solution after one 

day complete dissolution of polymer and stirred for one day under high speed stirring (350 

rpm) at room temperature to obtain homogeneous solutions.  

Eight (8) ml of solution was injected into a disposable syringe and took 8 hours to produce 

one electrospun layer since the solution was pumped at a rate of 1 ml per hour as mentioned 

above. Electrospun polyurethane layers were spun with the apparatus above and under room 

conditions. Although the amount of solution and pump rate was fixed, the weights of layers 

produced were not identical. Therefore, certain numbers of layers were selected to reduce 

nonuniformity of the protective layers.    

Three groups of samples were selected based on the weight of electrospun polyurethane 

layers at 1.10, 2.29, 3.00 g/m braid as follows:  

Group A: 1.10 ± 0.10 g/m braid 

Group B: 2.29 ± 0.10 g/m braid 

Group C: 3.00 ± 0.10 g/m braid 

Following is the table of weights of electrospun polyurethane layers in g/sample (sample size: 

3×3 cm
2
), g/m

2
, g/m braid (0.014 m

2
 since braid dimension is 1.4 cm ×  100 cm).  
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Table 4 Weights of electrospun polyurethane layers in g/sample, g/m
2
, g/m braid 

g/sample 

Type/Layers 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

0% low 0.0120 0.0240 0.0361 0.0481 0.0601 0.0721 0.0841 0.0962 0.1082 0.1202 0.1322 0.1442 0.1563 0.1683 0.1803 0.1923 

0% high 0.0234 0.0468 0.0703 0.0937 0.1171 0.1405 0.1639 0.1874 0.2108 0.2342 0.2576 0.2810 0.3045 0.3279 0.3513 0.3747 

1% low 0.0170 0.0340 0.0511 0.0681 0.0851 0.1021 0.1191 0.1362 0.1532 0.1702 0.1872 0.2042 0.2213 0.2383 0.2553 0.2723 

1% high 0.0219 0.0439 0.0658 0.0878 0.1097 0.1316 0.1536 0.1755 0.1975 0.2194 0.2413 0.2633 0.2852 0.3072 0.3291 0.3510 

2% low 0.0248 0.0496 0.0744 0.0992 0.1240 0.1488 0.1736 0.1984 0.2232 0.2480 0.2728 0.2976 0.3224 0.3472 0.3720 0.3968 

2% high 0.0150 0.0301 0.0451 0.0601 0.0752 0.0902 0.1052 0.1202 0.1353 0.1503 0.1653 0.1804 0.1954 0.2104 0.2255 0.2405 

g/m² 

Type/Layers 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

0% low 13.36 26.71 40.07 53.42 66.78 80.13 93.49 106.84 120.20 133.56 146.91 160.27 173.62 186.98 200.33 213.69 

0% high 26.02 52.04 78.07 104.09 130.11 156.13 182.16 208.18 234.20 260.22 286.24 312.27 338.29 364.31 390.33 416.36 

1% low 18.91 37.82 56.73 75.64 94.56 113.47 132.38 151.29 170.20 189.11 208.02 226.93 245.84 264.76 283.67 302.58 

1% high 24.38 48.76 73.13 97.51 121.89 146.27 170.64 195.02 219.40 243.78 268.16 292.53 316.91 341.29 365.67 390.04 

2% low 27.56 55.11 82.67 110.22 137.78 165.33 192.89 220.44 248.00 275.56 303.11 330.67 358.22 385.78 413.33 440.89 

2% high 16.70 33.40 50.10 66.80 83.50 100.20 116.90 133.60 150.30 167.00 183.70 200.40 217.10 233.80 250.50 267.20 

g/m braid (A : Group A (1.10 ± 0.10 g/m braid),  B : Group B (2.29 ± 0.10 g/m braid),  C : Group C (3.00 ± 0.10 g/m braid)) 

Type/Layers 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

0% low 0.19 0.37 0.56 0.75 0.93 1.12A 1.31 1.50 1.68 1.87 2.06 2.24B 2.43 2.62 2.80 2.99C 

0% high 0.36 0.73 1.09A 1.46 1.82 2.19B 2.55 2.91C 3.28 3.64 4.01 4.37 4.74 5.10 5.46 5.83 

1% low 0.26 0.53 0.79 1.06A 1.32 1.59 1.85 2.12 2.38B 2.65 2.91C 3.18 3.44 3.71 3.97 4.24 

1% high 0.34 0.68 1.02A 1.37 1.71 2.05 2.39B 2.73 3.07C 3.41 3.75 4.10 4.44 4.78 5.12 5.46 

2% low 0.39 0.77 1.16A 1.54 1.93 2.31B 2.70 3.09C 3.47 3.86 4.24 4.63 5.02 5.40 5.79 6.17 

2% high 0.23 0.47 0.70 0.94 1.17A 1.40 1.64 1.87 2.10 2.34B 2.57 2.81 3.04C 3.27 3.51 3.74 



48 

One type of electrospun layer was selected to run mechanical testing which showed the best 

protection based on UV-VIS spectroscopy transmittance. The selected electrospun layer was 

produced in three kinds of layers based on weight which are 1.10 ± 0.10, 2.29 ± 0.10, 3.00 ± 

0.10 g/m braid. The samples were prepared by layering electrospun fiberwebs on braid and 

extremely small piece of tape were used to fix the layers on the braid as shown in Figure 28.    

 

Figure 28 Schematic of electrospun samples for UV exposure and mechanical testing 
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4.2.4. EXPERIMENTAL DESIGN  

Electrospinning can produce nano-scale materials and nano materials can give new and 

exceptional properties. Efficient protection from light with lighter weight is expected by 

using electrospinning. The two variables considered for this part were the amount of TiO2 

nanoparticles and the velocity of the collecting drum.  

Preliminary experiments were conducted to identify the optimum levels of the parameters. 

Polyurethane fibers were electrospun under a variety of conditions, including various 

polyurethane solution concentrations, feed rates, collecting drum speed and electric voltages.  

Three levels of the amount of TiO2 were conducted which are 0, 1, 2 % of polymer by weight. 

Also two levels of collector speed were conducted which are 10.4, 87.7 m/min. Therefore, 

six types of electrospun polyurethane layers were developed as follows: 

1) Polyurethane electrospun polyurethane layers without TiO2 in low-speed collector  

2) Polyurethane electrospun polyurethane layers without TiO2 in high-speed collector  

3) Polyurethane electrospun polyurethane layers with 1% TiO2 in low-speed collector  

4) Polyurethane electrospun polyurethane layers with 1% TiO2 in high-speed collector  

5) Polyurethane electrospun polyurethane layers with 2% TiO2 in low-speed collector 

6) Polyurethane electrospun polyurethane layers with 2% TiO2 in high-speed collector 

 

Three levels of areal density were selected which are 1.10, 2.29, 3.00 g/m braid. For the 

selected sample which showed the best protection in the transmittance testing using UV-VIS 

spectroscopy, additional test was conducted. The selected sample was produced to cover 

braid in the three levels of areal density which are 1.10, 2.29, 3.00 g/m braid by layering. 

Braid without any protection and braids with three types of areal density protective layers 

were exposed to UV radiation for 6 days. 

Weight add-on calculations due to covering were done for PBO braid. The braid is 

rectangular in cross-section and was 0.5 cm wide and 0.2 cm high. Calculations were done by 
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assuming that the electrospun polyurethane layers cover the braid tightly with 1.4 cm in 

width to cover the braid circumference.  

This experiment was conducted to find the best sheath giving the desirable amount of 

protection with lightest weight possible. The design of this experiment is depicted in Table 5. 

Fixed parameters are depicted in Table 6. 

The responses (dependent variables) considered for the experiment include UV transmittance 

and tensile properties of yarns unraveled from braids which are selected as the reliable 

measurement methods from previous literature review to identify the best candidate for PBO 

braid. Also fiber structure was analyzed to study in depth. 

Table 5 Experimental design of electrospun polyurethane layers 

 

 

 

Variable  Levels 

TiO 2, %  3 levels (0, 1,  2) 

Areal Density,  g/m 3 levels (1.10, 2 .29,  3.00) 

Collector speed,  m/min  2 levels (10.4, 87.7) 

Total Number of 

Treatment  
18 



51 

Table 6 Fixed parameters for experiments of electrospun polyurethane layers 

 

  

Pump rate 1 ml/hr  

Needle Gauge 20, length 1  inch 

Voltage 20 kV 

Distance 10 cm 

Polymer Type PU 

Polymer Concent ration 
11% 

(10g of PU / 100 ml of DMA) 
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4.3.  TESTING AND EVALUATION  

4.3.1. UV-VIS SPECTROSCOPY 

All kinds of sheaths were measured transmission % by using Varian Cary® 300 UV-VIS 

spectroscopy. For the current measurement, the sphere sample holder was used. Figure 29 

shows the Varian Cary® 300 UV-VIS spectroscopy and the sphere sample holder. 

Measurements were done at intervals of 1 nm in the wavelength range from 200 to 800 nm. 

Double reverse beam mode was used with baseline correlation. Samples are prepared by 

cutting them with dimensions of 3cm × 3cm.   

 

Figure 29 Varian Cary®  300 UV-VIS spectroscopy (left) and sample holder (right) 
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4.3.2. WEATHERING  

The untreated and treated braids were exposed to UV radiation in an Atlas Ci 3000+ 

Weatherometer which uses a xenon lamp. Xenon lamp has an extremely high output of 

radiant power throughout the UV, visible, and infrared regions. The xenon lamp consists of a 

burner tube and a light filter system. The lamp was jacketed with quartz filters for both inner 

and outer lamps to simulate extraterrestrial solar radiation (~ 40 km, ~20 - 30 °C). The 

quartz/quartz combination produces a spectrum that extends the UV-C region designed for 

aerospace applications [46], [47]. With this setup the lamp emits radiation starting from 230 

nm in the UV range up to 750 nm in the visible range. 

 

Figure 30 Atlas Ci 3000+ Weatherometer (left) and sample holder (right) 
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Parameters were input, displayed, and maintained unchanged throughout the exposure time. 

Black panel temperature was kept at 50 ± 2°C, chamber temperature was kept at 30 ± 1°C, 

relative humidity was 22 ± 1%, spectral irradiance was calibrated 0.55 W/m
2 
at 340 and lamp 

power was 2.20 kW. Figure 30 shows the Atlas Ci 3000+ Weatherometer and its chamber 

loaded with samples.  

 

4.3.3. MECHANICAL TESTING  

Tensile testing of braids was performed at National Aeronautics and Space Administration 

(NASA), Wallops Flight Facility, Wallops Island, Virginia, USA using Instron 8800 to find 

initial strength of braid. Figure 31 shows the setup for the Instron machine. Gauge length was 

62 inch and cross head speed was 1 inch/min. Specimen was 62 inches in length and has two 

loops in both ends. Pin and clip hold the tendon specimen at the loop. Specimen was attached 

to 22.24 kN (5,000 lbs) load cell. 

Tensile testing of individual 2-ply yarns was performed at NCSU TATM advanced testing 

laboratory according to ASTM D 2256 using MTS Renew machine. Figure 32 shows the 

setup for the MTS Renew machine. Gauge length was 25 cm, cross head speed was 30 

cm/min, and grip pressure was 0.552 ï 0.689 MPa (80-100 psi). Specimen was attached to 

5kN load cell. Pneumatic jaws were used for high-performance fibers, Zylon®.  
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Figure 31 Instron 8800 (left), tendon configuration (right, top), and holder for eye of 

tendon (right, bottom) 

Figure 32 MTS Renew (left) and grip (right) 
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4.3.4. FIBER STRUCTURE 

Scanning Electron Microscope (SEM) was used in order to determine the fiber structure (left 

in Figure 33). Images were acquired from a Field Emission SEM (FSEM) JEOL 6400F using 

an accelerating voltage of 5.0 kV.  Each of the six types of samples was placed in a sample 

holder (right in Figure 33). The SEM photographs were taken at magnification of 2500 to 

5000 X at random locations of samples.  

Figure 33 FSEM JSM-6400F scanning microscope (left) and sample holder (right) 

The obtained images of electrospun polyurethane layers were analyzed by measuring the 

fiber diameters and orientation. The measurement of fiber diameter was done using 

Revolution and the measurement of fiber orientation was done using Image J which are 

commercially available microanalysis and imaging technology software. The measurements 

were done manually and fibers were selected randomly. The data obtained was converted to a 

Microsoft Excel sheet and analyzed. Figure 34 shows an image of electrospun layer captured 

from the computer monitor during using the Revolution software while measuring fiber 

diameter. Figure 35 depicts an image of electrospun layer captured during the use of Image J 

software while measuring fiber orientation. 
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Figure 34 Revolution software to measure fiber diameter 

 

 

Figure 35 Image J software to measure fiber orientation 
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4.4. STATISTICAL ANALYSIS  

The data of tensile testing were analyzed using SAS, wherein the output was an Analysis of 

Variance (ANOVA) and multiple mean comparisons using Tukeyôs and Scheffeôs methods.  

Appendix E and F show SAS code and output of breaking load of PBO braid sheathed with 

extruded polyethylene films (braid test), Appendix G and H depict SAS code and output of 

breaking load of PBO yarn sheathed with extruded polyethylene films (yarn test), and 

Appendix I and J illustrate SAS code and output of breaking load of PBO yarn sheathed with 

electrospun polyurethane layers. 

The SAS test for breaking load of PBO braid sheathed with extruded polyethylene films 

(Appendix E) and for breaking load of PBO yarns sheathed with extruded polyethylene films 

(Appendix F) had 5 levels of type and 6 levels of exposure time in days. Type represents the 

types of sheaths which were bare (no protection), 0% TiO2 (unloaded PE film), 5% TiO2 (PE 

film loaded with 5% TiO2), 10% TiO2 (PE film loaded with 10% TiO2), White CC (PE film 

loaded with White CC®). Day represents the time of UV exposure in days which were 0, 1, 2, 

3, 4, and 6. The SAS test for breaking load of PBO yarn sheathed with electrospun 

polyurethane layers (Appendix G) had 4 levels of type. Type represents the weight of 

electrospun polyurethane layers which were bare (no protection, 0 g/m braid), group I (1.10 

g/m braid), group II (2.29 g/m braid), group III (3.00 g/m braid). This test had one fixed 

exposure time which was 6 days. 
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5. RESULTS AND DISCUSSION 

5.1. PROTECTION OF HIGH -PERFORMANCE FIBERS USING EXTRUDED 

POLYMERIC FILMS   

5.1.1. UV TRANSMISSION PROPERTIES  

Figure 36 shows the result of transmittance of four types of extruded polymeric films. 

Polyethylene extruded polymeric films loaded with White CC® (PE White CC®) showed the 

best protection from UV-VIS spectroscopy transmittance. And then, polyethylene extruded 

polymeric films loaded with 10 % TiO2 nanoparticles (PE 10 % TiO2) showed second best 

protection, polyethylene extruded polymeric films loaded with 5 % TiO2 (PE 5 % TiO2) was 

third and polyethylene extruded polymeric films without TiO2 (Unloaded PE) showed the 

poorest protection result.  

Unloaded PE was transparent and could not block most of UV and visible light. PE 

containing 10 % TiO2 and PE containing 5 % TiO2 showed similar behavior which could 

block most of UV light and some of visible light. PE loaded with 10 % TiO2 showed better 

protection than PE with 5 % TiO2 as it is expected, but there was no significant improvement 

despite of twice amount of TiO2. PE White CC® could block most of UV light and also 

showed good result in visible light range because of the white pigment included in White 

CC® which helps to reflect visible light (see Appendix C for material composition). 
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Figure 36 Transmittance of extruded polymeric films 

Transmittance percentages were calculated by averaging all the transmittance percentage in 

each range of wavelength (Table 7). Visible light is from 800-400 nm, UV-A light is from 

400-315 nm, UV-B light is from 315-280 nm, and UV-C light is from 280-200 nm.  

As mentioned earlier, in the visible light range PE White CC® showed the best protection. In 

the UV region PE 5% TiO2, PE 10% TiO2, PE White CC® showed excellent protection, less 

than 1%, which means sheaths can block most of UV light.  

Table 7 Transmittance percentage for visible, UV-A, UV-B, UV-C light of extruded 

polyethylene films 

Wavelength, nm Unloaded PE PE 5% TiO2 PE 10% TiO2 PE White CC® 

Visible, 800-400 71.76 26.29 21.89 9.12 

UV-A, 400-315 59.42 < 1 < 1 < 1 

UV-B, 315-280 39.38 < 1 < 1 < 1 

UV-C, 280-200 10.76 < 1 < 1 < 1 
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While PE White CC® sheath provided best protection, it was cracked during testing in the 

QUV chamber and hence it is not a good candidate as a protective sheath. Therefore, PE 10% 

TiO2 was the best candidate among the four extruded polymeric films. More details on the 

tests from QUV chamber are reported in reference 22. 

 

5.1.2. MECHANICAL PROPERTIES  

Tensile tests were conducted on PBO braids with and without protective sheaths and before 

and after UV exposure for 1, 2, 3, 4, and 6 days using Instron 8800. The results of the 

breaking load in Newton are shown in Table 8 and presented graphically in Figure 37. The 

error bar in the figure is the standard error of the mean which is the standard deviation of the 

sampling distribution of the mean to see the accuracy of the mean. Some of the error bar not 

appeared in the figure means that the accuracy of the mean is extremely high. The result is 

the mean of five braid specimens with few rejected outliers. The result of tensile strength loss 

in % is shown in Table 9 and presented graphically in Figure 38. 

The results of maximum and minimum breaking load and strength retention in % of the braid 

specimens are shown in Table A1-A3 of Appendix A. Strength retention in % is shown 

graphically in Figure A1 of Appendix A. The maximum breaking load, extension at 

maximum load, modulus, and breaking location of individual observations of braid test with 

extruded polyethylene films are shown in Tables A7-A36 of Appendix A with their averages 

and standard deviations. 

The PBO braid with no protective sheath lost 72% of tensile strength after 6 days of exposure 

to UV which is from 13,551.28 N to 3,734.99 N. The PBO braid sheathed with unloaded PE 

showed maximum 59% of tensile strength loss after 6 days of exposure to UV and showed 41% 

of improvement compared to the braid with no protection (unsheathed). (
5258.85 3734.99

3734.99
×

100, see Table 8). 
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The PBO braid sheathed with PE loaded with White CC® showed maximum 37% of tensile 

strength loss after 6 day exposure and showed 117% of improvement compared to the braid 

with no protection. (
8107 .01 3734.99

3734 .99
× 100, see Table 8). 

Similarly, the PBO braid sheathed with PE loaded with 5% TiO2 nanoparticles showed 

maximum 43% of tensile strength loss after 6 day exposure and showed 101% of 

improvement compared to the braid with no protection. (
7496.04 3734.99

3734 .99
× 100, see Table 

8).  

The PBO braid sheathed with PE loaded with 10% TiO2 nanoparticles showed the best 

protection regardless of exposure time with maximum 30% of tensile strength loss after 6 day 

exposure which is 153% of improvement by compared to the braid with no protection. 

(
9457.43 3734.99

3734 .99
× 100, see Table 8). 

The PBO braids before exposure also showed some differences. The braid with no protection 

which was not sheathed showed the highest strength results before exposure. The braid with 

sheath of unloaded PE and the braid with sheath of PE loaded with White CC® showed 

lower strength than the braids sheathed with PE loaded with 5% and 10% TiO2 nanoparticles. 

This differences of braids strength before UV exposure can be attributed to loss of strength 

during sheathing process and shipping from the braid producer location to NASA facility 

where the braids were tested for their strength. It was noticed that the shipment was not 

handled properly according to recommendation for such high performance fibers (they must 

be wrapped with PE sheets loaded with carbon black). The unsheathed braid was stored 

properly and it is also from different older lot. These results indicate the significance of 

handling and storing such high performance fibers that are sensitive to visible and invisible 

light. 
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Table 8 Breaking load of the PBO braids before and after UV exposure 

Exposure 

Time (Day) 

Tendon Breaking Load (N) 

No Protection Unloaded PE 
PE White 

CC® 
PE 5% TiO2 PE 10% TiO 2 

0 13551.28 12849.13 12818.17 13049.97 13386.43 

1 7015.98 8320.14 11491.81 11356.28 11510.89 

2 5843.03 7688.99 9384.35 10093.71 11345.60 

3 5006.62 6777.28 9399.56 9147.58 10491.76 

4 4626.59 6372.34 8995.64 8303.84 10332.48 

6 3734.99 5258.83 8107.01 7496.04 9457.43 

 

Table 9 Tensile strength loss of the PBO braids before and after UV exposure 

Exposure 

Time (Day) 

Tensile Strength Loss (%) 

No Protection Unloaded PE 
PE White 

CC® 
PE 5% TiO2 PE 10% TiO 2 

0 0.00 0.00 0.00 0.00 0.00 

1 48.23 35.25 10.35 12.98 14.01 

2 56.88 40.16 26.79 22.65 15.25 

3 63.05 47.25 26.67 29.90 21.62 

4 65.86 50.41 29.82 36.37 22.81 

6 72.44 59.07 36.75 42.56 29.35 
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Figure 37 Tendon breaking load of the PBO braids before and after UV exposure 

Figure 38 Tensile strength loss of the PBO braids before and after UV exposure 
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The ANOVA results for multiple mean comparisons are presented in Appendix F. The set of 

means are different from each other and the breaking load of PBO braid sheathed with 

extruded polyethylene films is affected by the types of sheath and the time of exposure to UV. 

Also the interaction of type of sheath and time of exposure showed significant effect, since as 

time goes longer, the difference between types of sheath becomes larger. 

However, braids sheathed with PE loaded with White CC® and 5% TiO2 are not 

significantly different per both Tukey ós and Scheffeôs mehods. Also 3 days of exposure and 

4 days of exposure are not significantly different from Scheffeôs mehod. 

Tensile tests were conducted on PBO yarns unraveled from the braid with and without 

protective sheaths and before and after UV exposure for 1, 2, 3, 4, and 6 days using MTS 

Renew available at the NCSU College of Textiles. Tested PBO yarns were 2-ply yarn of 

3,000 total denier (1,500×2). The results of tensile strength in centi-newton per denier are 

shown in Table 10 and presented graphically in Figure 39 with error bars. The results are the 

mean of 8 specimens with few rejected outliers and few additional specimens. The variation 

of the number of specimens occurred due to the additional process to unravel yarns from 

braid which was done manually. The results of tensile strength loss in % are shown in Table 

11 and presented graphically in Figure 40.  

The results of maximum and minimum breaking load and strength retention in % of the 

specimens are shown in Tables A4-A6 of Appendix A. Strength retention in % is shown 

graphically in Figure A2 of Appendix A. The energy to peak load, % strain at peak load, 

modulus, tenacity, and toughness of individual specimens of yarn test with extruded 

polyethylene films are shown in Tables A37-A66 of Appendix A with their averages and 

standard deviations.  

The yarn unraveled from PBO braid with no protective sheath lost 77% of tensile strength 

after 6 days exposure which is from 24.80 to 5.78 cN/denier. The yarn unraveled from PBO 

braid sheathed with unloaded PE layer showed maximum 73% of tensile strength loss after 6 
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days exposure and showed 14% of improvement compared to the braid with no protection. 

(
6.60 5.78

5.78
× 100, see Table 10). 

The yarn unraveled from PBO braid sheathed with PE layer loaded with White CC® showed 

the best protection regardless of exposure time with maximum 35% of tensile strength loss 

after 6 day exposure which is 187% of improvement compared to the braid with no 

protection. (
16.60 5.78

5.78
× 100, see Table 10). 

The yarn unraveled from PBO braid sheathed with PE layer loaded with 5% TiO2 

nanoparticles showed maximum 59% of tensile strength loss after 6 day exposure and 

showed 83% of improvement compared to the braid with no protection. (
10.61 5.78

5.78
× 100, 

see Table 10). 

The yarn unraveled from PBO braid sheathed with PE layer loaded with 10% TiO2 

nanoparticles showed maximum 50% of tensile strength loss after 6 day exposure which is 

121% of improvement compared to the braid with no protection. (
12.78 5.78

5.78
× 100, see 

Table 10). 

Similar to the unexposed braid tensile strength, the yarns unraveled from the braid with no 

protection which has no sheathing process showed the best result before exposure due to 

exposure to light during processing and shipment as discussed earlier.  
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Table 10 Tensile strength of the PBO yarn from braid before and after UV exposure 

Exposure 

Time (Day) 

Tensile Strength (cN/denier) 

No Protection Unloaded PE 
PE White 

CC® 
PE 5% TiO2 PE 10% TiO 2 

0 24.80 24.18 25.63 25.96 25.60 

1 13.37 14.35 24.27 21.03 23.17 

2 9.49 11.23 21.18 15.56 19.92 

3 7.81 9.52 19.36 14.58 16.54 

4 7.00 9.60 17.88 13.01 14.15 

6 5.78 6.60 16.60 10.61 12.78 

 

Table 11 Tensile strength loss of the PBO yarn from braid before and after UV 

exposure 

Exposure 

Time (Day) 

Tensile Strength Loss (%) 

No Protection Unloaded PE 
PE White 

CC® 
PE 5% TiO2 PE 10% TiO 2 

0 0.00 0.00 0.00 0.00 0.00 

1 46.11 40.67 5.33 19.01 9.49 

2 61.74 53.57 17.38 40.09 22.19 

3 68.53 60.64 24.48 43.84 35.37 

4 71.78 60.30 30.26 49.90 44.74 

6 76.68 72.69 35.24 59.14 50.08 
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Figure 39 Tensile strength of the PBO yarn from braid before and after UV exposure 

Figure 40 Tensile strength loss of the PBO yarn from braid before and after UV 

exposure 
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The ANOVA results for multiple mean comparisons are presented in Appendix H. The set of 

means are different from each other and the breaking load of PBO yarn unraveled from braid 

sheathed with extruded polyethylene films is affected by the types of sheath and the time of 

exposure to UV. Also the interaction of type of sheath and time of exposure showed 

significant effect, since as time goes longer, the difference between types of sheath becomes 

larger. However, unprotected yarns and the yarn sheathed with PE loaded with 0% TiO2 are 

not significantly different per both Tukeyôs and Scheffeôs methods.  

The difference between the result of PBO braid testing (braid test) and the result of PBO yarn 

testing unraveled from braid (yarn test) are discussed in the next chapter. 

Kevlar®, Spectra®, Vectran® were candidates of load tendon which have around 3 GPa in 

their strength as shown in Table D1 of Appendix D and have better UV resistance. However, 

Zylon® protected by PE loaded with 10% TiO2 and PE loaded with White CC® showed 

higher strength compared to other candidate type of fibers before and after UV exposure as 

shown in Figure 41. Also, Spectra® creep behavior (high) disqualifies the fiber as a 

candidate for the use as tendon for the scientific balloon despite of its superior UV resistance 

[49]. This justifies the selection of Zylon® as the load tendon of ULDB. Higher 

improvements were achieved with electrospun polyurethane layer which is addressed in 

Chapter 5.2. 
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Figure 41 Tensile strength of protected Zylon®, untreated Vectran® and Kevlar® after 

UV exposure [6] 

 

5.1.3. EFFECT OF BRAID STRUCTURE ON TENSILE STRENGTH  

The difference between the result of PBO braid testing (braid test) and the result of PBO yarn 

testing unraveled from braid (yarn test) were investigated. The samples exposed to UV for 6 

days were chosen to check whether there is a significant difference. The results of tensile 

strength loss in % after 6 days of UV exposure are presented graphically in Figure 42 with 

error bars. The results of yarn test generally showed more loss of tensile strength compared 

to the result of braid test.  

The braid with no protection showed 72% of strength loss in braid test, but showed 77% of 

strength loss in yarn test, which is 5% more. The braid protected by unloaded PE sheath 

showed 59% of strength loss in braid test, but showed 73% of strength loss in yarn test which 

is 14% more. The braid protected by PE loaded with 5% nanoparticles showed 43% of 

strength loss in braid test, but showed 59% of strength loss in yarn test which is 16% more. 
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The braid protected by PE loaded with 10% nanoparticles showed 29% of strength loss in 

braid test, but showed 50% of strength loss in yarn test which is 21% more. However, the 

braid protected by PE loaded with White CC® showed 37% of strength loss in braid test, but 

showed 35% of strength loss in yarn test which is 2% less.  

To sum up, the entire PBO braid lost less amount of tensile strength than individual yarns 

and individual yarns were affected by UV more than the entire braid except the braid 

protected by PE loaded with White CC®. Also, the samples giving more protection have 

larger difference between the result of braid test and the result of yarn test. 

Figure 42 Tensile strength loss of the PBO braid and yarn after 6 days of UV exposure 

Yarn breaking load in the braid was calculated from the result of braid test by dividing braid 

breaking load by the number of yarns in the braid which was 16 (Table 12) to be able to 

compare to breaking load of yarn unraveled from the braid.  Also, yarn breaking load (in N) 

unraveled from the braid was calculated from the results of yarn strength (in cN/denier) and 

reported in Table 13.  
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Table 12 Yarn breaking load in the braid before and after UV exposure (braid test) 

Exposure 

Time (Day) 

Yarn Breaking Load in the Braid (N) 

No Protection PE 0% TiO2 
PE White 

CC® 
PE 5% TiO2 PE 10% TiO 2 

0 847.0 803.1 801.1 815.6 836.7 

1 438.5 520.0 718.2 709.8 719.4 

2 365.2 480.6 586.5 630.9 709.1 

3 312.9 423.6 587.5 571.7 655.7 

4 289.2 398.3 562.2 519.0 645.8 

6 233.4 328.7 506.7 468.5 591.1 

 

Table 13 Yarn breaking load unraveled from braid before and after UV exposure (yarn 

test) 

Exposure 

Time (Day) 

Yarn Breaking Load Unraveled from Braid (N) 

No Protection PE 0% TiO2 
PE White 

CC® 
PE 5% TiO2 PE 10% TiO 2 

0 744.0 725.4 768.9 778.8 768.0 

1 401.1 430.5 728.1 630.9 695.1 

2 284.7 336.9 635.4 466.8 597.6 

3 234.3 285.6 580.8 437.4 496.2 

4 210.0 288.0 536.4 390.3 424.5 

6 173.4 198.0 498.0 318.3 383.4 
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Table 14 shows the results of the strength ratio (defined as the ratio of braid strength per yarn 

to yarn strength). Most of ratios are larger than one which means the yarns in the braid had 

higher strength than individual yarns.  

Table 14 Strength ratio of different braid treatments before and after UV exposure 

Exposure 

Time (Day) 

Strength Ratio 

No Protection PE 0% TiO2 
PE White 

CC® 
PE 5% TiO2 PE 10% TiO 2 

0 1.14  1.11  1.04  1.05  1.09  

1 1.09  1.21  0.99  1.13  1.04  

2 1.28  1.43  0.92  1.35  1.19  

3 1.34  1.48  1.01  1.31  1.32  

4 1.38  1.38  1.05  1.33  1.52  

6 1.35  1.66  1.02  1.47  1.54  

 

It can be seen from Table 14 that all strength ratios are greater than one with few exceptions. 

The strength ratio of the braid and yarn sheathed with unloaded PE (0% TiO2) showed the 

highest ratios which means there was significant difference between braid strength per yarn 

and yarn strength unraveled from braid. Also, the strength ratios of the braid and yarn 

unsheathed and sheathed with PE containing 10% TiO2 and PE containing 5% TiO2 showed 

close values from 1.09 to 1.54 which are also significantly larger than one.  

This can be explained by weak link effect and structure assistant. Since a yarn or braid breaks 

at its weakest point, the variability of the structure determines its strength. Braid which is a 

group of yarns exhibits lower variability than a single yarn since a yarn breaks at its weakest 

point while braid breaks at its weakest cross-sections that contained many constituents. 

Although each yarn has weakest point at random locations, the weakest points are canceled 
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out by being held in the braid structure. Therefore, yarns exhibit more variability than braids 

and are weaker than braids.  

Also the inter yarn friction helps the strength of the braid. Figure 43 shows one yarn in the 

braid and one individual yarn. As mentioned earlier, the braiding structure is 2×2 and this 

structure gives interlacings to individual yarns in the braid. The interlacings of individual 

yarn reduce the effective gauge length and decrease in gauge length causes increase in 

strength to a certain extent with more binding and less slippage of yarns which allows load 

sharing of yarns. Thus, the yarn in the braid which has shorter effective gauge length has 

more strength than straight individual yarn.   

However the strength ratio of the braid and yarn sheathed by PE White CC® showed a 

different behavior. Most of ratios are close to one and some of the ratios are even smaller 

than one. This is due to the fact that the UV degradation of the PBO yarns was the lowest. 

The weaker is the yarn, the higher is the strength ratio. 

Additionally, sheaths can contribute to the yarn strength and affect the strength ratio. Yarn 

strength in the braid can be affected by sheath during tensile testing, since braid test was 

conducted on sheathed braid while the tensile testing of yarn strength unraveled from braid 

was conducted without sheaths. This can cause the strength ratio to be higher and also it can 

be one of the reasons that the strength ratio of the braid and yarn sheathed with PE White 

CC® showed a different behavior. May be the White CC® sheath did not contribute to the 

strength of braid due to its high stiffness while the other sheath did. The yarn unraveled from 

braid sheathed with White CC® was not weakened compared to the other yarns from braid 

sheathed with the other types of sheaths. 
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Figure 43 Structures of a yarn in the braid and a single yarn 

 

5.1.4. EFFECT OF BRAIDING AND HANDL ING  

As supplied PBO yarn was supplied directly from the fiber producer in Japan which had 

proper wrapping and did not go through braiding process compared to those that went 

through braiding, sheathing, and shipping to NASA and then to NCSU for testing. The 

results of tensile strength in cN/denier of as supplied PBO yarn and PBO yarn unraveled 

from braid are presented graphically in Figure 44 before and after UV exposure. The energy 

to peak load, % strain at peak load, modulus, tenacity, and toughness of individual specimens 

of as supplied yarns are shown in Tables A67-A72 of Appendix A with their averages and 

standard deviations.  
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Figure 44 Yarn tenacity of PBO yarn unraveled from braid and as supplied PBO yarn 

The as supplied PBO yarn showed 33.48 cN/denier in tensile strength before UV exposure 

and the PBO yarn unraveled from braid showed 24.80 cN/denier in tensile strength which 

already lost additional 8.68 cN/denier. In other words, the PBO yarn unraveled from braid 

lost 26% of as supplied yarn without any UV exposure.  

Also, the as supplied PBO yarn showed 21.65 cN/denier in tensile strength after 1 day UV 

exposure and the PBO yarn unraveled from braid showed 13.37 cN/denier in tensile strength 

which lost additional 8.28 cN/denier (38% of as supplied yarn). After 2 day UV exposure the 

as supplied PBO yarn showed 17.49 cN/denier in tensile strength and the PBO yarn 

unraveled from braid showed 9.49 cN/denier in tensile strength which lost additional 8 

cN/denier (46% of as supplied yarn). After 3 day UV exposure the as supplied PBO yarn 

showed 13.53 cN/denier in tensile strength and the PBO yarn unraveled from braid showed 

7.81 cN/denier in tensile strength which lost additional 5.72 cN/denier (42% of as supplied 

yarn). After 4 day UV exposure the as supplied PBO yarn showed 16.07 cN/denier in tensile 

strength and the PBO yarn unraveled from braid showed 7.00 cN/denier in tensile strength 
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which lost additional 9.07 cN/denier (56% of as supplied yarn). After 6 day UV exposure the 

as supplied PBO yarn showed 13.50 cN/denier in tensile strength and the PBO yarn 

unraveled from braid showed 5.78 cN/denier in tensile strength which lost additional 7.72 

cN/denier (57% of as supplied yarn). 

Unpublished data [45] indicated that there is no sign of degradation of PBO yarns stored for 

36 months in proper storage conditions (room temperature 70-75 degree C and 50-60% 

relative humidity and wrapped in PE loaded with carbon black). Therefore it is obvious that 

significant part of the degradation was caused by the shipping and handling as well as the 

conditions at the braiding manufacturer. The result emphasizes the importance of shipping, 

handling, and storage of the materials from the day they are produced.  
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5.2. PROTECTION OF HIFH -PERFORMANCE FIBERS USING 

ELECTROSPUN POLYURETHANE LAYERS   

5.2.1. UV TRANSMISSION PROPERTIES 

Figures of transmittance by UV-VIS spectroscopy in % for six types of electrospun 

polyurethane layers (1-10 layers) are shown Figures B1-B6 of Appendix B to examine the 

influence of number of layers on degree or protection from UV and visible light. More 

number of layers, which means also higher weight, showed less transmittance and so have 

higher protection. Also, electrospun polyurethane layers containing TiO2 showed less 

transmittance with higher protection as the TiO2 increases. 

Three groups of samples were presented in Figures 45-47 to compare six types of electrospun 

samples. Group A was produced at 1.10 ± 0.10 g/m braid, group B was at 2.29 ± 0.10 g/m 

braid, and group C was at 3.00 ± 0.10 g/m braid. Trend lines were drawn with thirty data 

points moving average to get smooth lines. Figures B7-B12 of Appendix B show the 

transmittance of the six types of electrospun polyurethane layers. 

In group A which is the lightest sample group, electrospun polyurethane layers with 1% TiO2 

in high-speed collector and electrospun polyurethane layers with 2% TiO2 in low-speed 

collector showed the least transmittance of light. In group B, electrospun polyurethane layers 

with 1% TiO2 in high-speed collector showed the least transmittance of light. In group C, 

which is the heaviest sample group, three samples showed the least transmittance of light 

which are electrospun polyurethane layers with 1% TiO2 in high-speed collector and both 

electrospun polyurethane layers with 2% TiO2 in low- and high-speed collector. However the 

levels of transmittance of group B and C are very closely. This indicates that groups B and C 

may have similar protection, which was also observed in tensile strength values. More 

discussion on such behavior is addressed in section 5.2.3.  
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Figure 45 Trend line of transmittance of group A, 1.10 g/m braid 

Figure 46 Trend line of transmittance of group B, 2.29 g/m braid 
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Figure 47 Trend line of transmittance of group C, 3.00 g/m braid 

(Low Drum Speed: 10.4 m/min, High Drum Speed: 87.7 m/min) 

Transmittance percentages were calculated by averaging all the transmittance percentage in 

each range of wavelength same as done for extruded polymeric films.  In group A, UV-B and 

UV-C were blocked by all six types of layers and UV-A was blocked by layers with 1 and 2 % 

TiO2 in low- and high-speed collector (Table 15). However, in group B and C, all six types of 

layers blocked all kinds of UV light and blocked more than 90% of visible light (Table 16 

and 17).  

As the weight of electrospun polyurethane layers increases the more protection is achieved. 

Higher weight of electrospun layer means more covering power of the structure. Electrospun 

layer consists of fibers and air. The electrospun layer having more fibers has less air which 

means less pores and more fiber accumulation and so has less transmittance and more 

protection. Therefore, group A has the highest transmittance, group B has lower 

transmittance than group A and higher transmittance than group C. Moreover, group C has 

the lowest transmittance. 
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Table 15 Transmittance percentage for visible, UV-A, UV-B, UV-C light of group A 

electrospun polyurethane layers 

Wavelength, 

nm 

0%TiO 2 

Low 

Drum 

Speed 

0%TiO 2 

High 

Drum 

Speed 

1%TiO 2 

Low 

Drum 

Speed 

1%TiO 2 

High 

Drum 

Speed 

2%TiO 2 

Low 

Drum 

Speed 

2%TiO 2 

High 

Drum 

Speed 

Visible, 800-400 12.53 9.45 7.95 7.31 7.14 9.26 

UV-A, 400-315 4.17 2.89 < 1 < 1 < 1 < 1 

UV-B, 315-280 < 1 < 1 < 1 < 1 < 1 < 1 

UV-C, 280-200 < 1 < 1 < 1 < 1 < 1 < 1 

 

Table 16 Transmittance percentage for visible, UV-A, UV-B, UV-C light of group B 

electrospun polyurethane layers 

Wavelength, 

nm 

0%TiO 2 

Low 

Drum 

Speed 

0%TiO 2 

High 

Drum 

Speed 

1%TiO 2 

Low 

Drum 

Speed 

1%TiO 2 

High 

Drum 

Speed 

2%TiO 2 

Low 

Drum 

Speed 

2%TiO 2 

High 

Drum 

Speed 

Visible, 800-400 9.50 6.06 4.85 3.50 4.46 5.45 

UV-A, 400-315 1.17 < 1 < 1 < 1 < 1 < 1 

UV-B, 315-280 < 1 < 1 < 1 < 1 < 1 < 1 

UV-C, 280-200 1.11 < 1 < 1 < 1 < 1 < 1 
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Table 17 Transmittance percentage for visible, UV-A, UV-B, UV-C light of group C 

electrospun polyurethane layers 

Wavelength, 

nm 

0%TiO 2 

Low 

Drum 

Speed 

0%TiO 2 

High 

Drum 

Speed 

1%TiO 2 

Low 

Drum 

Speed 

1%TiO 2 

High 

Drum 

Speed 

2%TiO 2 

Low 

Drum 

Speed 

2%TiO 2 

High 

Drum 

Speed 

Visible, 800-400 7.55 5.06 5.25 2.62 2.52 2.96 

UV-A, 400-315 1.03 < 1 < 1 < 1 < 1 < 1 

UV-B, 315-280 < 1 < 1 < 1 < 1 < 1 < 1 

UV-C, 280-200 < 1 < 1 1.38 < 1 < 1 1.01 

(Low Drum Speed: 10.4 m/min, High Drum Speed: 87.7 m/min) 

Figure 48 is the comparison between extruded polyethylene films and electrospun 

polyurethane layers in groups B since this group has weight advantage over group C and 

about same protection as group C. Extruded polyethylene films were weighed from 2.6-2.8 

g/m braid and group B of electrospun polyurethane layers were weighed 2.2-2.4 g/m braid. 

Examining the results of Figure 46, one can notice that the electrospun polyurethane layers 

have more blocking capacity than extruded polyethylene films with less weight add-on. It is 

the result of nano-structure of electrospun polyurethane layers. Nano scaled fibers have more 

amount of edges which cause surface roughness and irregularity. The roughness and 

irregularity of the surface increase light scatterings and change the material from transparent 

in case of film to opaque in case of electrospun fibrous structure. The electrospun 

polyurethane layers were opaque even without any UV blockers. Therefore, due to the edge 

effect, the electrospun layer which has nano-scale structure has proven to be a good 

candidate for UV protection. 
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Figure 48 Comparison between extruded sheath and electrospun layer group B 

(High: Drum speed 87.7 m/min; Low: Drum Speed 10.4 m/min; n%: n % TiO2; PE: Extruded 

sheath from Polyethylene; PU: Electrospun layer from Polyurethane) 

Three different weights from polyurethane electrospun layer with 1% TiO2 in high-speed 

collector were selected to run tensile strength testing, which showed the best protection based 

on UV-VIS spectroscopy transmittance. Basically, research hypothesis was the more TiO2 

combined with higher drum speed provides the higher protection. However, the polyurethane 

electrospun polyurethane layers with 2% TiO2 in high-speed collector samples showed lower 

protection compared to electrospun layer of about same weight containing 1% TiO2. Visual 

observations over the entire samples showed that the polyurethane electrospun polyurethane 

layers with 2% TiO2 contains holes (see Figure 49) which cause light to transmit. This 

justified the selection. 
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Figure 49 Polyurethane electrospun polyurethane layers loaded with 2% TiO2 at high 

drum speed 

 

5.2.2. MECHANICAL PROPERTIES  

One type of electrospun layer was selected which was polyurethane electrospun polyurethane 

layers with 1% TiO2 in high-speed collector. Three levels of weight (1.10, 2.29, 3.00 g/m 

braid) were produced by layering. PBO braids covered with these electrospun polyurethane 

layers were exposed to UV as mentioned earlier. The tensile strengths of yarns unraveled 

from PBO braid were measured using MTS Renew available at the NCSU College of 

Textiles. Tested PBO yarns were 2-ply yarn of 3,000 total denier (1,500×2).  

Figure 50 depicts the results of tensile strength (in cN/denier) of PBO yarns with no 

protection and sheathed by group I, II , III  after 6 days of UV exposure. The values shown in 

Figure 50 are the averages along with error bar of 16 observations each. After UV exposure 

for 6 days, the tensile strength of PBO yarn without any protection was 5.78 cN/denier. The 

tensile strength of PBO yarn covered by electrospun polyurethane layers in group I, II , III , 

were 10.17, 19.90, 19.50 cN/denier, respectively. The results of tensile strength in cN/denier, 

breaking load in N, tensile retention and strength loss in % are shown in Table 18.  



85 

The yarn unraveled from PBO braid with no protective sheath lost 76.69% of tensile strength 

after 6 day exposure which is from 24.80 to 5.78 cN/denier. The yarn protected by group I  

showed 57.09% of tensile strength loss after 6 days exposure and showed 76% of 

improvement by comparing the yarn with no protection. (
10.17 5.78

5.78
× 100, see Table 18). 

The yarn protected by group II  showed 16.07% of tensile strength loss after 6 days exposure 

and showed 244% of improvement by comparing the yarn with no protection. (
19.90 5.78

5.78
×

100, see Table 18). The yarn protected by group III  showed 17.74% of tensile strength loss 

after 6 days exposure and showed 237% of improvement by comparing the yarn with no 

protection. (
19.50 5.78

5.78
× 100, see Table 18). 

Group II weighed 2.29 g/m braid had higher UV resistance compared to group III , which is 

heavier than group II. This may be due to nonuniformity of group III compared to group II. 

From the results of transmittance and tensile strength, electrospun polyurethane layers 

weighed 2.29 and 3.00 g/m braid have practically same level of protection. Also statistical 

analysis for tensile testing showed that the results from group II and III are not significantly 

different per Tukeyôs and Scheffeôs methods (Appedix J).  

The individual observations of the results of Figure 50 of tenacity, % strain at peak load, 

modulus, energy to peak load, and toughness are shown in Tables B1-B3 of Appendix B 

Additionally, the averages and standard deviations are given.  
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Figure 50 Tensile strength of the PBO yarns with no protection and sheathed by group 

I , II , III  after 6 days of UV exposure 

 

Table 18 Tensile strength, breaking load, tensile retention, strength loss after 6 days 

exposure 

 

Tensile 

Strength, 

cN/denier 

Breaking Load, 

N 

Tensile 

Retention, % 

Strength 

Loss, % 

No Protection 5.78 181.37 24.40 76.69 

Group I  10.17 318.94 42.91 57.09 

Group II  19.90 623.85 83.93 16.07 

Group III  19.50 611.43 82.26 17.74 
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All of electrospun polyurethane layers were white in color and had smooth surface before 

UV exposure. However, degradation in crack forms and change in color to yellow of 

electrospun polyurethane layers were observed after UV exposure. Moreover, the electrospun 

polyurethane layers became stiff and weak (brittle). Group I electrospun polyurethane layers 

became transparent after 6 days exposure as shown Figure 51. Photo degradation of 

polyurethane occurred via formation of excited triplet states and the cleavage of the N-C and 

C-O bonds in urethane groups [6]. 

 

 

Figure 51 Group I  sample after 6 days UV exposure 

Zylon® protected by electrospun polyurethane layers of groups II and III showed higher 

strength compared to untreated Vectran® and Kevlar® after 6 days of UV exposure as 

shown in Figure 52. Zylon® protected by electrospun polyurethane layers in group I which 

has 1.10 g/m braid showed higher strength than Vectran® after 6 days of UV exposure. 

Therefore, Zylon® cannot be replaced with other types of high-performance fibers due to its 

superior performance even after exposure to UV.  
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Figure 52 Tensile strength of untreated Vectran®, Kevlar®, Zylon® and Zylon® 

protected by electrospun polyurethane layers in group I, II, III   

after 6 days of UV exposure [6] 

 

5.2.3. FIBER DIAMETER AND DISTRIBUTION  

Structural parameters of electrospun webs determine the physical and mechanical properties 

of the fiberweb as well as material properties. Fiber diameter is one of the structural 

parameters which affects to the physical and mechanical properties of the fiber web.   

Thinner fibers are characterized by their high surface area and thus can provide more 

covering area compared to thicker fibers. Electrospinning process produces very fine fibers 

which are in nano scale.  Scanning Electron Microscope (SEM) was chosen to observe the 

structure of electrospun polyurethane layers.  

The SEM images are presented in Figures 53 to 55 with 2,500 magnification. The effect of 

diameter of fibers at increased collecting surface speed can be seen. The fibers at low-speed 
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collector are thicker and more randomly oriented compared to the fibers at high-speed 

collector.  

Figure 53 PU electrospun layer without TiO 2 in low-speed collector (left) and in high-

speed collector (right) (×2500 magnification) 

Figure 54 PU electrospun layer with 1 % TiO2 in low-speed collector (left) and in high-

speed collector (right) (×2500 magnification)  
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Figure 55 PU electrospun layer with 2 % TiO2 in low-speed collector (left) and in high-

speed collector (right) (×2500 magnification) 

The fiber diameter was measured from the SEM images using Revolution software. 100 

fibers were picked randomly from each image to get the average diameter and distribution of 

each six samples. In Total 6 samples were processed. These are the samples according to the 

experimental design of Table 5. Figure 56 shows the effect of collecting surface speed on the 

average fiber diameter at three different amount of TiO2.  

The difference between low drum speed and high drum speed in the electrospun 

polyurethane layers without TiO2 was 585 nm, the difference in the electrospun polyurethane 

layers with 1%TiO2 was 245 nm, and the difference in the electrospun polyurethane layers 

with 2%TiO2 was 222 nm. The layers with more TiO2 particles show less difference between 

low drum speed and high drum speed.  
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Figure 56 Fiber diameter of different types of electrospun polyurethane layers 

As the velocity of collecting surface increases the fiber diameter decreases. This behavior can 

be related to the fact that an increase in surface speed causes an increase in fiber drawing. 

The drawing of fiber causes arrangement of molecules which in turn causes thinner fibers. 

Histograms of fiber diameter for the six samples of electrospun polyurethane layers are 

presented in Figures B13-B18 of Appendix B to observe the distribution of fiber diameter. 

As the level of TiO2 increases the fiber diameter decreases. When solution departs from the 

tip of needle during electrospinning, surface tension needs to be overcome. Surface tension is 

an attraction at the surface of a liquid caused by intermolecular forces, and thus each 

molecule is pulled in every direction by neighboring liquid molecules. The increase of level 

of nano-scale TiO2 particles may cause reduction in the surface tension of solution due to 

their existence between polymer solution molecules. Therefore, as more TiO2 is added, 

thinner fiber was obtained.   

The thinner fibers the more protection as it can be seen from Table 19 that shows the average 

of transmittance of layers produced at low drum speed and high drum speed in each group. 
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The underlined results are lower transmittance and most of them showed less transmittance at 

high collector speed. Electrospinning can produce nano scale fibers which have high surface 

area. Additionally, higher surface speed of collecting drum can produce thinner fibers. 

Therefore the electrospun polyurethane layers produced at high collector speed showed less 

transmittance and so better protection than the electrospun polyurethane layers produced at 

low collector speed.  

Table 19 Average transmittance percentage for visible, UV-A, UV-B, UV-C light of low 

and high speed collector in group A, B, C 

Wavelength, 

nm 

Group A Group B Group C 

Low 

speed 

High 

speed 

Low  

speed 

High 

speed 

Low  

speed 

High 

speed 

Visible, 800-

400 
9.21 8.67 6.27 5.00 5.11 3.55 

UV-A, 400-

315 
1.80 1.29 0.73 0.54 0.61 0.38 

UV-B, 315-

280 
0.48 0.32 0.60 0.45 0.53 0.41 

UV-C, 280-

200 
0.56 0.66 0.74 0.80 0.93 0.80 
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5.2.4. FIBER ORIENTATION AND DISTRIBUTION  

Fiber orientation is also one of the structural parameters that affect the physical and 

mechanical properties of the fiberweb. In this study the fiber orientation is impacted by the 

velocity of collecting surface. SEM was also chosen to observe electrospun webs and the 

orientations were measured using Image J software. 50 fibers from each image (sample) were 

picked randomly to get the orientation distribution function in form of histogram for each of 

the six samples. 

Higher orientation to machine direction gives more covering area due to less crossover points. 

Figure 57 shows that the less oriented fibers have less covering area (A) and more oriented 

fibers have more covering area (B and C). 

Figure 57 Schematic of the effect between fiber orientation on covering area 

Figures 58-63 show the results of fiber orientation distribution function in form of histograms 

for the six samples. Figures 58, 60, 62 are the fiber orientation distribution function of PU 

electrospun polyurethane layers produced at low collecting speed which show random 

orientation. Figures 59, 61, 63 are the fiber orientation distribution of PU electrospun 

polyurethane layers produced at high collecting speed which show more orientation towards 

the machine direction. The figures indicate that as we increase the velocity of collecting 

surface by keeping polymeric concentration and the amount of TiO2 constant, the fibers are 

more oriented towards the machine direction.   
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Figure 58 Orientation distribution function of an electrospun sample without TiO2 in 

low-speed collector 

 

 

Figure 59 Orientation distribution function of an electrospun sample without TiO2 in 

high-speed collector 
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Figure 60 Orientation distribution function of an electrospun sample with 1% TiO2 in 

low-speed collector 

 

 

Figure 61 Orientation distribution function of an electrospun sample with 1% TiO2 in 

high-speed collector 
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Figure 62 Orientation distribution function of an electrospun sample with 2% TiO 2 in 

low-speed collector 

 

 

Figure 63 Orientation distribution function of an electrospun sample with 2% TiO2 in 

low-speed collector 
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The effect of orientation of fibers towards the machine direction at increased collecting 

surface speed can be seen the SEM images of Figures 53 to 55. The fibers at high speed 

collector are more oriented towards machine direction.  
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6. CONCLUSION AND FUTURE WORK  

High-performance fibers offer many advantages to our lives and they are expected to find 

more applications because of its many advantages. However, UV radiation has enough 

energy to cause damage to polymeric materials. Polymer photo degradation including chain 

scission and cross linking is occurred by the free radical mechanism.  Since there are many 

applications of high-performance fibers exposed to UV such as automobiles, military, 

constructions, and many other applications, it is required to protect the fibers from UV.   

It has been shown that physical covering or sheathing for PBO and other fibers is the most 

efficient method to achieve UV protection. Therefore, two types of covering were 

investigated in this work. These are polyethylene films in the form of extruded polyethylene 

films around PBO braids and polyurethane electrospun polyurethane layers.   

Polyethylene extruded polyethylene films were produced and UV transmission properties and 

mechanical properties were analyzed. Unloaded PE couldnôt block most of UV and visible 

lights, but the other three types which are PE loaded with 5% TiO2, PE loaded with 10% 

TiO2, PE loaded with white CC® could block most of the UV light and also showed good 

protection in Visible light range. After 6 days of UV exposure, the tensile results showed PE 

loaded with white CC® and PE loaded with 10% TiO2 lost the least amount of its original 

strength which were 36.75% and 29.35% respectively, while braid with no protection system 

lost 72.44% of its unexposed sample.  PE loaded with white CC®, however, should cracking 

during exposure in QUV chamber indicating that the best protective extruded layer is the one 

with 10% TiO2.  

Polyurethane electrospun polyurethane layers were produced and UV transmission properties, 

mechanical properties, fiberweb structures were analyzed. Electrospun polyurethane layers 

showed better protection with lighter weight compared to extruded polyethylene films from 

UV-VIS spectroscopy. The results showed that electrospun polyurethane layers can block 

most of UV light even without any UV blockers. Samples were tested for evaluating their 

tensile properties after UV exposure which was polyurethane electrospun polyurethane layers 
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with 1% TiO2 in high-speed collector and different weight. After 6 days exposure, group I 

(1.10 g/m) lost 57.09% of its unexposed sample, group II  (2.29 g/m) lost 16.07%, and group 

III  (3.00 g/m) lost 17.74 %.  Higher collecting surface speed could produce thinner fiber and 

more oriented fiber in machine direction.  

During the course of this research, it was conclude that other research could be undertaken to 

further improve the UV resistance of high performance fibers. These include: 

1. Further investigations of extruded polyethylene films should be continued by 

producing PE with higher % TiO2 and/or using different type of UV blockers.  

2. Further investigations of electrospun polyurethane layers can be continued using 

different type of polymer since PU degrades in UV. Additionally, a research can 

be conducted using different electrospinning parameters such as needle gauge 

electrostatic field and speed of fiberweb collector. 

3. Scale up the electrospinning equipment to produce single fiberweb with desired 

weight. 

 

 

  



100 

REFERENCES 

1. www.wikipedia.org, Nov. 2009.  

2. J. W. S. Hearle. High-performance Fibres. Woodhead Pub. Cambridge, England, 

2001. 

3. www.engr.utk.edu/mse/pages, Nov. 2009. 

4. pslc.ws/mactest/nysix.htm, April 2010. 

5. Committee on High-Performance Structural Fibers for Advanced Polymer Matrix 

Composites. High-Performance Structural Fibers for Advanced Polymer Matrix 

Composites. The National Academies Press, Washington, D.C. 2005. 

6. Amit Gupta.  Improving UV resistance of high strength fibers. Doctoral Dissertation, 

North Carolina State University, 2005. 

7. www.swicofil.com/vectran.html, Nov. 2009. 

8. www.textilesindepth.com, Feb. 2011. 

9. Zhang, Huapeng et al. Effect of solar UV irradiation on the tensile properties and 

structure of PPTA fiber. Polymer Degradation and Stability, China, 2006. 

10. Lois E. Hamilton, Barbara M. Gatewood and Peter M.A. Sherwood. 

Photodegradation of High Performance Fibers. Manhattan : Textile Chemist and 

Colorist, 1994. 

11. Talele, R. V. R. Subramanian and T. V. Photodegradation of Nylon-6. India : Textile 

Research Journal, 1972. 

http://www.amazon.com/High-Performance-Structural-Advanced-Polymer-Composites/dp/0309096146/ref=sr_1_1?ie=UTF8&s=books&qid=1259012726&sr=8-1
http://www.amazon.com/High-Performance-Structural-Advanced-Polymer-Composites/dp/0309096146/ref=sr_1_1?ie=UTF8&s=books&qid=1259012726&sr=8-1


101 

12. M. Heskins and J. E. Guilletg. A Mechanism for the Oxidative Photodegradation of 

Polyethylene. Uniaersity of Toronto, Toronto , Ontario, 1967.  

13. Ayako Torikai, Hajime Shirakawa, Shigeo Nagaya, and Kenji Fueki. 

Photodegradation of Polyethylene:Factors Affecting Photostability. Journal of 

Applied Polymer Science, Japan, 1990. 

14. www.vectranfiber.com, August 2010. 

15. www.toyobo.co.jp/e/seihin/kc/pbo/technical.pdf, March 2010. 

16. Yanjun Xing and Xin Ding. UV Photo-Stabilization of Tetrabutyl Titanate for Aramid 

Fibers via SolïGel Surface Modification. China : Wiley InterScience, 2006. 

17. www.purdue.edu/REM, March 2010. 

18. www.extrudedprofilesworld.com, August 2010.  

19. Abhay Mohan, Formation and Charaterization of electrospun Nonwoven webs, 

Masters Thesis, North Carolina State University, 2002. 

20. Seungsin Lee, Developing UV-protective Textiles Based on Electrospun Zinc Oxide 

Nanocomposite Fibers, Fibers and Polymers, Vol. 10, No. 3, pp. 295-301, 2009. 

21. www.ciam.unibo.it, August 2010. 

22. Hassanin, Ahmed, Improving UV resistance of high-performance polymers, Ph.D. 

Dissertation, North Carolina State University, 2011. 

23. Eugene Wilusz. Military textiles. Woodhead Pub. Cambridge, England, 2008. 

24. Kathleen Marie Batton. An analysis of fabric body armor developments using 

multiple linear regression techniques. Doctoral Dissertation, North Carolina State 

University, 1989.  

http://www2.lib.ncsu.edu/catalog/record/NCSU755174
http://www2.lib.ncsu.edu/catalog/record/NCSU755174


102 

25. cameo.mfa.org, March 2011. 

26. Sri Hari Prasadh Balasundharam. Ballistic behavior of 3-D fabrics. Doctoral 

Dissertation, North Carolina State University, 1999. 

27. E. C. Miller . The ballistic resistance, tensile strength, flexural strength, and 

compressive strength of selected thermoplastic matrix composites. Doctoral 

Dissertation, North Carolina State University, 1989. 

28. J.D. Buckley and D.D. Edie. Carbon-Carbon Materials and Composites. Noyes 

Publications, New Jersey, 1993.  

29. Sinha, Mukesh Kumar, An Investigation of the photodegradation of a nylon support 

net used in exhibition of historic textiles, Ph.D. dissertation, Heriot-Watt University, 

2006.  

30. S. Bahadur, C. Sunkara, Effect of transfer film structure, composition and bonding on 

the tribological behavior of polyphenylene sufide filled with nano particles of TiO2, 

ZnO, CuO and SiC, WEAR 258, 1411-1421, 2005.  

31. Shawaphun, S., Manangan1, T., Wacharawichanant, S., Thermo- and Photo- 

Degradation of LDPE and PP Films Using Metal Oxides as Catalysts, Advanced 

Materials Research, Vols. 93-94, 2010. 

32. Han, K., Yu, M., Study of the Preparation and Properties of UV-Blocking Fabrics of 

a PET/TiO2 Nanocomposite Prepared by In Situ Polycondensation, Journal of 

Applied Polymer Science, Vol. 100, 2006. 

http://www2.lib.ncsu.edu/catalog/record/NCSU1251263


103 

33. Marianna Ramirez Tamez. Evaluation of effect of thermal stresses on results obtained 

from single fiber fragmentation test. Masterôs Thesis, Lulea University of 

Technology, 2008. 

34. Liuxue, Zhang et al. Photocatalysis anatase thin film coated PAN fibers prepared at 

low temperature. Materials Chemistry and Physics, China, 2006. 

35. www.bsu.edu, Nov. 2009. 

36. web.utk.edu/~mse, Nov. 2009. 

37. www.chem.wisc.edu, Nov. 2009. 

38. Partha Basu, Technical Textiles: Opening new vistas world-wide. India Market 

Online, Nov. 2000.   

39. www.intexa.com, Dec. 2009. 

40. www.ballyribbon.com, Dec.2009. 

41. vme.net/bluesky/site/faqtemp.html, Dec.2009.  

42. www.cem.msu.edu, March 2010. 

43. www.aquabest.net, March 2010. 

44. www.cortlandcompany.com, August 2010. 

45. Seyam, Abdelfattah M., Hassanin, Ahmed, Study of UVStabilizer Efficiency on PBO 

and Other High Strength Fibers, Progress Report Submitted to BPO NASA, 2006.  

46. Koleske, Joseph V., Paint and coating testing manual: fourteenth edition of the 

Gardner-Sward handbook, American Society for Testing and Materials, 1995. 

47. Allen Zielnik, Accelerated Laboratory Weathering, Atlas Material Testing 

Technology LLC, Material Testing Solution, 2003.  



104 

48. Batton, Kathleen Marie, óAn analysis of fabric body armor developments using 

multiple linear regression techniquesô, North Carolina State University, 1989. 

49. www.rigworks.com, March 2011. 

  

http://www2.lib.ncsu.edu/catalog/record/NCSU755174
http://www2.lib.ncsu.edu/catalog/record/NCSU755174


105 

APPENDICES 



106 

Appendix A 

Table A 1 Maximum breaking load of the PBO braids before and after UV exposure 

Exposure 

Time (Day) 

Maximum Breaking Load (N) 

No Protection Unloaded PE 
PE White 

CC® 
PE 5% TiO2 PE 10% TiO2 

0 13974.62 13595.05 13915.23 13333.49 14811.51 

1 7268.61 8603.93 11721.59 11966.29 12134.74 

2 6205.27 7803.33 10041.19 10339.80 11834.27 

3 5396.58 6982.50 9887.10 9404.25 10908.64 

4 4845.00 6566.73 9333.75 8872.38 10929.85 

6 3980.05 5455.48 8468.74 7740.39 9795.47 

 

Table A 2 Minimum breaking load of the PBO braids before and after UV exposure 

Exposure 

Time (Day) 

Minimum Breaking Load (N) 

No Protection Unloaded PE 
PE White 

CC® 
PE 5% TiO2 PE 10% TiO2 

0 13124.38 12000.81 13915.23 12437.22 11285.22 

1 6580.96 7810.45 11076.78 10960.86 11042.13 

2 5579.63 7531.90 8588.09 9734.40 10939.69 

3 4355.12 6614.86 8840.08 8769.58 9785.10 

4 4344.93 6081.56 8148.03 7960.85 9807.30 

6 3337.14 5093.12 7799.64 7269.59 9010.14 
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Table A 3 Tensile strength retention of the PBO braids before and after UV exposure 

Exposure 

Time (Day) 

Tensile Strength Retention (%) 

No Protection Unloaded PE 
PE White 

CC® 
PE 5% TiO2 PE 10% TiO2 

0 100.00 100.00 100.00 100.00 100.00 

1 51.77 64.75 89.65 87.02 85.99 

2 43.12 59.84 73.21 77.35 84.75 

3 36.95 52.75 73.33 70.10 78.38 

4 34.14 49.59 70.18 63.63 77.19 

6 27.56 40.93 63.25 57.44 70.65 

 

Table A 4 Maximum breaking load of the PBO yarn from braid before and after UV exposure 

Exposure 

Time (Day) 

Maximum Tensile Strength (cN/denier) 

No Protection Unloaded PE 
PE White 

CC® 
PE 5% TiO2 PE 10% TiO2 

0 25.40 26.86 25.33 26.61 25.71 

1 15.05 14.65 25.32 22.56 24.66 

2 10.33 11.65 21.92 15.57 21.16 

3 8.22 10.40 20.54 15.46 17.79 

4 7.68 9.02 18.37 14.11 14.47 

6 6.48 7.81 16.82 11.26 12.63 
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Table A 5 Minimum breaking load of the PBO yarn from braid before and after UV exposure 

Exposure 

Time (Day) 

Minimum Tensile Strength (cN/denier) 

No Protection Unloaded PE 
PE White 

CC® 
PE 5% TiO2 PE 10% TiO2 

0 21.78 20.56 23.06 20.77 21.07 

1 11.35 12.49 20.27 16.19 19.94 

2 8.05 9.19 18.86 14.08 17.60 

3 6.78 8.45 16.74 12.82 14.11 

4 5.61 7.08 15.28 10.56 12.63 

6 4.63 5.03 14.77 8.81 11.41 

 

Table A 6 Tensile strength retention of the PBO yarn from braid before and after UV exposure 

Exposure 

Time (Day) 

Tensile Strength Retention (%) 

No Protection Unloaded PE 
PE White 

CC® 
PE 5% TiO2 PE 10% TiO2 

0 100.00 100.00 100.00 100.00 100.00 

1 53.89 59.33 94.67 80.99 90.51 

2 38.26 46.43 82.62 59.91 77.81 

3 31.47 39.36 75.52 56.16 64.63 

4 28.22 39.70 69.74 50.10 55.26 

6 23.32 27.31 64.76 40.86 49.92 
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Table A 7 Braid test/No exposure/No protection 

Observation 

Maximum 

Load 

(N) 

Maximum 

Load 

(lbs) 

Extension at 

Peak Load 

(cm) 

Modulus 

(gf/tex) 

Break 

location 

1 13485.551 3031.687 5.650 1680.516 End of Braid 

2 13561.898 3048.85 4.952 1690.337 End of Braid 

3 13124.391 2950.494 4.719 1717.953 End of Braid 

4 13974.622 3141.635 5.005 1651.613 End of Braid 

5 13613.388 3060.426 4.962 1675.668 End of Braid 

Mean 13551.970 3046.618 5.058 1683.217  

SD 304.031 68.34933 0.349 24.085  

 

Table A 8 Braid test/No exposure/Unloaded PE 

Observation 

Maximum 

Load 

(N) 

Maximum 

Load 

(lbs) 

Extension at 

Peak Load 

(cm) 

Modulus 

(gf/tex) 

Break 

location 

1 12586.302 2829.527 5.048 1656.073 End of Braid 

2 13423.997 3017.849 5.175 1698.522 End of Braid 

3 12000.826 2697.906 4.741 1666.193 End of Braid 

4 13595.077 3056.309 5.312 1670.820 End of Braid 

5 12642.726 2842.211 5.365 1662.969 End of Braid 

Mean 12849.79 2888.76 5.1282 1670.915  

SD 655.402 147.3409 0.249 16.339  
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Table A 9 Braid test/No exposure/PE loaded with White CC® 

Observation 

Maximum 

Load 

(N) 

Maximum 

Load 

(lbs) 

Extension at 

Peak Load 

(cm) 

Modulus 

(gf/tex) 

Break 

location 

1 13262.945 2981.643 5.746 1740.359 End of Braid 

2 13915.244 3128.286 5.111 1760.982 End of Braid 

3 10555.363 2372.951 4.381 1692.151 End of Braid 

4 12971.312 2916.081 5.090 1776.449 End of Braid 

5 13389.149 3010.015 5.153 1745.173 End of Braid 

Mean 12707.77 2881.795 5.0962 1743.023  

SD 1310.645 294.6461 0.484 31.779  

 

Table A 10 Braid test/No exposure/PE loaded with 5% TiO 2 

Observation 

Maximum 

Load 

(N) 

Maximum 

Load 

(lbs) 

Extension at 

Peak Load 

(cm) 

Modulus 

(gf/tex) 

Break 

location 

1 13176.844 2962.286 5.227 1751.738 End of Braid 

2 13137.913 2953.534 5.238 1770.890 End of Braid 

3 12437.236 2796.015 4.518 1752.517 End of Braid 

4 13167.641 2960.217 4.973 1780.784 End of Braid 

5 13333.482 2997.5 5.238 1729.213 End of Braid 

Mean 13050.620 2933.911 5.0388 1757.028  

SD 351.247 78.9638 0.312 19.865  
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Table A 11 Braid test/No exposure/PE loaded with 10% TiO 2 

Observation 

Maximum 

Load 

(N) 

Maximum 

Load 

(lbs) 

Extension at 

Peak Load 

(cm) 

Modulus 

(gf/tex) 

Break 

location 

1 13657.334 3070.305 5.153 1774.711 End of Braid 

2 11285.236 2537.034 4.360 1744.086 End of Braid 

3 14366.710 3229.78 5.291 1797.514 End of Braid 

4 14268.848 3207.78 5.491 1787.162 End of Braid 

5 13354.337 3002.189 5.248 1759.448 End of Braid 

Mean 13386.49 3009.417 5.1086 1772.584  

SD 1247.903 280.541 0.436 21.350  

 

Table A 12 Braid test/1 Day exposure/No protection 

Observation 

Maximum 

Load 

(N) 

Maximum 

Load 

(lbs) 

Extension at 

Peak Load 

(cm) 

Modulus 

(gf/tex) 

Break 

location 

1 7268.259 1633.977 4.847 1518.539 End of Braid 

2 7152.799 1608.021 4.529 1510.201 End of Braid 

3 7208.878 1620.628 4.169 1518.270 End of Braid 

4 6869.346 1544.298 4.508 1500.059 End of Braid 

5 6580.642 1479.394 4.329 1501.830 End of Braid 

Mean 7015.985 1577.264 4.476 1509.780  

SD 287.487 64.62989 0.254 8.756  
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Table A 13 Braid test/1 Day exposure/Unloaded PE 

Observation 

Maximum 

Load 

(N) 

Maximum 

Load 

(lbs) 

Extension at 

Peak Load 

(cm) 

Modulus 

(gf/tex) 

Break 

location 

1 8210.561 1845.816 4.910 1529.140 End of Braid 

2 8411.482 1890.985 4.444 1534.476 End of Braid 

3 8565.098 1925.52 4.509 1527.767 End of Braid 

4 7810.050 1755.777 4.413 1525.592 End of Braid 

5 8603.492 1934.151 4.444 1531.902 End of Braid 

Mean 8320.137 1870.45 4.544 1529.775  

SD 324.359 72.91919 0.208 3.484  

 

Table A 14 Braid test/1 Day exposure/PE loaded with White CC® 

Observation 

Maximum 

Load 

(N) 

Maximum 

Load 

(lbs) 

Extension at 

Peak Load 

(cm) 

Modulus 

(gf/tex) 

Break 

location 

1 11409.646 2565.003 4.857 1775.317 End of Braid 

2 11076.251 2490.052 4.530 1749.553 End of Braid 

3 11674.219 2624.481 4.476 1780.299 End of Braid 

4 11721.620 2635.137 4.709 1721.314 End of Braid 

5 11580.232 2603.352 4.476 1757.765 End of Braid 

Mean 11492.394 2583.605 4.609 1756.850  

SD 261.411 58.76778 0.168 23.493  
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Table A 15 Braid test/1 Day exposure/ PE loaded with 5% TiO 2 

Observation 

Maximum 

Load 

(N) 

Maximum 

Load 

(lbs) 

Extension at 

Peak Load 

(cm) 

Modulus 

(gf/tex) 

Break 

location 

1 11114.407 2498.63 4.413 1767.009 End of Braid 

2 11966.279 2690.139 4.783 1763.057 End of Braid 

3 11200.207 2517.919 4.722 1746.007 End of Braid 

4 10960.859 2464.111 4.307 1739.938 End of Braid 

5 11542.463 2594.861 4.402 1755.842 End of Braid 

Mean 11356.843 2553.132 4.525 1754.371  

SD 401.865 90.34316 0.213 11.353  

 

Table A 16 Braid test/1 Day exposure/PE loaded with 10% TiO 2 

Observation 

Maximum 

Load 

(N) 

Maximum 

Load 

(lbs) 

Extension at 

Peak Load 

(cm) 

Modulus 

(gf/tex) 

Break 

location 

1 11059.880 2486.372 4.487 1763.757 End of Braid 

2 11565.205 2599.974 4.359 1742.685 End of Braid 

3 11042.142 2482.384 4.423 1786.942 End of Braid 

4 11755.419 2642.736 4.931 1756.977 End of Braid 

5 12134.761 2728.016 5.016 1761.656 End of Braid 

Mean 11511.481 2587.896 4.643 1762.403  

SD 467.732 105.1508 0.306 15.991  
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Table A 17 Braid test/2 Day exposure/No protection 

Observation 

Maximum 

Load 

(N) 

Maximum 

Load 

(lbs) 

Extension at 

Peak Load 

(cm) 

Modulus 

(gf/tex) 

Break 

location 

1 5897.084 1325.723 4.095 1391.509 End of Braid 

2 5729.660 1288.085 4.053 1370.876 End of Braid 

3 6205.288 1395.011 4.297 1383.470 End of Braid 

4 5579.615 1254.353 3.746 1396.271 End of Braid 

5 5804.968 1305.015 3.926 1407.238 End of Braid 

Mean 5843.323 1313.637 4.024 1389.873  

SD 233.367 52.4633 0.204 13.666  

 

Table A 18 Braid test/2 Day exposure/Unloaded PE 

Observation 

Maximum 

Load 

(N) 

Maximum 

Load 

(lbs) 

Extension at 

Peak Load 

(cm) 

Modulus 

(gf/tex) 

Break 

location 

1 7531.908 1693.248 4.508 1401.169 End of Braid 

2 7760.036 1744.534 4.635 1440.620 End of Braid 

3 7800.394 1753.607 4.276 1450.127 End of Braid 

4 7551.256 1697.598 4.625 1442.735 End of Braid 

5 7803.351 1754.271 4.243 1467.556 End of Braid 

Mean 7689.389 1728.652 4.457 1440.441  

SD 136.181 30.61493 0.188 24.376  
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Table A 19 Braid test/2 Day exposure/PE loaded with White CC® 

Observation 

Maximum 

Load 

(N) 

Maximum 

Load 

(lbs) 

Extension at 

Peak Load 

(cm) 

Modulus 

(gf/tex) 

Break 

location 

1 10041.207 2257.364 4.529 1679.142 End of Braid 

2 9016.466 2026.992 4.805 1665.597 End of Braid 

3 8588.079 1930.686 4.392 1621.488 End of Braid 

4 9722.605 2185.739 4.540 1678.903 End of Braid 

5 9555.623 2148.2 4.751 1668.229 End of Braid 

Mean 9384.796 2109.796 4.603 1662.672  

SD 579.784 130.3412 0.171 23.824  

 

Table A 20 Braid test/2 Day exposure/PE loaded with 5% TiO 2 

Observation 

Maximum 

Load 

(N) 

Maximum 

Load 

(lbs) 

Extension at 

Peak Load 

(cm) 

Modulus 

(gf/tex) 

Break 

location 

1 10339.805 2324.492 4.423 1721.325 End of Braid 

2 9734.407 2188.392 4.677 1683.911 End of Braid 

3 9955.305 2238.052 4.847 1602.713 End of Braid 

4 10171.181 2286.583 4.370 1719.193 End of Braid 

5 10270.384 2308.885 4.741 1714.254 End of Braid 

Mean 10094.216 2269.281 4.612 1688.279  

SD 248.008 55.75464 0.206 50.157  
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Table A 21 Braid test/2 Day exposure/PE loaded with 10% TiO 2 

Observation 

Maximum 

Load 

(N) 

Maximum 

Load 

(lbs) 

Extension at 

Peak Load 

(cm) 

Modulus 

(gf/tex) 

Break 

location 

1 11834.261 2660.46 4.910 1778.001 End of Braid 

2 11080.417 2490.989 4.317 1761.692 End of Braid 

3 11709.923 2632.508 4.338 1772.715 End of Braid 

4 11166.644 2510.373 4.339 1750.760 End of Braid 

5 10939.693 2459.352 4.720 1758.840 End of Braid 

Mean 11346.188 2550.736 4.525 1764.402  

SD 399.570 89.82748 0.273 10.937  

 

Table A 22 Braid test/3 Day exposure/No protection 

Observation 

Maximum 

Load 

(N) 

Maximum 

Load 

(lbs) 

Extension at 

Peak Load 

(cm) 

Modulus 

(gf/tex) 

Break 

location 

1 5183.214 1165.238 4.487 1335.671 End of Braid 

2 5396.563 1213.201 4.328 1333.434 End of Braid 

3 4992.098 1122.274 4.244 1328.680 End of Braid 

4 4355.115 979.0734 3.852 1285.454 End of Braid 

5 5107.430 1148.201 4.476 1327.381 End of Braid 

Mean 5006.884 1125.598 4.278 1322.124  

SD 393.088 88.37013 0.259 20.777  

 

 



117 

Table A 23 Braid test/3 Day exposure/Unloaded PE 

Observation 

Maximum 

Load 

(N) 

Maximum 

Load 

(lbs) 

Extension at 

Peak Load 

(cm) 

Modulus 

(gf/tex) 

Break 

location 

1 6729.066 1512.761 4.169 1381.092 End of Braid 

2 6982.499 1569.736 4.784 1404.856 End of Braid 

3 6614.861 1487.087 4.678 1369.901 End of Braid 

4 6840.220 1537.75 4.624 1382.206 End of Braid 

5 6721.559 1511.074 4.550 1366.738 End of Braid 

Mean 6777.641 1523.681 4.561 1380.959  

SD 139.540 31.36985 0.235 14.976  

 

Table A 24 Braid test/3 Day exposure/PE loaded with White CC® 

Observation 

Maximum 

Load 

(N) 

Maximum 

Load 

(lbs) 

Extension at 

Peak Load 

(cm) 

Modulus 

(gf/tex) 

Break 

location 

1 8840.096 1987.342 4.265 1640.806 End of Braid 

2 9027.046 2029.37 4.265 1657.504 End of Braid 

3 9887.120 2222.723 5.058 1671.272 End of Braid 

4 9620.416 2162.766 4.656 1642.320 End of Braid 

5 9625.414 2163.889 4.297 1647.773 End of Braid 

Mean 9400.018 2113.218 4.508 1651.935  

SD 444.204 99.86144 0.349 12.635  
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Table A 25 Braid test/3 Day exposure/PE loaded with 5% TiO 2 

Observation 

Maximum 

Load 

(N) 

Maximum 

Load 

(lbs) 

Extension at 

Peak Load 

(cm) 

Modulus 

(gf/tex) 

Break 

location 

1 8769.581 1971.49 4.635 1653.681 End of Braid 

2 9389.469 2110.847 4.381 1675.075 End of Braid 

3 9173.808 2062.364 4.624 1662.569 End of Braid 

4 9404.269 2114.174 4.688 1661.975 End of Braid 

5 9003.142 2023.996 4.529 1653.335 End of Braid 

Mean 9148.054 2056.574 4.572 1661.327  

SD 268.716 60.40991 0.121 8.850  

 

Table A 26 Braid test/3 Day exposure/PE loaded with 10% TiO 2 

Observation 

Maximum 

Load 

(N) 

Maximum 

Load 

(lbs) 

Extension at 

Peak Load 

(cm) 

Modulus 

(gf/tex) 

Break 

location 

1 10900.533 2450.549 4.730 1747.359 End of Braid 

2 9785.116 2199.792 4.477 1728.017 End of Braid 

3 10657.787 2395.977 4.762 1748.471 End of Braid 

4 10908.642 2452.372 4.730 1739.989 End of Braid 

5 10209.396 2295.174 4.550 1755.357 End of Braid 

Mean 10492.295 2358.773 4.650 1743.839  

SD 486.705 109.416 0.128 10.388  
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Table A 27 Braid test/4 Day exposure/No protection 

Observation 

Maximum 

Load 

(N) 

Maximum 

Load 

(lbs) 

Extension at 

Peak Load 

(cm) 

Modulus 

(gf/tex) 

Break 

location 

1 4743.260 1066.332 4.096 1247.360 End of Braid 

2 4344.934 976.7846 3.513 1249.616 End of Braid 

3 4527.181 1017.756 4.033 1262.550 End of Braid 

4 4673.740 1050.703 4.275 1244.871 End of Braid 

5 4845.002 1089.205 3.810 1269.552 End of Braid 

Mean 4626.824 1040.156 3.945 1254.790  

SD 195.417 43.93163 0.293 10.706  

 

Table A 28 Braid test/4 Day exposure/Unloaded PE 

Observation 

Maximum 

Load 

(N) 

Maximum 

Load 

(lbs) 

Extension at 

Peak Load 

(cm) 

Modulus 

(gf/tex) 

Break 

location 

1 6539.932 1470.242 4.392 1376.245 End of Braid 

2 6081.587 1367.202 4.381 1341.489 End of Braid 

3 6454.945 1451.136 3.906 1338.181 End of Braid 

4 6566.715 1476.263 4.349 1345.336 End of Braid 

5 6220.174 1398.357 4.413 1342.412 End of Braid 

Mean 6539.932 1432.64 4.392 1348.733  

SD 212.358 47.74019 0.215 15.590  

 

 



120 

Table A 29 Braid test/4 Day exposure/PE loaded with White CC® 

Observation 

Maximum 

Load 

(N) 

Maximum 

Load 

(lbs) 

Extension at 

Peak Load 

(cm) 

Modulus 

(gf/tex) 

Break 

location 

1 9333.771 2098.325 4.243 1642.218 End of Braid 

2 9268.752 2083.708 4.763 1634.828 End of Braid 

3 9132.525 2053.083 4.328 1636.242 End of Braid 

4 9097.245 2045.152 4.476 1632.460 End of Braid 

5 8148.050 1831.763 4.265 1624.594 End of Braid 

Mean 8996.069 2022.406 4.415 1634.068  

SD 483.837 108.7713 0.215 6.405  

 

Table A 30 Braid test/4 Day exposure/PE loaded with 5% TiO 2 

Observation 

Maximum 

Load 

(N) 

Maximum 

Load 

(lbs) 

Extension at 

Peak Load 

(cm) 

Modulus 

(gf/tex) 

Break 

location 

1 8872.378 1994.599 4.402 1625.751 End of Braid 

2 7960.856 1789.68 4.254 1595.435 End of Braid 

3 8220.783 1848.114 4.402 1602.331 End of Braid 

4 8444.962 1898.512 4.042 1601.919 End of Braid 

5 8022.362 1803.507 4.138 1589.122 End of Braid 

Mean 8304.268 1866.883 4.248 1602.912  

SD 369.769 83.12776 0.160 13.865  
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Table A 31 Braid test/4 Day exposure/PE loaded with 10% TiO 2 

Observation 

Maximum 

Load 

(N) 

Maximum 

Load 

(lbs) 

Extension at 

Peak Load 

(cm) 

Modulus 

(gf/tex) 

Break 

location 

1 10303.435 2316.315 4.476 1749.778 End of Braid 

2 9807.304 2204.78 4.783 1714.088 End of Braid 

3 10040.995 2257.316 4.476 1726.186 End of Braid 

4 10929.877 2457.146 4.857 1762.448 End of Braid 

5 10583.422 2379.259 4.264 1750.751 End of Braid 

Mean 10333.006 2322.963 4.571 1740.650  

SD 442.004 99.36695 0.244 19.845  

 

Table A 32 Braid test/6 Day exposure/No protection 

Observation 

Maximum 

Load 

(N) 

Maximum 

Load 

(lbs) 

Extension at 

Peak Load 

(cm) 

Modulus 

(gf/tex) 

Break 

location 

1 3749.570 842.9408 3.884 1146.169 End of Braid 

2 3822.190 859.2665 4.170 1141.988 End of Braid 

3 3980.035 894.7517 3.948 1138.228 End of Braid 

4 3786.892 851.3312 3.746 1136.284 End of Braid 

5 3337.157 750.2263 3.852 1095.263 End of Braid 

Mean 3735.169 839.7033 3.920 1131.586  

SD 239.180 53.77005 0.158 20.654  
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Table A 33 Braid test/6 Day exposure/Unloaded PE 

Observation 

Maximum 

Load 

(N) 

Maximum 

Load 

(lbs) 

Extension at 

Peak Load 

(cm) 

Modulus 

(gf/tex) 

Break 

location 

1 5241.099 1178.251 4.158 1261.719 End of Braid 

2 5153.587 1158.578 4.180 1240.598 End of Braid 

3 5455.479 1226.446 4.339 1253.686 End of Braid 

4 5352.277 1203.245 4.625 1244.782 End of Braid 

5 5093.104 1144.981 4.149 1239.661 End of Braid 

Mean 5259.109 1182.3 4.290 1248.089  

SD 146.849 33.0131 0.202 9.423  

 

Table A 34 Braid test/6 Day exposure/PE loaded with White CC® 

Observation 

Maximum 

Load 

(N) 

Maximum 

Load 

(lbs) 

Extension at 

Peak Load 

(cm) 

Modulus 

(gf/tex) 

Break 

location 

1 7799.667 1753.443 -1.690 1550.946 End of Braid 

2 8468.738 1903.857 4.677 1559.400 End of Braid 

3 8026.439 1804.424 4.487 1556.096 End of Braid 

4 8251.172 1854.946 4.519 1535.786 End of Braid 

5 7991.189 1796.499 4.423 1575.913 End of Braid 

Mean 8107.441 1822.634 3.283 1555.628  

SD 257.874 57.97252 2.782 14.505  
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Table A 35 Braid test/6 Day exposure/PE loaded with 5% TiO 2 

Observation 

Maximum 

Load 

(N) 

Maximum 

Load 

(lbs) 

Extension at 

Peak Load 

(cm) 

Modulus 

(gf/tex) 

Break 

location 

1 7740.417 1740.123 4.191 1580.552 End of Braid 

2 7544.380 1696.052 4.032 1574.884 End of Braid 

3 7554.331 1698.289 4.074 1564.120 End of Braid 

4 7269.618 1634.283 4.117 1542.521 End of Braid 

5 7373.321 1657.596 4.371 1587.980 End of Braid 

Mean 7496.414 1685.269 4.157 1570.012  

SD 181.508 40.80486 0.133 17.665  

 

Table A 36 Braid test/6 Day exposure/PE loaded with 10% TiO 2 

Observation 

Maximum 

Load 

(N) 

Maximum 

Load 

(lbs) 

Extension at 

Peak Load 

(cm) 

Modulus 

(gf/tex) 

Break 

location 

1 9690.207 2178.455 4.772 1708.935 End of Braid 

2 9795.478 2202.121 4.614 1690.747 End of Braid 

3 9584.478 2154.686 4.751 1692.298 End of Braid 

4 9209.242 2070.33 4.751 1683.152 End of Braid 

5 9010.148 2025.571 4.667 1684.646 End of Braid 

Mean 9457.911 2126.233 4.711 1691.955  

SD 334.013 75.08958 0.068 10.257  
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Table A 37 Yarn test/No exposure/No protection 

Specimen 
Energy to Peak 

Load (g) 

% Strain at 

Peak Load 

Modulus 

(g/denier) 

Tenacity 

(g/denier) 

Toughness 

(g/denier) 

1 75751.00 9.20 1317.01 25.25 1.77 

2 72209.70 7.50 1320.94 24.07 1.36 

3 69682.00 9.90 1237.77 23.23 1.68 

4 81698.70 4.00 1185.27 27.23 0.57 

5 78489.10 14.80 943.49 26.16 3.10 

6 81263.10 9.70 937.78 27.09 2.00 

7 75593.70 12.10 957.84 25.20 2.48 

8 71805.20 5.30 1079.77 23.94 0.80 

9 76336.00 15.00 573.14 25.45 3.05 

Mean 75869.83 9.72 1061.45 25.29 1.87 

SD 4159.90 3.82 239.22 1.39 0.90 

 

Table A 38 Yarn test/No exposure/Unloaded PE 

Specimen 
Energy to Peak 

Load (g) 

% Strain at 

Peak Load 

Modulus 

(g/denier) 

Tenacity 

(g/denier) 

Toughness 

(g/denier) 

1 75943.40 10.30 1315.93 25.31 1.96 

2 68742.70 11.60 734.68 22.91 2.10 

3 65798.40 13.90 730.94 21.93 2.45 

4 77257.40 7.70 1045.98 25.75 1.48 

5 85948.20 10.10 919.81 28.65 2.08 

6 73392.60 11.90 755.19 24.46 2.17 

7 70583.70 8.40 1228.09 23.53 1.55 

8 74153.40 7.90 899.69 24.72 1.36 

Mean 73977.48 10.23 953.79 24.66 1.89 

SD 6142.50 2.18 225.54 2.05 0.39 
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Table A 39 Yarn test/No exposure/PE loaded with White CC® 

Specimen 
Energy to Peak 

Load (g) 

% Strain at 

Peak Load 

Modulus 

(g/denier) 

Tenacity 

(g/denier) 

Toughness 

(g/denier) 

1 74948.60 3.20 1346.84 24.98 0.53 

2 80541.80 7.50 1418.03 26.85 1.41 

3 73811.70 7.30 1353.33 24.60 1.34 

4 78352.50 2.90 1417.84 26.12 0.43 

5 80826.80 10.50 1354.31 26.94 2.22 

6 79597.60 7.00 1387.66 26.53 1.34 

7 81058.40 7.80 1309.54 27.02 1.58 

8 78174.20 3.10 1456.82 26.06 0.36 

Mean 78413.95 6.16 1380.55 26.14 1.15 

SD 2725.39 2.78 48.21 0.91 0.65 

 

Table A 40 Yarn test/No exposure/PE loaded with 5% TiO 2 

Specimen 
Energy to Peak 

Load (g) 

% Strain at 

Peak Load 

Modulus 

(g/denier) 

Tenacity 

(g/denier) 

Toughness 

(g/denier) 

1 79632.90 4.00 1403.02 26.54 0.64 

2 66442.80 3.40 1237.57 22.15 0.36 

3 85526.70 3.80 1358.66 28.51 0.55 

4 82949.40 3.10 1415.62 27.65 0.39 

5 68673.80 2.90 1297.20 22.89 0.39 

6 80575.00 2.80 1476.13 26.86 0.33 

7 84660.80 4.10 1443.50 28.22 0.71 

8 81212.00 3.30 1340.04 27.07 0.44 

9 85168.20 3.10 1494.45 28.39 0.42 

Mean 79426.84 3.39 1385.13 26.48 0.47 

SD 7059.88 0.48 84.50 2.35 0.13 
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Table A 41 Yarn test/No exposure/PE loaded with 10% TiO 2 

Specimen 
Energy to Peak 

Load (g) 

% Strain at 

Peak Load 

Modulus 

(g/denier) 

Tenacity 

(g/denier) 

Toughness 

(g/denier) 

1 77486.90 5.00 1356.39 25.83 0.89 

2 82259.30 3.60 1394.28 27.42 0.50 

3 87313.10 5.50 1398.34 29.10 1.07 

4 77485.70 3.10 1348.54 25.83 0.35 

5 79799.30 3.50 1442.04 26.60 0.46 

6 78437.20 3.10 1468.63 26.15 0.39 

7 67444.30 3.30 1357.05 22.48 0.34 

8 78943.20 6.20 1415.81 26.31 1.11 

9 75569.40 3.00 1404.96 25.19 0.39 

Mean 78304.27 4.03 1398.45 26.10 0.61 

SD 5317.65 1.20 40.56 1.77 0.32 

 

Table A 42 Yarn test/1 Day exposure/No protection 

Specimen 
Energy to Peak 

Load (g) 

% Strain at 

Peak Load 

Modulus 

(g/denier) 

Tenacity 

(g/denier) 

Toughness 

(g/denier) 

1 43530.20 14.51 1120.51 14.51 0.35 

2 36339.20 15.90 1131.15 12.11 0.14 

3 47705.00 14.14 1384.11 15.90 0.15 

4 42434.30 13.17 1330.50 14.14 0.17 

5 39517.70 12.93 1378.63 13.17 0.14 

6 38794.80 13.01 1345.08 12.93 0.15 

7 39036.60 12.62 1229.24 13.01 0.15 

8 37855.10 16.05 1324.18 12.62 0.14 

9 38317.00 13.72 1326.39 12.77 0.20 

Mean 39766.21 13.72 1277.58 13.25 0.17 

SD 6080.32 1.31 97.19 2.03 0.06 
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Table A 43 Yarn test/1 Day exposure/Unloaded PE 

Specimen 
Energy to Peak 

Load (g) 

% Strain at 

Peak Load 

Modulus 

(g/denier) 

Tenacity 

(g/denier) 

Toughness 

(g/denier) 

1 40333.30 *********  1297.90 13.44 0.15 

2 39956.10 *********  1302.87 13.32 0.17 

3 41876.80 *********  1297.85 13.96 0.15 

4 46041.90 *********  1296.25 15.35 0.18 

5 46888.70 2.40 1318.72 15.63 0.17 

6 44729.30 2.60 1160.24 14.91 0.19 

7 45162.90 2.70 1350.00 15.05 0.19 

8 46222.80 *********  1304.87 15.41 0.17 

Mean 43901.48 2.57 1291.09 14.63 0.17 

SD 2766.31 0.15 55.81 0.92 0.02 

 

Table A 44 Yarn test/1 Day exposure/PE loaded with White CC® 

Specimen 
Energy to Peak 

Load (g) 

% Strain at 

Peak Load 

Modulus 

(g/denier) 

Tenacity 

(g/denier) 

Toughness 

(g/denier) 

1 77260.50 3.00 1490.13 25.75 0.38 

2 64867.40 3.50 1255.03 21.62 0.38 

3 72838.90 3.00 1464.98 24.28 0.35 

4 71742.90 2.90 1366.57 23.91 0.31 

5 81029.00 3.30 1423.06 27.01 0.47 

6 71986.80 2.70 1376.21 24.00 0.31 

7 78068.40 2.60 1445.15 26.02 0.31 

8 76958.90 3.30 1413.63 25.65 0.44 

9 73442.90 3.00 1376.22 24.48 0.42 

Mean 74243.97 3.03 1401.22 24.75 0.37 

SD 4730.48 0.29 69.24 1.58 0.06 
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Table A 45 Yarn test/1 Day exposure/ PE loaded with 5% TiO2 

Specimen 
Energy to Peak 

Load (g) 

% Strain at 

Peak Load 

Modulus 

(g/denier) 

Tenacity 

(g/denier) 

Toughness 

(g/denier) 

1 58224.20 2.60 1284.84 19.41 0.26 

2 72165.10 2.70 1434.92 24.06 0.32 

3 66194.30 2.90 1401.99 22.06 0.32 

4 51815.20 2.50 1311.51 17.27 0.20 

5 68429.80 2.70 1424.84 22.81 0.28 

6 68494.40 2.70 1470.79 22.83 0.32 

7 65036.60 2.60 1445.97 21.68 0.26 

8 62283.00 2.40 1409.85 20.76 0.25 

9 60940.80 2.70 1330.73 20.31 0.28 

Mean 63731.49 2.64 1390.60 21.24 0.28 

SD 6183.33 0.14 65.34 2.06 0.04 

 

Table A 46 Yarn test/1 Day exposure/PE loaded with 10% TiO 2 

Specimen 
Energy to Peak 

Load (g) 

% Strain at 

Peak Load 

Modulus 

(g/denier) 

Tenacity 

(g/denier) 

Toughness 

(g/denier) 

1 60811.30 4.20 1415.44 20.27 0.60 

2 78920.40 2.80 1431.16 26.31 0.33 

3 63796.50 2.50 1487.84 21.27 0.25 

4 70713.90 2.50 1463.87 23.57 0.26 

5 70911.50 2.70 1477.01 23.64 0.31 

6 71043.20 2.80 1428.95 23.68 0.32 

7 70312.70 2.40 1443.05 23.44 0.26 

8 66128.00 2.70 1411.49 22.04 0.29 

9 75101.30 2.70 1470.42 25.03 0.30 

Mean 70114.80 3.33 1445.60 23.37 0.44 

SD 5349.17 1.72 27.16 1.78 0.37 
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Table A 47 Yarn test/2 Day exposure/No protection 

Specimen 
Energy to Peak 

Load (g) 

% Strain at 

Peak Load 

Modulus 

(g/denier) 

Tenacity 

(g/denier) 

Toughness 

(g/denier) 

1 27945.80 *********  1267.06 9.32 0.07 

2 28989.40 *********  1184.62 9.66 0.08 

3 31368.10 *********  1273.00 10.46 0.10 

4 33057.10 *********  1257.73 11.02 0.10 

5 25772.80 *********  1199.19 8.59 0.07 

6 28042.70 *********  1307.22 9.35 0.10 

7 30614.60 *********  1259.69 10.20 0.10 

8 26456.00 *********  1183.67 8.82 0.09 

Mean 29030.81  1241.52 9.68 0.09 

SD 2495.19  46.18 0.83 0.01 

 

Table A 48 Yarn test/2 Day exposure/Unloaded PE 

Specimen 
Energy to Peak 

Load (g) 

% Strain at 

Peak Load 

Modulus 

(g/denier) 

Tenacity 

(g/denier) 

Toughness 

(g/denier) 

1 34153.90 *********  1235.57 11.38 0.13 

2 31085.20 *********  1210.57 10.36 0.09 

3 36926.50 *********  1238.45 12.31 0.13 

4 37287.20 *********  1130.49 12.43 0.15 

5 34612.80 2.30 1178.63 11.54 0.13 

6 29413.40 *********  994.13 9.80 0.12 

7 34626.80 *********  1182.79 11.54 0.13 

8 36792.60 *********  1179.68 12.26 0.14 

Mean 34362.30 2.30 1168.79 11.45 0.13 

SD 2839.61  78.78 0.95 0.02 
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Table A 49 Yarn test/2 Day exposure/PE loaded with White CC® 

Specimen 
Energy to Peak 

Load (g) 

% Strain at 

Peak Load 

Modulus 

(g/denier) 

Tenacity 

(g/denier) 

Toughness 

(g/denier) 

1 68773.10 2.50 1447.97 22.92 0.27 

2 60367.20 *********  1327.50 20.12 0.26 

3 60701.30 *********  1328.21 20.23 0.28 

4 61078.80 3.00 1447.90 20.36 0.30 

5 70146.60 3.30 1351.74 23.38 0.40 

6 63836.00 2.70 1357.06 21.28 0.29 

7 64821.10 2.80 1321.63 21.61 0.33 

8 68650.30 2.90 1285.11 22.88 0.32 

Mean 64796.80 2.87 1358.39 21.60 0.31 

SD 3971.73 0.27 59.36 1.32 0.04 

 

Table A 50 Yarn test/2 Day exposure/PE loaded with 5% TiO 2 

Specimen 
Energy to Peak 

Load (g) 

% Strain at 

Peak Load 

Modulus 

(g/denier) 

Tenacity 

(g/denier) 

Toughness 

(g/denier) 

1 48291.50 2.30 1389.38 16.10 0.18 

2 48425.00 *********  1446.89 16.14 0.18 

3 45050.40 *********  1261.62 15.02 0.20 

4 46127.30 *********  1361.30 15.38 0.19 

5 49835.50 *********  1377.74 16.61 0.20 

6 46701.40 *********  1373.09 15.57 0.16 

7 46621.50 2.50 1312.49 15.54 0.20 

8 49691.60 2.40 1376.76 16.56 0.18 

Mean 47593.03 2.40 1362.41 15.87 0.19 

SD 1730.60 0.10 54.86 0.57 0.01 
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Table A 51 Yarn test/2 Day exposure/PE loaded with 10% TiO 2 

Specimen 
Energy to Peak 

Load (g) 

% Strain at 

Peak Load 

Modulus 

(g/denier) 

Tenacity 

(g/denier) 

Toughness 

(g/denier) 

1 60021.70 2.40 1450.70 20.01 0.22 

2 56309.90 *********  1455.54 18.77 0.26 

3 63666.70 2.40 1424.91 21.22 0.25 

4 61726.60 2.60 1425.54 20.58 0.26 

5 67711.40 2.40 1488.71 22.57 0.24 

6 59611.30 *********  1360.36 19.87 0.23 

7 57197.80 *********  1395.70 19.07 0.25 

8 61126.60 2.60 1424.86 20.38 0.23 

Mean 60921.50 2.48 1428.29 20.31 0.24 

SD 3625.07 0.11 38.92 1.21 0.01 

 

Table A 52 Yarn test/3 Day exposure/No protection 

Specimen 
Energy to Peak 

Load (g) 

% Strain at 

Peak Load 

Modulus 

(g/denier) 

Tenacity 

(g/denier) 

Toughness 

(g/denier) 

1 22886.30 *********  1105.55 7.63 0.09 

2 21687.80 *********  1038.58 7.23 0.06 

3 24650.00 *********  1148.63 8.22 0.08 

4 25086.10 *********  1186.68 8.36 0.08 

5 22807.00 *********  1149.89 7.60 0.07 

6 22909.50 *********  1194.12 7.64 0.06 

7 24718.60 *********  1153.43 8.24 0.07 

8 26304.40 *********  1157.63 8.77 0.09 

Mean 23881.21  1141.81 7.96 0.08 

SD 1535.99  49.60 0.51 0.01 
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Table A 53 Yarn test/3 Day exposure/Unloaded PE 

Specimen 
Energy to Peak 

Load (g) 

% Strain at 

Peak Load 

Modulus 

(g/denier) 

Tenacity 

(g/denier) 

Toughness 

(g/denier) 

1 27033.80 *********  1133.62 9.01 0.09 

2 29738.10 *********  1138.40 9.91 0.11 

3 28736.80 *********  1135.82 9.58 0.09 

4 27292.40 *********  1097.87 9.10 0.09 

5 29707.60 *********  1145.13 9.90 0.10 

6 27048.40 *********  1087.34 9.02 0.12 

7 33278.50 *********  1232.31 11.09 0.10 

8 30103.40 *********  1184.42 10.03 0.10 

Mean 29117.38  1144.36 9.71 0.10 

SD 2108.42  46.26 0.70 0.01 

 

Table A 54 Yarn test/3 Day exposure/PE loaded with White CC® 

Specimen 
Energy to Peak 

Load (g) 

% Strain at 

Peak Load 

Modulus 

(g/denier) 

Tenacity 

(g/denier) 

Toughness 

(g/denier) 

1 62128.40 *********  1371.36 20.71 0.29 

2 60548.90 2.60 1446.96 20.18 0.24 

3 61154.40 3.10 1320.49 20.38 0.33 

4 53572.80 3.30 1253.59 17.86 0.35 

5 60194.00 *********  1433.20 20.06 0.27 

6 57130.30 2.90 1317.84 19.04 0.25 

7 65733.80 3.00 1427.22 21.91 0.33 

8 55219.10 2.50 1401.54 18.41 0.24 

9 57347.10 2.50 1426.52 19.12 0.24 

Mean 59225.42 2.84 1377.64 19.74 0.28 

SD 3760.27 0.32 66.69 1.25 0.04 
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Table A 55 Yarn test/3 Day exposure/PE loaded with 5% TiO 2 

Specimen 
Energy to Peak 

Load (g) 

% Strain at 

Peak Load 

Modulus 

(g/denier) 

Tenacity 

(g/denier) 

Toughness 

(g/denier) 

1 43024.30 *********  1343.26 14.34 0.18 

2 42274.30 *********  1337.64 14.09 0.18 

3 42936.80 *********  1337.54 14.31 0.18 

4 45752.00 *********  1315.22 15.25 0.19 

5 49455.30 2.30 1287.09 16.49 0.16 

6 47915.50 *********  1326.91 15.97 0.18 

7 41011.70 *********  1367.89 13.67 0.15 

8 44506.20 *********  1345.95 14.84 0.17 

Mean 44609.51 2.30 1332.69 14.87 0.17 

SD 2913.90  23.88 0.97 0.01 

 

Table A 56 Yarn test/3 Day exposure/PE loaded with 10% TiO 2 

Specimen 
Energy to Peak 

Load (g) 

% Strain at 

Peak Load 

Modulus 

(g/denier) 

Tenacity 

(g/denier) 

Toughness 

(g/denier) 

1 45421.60 *********  1422.25 15.14 0.18 

2 55464.40 2.50 1404.74 18.49 0.20 

3 56929.50 2.90 1265.10 18.98 0.26 

4 47942.50 *********  1403.66 15.98 0.19 

5 45943.30 *********  1402.76 15.31 0.20 

6 51400.20 *********  1386.90 17.13 0.19 

7 45157.30 *********  1259.07 15.05 0.18 

8 56621.20 2.10 1436.37 18.87 0.19 

Mean 50610.00 2.50 1372.61 16.87 0.20 

SD 5152.05 0.40 69.78 1.72 0.03 
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Table A 57 Yarn test/4 Day exposure/No protection 

Specimen 
Energy to Peak 

Load (g) 

% Strain at 

Peak Load 

Modulus 

(g/denier) 

Tenacity 

(g/denier) 

Toughness 

(g/denier) 

1 22189.80 *********  1106.37 7.40 0.07 

2 17934.90 *********  1061.98 5.98 0.05 

3 22098.60 *********  1203.21 7.37 0.05 

4 20971.20 *********  1137.56 6.99 0.06 

5 24555.60 *********  1143.57 8.19 0.07 

6 23998.80 *********  1078.25 8.00 0.07 

7 21135.90 *********  1038.40 7.05 0.06 

8 18380.10 *********  1050.16 6.13 0.07 

Mean 21408.11  1102.44 7.14 0.06 

SD 2366.53  56.25 0.79 0.01 

 

Table A 58 Yarn test/4 Day exposure/Unloaded PE 

Specimen 
Energy to Peak 

Load (g) 

% Strain at 

Peak Load 

Modulus 

(g/denier) 

Tenacity 

(g/denier) 

Toughness 

(g/denier) 

1 22655.80 *********  1064.85 7.55 0.09 

2 23816.00 *********  1093.83 7.94 0.09 

3 28327.30 *********  1066.27 9.44 0.10 

4 25647.70 *********  1135.35 8.55 0.08 

5 27915.00 *********  1124.68 9.31 0.09 

6 27920.50 *********  1090.39 9.31 0.11 

7 28854.20 *********  1100.15 9.62 0.09 

8 27139.60 *********  1123.12 9.05 0.10 

9 25115.30 *********  1098.88 8.37 0.08 

Mean 26376.82  1099.72 8.79 0.09 

SD 2173.69  24.74 0.73 0.01 
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Table A 59 Yarn test/4 Day exposure/PE loaded with White CC® 

Specimen 
Energy to Peak 

Load (g) 

% Strain at 

Peak Load 

Modulus 

(g/denier) 

Tenacity 

(g/denier) 

Toughness 

(g/denier) 

1 57475.80 2.50 1433.21 19.16 0.23 

2 50110.10 2.60 1395.51 16.70 0.22 

3 54207.20 2.60 1367.26 18.07 0.22 

4 58455.30 2.50 1394.70 19.49 0.22 

5 58771.50 2.40 1417.29 19.59 0.22 

6 48886.90 *********  1292.29 16.30 0.24 

7 57922.40 2.60 1441.41 19.31 0.25 

8 51656.40 2.60 1309.17 17.22 0.22 

Mean 54685.70 2.54 1381.36 18.23 0.23 

SD 4020.17 0.08 55.17 1.34 0.01 

 

Table A 60 Yarn test/4 Day exposure/PE loaded with 5% TiO 2 

Specimen 
Energy to Peak 

Load (g) 

% Strain at 

Peak Load 

Modulus 

(g/denier) 

Tenacity 

(g/denier) 

Toughness 

(g/denier) 

1 33784.10 *********  1140.19 11.26 0.15 

2 37521.80 *********  1260.39 12.51 0.17 

3 45141.00 *********  1355.22 15.05 0.16 

4 42224.30 2.30 1250.06 14.07 0.16 

5 39721.70 *********  1310.81 13.24 0.15 

6 37339.20 *********  1254.76 12.45 0.17 

7 45123.60 *********  1373.30 15.04 0.16 

8 37523.00 *********  1291.55 12.51 0.14 

Mean 39797.34 2.30 1279.54 13.27 0.16 

SD 4059.76  72.61 1.35 0.01 

 



136 

Table A 61 Yarn test/4 Day exposure/PE loaded with 10% TiO 2 

Specimen 
Energy to Peak 

Load (g) 

% Strain at 

Peak Load 

Modulus 

(g/denier) 

Tenacity 

(g/denier) 

Toughness 

(g/denier) 

1 46279.60 *********  1337.16 15.43 0.18 

2 46254.30 *********  1269.48 15.42 0.34 

3 44666.70 *********  1351.38 14.89 0.17 

4 41829.10 2.50 1313.24 13.94 0.19 

5 44276.70 *********  1349.96 14.76 0.18 

6 44056.30 2.40 1389.09 14.69 0.17 

7 41529.70 *********  1316.45 13.84 0.16 

8 43134.90 *********  1310.10 14.38 0.17 

9 40421.40 *********  1313.47 13.47 0.17 

Mean 43605.41 2.45 1327.81 14.54 0.19 

SD 2054.61 0.07 33.82 0.69 0.06 

 

Table A 62 Yarn test/6 Day exposure/No protection 

Specimen 
Energy to Peak 

Load (g) 

% Strain at 

Peak Load 

Modulus 

(g/denier) 

Tenacity 

(g/denier) 

Toughness 

(g/denier) 

1 18608.50 *********  1062.85 6.20 0.05 

2 15684.00 *********  864.71 5.23 0.04 

3 19465.20 *********  1011.64 6.49 0.06 

4 20725.70 *********  951.72 6.91 0.06 

5 16860.80 *********  952.50 5.62 0.07 

6 14822.90 *********  877.74 4.94 0.04 

7 18620.10 *********  1011.00 6.21 0.05 

8 16762.40 *********  1067.38 5.59 0.04 

Mean 17693.70  974.94 5.90 0.05 

SD 1995.27  77.05 0.67 0.01 
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Table A 63 Yarn test/6 Day exposure/Unloaded PE 

Specimen 
Energy to Peak 

Load (g) 

% Strain at 

Peak Load 

Modulus 

(g/denier) 

Tenacity 

(g/denier) 

Toughness 

(g/denier) 

1 20747.70 *********  990.33 6.92 0.07 

2 24998.80 *********  1059.87 8.33 0.09 

3 21308.40 *********  1025.87 7.10 0.07 

4 16559.40 *********  885.73 5.52 0.06 

5 24318.20 *********  1027.74 8.11 0.08 

6 16111.10 *********  943.27 5.37 0.05 

7 17440.90 *********  933.15 5.81 0.06 

8 20166.50 *********  999.93 6.72 0.08 

Mean 20206.38  983.24 6.74 0.07 

SD 3361.61  58.08 1.12 0.01 

 

Table A 64 Yarn test/6 Day exposure/PE loaded with White CC® 

Specimen 
Energy to Peak 

Load (g) 

% Strain at 

Peak Load 

Modulus 

(g/denier) 

Tenacity 

(g/denier) 

Toughness 

(g/denier) 

1 47287.80 *********  1280.24 15.76 0.21 

2 48431.10 2.40 1414.75 16.14 0.19 

3 53834.70 2.50 1367.99 17.94 0.20 

4 47728.70 *********  1384.05 15.91 0.20 

5 52491.40 2.30 1401.03 17.50 0.18 

6 52030.70 *********  1422.44 17.34 0.22 

7 52833.80 2.50 1374.17 17.61 0.20 

8 51665.80 2.50 1399.87 17.22 0.21 

Mean 50788.00 2.44 1380.57 16.93 0.20 

SD 2559.29 0.09 44.71 0.85 0.01 
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Table A 65 Yarn test/6 Day exposure/PE loaded with 5% TiO 2 

Specimen 
Energy to Peak 

Load (g) 

% Strain at 

Peak Load 

Modulus 

(g/denier) 

Tenacity 

(g/denier) 

Toughness 

(g/denier) 

1 28199.50 *********  1221.11 9.40 0.10 

2 30533.80 *********  1203.13 10.18 0.11 

3 29575.80 *********  1203.67 9.86 0.11 

4 31233.30 *********  1238.14 10.41 0.11 

5 35254.60 2.30 1250.48 11.75 0.12 

6 34641.10 *********  1265.09 11.55 0.12 

7 36017.80 *********  1212.24 12.01 0.14 

8 34199.30 *********  1258.16 11.40 0.12 

Mean 32456.90 2.30 1231.50 10.82 0.12 

SD 2926.13  24.79 0.98 0.01 

 

Table A 66 Yarn test/6 Day exposure/PE loaded with 10% TiO 2 

Specimen 
Energy to Peak 

Load (g) 

% Strain at 

Peak Load 

Modulus 

(g/denier) 

Tenacity 

(g/denier) 

Toughness 

(g/denier) 

1 40401.30 *********  1311.72 13.47 0.17 

2 36506.90 *********  1259.20 12.17 0.14 

3 39518.60 *********  1288.90 13.17 0.17 

4 38858.50 *********  1298.91 12.95 0.14 

5 39293.90 2.30 1293.51 13.10 0.15 

6 39654.60 *********  1330.82 13.22 0.17 

7 41502.50 2.50 1274.62 13.83 0.19 

8 36966.90 *********  1302.15 12.32 0.14 

Mean 39087.90 2.40 1294.98 13.03 0.16 

SD 1661.21 0.14 21.93 0.55 0.02 
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Table A 67 As supplied yarn/No exposure 

Specimen 
Energy to Peak 

Load (g) 

% Strain at 

Peak Load 

Modulus 

(g/denier) 

Tenacity 

(g/denier) 

Toughness 

(g/denier) 

1 49968.20 2.30 1785.55 33.31 0.35 

2 52924.00 2.40 1733.86 35.28 0.40 

3 52945.10 2.30 1797.65 35.30 0.38 

4 49305.10 2.50 1627.76 32.87 0.41 

5 48215.50 2.10 1786.27 32.14 0.32 

6 56789.60 2.60 1715.55 37.86 0.48 

7 53558.20 2.60 1733.10 35.71 0.45 

8 48770.70 2.50 1604.46 32.51 0.39 

9 51133.50 2.50 1694.13 34.09 0.38 

10 48418.20 2.40 1675.28 32.28 0.39 

Mean 51202.81 2.42 1715.36 34.14 0.40 

SD 2798.45 0.15 66.18 1.87 0.05 

 

Table A 68 As supplied yarn/1 Day exposure 

Specimen 
Energy to Peak 

Load (g) 

% Strain at 

Peak Load 

Modulus 

(g/denier) 

Tenacity 

(g/denier) 

Toughness 

(g/denier) 

1 37618.80 2.40 1528.93 25.08 0.29 

2 28860.10 1.70 1710.33 19.24 0.16 

3 34994.00 2.30 1698.29 23.33 0.25 

4 33501.20 2.20 1709.06 22.33 0.25 

5 33553.10 2.30 1668.06 22.37 0.27 

6 30186.10 2.10 1709.65 20.12 0.22 

Mean 33118.88 2.17 1670.72 22.08 0.24 

SD 3188.68 0.25 71.31 2.13 0.05 
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Table A 69 As supplied yarn/2 Day exposure 

Specimen 
Energy to Peak 

Load (g) 

% Strain at 

Peak Load 

Modulus 

(g/denier) 

Tenacity 

(g/denier) 

Toughness 

(g/denier) 

1 25234.40 1.60 1611.83 16.82 0.13 

2 28884.60 1.70 1655.42 19.26 0.16 

3 32104.30 1.80 1727.85 21.40 0.18 

4 29374.40 1.80 1633.47 19.58 0.17 

5 26114.20 *********  1689.83 17.41 0.17 

6 18816.50 *********  1630.82 12.54 0.12 

Mean 26754.73 1.73 1658.20 17.84 0.16 

SD 4599.00 0.10 43.29 3.07 0.02 

 

Table A 70 As supplied yarn/3 Day exposure 

Specimen 
Energy to Peak 

Load (g) 

% Strain at 

Peak Load 

Modulus 

(g/denier) 

Tenacity 

(g/denier) 

Toughness 

(g/denier) 

1 22802.10 1.80 1616.82 15.20 0.13 

2 20991.70 *********  1579.55 13.99 0.13 

3 19467.50 *********  1521.53 12.98 0.11 

4 21013.30 1.80 1582.46 14.01 0.12 

5 23381.20 *********  1568.59 15.59 0.16 

6 16505.90 *********  1510.51 11.00 0.11 

Mean 20693.62 1.80 1563.24 13.80 0.13 

SD 2485.97 0.00 40.14 1.66 0.02 
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Table A 71 As supplied yarn/4 Day exposure 

Specimen 
Energy to Peak 

Load (g) 

% Strain at 

Peak Load 

Modulus 

(g/denier) 

Tenacity 

(g/denier) 

Toughness 

(g/denier) 

1 25019.40 *********  1617.94 16.68 0.13 

2 25863.20 1.80 1692.35 17.24 0.14 

3 25384.10 1.70 1720.76 16.92 0.13 

4 24010.00 1.60 1620.83 16.01 0.13 

5 25149.60 *********  1648.77 16.77 0.14 

6 22066.00 1.30 1667.15 14.71 0.08 

Mean 24582.05 1.60 1661.30 16.39 0.13 

SD 1375.19 0.22 40.52 0.92 0.02 

 

Table A 72 As supplied yarn/6 Day exposure 

Specimen 
Energy to Peak 

Load (g) 

% Strain at 

Peak Load 

Modulus 

(g/denier) 

Tenacity 

(g/denier) 

Toughness 

(g/denier) 

1 19749.40 1.30 1534.60 13.17 0.09 

2 22025.40 1.80 1516.35 14.68 0.13 

3 20119.80 1.80 1502.98 13.41 0.12 

4 20164.00 1.40 1559.90 13.44 0.09 

5 21415.30 *********  1631.80 14.28 0.11 

6 20456.70 *********  1548.35 13.64 0.12 

Mean 20655.10 1.58 1549.00 13.77 0.11 

SD 876.70 0.26 45.53 0.58 0.02 
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Figure A 1 Tensile strength retention of the PBO braids before and after UV exposure 

 

 

Figure A 2 Tensile strength retention of the PBO yarn from braid before and after UV 

exposure 
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Appendix B 

Table B 1 Electrospun polyurethane layers/6 Day exposure/Group I  

Specimen 
Energy to Peak 

Load (g) 

% Strain at 

Peak Load 

Modulus 

(g/denier) 

Tenacity 

(g/denier) 

Toughness 

(g/denier) 

1 24653.60 *********  189.00 8.22 0.10 

2 31557.20 *********  929.95 10.52 0.12 

3 30070.50 *********  958.98 10.02 0.15 

4 31244.70 *********  1193.14 10.41 0.09 

5 31944.40 *********  1044.83 10.65 0.16 

6 29969.00 *********  1043.24 9.99 0.14 

7 32325.60 *********  1153.98 10.78 0.15 

8 27251.70 *********  907.99 9.08 0.14 

9 30706.20 *********  1131.14 10.24 0.13 

10 30805.60 *********  1144.55 10.27 0.12 

11 36865.60 2.50 1117.50 12.29 0.16 

12 30509.50 *********  1098.41 10.17 0.12 

13 32031.00 2.50 1029.09 10.68 0.13 

14 29021.90 *********  932.37 9.67 0.12 

15 31012.90 *********  900.46 10.34 0.15 

16 31623.40 *********  1095.90 10.54 0.13 

Mean 30724.55 2.50 991.91 10.24 0.13 

SD 2558.56 0.00 234.20 0.85 0.02 
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Table B 2 Electrospun polyurethane layers/6 Day exposure/Group II  

Specimen 
Energy to Peak 

Load (g) 

% Strain at 

Peak Load 

Modulus 

(g/denier) 

Tenacity 

(g/denier) 

Toughness 

(g/denier) 

1 65535.60 4.00 847.09 21.85 0.40 

2 48546.70 2.80 1052.18 16.18 0.24 

3 59417.10 3.00 1099.25 19.81 0.29 

4 61016.70 3.70 995.84 20.34 0.36 

5 60113.80 3.30 1253.74 20.04 0.37 

6 61943.30 3.50 1023.65 20.65 0.33 

7 65840.20 3.20 994.69 21.95 0.34 

8 60720.30 3.30 1005.51 20.24 0.32 

9 63358.30 3.40 984.03 21.12 0.37 

10 62647.90 3.60 837.16 20.88 0.37 

11 61430.10 3.40 1028.25 20.48 0.34 

12 56580.00 4.60 1122.35 18.86 0.64 

13 59204.00 2.80 1047.73 19.73 0.27 

14 64381.90 3.60 1024.09 21.46 0.37 

15 61426.40 3.60 923.23 20.48 0.36 

16 61697.80 3.20 1164.55 20.57 0.30 

Mean 60866.26 3.44 1025.21 20.29 0.35 

SD 4052.88 0.45 106.20 1.35 0.09 
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Table B 3 Electrospun polyurethane layers/6 Day exposure/Group III  

Specimen 
Energy to Peak 

Load (g) 

% Strain at 

Peak Load 

Modulus 

(g/denier) 

Tenacity 

(g/denier) 

Toughness 

(g/denier) 

1 56326.60 3.20 958.83 18.78 0.28 

2 58719.20 2.90 1256.57 19.57 0.29 

3 67339.40 3.20 991.17 22.45 0.33 

4 61546.30 3.80 1135.41 20.52 0.40 

5 59255.20 3.20 1267.81 19.75 0.35 

6 54251.50 2.90 1103.04 18.08 0.28 

7 59217.70 3.70 999.64 19.74 0.38 

8 60494.70 3.10 1165.66 20.16 0.32 

9 61788.40 3.30 866.43 20.60 0.33 

10 64847.20 3.80 854.01 21.62 0.35 

11 56550.40 3.30 1068.98 18.85 0.31 

12 63205.30 3.00 1046.48 21.07 0.34 

13 60246.50 3.10 1079.50 20.08 0.30 

14 60526.70 3.20 1002.25 20.18 0.34 

15 54744.20 3.30 1057.15 18.25 0.33 

16 55440.00 3.40 930.31 18.48 0.28 

Mean 59656.21 3.28 1048.95 19.89 0.33 

SD 3665.88 0.28 120.53 1.22 0.04 
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Figure B 1 Transmittance of polyurethane electrospun polyurethane layers without 

TiO 2 in low-speed collector, 0.19 g/m braid/layer 

 

 

Figure B 2 Transmittance of polyurethane electrospun polyurethane layers without 

TiO 2 in high-speed collector, 0.36 g/m braid/layer 
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Figure B 3 Transmittance of polyurethane electrospun polyurethane layers with 1% 

TiO 2 in low-speed collector, 0.26 g/m braid/layer 

 

 

Figure B 4 Transmittance of polyurethane electrospun polyurethane layers with 1% 

TiO 2 in high-speed collector, 0.34 g/m braid/layer 
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Figure B 5 Transmittance of polyurethane electrospun polyurethane layers with 2% 

TiO 2 in low-speed collector, 0.39 g/m braid/layer 

 

 

Figure B 6 Transmittance of polyurethane electrospun polyurethane layers with 2% 

TiO 2 in high-speed collector, 0.23 g/m braid/layer 
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Figure B 7 Transmittance of electrospun polyurethane layers with 0% TiO 2 at low 

drum speed 

 

 

Figure B 8 Transmittance of electrospun polyurethane layers with 0% TiO 2 at high 

drum speed 
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Figure B 9 Transmittance of electrospun polyurethane layers with 1% TiO 2 at low 

drum speed 

 

 

Figure B 10 Transmittance of electrospun polyurethane layers with 1% TiO 2 at high 

drum speed 
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Figure B 11 Transmittance of electrospun polyurethane layers with 2% TiO 2 at low 

drum speed 

 

 

Figure B 12 Transmittance of electrospun polyurethane layers with 2% TiO 2 at high 

drum speed 
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Figure B 13 Fiber diameter distribution of polyurethane electrospun polyurethane 

layers without TiO 2 in low-speed collector 

 

 

Figure B 14 Fiber diameter distribution of polyurethane electrospun polyurethane 

layers without TiO 2 in high-speed collector 
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Figure B 15 Fiber diameter distribution of polyurethane electrospun polyurethane 

layers with 1% TiO 2 in low-speed collector 

 

 

Figure B 16 Fiber diameter distribution of polyurethane electrospun polyurethane 

layers with 1% TiO 2 in high-speed collector 
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Figure B 17 Fiber diameter distribution of polyurethane electrospun polyurethane 

layers with 2% TiO 2 in low-speed collector 

 

 

Figure B 18 Fiber diameter distribution of polyurethane electrospun polyurethane 

layers with 2% TiO 2 in high-speed collector 



155 

Appendix C 
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