ABSTRACT

WON, JESSICA MINJUNG Protection of Highperformance Fibers from UV Radiation.
(Under thedirection ofDr. AbdelFattah M. Seyam)

High-performance fibers have exceptional strength and/or specific resistance to be used
under extreme conditiongligh-performance fiberdiave been developed and brought up
with broadfields. However,high-performance fibers tend to lose their strengthaiicantly

upon the exposure to light. Therefodeyelopinga protection systefs) of high-performance

fibers is required to extend tihelifetime and to minimize the limitation of outdoor

application.

Since physical covering is the most efficient metho protect higkperformance fibers from
the light, two types oprotectivesheathare developed and analyzed which astruded
polymeric filmsandelectrospun polyurethane layeFour types oextruded polymeric films
and six types o€lectrospurpolyurethane layersiere developedThe light transmission of
each of these sheathsvas measured using UWIS spectroscopy.One type of high
performance fiber waselectedn braid form whichwas PBO fiber, Zylo®. The braidwas
covered byeachtype of shathsandexposed tdJV light usingspecializedcchamber andts
tensile strengthwas measuredbefore and after UV gosure. Additionally, the fibeveb

structureof electrospun polyurethane layevasanalyzed.

Extruded polymeric flms made from polyethylesmcontainingdifferent levels of titanium
dioxide (TiG,) nanoparticlesnd White C® were developedPolyethylene loaded with 10%

of TiO, showed the best protection among the four typeexdfuded polymeric films



Electrospun polyurethane layensere developedrom polyurethanesolution with different
levels of TiO, nanoparticlesat different surface speed of collectimyjum Electrospun
polyurethandayers loaded with 1% of TiDprocessed ahigh-speed collector showed the
best protection amonghe six types of electrospupolyurethanelayers. Electrospun

polyurethandayers showed better protection comparedxiouded polyethylene films

Keywords: High-performance fibers, UV degradation, UV resistantd/ Protection
sheathing, covering, extruddtim, electrospun layerpolyethylene polyurethane Titanum

Dioxide nanoparticles.
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1.INTRODUCTION

High-performance fibersaare the fibers which have exceptional strength, heat resistance
and/or chemical resistance be usel under extreme conditions such asposed tohigh
temperature, harmful chemicads abrasion from external sources. The propereegiired to
these fibersmay includehigh tensile strength good thermal and chemical resistance,

dimensional stability, lightweighgndhigh electrical conductivity.

Recently, numerouadvanced materials have been developethe fiber formwith high
strengthto weight ratio. As polymer science progressddgh-performancefibers such as
Kevla®, Spectr®, Zylon®, Vectrar® were developed for spdic applications High-
performance fibersare brought up withbroad fields such as, medical services, airtsaf

informational technology, nano technologydbio technology.

However, igh-performance fibers are generally sensitive to light expasiacethelight has
enough energy to break polymeric structwspecially UV radiation High-performance
fibers lose their strengtls significanty, which is the most important characteristic safch

fibers upon exposure thght.

To overcome such undesired characteristio®gny research approaches have been
undertakento protect highperformance fibers such asating them with UV stabilizers,
coating themwith surfacefinish systemscontaining UV blockersand sheathing them with

protectivelayersloaded with UV blockers

This workwasundertakerno developsuitableprotective systesifor high-performance fibers
from UV radiation.In this work, o types of sheathsere developedto protect braid
structure fom PBO fiber. The two protective systerase extruded polyethylene filmand

electrospun polyurethane layasntaining UV blockers

Chapter onecovers an overview of this workand highlights the importance of high

performance fibersChapter tworeviews the previous research workisd compares and



contrasts between thiypes of highperformance fiberslt sheds the light on thehoto
degradation of higiperformance fibers, previoussearch dealt witprotection methods for
high-performance fibersand measurement methods of UV protecti@hapter threeleals

with the objective of tis currentresearcland justifies the need fdne curent researchased

on the findings from the literature revieWhapterfour shows the experimentatethods
including materials, manufacturing processes, testing equipments, and statistical analyses that
were undertaken to achieve the objecti@sapter ifve provides the results dhe developed
protective systems. The results are supported by statiatieffses and discussions. Chapter

six and severtover conclusios based on the resulb$ this work andsuggestions fofuture

researclworks respectivly.



2.LITERATURE 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 bondsCONH-)-. Nylon was the first synthetic fiber and was
developed in 1938 by scientists at Du Pont, Carutherslyddan becamea high-performance

fiber for many years since it had a high streAgkweight ratio[1].

The conventional method to manufacture nylon filames twostep melt spinning,
comprised of spinning and drawing. The molten polymer solidifies into a filament form
which hasa little molecular orientation. The newly formed filaments must be drawn to

achieve desirable properties through molecular oriemtand crystallinity.

Also, a onestep, highspeed spinning process is being used increasingly. In-dupged
spinning, filament windup speed is very high and orientation and crystallization occur in
elongation flow. At a constant feeding rate, highepirming speeds will produce more
extended chains in the melt and form a finer filament. Therefore, the finer fiber has usually

higher modulus and tenacitg].

Since the drawing can make many differences such as molecular anisotropy, density
equilibrium, moisture sorption, tenacity and elongatatrbreak, the speed and amount of

drawing is determined by specific end uses.

Nylon has high strength, elongation, and abrasion resistdhden is a semicrystalline
polymer. The amide grouyf-CONH-)- providesstrong intermoleculanydrogen bondingn
polyamide chainsnd Vander walls forceis the methylene chains acting on crystallization.
Basically, higher fiber orientation and crystallinity will produce better propersesylon

has outstanding durabilitand physical properties because of these strucfijesAlso



according to spread of molecules shaped zigzag structure, it has high elongation. The fiber of

nyl on has good flexibility by very | ow init.@i

The resistibility of nylon for adi 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
resisance. These properties have made nylons the strongest of almatmn 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 requsiede it @an be dyed ira wide range of
colorsand i flat form (untwistedfilament yari provides smooth, sofand long lasting
fabrics Nylon can be changed to desirable amount of luster sudigs, semibright or

dull. Nylon fabrics are highly resilierdnd dimensional able becausdt can beheatset.
Nylon paved the way for easyare garments because iteasy to waskand ready to wear

after wash without ironingAlso permanent set is possible to gktgts|[3].

Outstanding characteristic of nylon is induced toubesatiletextile industry. It can be made
strong enough to stand up tire cords under the heavy vehadeht It can be made fine
enough for thin textile, high fashion hosiery, and very light textile for parachute cloth and
backpacker's tentdlylon hashigh resistance to insects, fungi, and many chemitatan be

used in carpetsiylon stockings andhany military applications.
Nylon 66

In nylon 66, adjacent chains have no directionality and the hydrogen bondimghsins
within the same sheeSince nylon 66 has more compact molecular structireas better
weathering propertieS he fiber of nylon 66 is 100% elastic under 8% of extension, specific
gravity of 1.14g/cm?3, and melting point of 26€. Nylon 66 has extreme chemical stability

andbiological resistancgs].



Nylon 6

In nylon 6, the chains are parallel and the hydrogen bondimg flse chainsin adjacent
sheets. Figuré showsthe 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(&&3°C). However,

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

recovery, and higher impact resistafite

0
I
—+CHy CHyCHy—CHy CHyC— $ _]_n

H
nylon 6

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 fiderming substance is a long chain
synthetic polyamide in which at least 85% of the amide linkage®-(NH-) are attached
directly to two aromatic rings. This definition makes difference between arfmeid and
polyamides fibers. Aramids are prepared by the generic reaction between an amine group and

a carboxylic acid halide group.

Because of the higlensile strength and modulus afamid fibers, these are applied to ship
building and civil enginering. Also, aramid fibers are flexible/soft, so easier to be woven
than stiff /brittle fibers such as glass, ceramic, or metallic fibnsrefore these are applied

to fabrics for aircraft and containers and sport goods. In addgiongaramid fibershave



high heat resistance, flame retardation, and cut resistance, these are used in various types of

protective clothing such as fire fighteros g
Kevlar®

Kevlam® is the most weltknown para-phenylene group fiber which is introduced in 1965 by
Dupont.Para-phenylene groups are the amide groups aftdiththe phenyl rings opposite to

each other, at carbons 1 an(Hgure 2)

0
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Figure 2 Chemical structure of repeatunit of Kevlar ® [2]

Kevlar® has good dynamic energypsorption characteristics, high specific strength and
modulus, and excellent thermal properties. The highly crystallized and oriented structure
givesarise to high dynamic modulus. Keviamalso possessemoderate elongatioSpecific
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.

Kevla® is developed to several types with diffetestrong points. Kevlar 2€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 nohanical properties dfevlam® fibers

As Kevla® has high strength and high heat resistaitcean extend the lifespan of breaks
and reduce the cost of maintenance. Since Kevlaais high heat resistance, it is used as
gaskets to pack the crack and canused as a hosepipe to convey the high temperature
liquid. Protective clothing made of Kevi&rcan protect wearer from sharp objects and high

heat.



Nomex®

Nomex® is the most wetknownmetaphenylene group fiber which is introduced in 1963 by
Dupont.Meta-phenylene groups are the amide grothzg are attached to the phenyl ring at
the 1 ad 3 positions(Figure 3) In Nomex® the aromatic groups are all linked into the

backbone chain through the 1 and 3 positions.
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Figure 3 Chemical structure of repeat unit of Nome® [2]

Strength and elasticity is similar to nylon but Nor®elas an excellent thermal resistance.
There are no changes of elecali and mechanical propertiep to 200°C and the critical
properties are not changeg to 350°C. Contrary to other thermakistance materials,
Nomex® is lightweight and ca absorb moisture to some exteteading toa beneficial

property to applyo clothing.Table 1 shows the mechanical propertieBlomex® fiber.

Because of its exdent electrical insulating properties, Non®xs used asnsulator for

electric motors microwaveovens,transformer@andelectronic generater Also, since it has a

good thermal resistance, it can be applied to machines operating with high temperature such
ashot gasfiltersin commercialdryers, photocopiersprinting blankets,sseam andron press

covers Nomex® is strongandlight, so it is agood material to transportation such asraft

parts engine nacellesand helicopteiblades As mentioned above, Nom®xis suitable for
protective cloting for firefighters, motor car racers oil and chemical workers andspace

explorers



2.1.3.ULTRA HIGH MOLECULAR WEIGHT POLYETHYLENE

Ultra high molecular weight polyethylene fibers (UHMW) are also known as-migdulus
polyethylene (HMPE) or higiperformance polyethylene (HPPE).UHMW is a type of
polyolefin and made up of extremely long chains mdlyethylenealigned in the same
direction. Each chain is bonded to the others with so many Vander Waals[BbnHsese
characteristicxausehigh-performance properties in flexiblgolymers.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
devel@s high strength and stiffness of the fiber. However, the low melting point of this
material limits its applicability at elevated temperatures. Also thepodsr nature of this

material decreases its adhesion to rebihs

[ —
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Figure 4 Chemical structure of repeat unit of UHMW fiber

The primary properties of UHMVdre high strength and high modulus in the low density.
The density otUHMW is slightly less than ondhe combination with the low density makes
the pecific tenacityand moduluextremely high. The tenacity is 10 to 15 tintegher than

that of good quality steeOn weight basis, they are the strongest and almost the stiffest
commercially available materials. They offer the highest percentage ofbalsenegy
versus total impact energg]. Also, UHMW fibers have excellerdadditionalpropertiessuch

aschemical resistan¢&JV resistance, moisture resistaragel fatigue resistance


http://en.wikipedia.org/wiki/Polyethylene

However, creepresistancelow temperature resistance, poor adhesion and low compression
properties limit its applicationThe weak bonding between olefin molecules gives much
poorer heat resistance than other ksgfength fibers. Itanelting pointis around 144 to
152<C. According to DSMCompany of Netherlandt is not advisable to use UHMW fibers

at temperatures exceedig0 to 100 °C for long periodand t becomesbrittle at
temperatures belowl50 °C. Also, they are sensitive to oxidizing media. In normal air the
fiber is stable for many yearbut instrongly oxidizing media, fibers will lose strength very
fast[1].

Since UHMW can absdn extremely high amounts of energly is applied toproducts for
ballistic protection cut-resistant glovesind motor helmetsAlso, it can be used to improve
the impact strength of carbom glass fiberbased composite®ue to theirhigh arasion

resistancgthey are used faopes andjloves[2].

Spectra®

Spectr® is the newcomer to the composite market. Sp@ctfers the advantages of low
density and high tenacity. It melts at 147°C and is sensitive to heat. Speld@0 is
stronger and hasdier modulus than spec®®00.Table 1 shows the mechanical properties

of Spectr® fibers

Spectr® is used in numerous applications as follows; ballistic vests, helmets, armored
vehicles, sailcloth, fishing lines, marine cordage and lifting slingsresigtant gloves, and
safety apparel Among the applications,dilistic appication has become importanbecause

of the development daminatedcomposite structurdg].
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2.1.4.PBO FIBERS

PBO (polyphenylene benzobisthiazole)thermoset liquid crystalline polyoxazdlg. PBO

fiber is the most welknown Heterocyclic Aromatic Polynre The development of PBO
compositions was conducted by Wolf and others, with the continuing work of Dow Chemical
Company and ToyoboPBO is synthesized byDiaminoresorcinol Hydrochlorideand

Terephthalic Acidn a polyphosphoricacid solution Figure 5 shows the PBO polymerization

12].

H OH o
oMot HOO&@COOH PPA m )
HN NH N N

Figure 5 Schematic of PBO polymerization

Higher rigidity than aramids andhck of amide bond translate tonproved thermal
properties|t has high flame resistance and has exceptionally high thermal stability. Also, it
has good mechanical properties and good chemical resistance. StrelRg fifer is twice

that of aramids andhodulus is similato carbon fibers. Toyobo baecently succeeded in
improving PBO fibers, and the modslwf the improved PBO fibaesbtained can be as high

as 360GPa[2].

There are some disadvantagiese to specific chemistries such as poorer ulttavistability
and adhesion to resins which limit its use in some applicat®iss, expensive ingredients

and highly aggressive solvent result in significantly higher prices versus aramid5pers

However, he excellent mechanical properties are founduch areas as athletic equipment
and highfidelity speaker cones. In this speaker good dielectric properties are important.

Nonstructural applications may take the form of woven fabrics and cables.

10



PBO fabrics are light and flexiblend provide improved comfort and mobility. They are

ideal for heat and flame resistant wewlear 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 andrasion 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 iathesistant felt. This
property is now being used by glass manufacturers. For example, the mats on which the hot
shapeeglass fabrications are in place for cooling. General applications for reinforcement

include those for tires, belts, cords as well afatical fiber cable§2].
Zylon®

Strength of Zylo® is 5.8 GPa which is about twice as strong as steel \@r&pa) and

weight of Zylo® is five times lighter than steel wire. Therefore, proportional strength of
Zylon® is about ten times stronger than that of steel W#®eTable 1) Also, Zylor® has
noticeable properties among super fibers such as high elasticity, heat resistance, and flame

retardationFigure 6 shows the chemical structure of repeat unit.

According b many beneficial properties of Zylén it is applicable to protective clothing,
sport goods, aerospace products and industrial matfsjal$here are two types of Zyl@n

fibers, AS (as spun) and HM (high modulas)dTablel shows thenechanicapropertes of

OOt

Figure 6 Chemical structure of repeat unit of Zylon®

Zylon® fibers.
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2.1.5.THERMOTROPIC LIQUID CRYSTAL POLYMERS

Liquid Crystal Polymerg¢LCP9 are based on aromatic structures like gaea-aramid fibers
[5]. Thermotropidiquid crystal polymergTLCPs)are made by heating a polymer. Lyotropic
liquid crystal polymers such dsevlar® are made by dissolving a polymer in a solvent.
TLCPs consist of very rigid, chailike molecules.Most of the moleculesare randomly

oriented[1].

To obtain adequate physical properties, a slow heat treatment process has to be applied.
Whenit cooled down, the extruded fiber has a highly oriented struethiieh giveshigh

tensile strength and modulus. Because of this high orientation, draftergspinning is not
necessaryAlso, lid-state polymerization of the spun fiber results in fibers with very high

strength and modulus.

The strength and stiffness GiLCPs are similar to para-aramid fibersand thethermal
propertiesof TLCPsare someWwat lowerthan thoseTLCP fibers are used in applications
such as tow ropes, cargo-tlewns, tethers, and cabl§s]. The research of LCPs has
resulted in a commercially available msfiun wholly aromatic polyester fiber called
Vectram® [2].

Vectran®

The commercially available TLCR/ectram®, is created by Celanese Acetate LiiC1985
and nowproducedby Kuraray Co., LtdThis polymer ishased on copolyesteamd made by
the acetylation polymerisation pfhydroxybenzoic acid and-Bydroxy-2-naphthoic(Figure
7)[2].

12
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Figure 7 Chemical structure of repeat unit of Vectrar®

Vectrar® has high strength and modulus, excellent creep resistaexegllent chemical
resistancehigh abrasion resistance, excellent flex/fold characterisagsellent retention
properties at high/low temperaturesjtstanding cut resistancand high impact resistance
[2]. Vectra® is five times stronger than stegbee Table 1pand ten timesstronger than

aluminum.

Vectra® is used in numerous applications around the world that require its unique
properties.It is used inropes and cables because of high strength with no creep, superior
abrasion resistance and moisture resistafiks®, itis used in industrial products such as heat
resistant belting, tape reinforcement, and aerospace products as it is dyeamiddlhermally
resistantln addition Vectra® is an excellent fiber to produce sports and leisure products
such as sailcloth, bowstigs and snowboards since it has high strength, minimal moisture

absorption and excellent flex/fabrasion/impact resistanfg.

There are two types of Vectr@nfibers, HS and M. Vectra HS is the high strength
reinforcement fiber and Vectr@M is a high performance matrix fibef.lable1 shows the

mechanical properties &ectrar® fiber.

13



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-pggformance fibers. Tableis the

summary of mechnical properties.

Nylon fiber has extremely high elgation at break among higserformance fibers, since it
has a flexible chain between the amide gronamid fiberssuch as Kevla® and Nome®
show the high maximum use temperature among-pagformance fiberdfNomex® has very
high elongation at break, bstrength and modulus are relatively lower than the others. The
UHMW fibersare the lightest anddave the highest strength per weight and voludyn®

has the highest strength and modulus antbogefibers.

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

_ Elongation | Breaking Initial _ .
Density _ Moisture Melting
Fiber type (ler?) at break tenacity modulus regain (%) | point (°C)
(%) (g/denier) | (g/denier)

Nylon 1.14 17 to 45 40to 7.2 45 2.8t05.0 NA
Kevlar® 29 1.44 3.6 23 555 7 427
Kevlar® 49 1.44 24 23.6 885 35 427

Nomex® 1.38 28 4.9 95 4.5 371
Spectra® 0.97 2.7t035 2610 34 1200 <0.1 147
Zylon® AS 1.54 35 42 1303 0.6 650
Zylon® HM 1.56 25 42 1949 0.6 650
Vectran® HS 141 3.3 23 525 <01 330
Vectran® M 1.41 2.0 9 425 <0.1 276
Stainless steel 7.88 11 1.81t03.2 - - 1426

14



2.2.PHOTO DEGRADATION MECHANISM AND DEGREE OF HIGH -
PERFORMANCE FIBERS

Direct sunlight includes infrared, visible, and ultravidlelv) light. Infrared light has longer
wavelength than visible light and ultraviolet light has shorter wavelength than visible light as
shownFigure8. Among themUV | i ght which is 6% of sol ar
surface has enough energy to affegtman skinanddestroy microorganisnAlso, UV light

has enough energy tbreak chemical bonds causing chains scisgiod hencecauses

degradation of many polymeric materials

Kerays Ulraviolet Visible Light | Infrared

Pk Pk Tl

- oot . s
£

T80
Wavelength (nm)

Hg-low pressure Spectral curve of
lamp 254nm call inactivation

Figure 8 Electromagnetic spectrum [9]

Unfortunately, high-performance fibers are no exceptions to this phenomeRtwto
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 ofhigh performance fibers contain double and triple bonds and aromatic structures that
increase thermal stability. However, this unsaturation also makes them susceptible to actinic
degradatiorj10].

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

Hence, it results in changes of chemical and mechanical properties such as the reduction of

15



tenacity which is the most important property of hjgdrformance fibersThe following
sections deal witlthe mechanism and thenaunt of photo degradation of specifipes 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 preseaic¢ldfl. The photo
degradation of nyloi fiber proceeds by a random scission of the polymer chaiphoto
degradation of polyamides, chain scission is predominant rather thadickosg from UV

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

at the GN bond. After break at ©l bond, the nitrogen atom remains attached to the polymer

molecule[11].

A previous study reportethe results on the reduction of tensile strengthngbn-6 fabric
after UV exposureFrom the fadeometer exposumylon-6 lost 43% of its strength afteB0
hours and lo$ 77% of its strength aftel20 hours[11]. Also, other pevious studies have
shown degraded nylon 6 shows cracks, yellowing and decreasemngthand elongation at

break. Also, rapid loss of molecular weight and brittleness were f@jnd

2.2.2.ARAMID FIBERS

The aromatic structuref aramid fiberss responsible for greater thermal stapilitiowever
this structure may accelerate photochemical degradation since it has greater gotdigfil
absorption. The aramid structure consists of benzene rings connected by amide linkages |[
CO-NH-] that are susceptible to oxidative cleavage and forming cglicoxcid [-[COOH]
and nitroso end groupsN=0]. Also stiff aramid fibers such as Kevi@rand Nome® are

more susceptible to UV damafd].
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Kevlar®

Photo degradation causes the changes in mechanical properties inGKeNlawever it
depends on the thickss of textile structure. Thicker textile items such asihal 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 betteUV resistance than Zyl@and Vectra® in previous works. Frorthe
weatherometer Kevl@ yarnlost 11% of its strength afte#4 hoursof UV exposure and los
26% of its strength afté&d6 hourq6].

Nomex®

Nomex® is one of the high temperature resistant fibeiswever t is highly sensitive to UV
radiation resulting in a loss in stigth, discoloration, britihessand a decrease in flame
resistanceFromAF U6 s of Xenon ® osep P15 ofatstrahgtinaéiex 160
hours[10].

2.2.3.ULTRA HIGH MOLECULAR WEIGHT POLYETHYLENE

The paraffinicstructure-[CH,CHy,]- of polyethylene fibers cannot absorb light of wavelength
| onger than 300 nm and the radiation of wave
surface. Therefore the initial absorption of polyethylene fibers is occurred at carbonyl groups

which are formed during polymerization or processing of the polyh&r

Since the oxidation and cross linking reaction take place predominantly in the feousrp
regionin the presence of aimmong polyethylene fibers UHMWhich hasmore crystalline
region and less amorphous regishows less oxidation and cross linking reaction. Low
densitypolyethyleneshows the better mechanical properties after exposutenare durable

to UV exposure thahigh densitypolyethylenen spite of its higher degree of oxidatifi8].
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UHMW lost 8% of its strength after 200 hours of exposure and lost 20% after 400 hours
using XenoHight weatherometef14]. Figure 9 shows the elative UV resistance of high
performance fiberslt shows UHMW has the best UV resistance among -pigtiormance

fibers [2]. Hence, Spectr® offers superior UV resistance which is better than Ke®lar
Nomex®, Zylon®, Vectrar®, polyesterandnylon.

100

Strength retention (%)
]

Aramid
LCP (Vectran)

o

0 6 12 18 24
Time (months outdoor exposure
in western Europe)

Figure 9 Strength retention as a function of UV exposure [1]
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2.2.4.PBO FIBERS
Zylon®

From the Zylo® official website, i has beerseen that the strength of Zyl®ndecreases
sharply during UV exposurdélso, Zylon® is degraded by not only UV but also visible light.
In the lab testing Zyla®@ AS and HM lost about 70% strength after 500 hours (about 21
days) of exposure. In the outdoor testing ZoAS and HM lost about 65% strength after 6
months (about 180 days) ekposurg15].

Another study shows more serious results from accelerated aging in the weatherometer. This
work shows thatunprotectedPBO yarn lost 63% of its strength afte4 hoursof UV
exposure inthe weatherometer an85% of its strength afte®6 hours After 144 hoursof

exposure Zylo® lost 88% of its strengt[b].

2.2.5. THERMOTROPIC LIQUID CRYSTAL POLYMERS
Vectran®

Vectra® also los$ strength significantly upon exposure but less than Z®loRrom the
weatherometethe Vectrar® lost 31% of its strength aftét4 hoursof UV exposure and loses
78% of its strength afteB6 hous. After 144 hoursof exposure Vectra® lost 87% of its
strengthwith the form of yarr6].

Since the UV resistance of HPF is affected by the form of fanatluct such as filament,
yarn, rope or fabric, from the data of Vectgamwfficial website, Vectra® showed better
result than the previous work with the form@®6 cmropein diameter After 200 hours of
exposure Vectrar® lost 25% of its strength anddb630% after 400 hours of exposure using

Xenortlight weatherometerbut itis still unacceptable perfornmece[14].
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2.3.UV-PROTECTION METHODS FOR HIGH -PERFORMANCE FIBERS
2.3.1.LOADING

In the textile industrythe most traditional way to improve UV resistance is loadimg
polymer with UV stabilizers (UV blockers or absorberduring melt extrusion The
application of a selected U¥tabilizerinhibits or reduces the photo degradation. Various
chemical compoundsire available to use as Uwtabilizer including anioxidants and
pigments The function of stabilizer is achieved by either absorbing or scattering UV

radiation.

In case ofhylon, it is possible to load with Ugtabilizersuch as titanium dioxidd{O,) and
zinc oxide (ZnO)during melt spinningTiO, is the most commonly used &8/ blocker or
photo catalyst. Under UV exposure, thg, absorb photons with energy equal or higher
than its band gap energy (<385nm) where UVA and UVC can be applied

Previous works showetthe efficacy of the UV absorber in reducing the photo degradation in
nylon-6 fiber. Since the photo degradation of nyriiber is caused mainly by ultraviolet

light, loading with UV absorbers can improve UV resistajidd.

However loading UV stabilizersto most ofhigh-performance fibersuting extrusion is not
possibledue to the harsh conditions of spinning proc&ss. example, solutions to produce
PBO fibers areextremelyviscose and processes to produce UHMW fibers are vanplex

from gel spinning to critical drawing step[5].

Also, adding UV blocker/absorb@nay cause loss of strengtlwhich is the most important
mechanicaproperty ofhigh-performance fibersPrevious work on nylon showed the effect

of loading TiQ on medanical properties. Nylon 66 yarn loaded with 0.5% nano,TiO
showed 21% loss of tensile strength which was 3.62 N compared to unloaded nylon 66 yarn
which was 4.57 N. Additionally adding TiCreduced elongation at break eitH@®]. It

seems that the imcporation 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 Fa@oparticles were
studied and the tensile strength of the fiber loaded with, @&reased slightlyPolyester
loaded with 1% TiQ@decreased by 6% compared with pure polyester corresponding with the
decrease of elongation at bref@2]. It seems that Tigpromotes degradation of fibers by
acting a catalyst for thermal degradation and weaken fibers asila g€the individual solid

crystalsproviding weak points within the fiber matrix.

However, other previous work showed that the terssiiengthof polypropylene film loaded
with TiO, tends to increase after UV exposyressiblydue to cross linkage afhains or
recombination of free radical intermediates via another mechanism. [31] Another previous
study investigated the effects of adding nanoparticles such ag Zi@, CuO, SiC on
composites. In all the cases, strength decreases initially but inengalsehigherproportions

of the nanoparticle80].

Therefore the effect of loading UV blocker/absorts@mechanical properties depends on the
types of fiber and nanoparticle, the level of nanopartilcles, and their reactivity. Also it
becomes even momdmplex to predict the effect of loading Ti@fter UV exposure. Studies

on the mechanism and reactivity of specific fibers to nanoparticleswggestedo be

conducted in the future.

As it is extremely difficult to process and has riskatid UV blocker/absorbemhich may
cause loss of strengtht is required to develop new methods to protect {pghformance
fibers from UV.

2.3.2.COATING

Photastability of fibers can be improved by chemical coating. Coating process is simply
done by feeding yaror fabricto finish application system. Finish solution is addedhi

yarn or fabricand the treated yaror fabric passes over a heated drum to let the finish cure
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on the surface of yarar fabric The UV stabilizerscan be ddedto coating solutiorsuch as

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

Figure D shows tensile strength oihcoated Kevla® yarn and Kevlar® yarn coatedwith

TiO; as a function of UV exposure time. The coated fiber shows less loss of strengtiethan
uncoated. After 156 hours of UV exposure, the uncogéedbecame powdery and degext
completely while the coateghrnshows 36% loss of tensile strength. Also, other results such
as elongation and SEM image showed obvious improvement of protectionUkbuaifter
TiO, coating[16].
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Figure 10 Tensile strength of coated and uncoated Kevl&® as a function of UV

exposure time [16]

However, previous work at NCSU supported by NASi#owedthat chemically coating the
fiber surface with a thin film containing UV blockers does not provide required protection
due to the lack oflurability on thecoating material&nd the lack of uniformpenetration
betweenand withinthe filaments. The work wealed that physical coveringgth thin film

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

Protectivelayers whichblock the UV can be applieas a sheatto coverhigh-performance
fibers Physical covering is a muchetter option compared the chemically coating option.
Previous works shoed protective layersuch as aluminupTeflon, anda thin flexible film
containing carbon black gave a high protecfimm UV radiation dudo reflectng away all

the radiation.

A Kevlar® yarnwrapped with Teflortapeshowed less than 3% of strength loss aftelay
exposure while untreated sample showed about 11% loss which is almost four times of
wrapped sample. Afte4 and 6 dayexposurewrapped samples showed much higher UV
resistance than untreated samp(€gure 11). Also, the Vectra® sample wrapped with
Teflon showed only 30% loss after 144 hours exposure while uncovered showed 87% loss
(Figure D) [6].
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Figure 11 Strength retention of Kevlar® untreated and covered with Teflon as a

function of UV exposure [6]

23



100

o~

< \

2 =

= 60

¥

T

QE. 40 Vectran Untreated
B 9 Vectran with Teflon
et

w 0

0 1 2 3 4 5 6 7

UV Exposure (day)

Figure 12 Strength retention of Vectran® untreated and covered with Teflon as a

function of UV exposure [6]

Increasing the number of protectileyers showd better UV resistanceExperimentwith
Zylon® yarn sheathed withdifferent number of layers gbolyethylenefilm loaded with
carbon supporthis result ast can be seen fronkigure 13. The tensile strength loss of
Zylon® sheathed with one layer was 15%thamwo layers was 7 %, and with three layers

was 6%, while untreated Zyl@nlost 63% of tensile strengthiter 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 workjt canbe sea that Zylor® sheathed with 0.032 mpolyethylenefiim loaded
with carbonsupportgave 15% strength loss aftérday exposure, while untreated Zyl®n
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 los$ dégr

(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 thicknesgncoveredraid

However, the more layers and the thicker sheath cause the tigiggntaddon which is not
desirableand lower the strength to weight ratio of high performance fibEnereforethere
is need to findout the optimum level between the required amount mitgrtion and the

amount of adebn.
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2.4.UV-PROTECTION MEASUREMENT METHODS

This chapterprovides the testing and evaluation methods that are used to tesassount

of protectionfrom UV radiation of proposed protective systems

2.4.1.UV TRANSMISSION PROPERTIES

The transmission of UV rays throu@hotective layeccan bemeasured byltraviolet-visible
spectroscopy (UWIS). It refers to absorption spectroscopy in the -USible spectral

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

Figure B shows the components of a typical double spectrometer. A beam of light source is
separated into wavelengths by diffraction gratfMirror 1). The wavelengths are split into

two beams by half mirror. One beam, the parbeam passes through a container with a
sample and the other beam, the reference bpasses through a same container without a
sample. Then the intensities of these light beams are measured by detector and ddinpared
The obtained result is a grapf the transmittance or absorbanas a function ofthe
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 r@@jation
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Figure 15 Diagram of a doublebeam UV-VIS spectroscopy [1]

2.4.2.MECHANICAL PROPERTIES

Accessingmechanical properties dbthtreatedanduntreatedsamples afteexposure tdJV

can show the amount of protection of the treatment. khne of tke direct and general

methodsto measurethe amountof protection. 1 can be simply done by measuring and

comparingthe specific property of bothreated and untreateshmplesafter UV exposure

Tensiletesting iscommonly used since this propettye most criticalfor high-performance

fibers

To simulate UV exposure under controlled conditiowsatherometer iEsommonly used

instrument for this purpose. hasa lamp to emit radiation &m 230 nm up to 750 nm.

Mechanical propeks of untreated and treated samplefle and after th&)V exposure by

weatherometefor dayligh) can betestedto see theamount ofdegradation of each sample

and difference between samples
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Losses in strengtturing 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 fibaolecular structurgl1].

The degradation by U¥xposure 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 deged filaments drop sharpl¥igure16 shows the effects of UV
irradiation on properties of Twaron2000 filaments. Tenacity, break extension and work to

break of the filaments decrease rapi@y
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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 damaggnce the UV bearns known to havanetching effect on the surface

of the filament. SEMs 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
throughelectromagnetic fields and lenses, the beam focuses down toward the sample. When
the beam hits the sample, electrons ar@ys are ejected from the sample. Detectors collect
the X-rays and scattered electrons and convert them into a signal to prodiicaltimage.

Figure 17 shows the schematic process of Sk fibers before and after exposure to UV
radiation[17].

Left images ofFigure 18 arethe surface images of Twaron2000 filaments before and after
UV exposurefor 144 hoursimage (b) after UV gxosure indicates that the surface of the
filaments becomes rough and corrugated. Therefore, comparing two images by SEM before

and after UV exposureads assessmeoitthe amount of degradatiqualitatively,
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Figure 17 Schematicprinciple of SEM [17]
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Also, image by SEM after tensile test can show the breaking mode which can explain the
filaments characteristicRight images ofigure 18 arebroken endgafter subject tdaensile
loading) of Twaron2000 filaments before and afteV lexposure.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 appearancetbg original highly oriented filament such ssen inmage (a)

[9].
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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) aftwaron2000

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 procesphoto degradation causes decrease in molecular weéigjht

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. Figurel9 is an example of Xay diffractiogram.Previous work with
Zylon® found that there is no huge changecmstallinity values betweebefore and after

exposurg6].
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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 aheaths in rope industryextruded polyethylene filmsnd
braided sheath€Extruded polyethylene filmare usuallystiffer thanbraidedsheathq39].
Figure20 shows theappearance axtruded polyethylene filmsnd braidegheaths

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

Since the electric wires need to be insulated to survivegldric wire insuation using
polymer extrusiontechnology has beeknown for manyyears.The technology could be

applied to produce protective sheathing for high performance fibers.

Extruded polymeric filmsre used to isolate the fibers from any outside cont&atsuded
polymeric flmsare added in order to contribute to the performance of fibers and to improve

abrasion resistance and to protect fibers from UV.

The extrusion of polymér materials starts witkthe powder or pellet form. Thsubstance is
added to a machine. The machine utilizes a stype action for helping in mixing and
pushing the compounds die opening. Usually the extruded material is conveyed into a cool

water tobe solidified Figure 21 shows cross head extrusiame type ofpolymer based
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extrusion procesdVire or ropeis fed into the melt flow and thus the wioe ropeis became

apart of the extrusiofl§].

CROSSHEAD EXTRUSION
Bare wire is fed across the

melt flow, through the die,
Wire which controls the

thickness of the wire
insulation

Figure 21 Diagram of crossheadextrusion [18]

2.5.2.PREVIOUS STUDIES ON ELECTROSPUN POLYURETHANE
LAYERS

Electrospun layercan be adopted as the sheathing protective layer. The electrospinning
process is used to make fine fibers in the range of-saaleby charging a polymer solution
with high volts.Due to the extremely thifibers,electrospun polyurethane laygmovide a

very large surface arefl9]. Also dectrospun layeris extremely thin,lightweight and
mechanically flexible. Therefore electrosplayer is an excellent material to protect fibers
without significant ncreases in weight and thickng26)]. Due tothesecharacteristis, it has

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

Electrospinning uses electrostatic forces as the driving force to spin Miaes1 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 randontty form fiberweb Figure 2 showsa schematic of

electrospinning.
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Figure 22 Schematic of electrospinning [21]

Electrospunlayer containing zinc oxide(ZnO) for UV-protection was developed in a
previous work. The thin electrospun layer with ZnO improved-fydtection significantly.
Electrospun layemwith 1% wt. ZnO increased the percent of 44Vvblocking from 39.8 to
87.2 and the percent of UB blocking from39.4 to 93.4 with 3.1g/fof fiberweb areh
density. Also, the web with 2% wt. ZnO increased the percent cAWlbcking from 39.8
to 94.3 and the percent of U® blocking from 39.4 to 98.5 with 3.0gfmof web areh
density[20Q].
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3.RESEARCH OBJECTIVE

High-performance fibers have unlimited potential applications. However poor UV resistance
limits the applications and their lifetimAlthough there are trialto overcome this weakness,
more efficient methods are still need to be developed. To find beégrto improve UV
resistance, e type of highperformance fiber was selectadich wasPBO ¢ylon®) and
several approaches were investigatgdch were four types of extruded polymeric sheath

andelectrospun polyurethane layensthis study

The need for research to prot&BO 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 (NASAQure B shows the UDB.

The ULDB is designed apumpkin shapaince he pumpkin shape reduces the diameter of
balloon The small diameter of balloon redudég 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 endondocated between gores provitlee global pressure containing streng@mce the
whole balloon rely on only tendons, the tendon is ohthe most important element$ the

balloon structureAlso, due to the pumpkin shapi there is one breakage or slippage of
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tendon, the whole balloon is destroyed totadiyice the loss of tendon causes high stresss of

skin.

The NASA Balbon Program Office developdLDB to carry scientific instrument with a
target of 100 or more days of near space misditve. balloons are required to stayhigh
altitude conditios. Figure 21 shows altitude and solar elevation angle during balloon flight
The balloons are required to stainaim room temperature t80°C and from zero pressure to
75 PaFinally the balloons settle in 300 m and20°C during the flight
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Figure 24 Altitude and solar elevation angle during flightof scientific balloon

As mentioned earlier, Zylen is sensitive to light exposure. To improve the mission
performanceof the ULDB, new methods for protecting the tendons from the environmental
effects need to be developedso, the high altitudeonditions(35,000m,-20°C) are needed

to be consider.

Since it has been founfftom the literature review chaptehat physical coveringwith
protective layers is the heshoice to protect higperformance fibersirom UV, the

objectives of this researdl to find the best protective laysrto cover highperformance
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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 #hprotective layer is to providenoughUV protection Previous
works foundthatthe coverings with more number of layers and thicker layers can give better
UV protection. Howeverthe second requirement of the layer is to weigh less than 3.5 g/m
braid which is the weight of current protective layer, Ky@aused in NASA Scientific
Balloon Program Therefore, the objectives of this research is to find the best protective
layers to cover higiperformance fibers providing better UV protection with less weight add
on (not to exceed 3.5 g/m braidphlso, saving d the weight of protective layers can

maximize the payloads mentioned earlier

In the presentwork, two types of protective layerbave been implementedhich were
extruded polymeric filmsand electrospun polyurethane layetdV transmission properties
and mechanical properties before and after exposure with protective layers were measured to

assess the degreéprotectionof the developed protective layer system

Theextruded polymeric filmsvere made of polyethylene with or without UV blockdfeur
types ofextruded polymeric filmsvere developed with different types of and differkevels
of UV blockers. The samples were exposed to UV and visible light far D, 3, 4, and 6

days and mechanical properties were analyzed.

Theelectrospurpolyurethane layeraere made of polyurethane with or without UV blocker
which was TiQ nanoparticleSix types ofelectrospun polyurethane layengre developed
with different amount of Ti@Qand different speed diberweb collector. The samples were
exposed to W and visible light for6 days and mechanical properties were analyZdxer
structureof electrospun polyurethane layesas investigated tbnd the effect of velocity of

collecor and the relationship between filstructureand 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® i s Toyobods c¢ o mpmphengdena, b-bennchisorazole ¢PBOINd
selected as the load tendon of ULD&nce Zylo® has the highest strength and modulus
among the currently available higierformance fiberas shown in Tabld. A hollow 16
strandPBO braid manufactured at Cortlandables Companwas usedEach strand consists
of two 166.67tex (1500 denierZylon® HM yarnsconsisting of 996 filament3 he braiihg

structure is 2 as shown in Figure3

Figure 25 Schematic structure of PBO braid

As mentioned earlierhis braid is the load tendons of NASA scientific balis. The NASA
Balloon ProgranOffice develops giant scientific balloons with a target of 100 or more days
of near space mission duration. Tendons are required to have high steengtiglt ratio to
maximize the payload:here ar&90 tendons in alloon and each tendon is required to load
1,600 Ibsequally.
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Sheath

Polymeric sheaths were extruded from compound polymer made of polyethplgretiet
form loaded with or without U\ktabilizer.Polyethylene was used since it is resistant to UV
and temperaturthatis suitable to be used in high altitud®lyethyleneextruded polymeric
films without UV blockers UnloadedPE, PE 0%TiO,), polyethyleneextruded polymeric
films loadedwith 5 % TiO, (PE 5% TiQ), polyethyleneextruded polymeric filmdoaded
with 10 % TiQ (PE 10% TiQ), polyethyleneextruded polymeric flmdoadedwith White
CC® (PE WhiteCC®) were manufactured and used in current study.

Nanoparticlerutile TiO, wasused as UV blockesupplied by Nanostructure & amorphous
materialsnc. TiO, nanoparticlevas cylindrical shape withlLlO nmin diameters and0nmin
length Densityof TiO, nanoparticlevas4.17g/ml. PE WhiteCC® was lyethylendloaded
with White CC® supplied by POLYONE CoThe data sheet aVhite CC® is attached to

Appendix C.More details on material analgsare reporteth reference22.

4.1.2. EXTRUSION OF SHEATHS

Sheathing process was performedattland Cables Companyntreated braidvas fed into
extrusion dieto apply a compoureti polymer that is one of the sheathing materishen
braid is going through the extruder head, tttanpouned polymer covers the braid as
tubular shape. The sheathed braid is going through cold water instantlyagulate the
sheath and to separate the braid from sheath.
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4.1.3.WEIGHT ADD -ON CALCULATIONS FOR SHEATHS

Weight addon calculations due tgheathing were calculateti0 cm of the braid and the

extruded polymeric filmsvere measured.en (L0) cm of the bare braidieighed 0.56 gTen

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

which arelower thanthe maximum allowed 8.5 g/m braid

Thicknesses of thsheatls were from 0.3@mto 0.41 cm. Howeer, arcumferences fobraid

with sheatk were 0.cm constantly due to compressiontloé extruded polyethylene films

After extrusion the braids became more circular with higher demddye details on physical

characteristic{Energy Dispersion »Ray Analysis (EDX) by SEM Thermal Gravimetric

Analysis (TGA) and Transmission Electron Microscopy (TEMJe reportedn reference?2.

Table2 is brief physical properties of four typeseftruded polyethylene films

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

Types of Circumference, | Length, | Weight, | Weight, | % Weight | Thickness,
sheaths cm cm g/10cm g/m Add-on cm
Unloaded PE 0.9 10 0.26 2.6 46.2 0.41
PE Loaded
_ _ 0.9 10 0.26 26 49.7 0.39
with 5% TiO ,
PE Loaded
_ ) 0.9 10 0.28 28 48.6 0.41
with 10% TiO»
PE Loaded
with White 0.9 10 0.27 2.7 471 0.36
CC®
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4.1.4 EXPERIMENTAL DESIGN

As the physical covering is the most efficient method to protect-gformance fibers,
extrudepolymeric sheaths were adopted to protect PBO lasidtated earliehis method
is using same principle of electric jacket$ie variable considered for this part was theety

of extruded polymeric sheaéind the number of days of UV exposure.

The nonsheathed braid is considered as a control to benchmark the effect of the sheathing
type. Four types ofextruded polyethylene filmaere developedvith different types of UV
blockers.

This experiment was conducted to find the best sheath giving the desarablent of
protection with lighestweight possible Experimental design ofxtruded polymeric filmss
depictedin Table 3. The nonsheathed faid and the brals with four types ofextruded

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

Table 3 Experimental design of extruded polymeric films

Variable Levels

5 levels
Type of sheath

(including nonsheathed sample)

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

Total Number of
5x6=30
Treatments

The responses (dependent variables) considered for the experiment include UV taansmit
and tensile properties of braidsd yarns unraveled from braiddiich are selected as the
reliable measurement methods from previous literature review to identify the best candidate
for PBO braid.
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4.2.PROTECTION OF HIGH -PERFORMANCE FIBERS USING
ELECTROSPUN POLYURETHANE LAYERS

4.2.1.MATERIALS
Braid
Same material was uséatr extruded polymeric sheatlescribed in section 4.1.1
Sheath

The electrospun polyurethane layerwere made by electrospinning process from
polyurethane with or without UWlocke. Electrospinning experiments were carried out by
usingpolyurethane as the polymesince itcan be easilglissolvedn a range of solvents. Use

of polyethylenewasnot availableat the NCSU College of Textilesinceit requiresprecise
control of solutiontemperaturelt is suggested that electrospinning trials be conducted in the
future when equipment is availablEherefore, he use of thepolyurethanewas decidedo

proveresearch hypothesdgbe effect of loading TiQandspeed of theollectingsurface

The UV blocker waghe sameTiO, nanoparticles described in sectidri.1. for extruded
polymeric sheath. The solvent used to dissolve the polyurethane wds N

Dimethylacetamide (DMF) (Product 11569, Acros Organi$, USA) (MW = 87.12, D =
0.937).
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4.2.2.ELECTROSPINNING APPARATUS

Electrospinning apparatus consists of three main devipesyey, colleting device and high
voltage powersupply as shown in Figure®and 2. The spraying setup hasreeedle (20
gauges and 1 inch in lengthy aspinneret;syringe (REF 305462, BD Syringe, Singapore)
and a syringe pumgModel NE-1000, New Era Pump Systems, IncY NJSA).The pump is
held at the same height of the center of collecting danch the distance fromme tip of the

needle to the stace of the drum was 10 cfAump 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, USR)e wire from the high voltage
power supply is hel to the needle with the help of a rubber holdére high voltage power
supply has a capacity ranging from 0 to IR For the current experiment voltage was
fixed at 20kV.

Thecollecting devicesa cylindrical drum with an external driv€he drum hasn electrical
connectionsuch as a brass plate and a metaltoodet the negative field so that it helps to
collect the fibersA copperfoil (6 inches in width and 12 inches in lengihyvoundoverthe
drum, covering the metal rod to maintain samlectric field over the drum surfacén
aluminum mesh (6 inches in width ar®¥ inchesin length to cover the whole drum
circumferencgis placed on top of the fotb help to removehe electrospursamplesThe

collecting device for electrospinning haesdm reported earliefl 9].
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Figure 26 Electrospinning setupi sprayer and collector (left)

and high voltage power supply (right)

Syringe
l I

<Collector>

Pump

<Sprayer>

<High Voltage Power Supply>

Figure 27 Schematic diagram of electrospinning setup
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4.2.3.SAMPLE PREPARATION

Electrospinning solutions were prepared by dissolving the polymer Nin N
DimethylacetamidePolymer solution concentration was 11% by weight. The solution was
stirredby using a magnetic stirréor one day under low speed stirring amald a viscosity of

958 cP at room temperature.

For the samples with Ti{hanoparticles, the particles were added to the solution after one
day complete dissolution of polymand stirred for one day under high speed stirrBs0(

rpm) at room temperatur® obtain homogeneous solutions

Eight @) ml of solution was injectechto a disposable syringe abtabk 8 hours to produce
one electrospun layer since the solution was punapedrate ofi ml per hour as mentioned
above.Electrospun polyurethanayerswere spun with the apparatus above and under room
conditions. Although the amount of solution and pump vedsfixed, the weighs of layers
producedwere not identical. Therefore, certain nunsef layers were selected teduce

nonuniformity of heprotective layers

Three groups of samples were selected based on the weigheabfospun polyurethane

layersat 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

Fdlowing is the table of weights adlectrospun polyurethane layensg/samplgsample size:
3x3 cnf), g/nf, g/m braid(0.014m? since braiddimensionis 1.4 cmx 100 cn).
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Table 4 Weights of electrospun polyurethane layers in g/sample, ging/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/m?
Typel/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}: Group B (2.29 + 0.10 g/m braid},: Group C (3.00 = 0.10 g/m brajd)

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 1.12, 1.31 1.50 1.68 1.87 2.06 2.24 2.43 2.62 2.80 2.9%
0% high 0.36 0.73 1.09 1.46 1.82 2.19% 2.55 2.9% 3.28 3.64 4.01 4.37 4.74 5.10 5.46 5.83
1% low 0.26 0.53 0.79 1.06, 1.32 1.59 1.85 2.12 2.38 2.65 2.9 3.18 3.44 3.71 3.97 4.24
1% high 0.34 0.68 1.02, 1.37 1.71 2.05 2.3% 2.73 3.0% 3.41 3.75 4.10 4.44 4.78 5.12 5.46
2% low 0.39 0.77 1.16, 1.54 1.93 2.3% 2.70 3.0% 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 1.17 1.40 1.64 1.87 2.10 2.34 2.57 2.81 3.0& 3.27 3.51 3.74
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One type of electrospun layer was selected to run mechanical testing which showed the best
protection based on UVIS spectroscopyransmittance. The selected electrospun layer was
produced intiree kinds of layerbased on weight which afel0 + 0.10, 2.29 £ 0.10, 3.00

0.10 g/m braid. The samples were prepargdayering electrospufiberwebson braid and

extremely smalpiece of tape were used to fix the layers on the brasthhaan inFigure28.

Electrospun
M /\/ (|
\

Braid

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

Electrospinning can produce nascale materialand nano materials can give new and
exceptionalproperties Efficient protection from light with lighter weight is expected by
using electrospinninglhe two variables considered for ttpart were the amount of TiQ

nanoparticles anthe velocityof the ®llecting 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 dpeed and electric voltages.

Three levels of the amount of Ti@ere conducted which are 0, 1, 2 % of polymer by weight.
Also two levels of collector speed were conducted which are 10.4, 87.7 niherefore,

six types ofelectrospun polyurethanayerswere developed as follows:

1) Polyurethanelectrospun polyurethane layevghout TiO,in low-speed collector
2) Polyurethanelectrospun polyurethane layevghout TiO,in high-speed collector
3) Polyurethanelectrospun polyurethane layavgh 1% TiO,in low-speed collector
4) Polyurethanelectrospun polyurethane layavgh 1% TiO,in high-speed collector
5) Polyurethanelectrospun polyurethane layavgh 2% TiO,in low-speed colledr

6) Polyurethanelectrospun polyurethane layevih 2% TiO,in high-speed collector

Three levels of areal density were selected which are 1.10, 2.29, 3.00 g/mHunaithe
selected sample hich showed the best protectiamnthe transmittance testing using UVIS
spectroscopyadditional test was conducted. The selected sample was produced to cover
braid inthe three levels of areal density which are 1.10, 2.29, 3.00 g/m braid by layering.
Braid withoutany protection and braids with threges ofareal densityprotective lagrs

were exposed to UV radiation for 6 days.

Weight addon calculations due to covering were done RBO braid. The braid is

recangular in crossection and was 0.5 cm wide and 0.2 cm high. Calculations were done by
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assuming that thelectrospun polyureine layerscover the braid tightly with 1.£m in

width to cover the braid circumference

This experiment was conducted to find the best sheath giving the desirable amount of
protection with lighestweight possible The desgn ofthis experimenis depictedin Table5.

Fixed parameters agepictedn Table 6.

The responses (dependent variables) considered for the expanotede UV transmittance
and tensile properties of yarns unraveled from bravdsch are selected as the reliable
measurement methods from previous literature review to identify the best candidate for PBO

braid. Also fiberstructurewas analyzed to study in depth.

Table 5 Experimental design of electrospun ptyurethane layers

Variable Levels
TiO,, % 3levels(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
18
Treatment
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Table 6 Fixed parameters for experiments of electrospun polyurethane layers

Pump rate 1 mi/hr
Needle Gauge 20, length 1 inch
Voltage 20 kV
Distance 10 cm
Polymer Type PU
11%

Polymer Concentration

(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 uwgargn Cary® 300 UV-VIS
spectroscopy. For the current measurement, the sphere sample holder was use@9Figure
shows the Varian Ca® 300UV-VIS spectroscopy and ttephere sample holder.

Measurements were done at intervals of 1 nm in the wavelength rang@G0fbto 800nm.

Double reverse beam mode was used with baseline correl&&mples are prepared by
cutting them with dimensions of 3cr3cm.

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 expdsetllV radiation in an Atlas Ci 3000+
Weatherometemhich uses axenonlamp. Xenon lamp has an extremely high output of
radiant power throughout the UV, visible, and infrared regi®hg. xenon lamp consists of a
burner tube and a light filter systeifhe lamp was jacketed with quartz filters for both inner
and outer lampgo simubte extrataestrial solar radiatiorf~ 40 kn, ~20- 30 °C). The
guartz/quartz combination produces a spectrum that extends the kégiondesigned for
aerospace applicatio46], [47]. With this setup the lamp emits radiation starting from 230
nm in the UV range up to 750 nm in the visible range

W

(I

Figure 30 Atlas Ci 3000+ Weatherometer (left) and sample holder (right)
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Parameters were input, displayed, andnt@saned unchanged throughout the exposure time.
Black panel temperature was kegt50 + 2°C chamber temperature was kepBat+ 1°C
relativehumidity was22 + 1% spectral irradiancesas calibrated®.55 W/m?at 340 and lamp
power was2.20 kW, Figure 3 shows he Atlas Ci 3000+ Weatherometandits chamber

loadedwith samples.

4.3.3.MECHANICAL TESTING

Tensile testing of braids was performaoNational Aeronautics and Space Administration
(NASA), Wallops Flight Facility, Wallops Island, Virginia, US#singInstron 8800 to find
initial strength of braidFigure 3 shows the setup for the Instron machiGauge length was
62 inch and cross head speed was 1 inch/Bypecimerwas 62 inches in length and has two
loops in both ends. Pin and clip hdlte £ndon specimen at the ladppecimenvasattached

to 22.24 IN (5,000 Ibs) load cell

Tensile testing of individual -ply yarns was performedt NCSU TATM advanced testing
laboratoryaccording to ASTM D 2256 using MTS Renew machine. Figi2esBows the

setyp for the MTS Renew machine. Gauge length was 25 cm, cross head speed was 30
cm/min, and grip pressure was 0.552.689 MPa (8aL00 psi). Spcimen was attached to

5kN load cell. Pneumatic jaws were used for hpgnformance fibers, Zyl@.
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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

ScanningélectronMicroscopg SEM) was usedn order todetermine the fibestructure(left

in Figure 3). Images were acquired from a Field Emission SEM (FSEM) JEOL 6460

an accelerating voltage 6f0kV. Eachof thesix types of samplewasplaced in a sample
holder (right in Figre 3). 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 dalectrospunpolyurethane layersvere 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@ imaging technology softwar@he measurements
weredone manually and fibers were selected randoifie data obtained was converted to a
Microsoft Excel sheet and analyzétigure 34showsan image of electrospun layespturel

from the computer monitoduring using theRevolution softwarewhile measuringfiber
diameter Figure 35depicts anmage of electrospun layer captured during theaidenage J

softwarewhile measuing fiber orientation.
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4.4 . STATISTICAL ANALYSIS

The dataof tensiletestingwere analyzedising SAS, wherein the output was analysis of

Variance (ANOVA)andmultiplemeanc o mpar i sons usi ng mdhodsey 0 s

Appendix Eand FshowSAS code andutputof breaking load of PBO braid sheathed with
extruded polyethylene filmgoraid test), Appendix G and Hepict SAScode andoutput of
breaking load of PBO yarn sheathed wiktruded polyethylene filmgyarn test),and
Appendix] and Jillustrate SAS code andutputof breaking load of PBO yarn sheathed with
electrospun polyurethane layers.

The SAS test for breaking load of PBbraid sheathed witlextruded polyethylene films
(Appendix E) and for breaking load of PBO yarns sheathedexittuded polyethylene films
(Appendix F) had 5 levels of type and 6 levelerposure time imays. Type represents the
types of sheathwhich were bare (no protection), 0% TiQunloaded PEilm), 5% TiG, (PE

film loaded with 5% TiQ), 10% TiG (PE film loaded with 10% TiQ), White CC (PHilm

loaded with White CC®). Day represents thee of UV exposure in dayshich 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 layesich were bare (no protection, O g/m braid), group | (1.10
g/m braid, group Il (2.29 g/m braid), group 1l (3.00 g/m braidhis test had one fixed

exposurdime which was édays
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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 & shows the result of transmittance of four typesesfruded polymeric films
Polyethyleneextruded polymeric film&adedwith White CC® (PE White CC®) showed the
best protection from UWIS spectroscopyransmittance. And then, polyethylee&truded
polymeric filmsloadedwith 10 % TiG nanoparticlefPE 10 % TiG) showed second best
protection, polyethylenextruded polymeric film$oadedwith 5 % TiG, (PE 5% TiO,) was
third and polyethylen@xtruded ptymeric films without TiO, (Unloaded PE)showed the

poorest protection result.

Unloaded PEwas transparent and could not block most of UV and visible lidt.
containing10 % TiG, and PE containing5 % TiO, showed similar behavior which could
block most of UV light and some of visible ligiRE loaded with10 % TiQ, showed better
protection tharPE with 5 % TiO; asit is expected, but there was no significant improvement
despite of twice amount ofiO,. PE White CC® could block most of UV light and also
showed good result in visible light rangecause of the white pigmeimcluded in White

CC® which helps to reflect visible ligh{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 waveleng{fiable 7) Visible light is from 800400 nm, UVA light is from
400-315 nm, UVB light is from 315280 nm, and UMC light is from 286200 nm.

As mentioned earlierpithe visible light range P®/hite CC® showed the best protectidn
the UV region PE 5% Tie) PE 10% TiQ, PEWhite CC® showed excellent protection, less

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

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

polyethylene films

Wavelength nm | Unloaded PE PE 5% TiO, PE 10% TiO, | PE White CC®
Visible, 800-400 71.76 26.29 21.89 9.12
UV-A, 400315 59.42 <1 <1 <1
UV-B, 315280 39.38 <1 <1 <1
UV-C, 280200 10.76 <1 <1 <1
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While PE WhiteCC® sheath provided best protectionwias cracked during testing in the
QUV chambelandhenceit is hot a good candidates a protectiveheath ThereforePE 10%
TiO, wasthe best candidate among the fextruded polymeric filmsMore details orthe

tests fromQUYV chambeiare reportd in reference?2.

5.1.2.MECHANICAL PROPERTIES

Tensile tests were conducted on PBO braids astiwithout protectivesheatls and before
and after UV exposure for 1, 2, 3, 4, and 6 dagsg Instron 8800The results of the
breaking load ifNewtonare shown in Tabl8 and presented graphically in Figu37. The
error bar in the figure is the standard error of the mean whitteistandard deviation of the
sampling distribution of the mean to see the accuracy of the r8eame of the error bar not
appeared in the figure means that the accuracy of gens extremely highChe result is
the mean of fivdoraid specimens with few rejected ougfs. The result of tensile strength loss

in % is shown in Tabl® and presented graphically in Figur& 3

Theresults ofmaximum and minimum breaking loathd strength retention in @ thebraid
specimens are shown in Table -AB of Appendix A. Strength retention in % is shown
graphically in Figure A of Appendix A. The maximum breaking load, extension at
maximum load, modulus, and breaking locationnafividual observation®f braid testwith
extruded polyethylene filmare shown in TabkA7-A36 of Appendix A with their averages
andstandard deviation

The PBO braid with no protective sheath lost 72% of tensile strength aftes ®@tkagposure
to UV which is from13551.28N to 3,734.99 N The PBO braid sheathed with unloaded PE

showed maximum 59% of tensile strength loss after & dbgxposuréo UV and showed 41%

5258.85 3734.99

of improvement compad tothe braid with no protectiofunsheathed) 3734 99

100, seeTable8).
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The PBO braid sheathed with PE loaded Withite CC® showed maximum 37% of tensile

strength loss after 6 day exposure and showed 117% of improvement ednipidne braid

8107.01 3734.99

with no protection( 3734 99

x 100, seeTable8).

Similarly, the PBO braid sheathed with PE loaded with 5%;,Th@noparticles showed

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

7496.04 3734.99

improvementcompared tahe braid with no protectiorg 3734 99

x 100, seeTabke
8).

The PBO braid sheathed with PE loaded with 10% ,Tim@noparticles 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 conegato the braid with no priection

9457 .43 3734.99

( 3734 99 x 100, seeTable8).

The PBO braids before exposure also showed some differences. The braid with no protection
which wasnot sheatled showed thehighest strengthesuls before exposure. Tharaid with
sheath ofunloaded PE anthe braid with sheath oPE loaded withwhite CC® showed
lower strength than thieraids sheathed with PE loaded with 5% and T0@y nanoparticles

This differences of braids strength before UV exposure can be attributedstof strength
during sheathingorocessand shippingfrom the braid producdiocationto NASA facility
where the braids were tested for their strengtlwas noticed thathe shipment wasot
handled properly according to recommendation for such high performance(fieysmust

be wrapped with PE sheets loaded with carbtatk). The unsheathethraid was stored
properly and it is also from different older lot. These results indicate the significance of
handling and storing such higierformancdibers that are sensitiveto visible andinvisible

light.

62



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

Tendon Breaking Load (N)

Exposure
Time (Day) | No Protection | Unloaded PE PECV(\:/gte PE 5% TiO, | PE 10% TiO,
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

Tensile Strength Loss (%)

Exposure
Time (Day) | No Protection | Unloaded PE Pivggte PE 5% TiO, | PE 10% TiO,

0 0.00 0.00 0.00 0.00 0.00

1 4823 35.25 1035 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

63




—+—No protection ——Unloaded PE —#—PE White CC ——PE 3% TiO2 —+PE 10% TiO2

16000
14000
Z 12000
= \
=
S 10000 —
o -
Z 8000
£
2 oo —
[=]
E \\
£ 4000 e
2000
0 T T T T T T 1
0 1 2 3 4 3 G 7

Exposure Time (Days)

Figure 37 Tendon breaking load of the PBO braids before an@fter UV exposure
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Figure 38 Tensile strength loss of the PBO braids before and after UV exposure
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The ANOVA resultsfor multiple meancomparisos arepresented in Appendik. The sebf
means are different from each other and the breaking load of PBO direadhed with
extruded polyethylene filmis affected by the types of sheath andtthee of exposire to UV.
Also the interaction of typef sheath and timef exposure showed sidigant effect, since a

time goes longer, the difference between types of sheath becomes larger.

However, braids sheathed witlPE loaded with White CC® and 5% TiCare not
significantly differentperbothT u k eg n @ s S c mehddf Ads6 3 days oéxposure and

4 days of exposure are not significantly dif

Tensile tests were conducted on PBO yaunsaveled from the braid witland without
protectivesheatls and before and after UV exposure for 1, 2, 3, 4, and 6 wsigg MI'S
Renewavailable at the NCSU College of TextileBested PBO yarns werey yarn of
3,000total denier (1500x2). The resukt of tensile strengthn centinewtonper denierare
shown in Table @ and presented graphically in Figur@ 8ith error barsThe resuls arethe
mean of8 specimenwith few rejectedoutliers and few additional specimeniBhe variation

of the number of specimens occurréde tothe additional process to unravel yarns from
braid which was done manuallyhe resul$ of tensile stength loss in Yareshown in Table

11 and presented graphically in Figute

The results ofmaximum and minimum breaking loahd strength retention in % of the
specimens are shown in Tabld4-A6 of Appendix A. Strength retention in % is shown
graphically in Figure & of Appendix A.The energy to peak load, % strain at peak load,
modulus, tenacity, and toughness of individual specimenyaoh testwith extruded
polyethylene filmsare shown in Tdbs A37-A66 of Appendix A with their averages and

standard deviations.

The yarnunraveled from PBO braid with no protective sheath lost 77% of tensile strength
after 6 dag exposure which is fror@4.80 to 5.78 cN/denieiThe yarnunraveled 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 coegbtn the braid with no protection

( 6.60 5.78
5.78

x 100, seeTable D).

The yarnunraveled from PBbraid sheathed with PE layer loaded witthite 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 coegdo the braid with no

16.60 5.78

protection ( 575

x 100, seeTable D).

The yarnumraveled from PBO braid sheathed with PE layer loaded with 5%, TiO

nanoparticles showed maximum 59% of tensile strength loss after 6 day exposure and

showed 83% of improvement compdito the braid with no protectiorf % x 100,

seeTable D).

The yarnunraveled from PBO braid sheathed with PE layer loaded with 10% TiO

nanoparticles showed maximum 50% of tensile strength loss after 6 day exposure which is

121% of improvement compad to the braid with no protectior % x 100, see

Table D).

Similar to the unexposed braid tensile strendtie yarnsunraveled from the braid with no
protection which has no sheathing process showed the best result before expestwe

exposure to light during processing astdpment as discussed earlier
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Table 10 Tensile strength of the PBO yarn from braid before and after UV exposure

Tensile Strength (cN/denien

Exposure
Time (Day) | No Protection | Unloaded PE Pivggte PE 5% TiO, | PE 10% TiO,
0 24.80 24.18 25,63 25.96 25.60
1 1337 1435 24.27 21.03 23.17
2 9.49 11.23 21.18 1556 19.92
3 7.81 9.52 19.36 1458 1654
4 7.00 9.60 17.88 13.01 14.15
6 5.78 6.60 16.60 10.61 1278

Table 11 Tensile strength loss of thd®BO yarn from braid before and after UV

exposure

Tensile Strength Loss (%)

Exposure
Time (Day) | no protection | Unloaded PE | = "™ | pEs596TiO, | PE 10% TIO,
cc®
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
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Figure 40 Tensile strength loss of the PBO yarn from braid before and after UV

exposure
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The ANOVA results for multiplenean comparisorare presented in Appendik The sebf

means are different from each other and the breaking load of PBO yarn unraveled from braid
sheathed witlextruded polyethylene filmis affected by the types of sheath and the time of
exposure to UV.Also the interaction of typeof sheath and time ofxposure showed
significanteffect, since a time goes longer, the difference between types of sheath becomes
larger.However, unprotected yarns and the yarn sheathed with PE loaded with Q%r&iO

not significantly differenperb ot h Fu & e g 6 Sethaeld f e 6 s

The difference between the result of PBO braid testing (braid test) and the result of PBO yarn
testingunraveled from braid (yarn test) adescussed in the next chapter.

Kevla®, Spectr®, Vectra® were candidates of load tendon whiclvédaround 3 GPa in
their strength as shown in Table D1 of Appendix D hadebetter UV resistancédowever,
Zylon® protected by PE loaded with 10% Ti@nd PE loaded with White Q& showed
higher strength compared to other candidate type of fibeigre andafter UV exposure as
shown in Figure4l. Also, Spectr® creep behavior (high)disqualifies the fiber as a
candidate for the use as tendon for the scientific balttempite of its superior UV resistance
[49]. This justifies the selection of Zyl@ as the load tendon of ULDB Higher
improvements werachieved with electrospupolyurethanelayer which is addresseth
Chapter 5.2.
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Figure 41 Tensile strength of protected Zylo®, untreated Vectran® and Kevlar® after

UV exposure[6]

5.1.3. BFFECT OF BRAID STRUCTURE ON TENSILE STRENGTH

The difference between the result of PBO braid testing (braid test) and the result of PBO yarn
testingunraveled from braid (yarn test) weirevestigated. The samples exposed to UV for 6
days were choseto check whether there is significant difference. The results of tensile
strength loss in % after 6 days of UV exposure are presented graphically in &#xurih

error barsThe resuls 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 protdmtegnloaded 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 ilo 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 wittihite 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 therertraid except the braid
protected by PE loaded witWhite CC®. Also, the samples giving more protection have

larger difference between the result of braid test and the result of yarn test.
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Figure 42 Tensile strength loss of tha®>BO braid and yarn after 6 daysof 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 (T&bleo be able to
compare to breaking load of yarn unraveled from the braido, yarn breaking loa@in N)
unraveledfrom the braid was calculated from the reswolt yarn strength (in cN/denierand
reported inTable 1.
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Table 12 Yarn breaking load in the braid before and after UV exposure(braid test)

Exposure

Yarn Breaking Load in the Braid (N)

Time (Day) | No Protection | PE 0% TiO, PECVC\:/gte PE5% TiO, | PE10% TiO,
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)

Yarn Breaking Load Unraveled from Braid (N)

Exposure PE White
Time (Day) | No Protection | PE 0% TiO, cco PE5% TiO, | PE10% TiO;
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 ¥ shows the results of thérength ratiodefined as theatio of braid strength per yarn
to yarn strength Most of ratos arelarger 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

Strength Ratio
Exposure -
_ _ PE White _ _
Time (Day) | No Protection | PE 0% TiO, cce PE5% TiO, | PE10% TiO,
0 1.14 111 1.04 1.05 1.09
1 1.09 121 0.99 1.13 1.04
2 1.28 1.43 0.92 1.35 1.19
3 1.34 1.48 1.01 131 1.32
4 1.38 1.38 1.05 1.33 1.52
6 1.35 1.66 1.02 1.47 154

It can be seen from Tablel that dl strengthratios aregreaterthan onewith few exceptions
The strength ratio of the braid and yarn sheathid unloaded PE0% TiO,) showed the
highest ratiosvhich means there was significant difference betweerdstaength per yarn
and yarn strength unraveled from brailso, the strength ratios of the braid and yarn
unsheathed and sheathsidh PE containingl0% TiOG, and PEcontaining5% TiO, showed
close values from @9to 154 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 yarnexhibits lower variability than a single yarn sinceaarybreak at its weakest

point while braid breaks at its weakestosssections that contained many constituents

Although each yarn haweakest poinait random locations, the weakest points are dadce
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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. Fig@ehows one yarn in the

braid and one individual yarn. Asentioned earlier, the braiding structure ¥22and this
structure gives interlacings to individual yarns in the braid. The interlaahgwdividual

yarn reduce the effective gauge length and decrease in gauge length causes increase in
strength to a g&ain 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 braiddayparn sheathed by PE White ®Cshowed a
different behavior Most of ratiosare close tamne and some of the ratios are even smaller
than oneThis is due to the fact that the UV degradation of the PBO yarns was the lowest.

The weaker is the yarn, the hgghis the strength ratio.

Additionally, sheathgancontributeto the yarn strength and affect the strength ratiarn
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 withowgheathsThis can cause the strength ratobehigher and also it can

be one of the reasons that the strength ratio of the braid and yarn shedthB& White

CC® showed a different behaviovay be theWhite CCR sheathdid not contribute to the
strength of braidiue to its high stiffneswhile the other sheath did. The yarn unraveled from
braid sheathed with White CG&Cwas not weakenedompared tdhe 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 fraine fiber producer inJapan which had
proper wrapping and diesot go throughbraiding processompared to those that went
through braiding, sheathing, and shipping to NASA &nein toNCSU for testing The

results of tensile strength ieN/denier of as supplied PBO yarn and PBO yanmaveled

from braid are presented graphically in Figudebéfore and after UV exposur@he energy

to peak load, % strain at peak load, modulus, tenacity, and toughness of individual specimens
of as supplied yarns are shown in Tad&7-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 show&8.48 cN/denier in tensile strength before UV exposure
and the PBO yarminraveled from braid showe24.80 cN/denier in tensilestrength which
already lost additional 88 cNdenier. In other words, the PBO yaunraveled from braid

lost 26% of as supplied yarn without any UV exposure.

Also, the as supplied PBO yarn showZl65cN/denier in tensile strength after 1 day UV
exposue and the PBO yamrraveled from braid showel3.37cN/denier in tensile strength
which lost additionaB.28cN/denier (38% of as supplied yarn). After 2 day UV exposure the
as supplied PBO yarn showek¥.49 cNdenier in tensile strength and the PBO yarn
urraveled from braidshowed9.49 cNdenier in tensile séngth which lost additional 8
cN/denier (46% of as supplied yarn). After 3 day UV exposure the as supplied PBO yarn
showed 13%3 cN/denier in tensile strength and the PBO yanmaveled from braid stwed

7.81 cN/denier in tensile strength which lost additiobal2 cN/denier (42% of as supplied
yarn). After 4 day UV exposure the as supplied PBO yarn sha@&¥ cN/denier in tensile

strength and the PBO yatmraveled from braid showedOQ cN/denier in tensile strength
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which lost additional D7 cN/denier (56% of as supplied yarn). After 6 day UV exposure the
as supplied PBO yarn showed BB. cN/denier in tensile strength and the PBO yarn
unraveled from braid showed A cN/denier in tensile tsength which lost additional 72

cN/denier (57% of as supplied yarn).

Unpublished datadf] indicated thathereis no sign of degradation &BO yarnsstoredfor
36 monthsin proper storage conditiongroom temperature 705 degree C and 580%
relative humidity and wrapped in PE loaded with carbon blag@kjerefore it is obviouthat
significant part of thelegradationvas caused by the shipping and handling as well as the
conditions at the braiding manufacturéhe result emphasizes the importancesloipping,

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 bWV-VIS spectroscopy in % for six types alectrospun
polyurethane layergl-10 layer$ are shownFigures B1-B6 of AppendixB to examinethe
influence of number of layers on degree or protection from UV and visible hgbte
number of layerswhich means alsoigher weight showed less transmittance and so have
higher protection. Also,electrospun polyurethane layec®ntaining TiQ showed less

transmittancevith higher protection as the Tiinhcreases

Three groups of samples were preseimdeigures 4547 to compare six types of electrospun
samples Group A was produced 4t10 = 0.10 g/m braidgroup B was a.29 = 0.10 g/m
braid, and group Gvas at3.00 + 0.10 g/m braidTrendlines were drawn with thirty data
points moving average to getmoothlines Figures B7B12 of Appendix B showthe

transmittance athesix types ofelectrospun polyurethane layers

In group Awhich is the lightest sample grougdectrospun polyurethane layewgh 1% TiO,
in high-speed collector an@lectrospun polyurethane layensth 2% TiO; in low-speed
collector showed the least transmittance of liggmigroup B electrospun polyurethane layers
with 1% TiO; in high-speed collector showed the least transmittance of lightrdap G
which is the heaviest sample groupree sanples showed the least transmittance of light
which areelectrospun polyurethane layensth 1% TiO; in high-speed collector antioth
electrospun polyurethane layavgh 2% TiO; in low- and highspeedcollector.However the
levels of transmittance of grpuB and C are very closelyhisindicateshat groug B and C
may have similar protectignwhich wasalso observed irtensile strengthvalues 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
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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 Speed10.4m/min, High Drum Speed87.7 m/min)

Transmittance percentages were calculated by averaging dfiatismittance percentage in
each range of wavelengtfameasdone forextruded polymeric films In group A, UVB and
UV-C were blocked by all six types of layensd UV-A was blocked by layers with 1 and 2 %
TiO, in low- and highspeed collectofTable 5). However, in group B and C, all six types of

layers blocked all kinds of UV light and blockeabre than 90% of visible lighfTable B
and 7).

As the weight ofelectrospun polyurethane layencreasethe more protectiois achieved
Higher weightof electrospun layer meamsore covering power of the structurElectrospun
layer consists of fibers and air. The electrospun ldyering more fibes haslessair which
means lesporesand more fiber accumulation and so has lgassmittanceand more
protection Therefore group A has the highest transmittance, group B haserow
transmittancehan group Aand highertransmittancehan grogp C. Moreover,groupC has

the lowest transmittance.
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Table 15 Transmittance percentage for visible, UVA, UV-B, UV-C light of group A

electrospun polyurethane layers

0%TiO, 0%TiO , 1%TiO » 1%TiO , 2%TiO , 2%TIiO ,
Wavelength, Low High Low High Low High
nm Drum Drum Drum Drum Drum Drum
Speed Speed Speed Speed Speed Speed
Visible, 800-400 12.53 9.45 7.95 7.31 7.14 9.26
UV-A, 400315 4.17 2.89 <1 <1 <1 <1
UV-B, 315280 <1 <1 <1 <1 <1 <1
UV-C, 280200 <1 <1 <1 <1 <1 <1

Table 16 Transmittance percentage for visible, UVYA, UV-B, UV-C light of group B

electrospun polyurethane layers

0%TIO, | 0%TIO, | 1%TIO, | 1%TIO, | 2%TIO, | 2%TiO,
Wavelength, Low High Low High Low High
nm Drum Drum Drum Drum Drum Drum
Speed Speed Speed Speed Speed Speed
Visible, 800400 9.50 6.06 4.85 3.50 4.46 5.45
UV-A, 400315 1.17 <1 <1 <1 <1 <1
UV-B, 315280 <1 <1 <1 <1 <1 <1
UV-C, 280200 111 <1 <1 <1 <1 <1
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Table 17 Transmittance percentage for visible, UVA, UV-B, UV-C light of group C

electrospun polyurethane layers

0%TiO , 0%TiO , 1%TiO » 1%TiO , 2%TiO , 2%TIiO ,
Wavelength, Low High Low High Low High
nm Drum Drum Drum Drum Drum Drum
Speed Speed Speed Speed Speed Speed
Visible, 800-400 7.55 5.06 5.25 2.62 2.52 2.96
UV-A, 400315 1.03 <1 <1 <1 <1 <1
UV-B, 315280 <1 <1 <1 <1 <1 <1
UVv-C, 280200 <1 <1 1.38 <1 <1 1.01

(Low Drum Speed10.4m/min, HighDrum Speed87.7 m/min)

Figure 8 is the comparison betweeextruded polyethylene filmsand electrospun
polyurethane layersn groups B since this group has weight advantage over group C and
about same protection as groupExtruded polyethylene filmsvere weighed from 2:2.8
g/m braidand group B oklectrospun polyurethane layesere weighed 2-2.4 g/m braid.
Examining the results dfigure46, one can notice thaite electrospun polyurethane layers
have more blocking capacity thaxtruded polyethylene filmwith less weight adan. It is
the result ohanastructure ofelectrospun polyurethane layeMano scaled fibers have more
amount of edges whicltause surfaceoughness and irregularityThe roughness and
irregularity of the surfacencrease lighscatteringand change the materiftbm transparent
in case of film toopaquein case of electrospun fibrous structur€he electrospun
polyurethane layeraere opaque even without any UV blockerberefore due to the edge
effect, the electrospun layer which hasnoscale structure has proven to be good

candidate for UV protection
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Figure 48 Comparison between extruded sheath and electrospun layer group B

(High: Drum spee®7.7m/min; Low: Drum Speed0.4m/min; n%: n % TiQ; PE: Extruded
sheath from Polyethylen®U: Electrospun layer frorfolyurethang

Three different weights fronpolyurethane electrospun layeith 1% TiO, in high-speed
collectorwereselected to rutensilestrengthtesting which showed the best protectibased
on UV-VIS spectroscopyransmittance. Basicallyesearch hypothesis was the more IO
combinedwith higherdrum speedorovidesthe higher protection. However, tpelyurethane
electrospun polyurethane layexgth 2% TiO- in high-speed collectosamplesshowed lower
protection compared to electrospun layer of about same weight containing L%0v/is@al
observations over the entire samples showed thgtdheirethaneelectrospun polyurethane
layerswith 2% TiO, containsholes (see Figure49) which cause light to transmitThis

justified the selection.
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Figure 49 Polyurethaneelectrospun polyurethane layerdoaded with 2% TiO, at high

drum speed

5.2.2.MECHANICAL PROPERTIES

One type of electrospun layer was seleatdich waspolyurethaneslectrospun polyurethane
layerswith 1% TiG; in high-speed collectorThreelevels of weight(1.10, 2.29, 3.00 g/m
braid) were producedby layering. PBO braids covered with thes&ectrospun polyurethane
layerswere exposed t&JV as mentioned earlier. The tensile stresgth yarnsunraveled
from PBO braid were measured using MTS Rersailable at the NCSU College of
Textiles Tested PBO yarns weredy yarnof 3,000total denier(1,500%2).

Figure 50 depictsthe results of énsile strength(in cN/deniej) of PBO yarnswith no
protectionand shathed by group, I, Il after6 days of UV exposureThe values shown in
Figure50 are the averages along with error bar of 16 observations Afieh.UV exposure
for 6 days, theensile strengtlof PBO yarnwithout any protedon was5.78 cN/denierThe
tensile strengtiof PBO yarncoveredby electrospun polyurethane layarsgroup | 11, 111,
werel0.17, 19.90, 19.50 cN/denieesgectively. The resuls of tensile strength icN/denier

breaking load iN, tensileretention andtrergth loss in % arehown in Tablé 8.
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The yarnunraveled from PBO braid ith no protective sheath lost 76%9of tensile strength
after 6 day exposure which is fro24.80 to 5.78 cN/denieil he yarnprotected by group

showed 57.09% of tensile strength loss after 6 dagxposure and showed@6% of

10.17 5.78

improvement by comparing thgrn with no protection( 575

x 100, seeTablel18).

The yarnprotected by groufl showedl6.0P%6 of tensile strengtloks after 6 dag/exposure

1990 5.78

and showe@44% of improvement by comparing tlyarnwith no protection( 575

100, seeTable18). The yarnprotected by groupll showedl7.7£% of tensile strength loss

after 6 dag exposure and showezB7®%6 of improvement bycomparing the yarn with no

1950 5.78

protection.( s

x 100, seeTablel8).

Group Il weighed 2.29 g/nbraid had higherUV resistance compared to grolp, which is
heavier than group .IIThis may be due to nonuniformity of group Il cpared to group Il.
From the results of transmittance and tensile strengtéctrospun polyurethane layers
weighed 2.29 and 3.00 g/m braid have practically same level of protestsm statistical
analysis for tensile testing showed that the results from group Il ancelHdrsignificantly

differentpelTuk ey 6s and Schef feds met hods (Appedi X

The individual observabns of the results of Figure 58f tenacity,% strain at pak load,
modulus,energy to peak loadand toughness are shown in TabB1-B3 of AppendixB

Additionally, theaverages and standard deviatians given
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Figure 50 Tensile strengthof the PBO yarnswith no protection andsheathed by group

I, 11,11l after 6 days of UV exposure

Table 18 Tensile strength, breaking load, tensile etention, strength loss after &lays

exposure
Tensile _ )
Breaking Load, Tensile Strength
Strength, .
N Retention, % Loss, %
cN/denier
No Protection 5.78 181.37 24.40 76.69
Group | 10.17 318.94 42.91 57.09
Group Il 19.90 623.85 83.93 16.07
Group llI 19.50 611.43 82.26 17.74
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All of electrospun polyurethane layengre whitein color and had smooth surface before
UV exposure. However, efjradationin crack forms and change in color to yellaf
electrospun polyurethane layavgereobserved aftelJV exposure Moreover, theslectrospun
polyurethane layerbecame stiff and weak (brittle)Group I electrospun polyurethane layers
became transparent after days exposure as shown Figurgl. Photo degradation of
polyurethaneoccurredvia formation of excited triplet states and the cleavage of tHeawd
C-O bonds in urethane groups [6]

Figure 51 Group | sample after6 daysUV exposure

Zylon® protected byelectrospun polyurethane layeo$ groups Il and Il showed higher
strength compared to untreated Vec®aand Kevla® after 6 days of UV exposure as
shown in Figureb2. Zylon® protected byelectrospun polyurethane layarsgroup | which
has 1.10 g/m braid showed higher strength than Ve®trafter 6 days of UV exposure
Therefore, Zylo® cannot be replaced with othempss of highperformancdibers due to its

superior performance even after exposure to UV

87



Tensile Strength (cN/denier)

15
10
_ I

Vectran® Kevlar® Zylon® Zylon® Zylon® Zylon®
Untreated Untreated Untreated Groupl GroupIl GroupIII

Figure 52 Tensile strength of untreatedVectran®, Kevlar®, Zylon® and Zylon®
protected byelectrospun polyurethane layersn group I, Il, I

after 6 days ofUV exposure[6]

5.2.3.FIBER DIAMETER AND DISTRIBUTION

Structural parameters of electrospun webs determine the physical and mechanicalegroperti
of the fibeweb as well as material properties. Fiber diaméseone of the structural

parameters which affects to the physical and mechanical properties of the fiber web.

Thinner fibes are characterized by their high surface area and tauns providemore
covering areaompared to thicker fiber&lectrospinningprocess produces very fine fibers
which are in nano scale. ScanniBtgctron Mcroscope(SEM) was chosen to obserthe

structure oklectrospun polyurethane layers

The SEM images are presented igufes53 to 55 with 2,500 magnificationThe effect of

diameter of fibers at increased collecting surface spaade seerthe fibers at lowspeed
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collector are thicker andnore randomlyoriented compared tthe fibers at higfspeed

collector.

Figure 53 PU electrospun layerwithout TiO , in low-speed collector (left) and in high
speed collector (right) &€2500 magnification)

Figure 54 PU electrospun layer with 1 % TiO, in low-speed collector (left) and in high
speed collector (right) &2500 magnificatian)
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Figure 55 PU electrospun layer with 2 % TiO, in low-speed collector (left) and in high
speed collector (right) &2500 magnification)

The fiber diametemwas measuredrom the SEM imagesising Revolution software. 100
fibers were picked randomfyom each imageéo get the average diameter and distribution of
each six samples$n Total 6 samples were processed. These are the samples according to the
experimental design of Tabte Figure56 shows the effeadf collecting surface speed on the

average fiber diameter at three different amount obTiO

The difference between lowdrum speed and high drurspeed in theelectrospun
polyurethane layeraithout TiO, was 585 nm, the difference in tiedectrospun polyethane
layerswith 1%TiO, was 245 nm, and the difference in thkectrospun polyurethane layers
with 2%TiO, was 222 nm. The layers with more Tifarticles fow less difference between
low drumspeed and higbdrumspeed.
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Figure 56 Fiber diameter of different types ofelectrospun polyurethane layers

As the velocity of collecting surfadncreases the fiber diametercdsases. This behavior can

be related to the fact that an increase in surface speed causes an increase iawibgr dr
The drawing of fiber causes arrangement of molecules which in turn causes thinner fibers.
Histograns of fiber diameter forthe six samplesof electrospun polyurethane layease

presented in FigusB13-B18 of AppendixB to observethedistributionof fiber diameter.

As the level ofTiOincreases the fiber diameter decreases. When solution departs from the
tip of needleduring electrospinningsurface tension needs to d®&ercome 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 nanoscaleTiO; particlesmay causeredudion in the surface tension of solutiatue to

their existence between polymer solution moleculBiserefore, as mor@iO, is added

thinner fiberwasobtained

The thinner fibesthe more protectioas it can be seen frofrable19 thatshows the average

of transmittance of layers produced at Idmm speed and higdrum speed in each group.
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The underlined results are lower transmittance and most of th@ewedHess transmittance at
high collectorspeedElectrospinning can produce narmake fibers which have high surface
area. Additionally, higher surface speed of collecting drum can produce thinner fibers.
Thereforethe electrospun polyurethane laygoduced atigh collectorspeed showed less
transmittance and so betterofection tlan theelectrospun polyurethane laygysoduced at

low collecta speed.

Table 19 Average transmittance percentage for visible, UMA, UV-B, UV-C light of low
and high speed collector in group A, B, C

Group A Group B Group C
Wavelength,
nm Low High Low High Low High
speed speed speed speed speed speed
Visible, 800
9.21 8.67 6.27 5.00 5.11 3.55
400
UV-A, 400
1.80 1.29 0.73 0.54 0.61 0.38
315
UV-B, 315
0.48 0.32 0.60 0.45 0.53 0.41
280
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 isalso one of the stctural parameters that affethe physical and
medanical properties of the fibweb. In this study the fiber orientation is impacted by the
velocity of collecting surfaceSEM was also chosen to observe electrospun webs and the
orientations were measuredinglmagelJ software. 50 fiberfrom each image (samplejere
picked randomly to gehe orientation ditribution function in form of histogram for each of

the six samples.

Higher orientation to machine direction giv@ore covering aredue to less crossover points
Figure & shows that the less oriented fibers éd&ss covering aread) and more oriented

fibers have more covering areaBd Q.

Figure 57 Schematic of the effect between fiber orientatioon covering area

Figures58-63 show the results of fiber ori&tion distribution function in form of histograms
for the six samplesrigures 58, 60, 62 are the fiber orientation distributidnnction of PU
electrospun polyurethane layepoducedat low collecting speed which show random
orientation. Figure 59, 61, 63 are the fiber orientation distribution of PElectrospun
polyurethane layergroducedat high collecting speed which show more orientatiomatals

the machine directionThe figures indicate that as we increase the velocity of collecting
surface by keging polymeric concentration and the amount of JJgonstant, the fibers are

more oriented towards the machine direction.
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Figure 58 Orientation distribution function of an electrospun sample without TiOz in

low-speed collector
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Figure 59 Orientation distribution function of an electrospun sample without TiOz in

high-speed collector
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Figure 60 Orientation distribution function of an electrospun sample with 1% TiO; in

low-speed collector
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Figure 61 Orientation distribution function of an electrospun sample with 1% TiO; in

high-speed collector
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Figure 62 Orientation distribution function of an electrospun samplewith 2% TiO »in

low-speed collector
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Figure 63 Orientation distribution function of an electrospun sample with 2% TiO-in

low-speed collector
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The effect of orientation of fibers towards the machine direction at increased ingllect
surface speed can be seen the SEM imagdsgafes53 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 andate expected to find

more applicationsbecause of its many advantagétwever, 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 amsm. Since there are many
applications of higkperformance fibers exposed to USuch asautomobiles, military,

constructionsand many other applicationsis required to protect the fibers from UV.

It has been shown thahysical covering or shedtig for PBO and other fibers the most
efficient method to achieve UV protection. Therefore, two types of covering were
investigated in this workThese are polyethylendilms in the form ofextruded polyethylene

films around PBO braidand polyurethanelectrospun polyurethane layers

Polyethyleneextruded polyethylene filmaere produced andV transmission properties and
mechanical properties were analyzed Unl oaded PE c o UV ahd\bsible bl oc k
lights, but the other three types which &E loaded with 5% Ti@ PE loaded with 10%

TiO,, PE loaded with white C& could block most of the UV light and also showed good
protectionin Visible light range. After &lays of UV exposure, the tensile results showed PE

loaded with white C® and PE loade with 10% TiQ 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 sampkE loaded with white C&, however, should cracking

during exposure in QU¥hamber indicating that the best protective extruded layer is the one

with 10% TiQ,.

Polyurethaneslectrospun polyurethane layevere produced and UV transmission properties,
mechanical properties, fibseb structureswere analyzedElectrospun polyuretine layers
showed better protection with lighter weight compare@xtsuded polyethylene filmgom
UV-VIS spectroscopy. The results showed thkgctrospun polyurethane layeran block
most of UV lighteven without any UV blockers.a®ples weretested ér evaluating their

tensile propertieafter UV exposure which was polyurethaglectrospun polyurethane layers
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with 1% TiO, in high-speed collectoand different weightAfter 6 days exposure, group |
(1.10 g/m) lost 57.09% afs unexposed sample, grolp(2.29 g/m) lost 16.07%and group
[l (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 counldeb@aken to

further improve the UV resistance of high performance fibers. These include:

1. Further investigations oéxtruded polyethylene filmshould be continued by

producing PE with higher % Ti&and/orusing different type of UV blockers.

2. Further inwestigations oklectrospun polyurethane layesan be continued using
different type of polymer since PU degrades in UV. Additionally, a research can
be conducted using different electrospinning parameters sucieeaie gauge

electrostatic fieldandspeedf fiberwebcollector.

3. Scale up the electrospinning equipment to produce single fiberweb with desired

weight.
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Appendix A

Table A 1 Maximum breaking load of the PBO braids before and after UV exposure

Exposure

Maximum Breaking Load (N)

Time (Day) | No Protectio | Unloaded PE Plf:v(;/;ite PES%TIO, | PE10%TIO,
0 13974.62 13595.05 13915.23 13333.49 14811.51
1 7268.61 8603.8 11721.59 11966.29 12134.74
2 6205.7 7803.33 10041.19 10339.8 11834.27
3 5396.58 6982.50 9887.10 9404.5 10908.64
4 4845.@ 6566.3 9333.5 8872.8 10929.85
6 3980.6 5455.8 8468.74 7740.39 9795.47

Table A2 Minimum breaking load of the PBO braids before and after UV exposure

Exposure

Minimum Breaking Load (N)

Time (Day) | No Protectio | Unloaded PE Piv(\:/;ite PES%TIO, | PE10%TIO,
0 13124.38 12000.81 13915.23 12437.22 11285.22
1 6580.96 7810.45 11076.78 10960.86 11042.13
2 5579.68 7531.90 8588.0 973440 10939.69
3 4355.2 6614.% 8840.08 8769.8 9785.10
4 4344.93 6081.56 8148.(8 7960.% 9807.30
6 3337.14 5093.12 7799.64 7269.59 9010.1
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Table A 3 Tensile strength retention of the PBO braids before and after UV exposure

Tensile Strength Retention (%)

Exposure PEWhite
Time (Day) | No Protectio | Unloaded PE co® PE5%TiO, | PE10%TiO,
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

Maximum Tensile Strength (cN/denier)

Time (Day) | No Protectio | Unloaded PE Pli:v(\:/;ite PE5%TiO, | PE10%TiO,
0 2540 26.8%6 25.33 26.61 25.71
1 15.06 14.65 25.32 22.% 24.66
2 10.33 11.65 21.2 15.57 21.16
3 8.22 1040 20.54 15.46 17.79
4 7.68 9.2 18.37 1411 14.47
6 6.48 7.81 16.82 11.%6 12.63
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Table A5 Minimum breaking load of the PBO yarn from braid before and after UV exposure

Minimum Tensile Strength (cN/denier)

Exposure PEWhite
Time (Day) | No Protectio | Unloaded PE co® PE5%TiO, | PE10%TiO,
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 1411
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

Tensile Strength Retention (%)

Time (Day) | No Protectio | Unloaded PE Pli:v(\:/;ite PE5%TiO, | PE10%TiO,
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

108




Table A 7 Braid test/No exposure/No protection

Maximum Maximum Extension at
_ Modulus Break
Observation Load Load PeakLoad )
(gf/tex) location
(N) (Ibs) (cm)
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
Maximum Maximum Extension at
) Modulus Break
Observation Load Load PeakLoad )
(gf/tex) location
(N) (Ibs) (cm)
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 ofBraid
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 withWhite CC®

Maximum Maximum Extension at
_ Modulus Break
Observation Load Load PeakLoad )
(gf/tex) location
(N) (Ibs) (cm)
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 10Braid test/No exposure/PE loaded with 5%TiO,
Maximum Maximum Extension at
) Modulus Break
Observation Load Load PeakLoad )
(gf/tex) location
(N) (Ibs) (cm)
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 4518 1752.517 End of Braid
4 13167.641 2960.217 4973 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 1090 ,

Maximum Maximum Extension at
_ Modulus Break
Observation Load Load PeakLoad )
(gf/tex) location
(N) (Ibs) (cm)
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
Maximum Maximum Extension at
) Modulus Break
Observation Load Load PeakLoad )
(gf/tex) location
(N) (Ibs) (cm)
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

Maximum Maximum Extension at
_ Modulus Break
Observation Load Load PeakLoad )
(gf/tex) location
(N) (Ibs) (cm)
1 8210.561 1845.816 4910 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 4413 1525.592 End of Braid
5 8603.492 1934.151 4.444 1531.902 End of Braid
Mean 8320.137 1870.45 4544 1529.775
SD 324.359 72.91919 0.208 3.484
Table A 14 Braid test/1 Day exposure/PE loaded wittWhite CC®
Maximum Maximum Extension at
) Modulus Break
Observation Load Load PeakLoad )
(gf/tex) location
(N) (Ibs) (cm)
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 15Braid test/1 Day exposure/ PE loaded with 590710,

Maximum Maximum Extension at
_ Modulus Break
Observation Load Load PeakLoad )
(gf/tex) location
(N) (Ibs) (cm)
1 11114.407 2498.63 4413 1767.009 End of Braid
2 11966.279 2690.139 4.783 1763.057 End of Braid
3 11200.207 2517.919 4722 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 1099710,
Maximum Maximum Extension at
) Modulus Break
Observation Load Load PeakLoad )
(gf/tex) location
(N) (Ibs) (cm)
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 4931 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

Maximum Maximum Extension at
_ Modulus Break
Observation Load Load PeakLoad )
(gf/tex) location
(N) (Ibs) (cm)
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 18Braid test/2 Day exposure/Unloaded PE
Maximum Maximum Extension at
) Modulus Break
Observation Load Load PeakLoad )
(gf/tex) location
(N) (Ibs) (cm)
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 19Braid test/2 Day exposure/PE loaded wittWhite CC®

Maximum Maximum Extension at
_ Modulus Break
Observation Load Load PeakLoad )
(gf/tex) location
(N) (Ibs) (cm)
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 20Braid test/2 Day exposure/PE loaded with 5%TiO ,
Maximum Maximum Extension at
) Modulus Break
Observation Load Load PeakLoad _
(gf/tex) location
(N) (Ibs) (cm)
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 1099710,

Maximum Maximum Extension at
_ Modulus Break
Observation Load Load PeakLoad )
(gf/tex) location
(N) (Ibs) (cm)
1 11834.261 2660.46 4910 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
Maximum Maximum Extension at
) Modulus Break
Observation Load Load PeakLoad )
(gf/tex) location
(N) (Ibs) (cm)
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 ofBraid
Mean 5006.884 1125.598 4.278 1322.124
SD 393.088 88.37013 0.259 20.777
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Table A 23 Braid test/3 Day exposure/Unloaded PE

Maximum Maximum Extension at
_ Modulus Break
Observation Load Load PeakLoad )
(gf/tex) location
(N) (Ibs) (cm)
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 ofBraid
Mean 6777.641 1523.681 4561 1380.959
SD 139.540 31.36985 0.235 14.976
Table A 24 Braid test/3 Day exposure/PE loaded wittWhite CC®
Maximum Maximum Extension at
) Modulus Break
Observation Load Load PeakLoad )
(gf/tex) location
(N) (Ibs) (cm)
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 25Braid test/3 Day exposure/PE loaded with 5%TiO ,

Maximum Maximum Extension at
_ Modulus Break
Observation Load Load PeakLoad )
(gf/tex) location
(N) (Ibs) (cm)
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 4529 1653.335 End of Braid
Mean 9148.054 2056.574 4572 1661.327
SD 268.716 60.40991 0.121 8.850
Table A 26 Braid test/3 Day exposure/PE loaded with 1099710,
Maximum Maximum Extension at
) Modulus Break
Observation Load Load PeakLoad )
(gf/tex) location
(N) (Ibs) (cm)
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

Maximum Maximum Extension at
_ Modulus Break
Observation Load Load PeakLoad )
(gf/tex) location
(N) (Ibs) (cm)
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 28Braid test/4 Day exposure/Unloaded PE
Maximum Maximum Extension at
) Modulus Break
Observation Load Load PeakLoad )
(gf/tex) location
(N) (Ibs) (cm)
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 4413 1342.412 End of Braid
Mean 6539.932 1432.64 4.392 1348.733
SD 212.358 47.74019 0.215 15.590
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Table A 29 Braid test/4 Day exposure/PE loaded wittWhite CC®

Maximum Maximum Extension at
_ Modulus Break
Observation Load Load PeakLoad )
(gf/tex) location
(N) (Ibs) (cm)
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 30Braid test/4 Day exposure/PE loaded with 5%TiO ,
Maximum Maximum Extension at
) Modulus Break
Observation Load Load PeakLoad )
(gf/tex) location
(N) (Ibs) (cm)
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 ofBraid
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 1099710,

Maximum Maximum Extension at
_ Modulus Break
Observation Load Load PeakLoad )
(gf/tex) location
(N) (Ibs) (cm)
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 4571 1740.650
SD 442.004 99.36695 0.244 19.845
Table A 32Braid test/6 Day exposure/No protection
Maximum Maximum Extension at
) Modulus Break
Observation Load Load PeakLoad )
(gf/tex) location
(N) (Ibs) (cm)
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

Maximum Maximum Extension at
_ Modulus Break
Observation Load Load PeakLoad )
(gf/tex) location
(N) (Ibs) (cm)
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 ofBraid
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 wittWhite CC®
Maximum Maximum Extension at
) Modulus Break
Observation Load Load PeakLoad )
(gf/tex) location
(N) (Ibs) (cm)
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 4519 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 35Braid test/6 Day exposure/PE loaded with 5%TiO ,

Maximum Maximum Extension at
_ Modulus Break
Observation Load Load PeakLoad )
(gf/tex) location
(N) (Ibs) (cm)
1 7740.417 1740.123 4191 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 4117 1542.521 End of Braid
5 7373.321 1657.596 4371 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 1099710,
Maximum Maximum Extension at
) Modulus Break
Observation Load Load PeakLoad )
(gf/tex) location
(N) (Ibs) (cm)
1 9690.207 2178.455 4772 1708.935 End of Braid
2 9795.478 2202.121 4614 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 4711 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 | % Strain at Modulus Tenacity Toughness
Load (g) Peak Load (g/denier) (g/denier) (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 38Yarn test/No exposure/Unloaded PE
Specimen Energy to Peak | % Strain at Modul.us Tenac.ity Toughr?ess
Load (g) Peak Load (g/denier) (g/denier) (g/denier)
1 75943.40 10.30 1315.93 25.31 1.96
2 68742.70 11.60 734.68 2291 2.10
3 65798.40 13.90 730.94 21.93 245
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 A39Yarn test/No exposure/PE loaded withWhite CC®

Specimen Energy to Peak | % Strain at Modulus Tenacity Toughness
Load (g) Peak Load (g/denier) (g/denier) (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 A40Yarn test/No exposure/PE loaded with 5%TiO,
Specimen Energy to Peak | % Strain at Modul.us Tenac.ity Toughr?ess
Load (g) Peak Load (g/denier) (g/denier) (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 A41Yarn test/No exposure/PE loaded with 1090 ,

Specimen Energy to Peak | % Strain at Modulus Tenacity Toughness
Load (g) Peak Load (g/denier) (g/denier) (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 A42Yarn test/1 Day exposure/No protection
Specimen Energy to Peak | % Strain at Modul.us Tenac.ity Toughr?ess
Load (g) Peak Load (g/denier) (g/denier) (g/denier)
1 43530.20 1451 1120.51 1451 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 A43Yarn test/1 Day exposure/Unloaded PE

Specimen Energy to Peak | % Strain at Modulus Tenacity Toughness
Load (g) PeakLoad (g/denier) (g/denier) (g/denier)
1 40333.30 Rk dkkok 1297.90 13.44 0.15
2 39956.10 Rk dkkok 1302.87 13.32 0.17
3 41876.80 Rk 1297.85 13.96 0.15
4 46041.90 ek ko 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 kol 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 A44Yarn test/1 Day exposure/PE loaded witiwhite CC®
Specimen Energy to Peak | % Strain at Modul.us Tenac.ity Toughr?ess
Load (g) Peak Load (g/denier) (g/denier) (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 A45Yarn test/1 Day exposure/ PE loaded with 5910,

Specimen Energy to Peak | % Strain at Modulus Tenacity Toughness
Load (g) Peak Load (g/denier) (g/denier) (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 2281 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 A46Yarn test/1 Day exposure/PE loaded with 1094710,
Specimen Energy to Peak | % Strain at Modul.us Tenac.ity Toughr?ess
Load (g) Peak Load (g/denier) (g/denier) (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 A47Yarn test/2 Day exposure/No protection

Specimen Energy to Peak | % Strain at Modul.us Tenac.ity Toughr?ess
Load (g) Peak Load (g/denier) (g/denier) (g/denier)
1 27945.80 Rk dkkok 1267.06 9.32 0.07
2 28989.40 Rk dkkok 1184.62 9.66 0.08
3 31368.10 Rk 1273.00 10.46 0.10
4 33057.10 ek ko 1257.73 11.02 0.10
5 25772.80 Fkkk dekokok 1199.19 8.59 0.07
6 28042.70 kool 1307.22 9.35 0.10
7 30614.60 kool 1259.69 10.20 0.10
8 26456.00 kol 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 A48Yarn test/2 Day exposure/Unloaded PE
Specimen Energy to Peak | % Strain at Modul.us Tenac.ity Toughr?ess
Load (g) Peak Load (g/denier) (g/denier) (g/denier)
1 34153.90 ik 1235.57 11.38 0.13
2 31085.20 ek dekokok 1210.57 10.36 0.09
3 36926.50 ek ko 1238.45 12.31 0.13
4 37287.20 kool 1130.49 12.43 0.15
5 34612.80 2.30 1178.63 11.54 0.13
6 29413.40 kool 994.13 9.80 0.12
7 34626.80 kol 1182.79 11.54 0.13
8 36792.60 kol 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 A49Yarn test/2 Day exposure/PE loaded witiwhite CC®

Specimen Energy to Peak | % Strain at Modulus Tenacity Toughness
Load (g) Peak Load (g/denier) (g/denier) (g/denier)
1 68773.10 2.50 1447.97 22.92 0.27
2 60367.20 Rk dkkok 1327.50 20.12 0.26
3 60701.30 Rk 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 2161 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 A50Yarn test/2 Day exposure/PE loaded with 5%TiO,
Specimen Energy to Peak | % Strain at Modul.us Tenac.ity Toughr?ess
Load (g) Peak Load (g/denier) (g/denier) (g/denier)
1 48291.50 2.30 1389.38 16.10 0.18
2 48425.00 ek ko 1446.89 16.14 0.18
3 45050.40 ek ko 1261.62 15.02 0.20
4 46127.30 kool 1361.30 15.38 0.19
5 49835.50 kool 1377.74 16.61 0.20
6 46701.40 ikl 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 A51Yarn test/2 Day exposure/PE loaded with 109410 ,

Specimen Energy to Peak | % Strain at Modul.us Tenac.ity Toughr?ess
Load (g) Peak Load (g/denier) (g/denier) (g/denier)
1 60021.70 2.40 1450.70 20.01 0.22
2 56309.90 Rk dkkok 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 kool 1360.36 19.87 0.23
7 57197.80 kool 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 38.92 121 0.01
Table A52Yarn test/3 Day exposure/No protection
Specimen Energy to Peak | % Strain at Modul.us Tenac.ity Toughr?ess
Load (g) Peak Load (g/denier) (g/denier) (g/denier)
1 22886.30 Rk dkkk 1105.55 7.63 0.09
2 21687.80 ek dekokok 1038.58 7.23 0.06
3 24650.00 Fkkkokkokek 1148.63 8.22 0.08
4 25086.10 kool 1186.68 8.36 0.08
5 22807.00 kool 1149.89 7.60 0.07
6 22909.50 kool 1194.12 7.64 0.06
7 24718.60 kol 1153.43 8.24 0.07
8 26304.40 kol 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 A53Yarn test/3 Day exposure/Unloaded PE

Specimen Energy to Peak | % Strain at Modul.us Tenac.ity Toughr?ess
Load (g) Peak Load (g/denier) (g/denier) (g/denier)
1 27033.80 Rk dkkok 1133.62 9.01 0.09
2 29738.10 Rk dkkok 1138.40 9.91 0.11
3 28736.80 Rk 1135.82 9.58 0.09
4 27292.40 ek ko 1097.87 9.10 0.09
5 29707.60 ek ko 1145.13 9.90 0.10
6 27048.40 kool 1087.34 9.02 0.12
7 33278.50 kool 1232.31 11.09 0.10
8 30103.40 kol 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 A54Yarn test/3 Day exposure/PE loaded witiwhite CC®
Specimen Energy to Peak | % Strain at Modul.us Tenac.ity Toughr?ess
Load (g) Peak Load (g/denier) (g/denier) (g/denier)
1 62128.40 Rk dkkk 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 kool 1433.20 20.06 0.27
6 57130.30 2.90 1317.84 19.04 0.25
7 65733.80 3.00 1427.22 2191 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 A55Yarn test/3 Day exposure/PE loaded with 5910,

Specimen Energy to Peak | % Strain at Modul.us Tenac.ity Toughr?ess
Load (g) Peak Load (g/denier) (g/denier) (g/denier)
1 43024.30 Rk dkkok 1343.26 14.34 0.18
2 42274.30 Rk dkkok 1337.64 14.09 0.18
3 42936.80 Rk 1337.54 14.31 0.18
4 45752.00 ek ko 1315.22 15.25 0.19
5 49455.30 2.30 1287.09 16.49 0.16
6 47915.50 kool 1326.91 15.97 0.18
7 41011.70 kool 1367.89 13.67 0.15
8 44506.20 ikl 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 A56Yarn test/3 Day exposure/PE loaded with 109410 ,
Specimen Energy to Peak | % Strain at Modul.us Tenac.ity Toughr?ess
Load (g) Peak Load (g/denier) (g/denier) (g/denier)
1 45421.60 ik 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 kool 1403.66 15.98 0.19
5 45943.30 kool 1402.76 15.31 0.20
6 51400.20 kool 1386.90 17.13 0.19
7 45157.30 ikl 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 A57 Yarn test/4 Day exposure/No protection

Specimen Energy to Peak | % Strain at Modul.us Tenac.ity Toughr?ess
Load (g) Peak Load (g/denier) (g/denier) (g/denier)
1 22189.80 Rk dkkok 1106.37 7.40 0.07
2 17934.90 Rk dkkok 1061.98 5.98 0.05
3 22098.60 Rk 1203.21 7.37 0.05
4 20971.20 Fkkk dekokok 1137.56 6.99 0.06
5 24555.60 ek ko 1143.57 8.19 0.07
6 23998.80 kool 1078.25 8.00 0.07
7 21135.90 kool 1038.40 7.05 0.06
8 18380.10 kol 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 A58Yarn test/4 Day exposure/Unloaded PE
Specimen Energy to Peak | % Strain at Modul.us Tenac.ity Toughr?ess
Load (g) Peak Load (g/denier) (g/denier) (g/denier)
1 22655.80 Rk dkkk 1064.85 7.55 0.09
2 23816.00 kool 1093.83 7.94 0.09
3 28327.30 ek ko 1066.27 9.44 0.10
4 25647.70 kool 1135.35 8.55 0.08
5 27915.00 kool 1124.68 9.31 0.09
6 27920.50 kool 1090.39 9.31 0.11
7 28854.20 kol 1100.15 9.62 0.09
8 27139.60 kol 1123.12 9.05 0.10
9 25115.30 kol 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 A59Yarn test'4 Day exposure/PE loaded witiwhite CC®

Specimen Energy to Peak | % Strain at Modul.us Tenac.ity Toughr?ess
Load (g) Peak Load (g/denier) (g/denier) (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 kool 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 A60Yarn test/4 Day exposure/PE loaded with 59O,
Specimen Energy to Peak | % Strain at Modul.us Tenac.ity Toughr?ess
Load (g) Peak Load (g/denier) (g/denier) (g/denier)
1 33784.10 ik 1140.19 11.26 0.15
2 37521.80 ek ko 1260.39 1251 0.17
3 45141.00 ek ko 1355.22 15.05 0.16
4 42224.30 2.30 1250.06 14.07 0.16
5 39721.70 kool 1310.81 13.24 0.15
6 37339.20 kool 1254.76 12.45 0.17
7 45123.60 kol 1373.30 15.04 0.16
8 37523.00 ikl 1291.55 1251 0.14
Mean 39797.34 2.30 1279.54 13.27 0.16
SD 4059.76 72.61 1.35 0.01
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Table A61Yarn test/4 Day exposure/PE loaded with 109410 ,

Specimen Energy to Peak | % Strain at Modul.us Tenac.ity Toughr?ess
Load (g) Peak Load (g/denier) (g/denier) (g/denier)
1 46279.60 Rk dkkok 1337.16 15.43 0.18
2 46254.30 Rk dkkok 1269.48 15.42 0.34
3 44666.70 Rk 1351.38 14.89 0.17
4 41829.10 2.50 1313.24 13.94 0.19
5 44276.70 ek ko 1349.96 14.76 0.18
6 44056.30 2.40 1389.09 14.69 0.17
7 41529.70 kool 1316.45 13.84 0.16
8 43134.90 kol 1310.10 14.38 0.17
9 40421.40 ikl 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 A62Yarn test/6 Day exposure/No protection
Specimen Energy to Peak | % Strain at Modul.us Tenac.ity Toughr?ess
Load (g) Peak Load (g/denier) (g/denier) (g/denier)
1 18608.50 kool 1062.85 6.20 0.05
2 15684.00 ek ko 864.71 5.23 0.04
3 19465.20 kool 1011.64 6.49 0.06
4 20725.70 kool 951.72 6.91 0.06
5 16860.80 kool 952.50 5.62 0.07
6 14822.90 kol 877.74 4.94 0.04
7 18620.10 kol 1011.00 6.21 0.05
8 16762.40 kol 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 A63Yarn test/6 Day exposure/Unloaded PE

Specimen Energy to Peak | % Strain at Modul.us Tenac.ity Toughr?ess
Load (g) Peak Load (g/denier) (g/denier) (g/denier)

1 20747.70 Rk dkkok 990.33 6.92 0.07

2 24998.80 Rk dkkok 1059.87 8.33 0.09

3 21308.40 Rk 1025.87 7.10 0.07

4 16559.40 Fkkkokkokek 885.73 5.52 0.06

5 24318.20 ek ko 1027.74 8.11 0.08

6 16111.10 kool 943.27 5.37 0.05

7 17440.90 kool 933.15 5.81 0.06

8 20166.50 kol 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 A64Yarn test/6 Day exposure/PE loaded witiwhite CC®
Specimen Energy to Peak | % Strain at Modul.us Tenac.ity Toughr?ess
Load (g) PeakLoad (g/denier) (g/denier) (g/denier)

1 47287.80 Rk dkkk 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 kool 1384.05 15.91 0.20

5 52491.40 2.30 1401.03 17.50 0.18

6 52030.70 kool 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 A65Yarn test/6 Day exposure/PE loaded with 5%TiO,

Specimen Energy to Peak | % Strain at Modul.us Tenac.ity Toughr?ess
Load (g) Peak Load (g/denier) (g/denier) (g/denier)
1 28199.50 Rk dkkok 1221.11 9.40 0.10
2 30533.80 Rk dkkok 1203.13 10.18 0.11
3 29575.80 Rk 1203.67 9.86 0.11
4 31233.30 ek ko 1238.14 1041 0.11
5 35254.60 2.30 1250.48 11.75 0.12
6 34641.10 kool 1265.09 11.55 0.12
7 36017.80 kool 1212.24 12.01 0.14
8 34199.30 kol 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 A66Yarn test/6 Day exposure/PE loaded with 109410 ,
Specimen Energy to Peak | % Strain at Modul.us Tenac.ity Toughr?ess
Load (g) Peak Load (g/denier) (g/denier) (g/denier)
1 40401.30 ik 1311.72 13.47 0.17
2 36506.90 ek ko 1259.20 12.17 0.14
3 39518.60 ek ko 1288.90 13.17 0.17
4 38858.50 kool 1298.91 12.95 0.14
5 39293.90 2.30 1293.51 13.10 0.15
6 39654.60 kool 1330.82 13.22 0.17
7 41502.50 2.50 1274.62 13.83 0.19
8 36966.90 kol 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 | % Strain at Modulus Tenacity Toughness
Load (g) Peak Load (g/denier) (g/denier) (g/denier)
1 49968.20 2.30 1785.55 3331 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 3251 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 51202.81 242 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
_ Energy to Peak | % Strain at Modulus Tenacity Toughness
Specimen ) ) )
Load (g) Peak Load (g/denier) (g/denier) (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 | % Strain at Modulus Tenacity Toughness
Load (g) Peak Load (g/denier) (g/denier) (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 ek ko 1689.83 1741 0.17
6 18816.50 kool 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 70As supplied yarn/3 Day exposure
Specimen Energy to Peak | % Strain at Modul.us Tenac.ity Toughr?ess
Load (g) Peak Load (g/denier) (g/denier) (g/denier)
1 22802.10 1.80 1616.82 15.20 0.13
2 20991.70 Hkkkdkkok 1579.55 13.99 0.13
3 19467.50 ik 1521.53 12.98 0.11
4 21013.30 1.80 1582.46 14.01 0.12
5 23381.20 ok 1568.59 15.59 0.16
6 16505.90 kool 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

140




Table A 71As supplied yarn/4 Day exposure

Specimen Energy to Peak | % Strain at Modulus Tenacity Toughness
Load (g) Peak Load (g/denier) (g/denier) (g/denier)
1 25019.40 Rk dkkok 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 ek ko 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 | % Strain at Modul.us Tenac.ity Toughr?ess
Load (g) Peak Load (g/denier) (g/denier) (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 ek ko 1631.80 14.28 0.11
6 20456.70 kool 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 strengthretention of the PBO braids before and after UV exposure
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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 polyurethanelayers/6 Day exposure/Groupl

Specimen Energy to Peak| % Strain at Modulus Tenacity Toughness
Load () Peak Load (g/denier) (g/denier) (g/denier)

1 24653.60 Rk ko 189.00 8.22 0.10

2 31557.20 Rk ko 929.95 10.52 0.12

3 30070.50 Rk ko 958.98 10.02 0.15

4 31244.70 itk 1193.14 10.41 0.09

5 31944.40 itk 1044.83 10.65 0.16

6 29969.00 Fkkkkkekok 1043.24 9.99 0.14

7 32325.60 Fkkkkkekok 1153.98 10.78 0.15

8 27251.70 ik 907.99 9.08 0.14

9 30706.20 kol 1131.14 10.24 0.13
10 30805.60 kol 1144.55 10.27 0.12
11 36865.60 2.50 1117.50 12.29 0.16
12 30509.50 kol 1098.41 10.17 0.12
13 32031.00 2.50 1029.09 10.68 0.13
14 29021.90 Rk dkkk 932.37 9.67 0.12
15 31012.90 Rk ko 900.46 10.34 0.15
16 31623.40 Rk 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 layer$6 Day exposure/Groupll

_ Energy to Peak| % Strain at Modulus Tenacity Toughness
Specimen Load () Peak Load (g/denier) (g/denier) (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 layerg6 Day exposure/Groupll

_ Energy to Peak| % Strain at Modulus Tenacity Toughness
Specimen Load () Peak Load (g/denier) (g/denier) (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 113541 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 polyurethaneelectrospun polyurethane layerswithout
TiO2 in low-speed collector, 0.19 g/m braid/layer
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Figure B 2 Transmittance of polyurethaneelectrospun polyurethane layerswithout
TiO2 in high-speed collector, 0.36 g/m braid/layer
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Figure B 3 Transmittance of polyurethaneelectrospun polyurethane layerswith 1%

TiO2 in low-speed collector, 0.26 g/m braid/layer

100

90

80
=]
=
. 70
<
g 60
3
_:é 50
= a0
_§ 30
-
o

=] Layer =——2Layer ——3Layer ——4Layer ——>5Layer

———GLayer ——7Layer ——S8Layer 9Layer ——10Layer

200 300 400 500 600 700

Wavelength, nm

Figure B 4 Transmittance of polyurethaneelectrospun polyurethane layerswith 1%

TiO, in high-speed collector, 0.34 g/m braid/layer
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Figure B 5 Transmittance of polyurethaneelectrospun polyurethane layerswith 2%

TiO2 in low-speed collector, 0.39 g/m braid/layer
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Figure B 6 Transmittance of polyurethaneelectrospun polyurethane layerswith 2%

TiO2 in high-speed collector, 0.23 g/m braid/layer
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Figure B 7 Transmittance of electrospun polyurethane layerswith 0% TiO , at low

drum speed
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Figure B 8 Transmittance of electrospun polyurethane layerswith 0% TiO » at high

drum speed
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Figure B 9 Transmittance of electrospun polyurethane layerswith 1% TiO ; at low

drum speed
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drum speed
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Figure B 11 Transmittance of electrospun polyurethane layerswith 2% TiO , at low

drum speed
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Figure B 13 Fiber diameter distribution of polyurethane electrospun polyurethane

layers without TiO , in low-speed collector
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Figure B 14 Fiber diameter distribution of polyurethane electrospun polyurethane

layers without TiO , in high-speed collector
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Figure B 15 Fiber diameter distribution of polyurethane electrospun polyurethane

layers with 1% TiO , in low-speed collector
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Figure B 16 Fiber diameter distribution of polyurethane electrospun polyurethane

layers with 1% TiO »in high-speed collector

153



Histogram

50
45 -
40 -
35
30
25 +
20 A
15 -
10 -

Frequency

0 T T T T T
0 100 200 300 400 500 600 700 S00 900 100011001200More

Fibre Diameter (nm)

Figure B 17 Fiber diameter distribution of polyurethane electrospun polyurethane

layers with 2% TiO » in low-speed collector
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Figure B 18 Fiber diameter distribution of polyurethane electrospun polyurethane

layers with 2% TiO »in high-speed collector
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PolyOne

POLYONE CORPORATION

MATERIAL SAFETY DATA SHEET 7
050WT307 MUNSELL WHITE PE CC

Version Number 1.9 Page 1 of 7

Revision Date 09/19/2008 ; Print Date 70/7/2008
| 1. PRODUCT AND COMPANY IDENTIFICATION ]
POLYONE CORPORATION

33587 Walker Road, Avon Lake, OH 44012

Telephone ¢ Product Stewardship (770) 271-5902

Emergency telephone :  CHEMTREC 1-800-424-9300 (24hrs for spill, leak, fire, exposure
or accident).

Product name ¢ 050WT307 MUNSELL WHITE PE CC

Product code : CC00012837X1

Chemical Name : Mixture

CAS-No. :  Mixture

Product Use ¢ Industrial Applications

| 2. COMPOSITION/INFORMATION ON REGULATED INGREDIENTS |

Components CAS-No. Weight %
Silica, amorphous 7631-86-9 0.1-1
Calcium carbonate 1317-65-3 10 - 30
Titanium dioxide 13463-67-7 30 - 60
| 3. HAZARDS IDENTIFICATION |
EMERGENCY OVERVIEW

- This mixture has not been evaluated as a whole. Information provided on the health effects of this
product is based on individual components. All ingredients are bound and potential for hazardous
exposure as shipped is minimal, However, some vapors may be released upon heating and the end-
user (fabricator) must take the necessary precautions (mechanical ventilation, respiratory protection,
etc.) to protect employees from exposure.

POTENTIAL HEALTH EFFECTS
Routes of Exposure: : Inhalation, Ingestion, Skin contact
Acute exposure
Inhalation ¢ Resin particles, like other inert materials, can be mechanically
irritating.
Ingestion : May be harmful if swallowed.
Eyes : Resin particles, like other inert materials, are mechanically irritating to
eyes.
Skin : Experience shows no unusual dermatitis hazard from routine handling.
Chronic exposure : Refer to Section 11 for Toxicological Information.
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POLYONE CORPORATION
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Medical Conditions : None known.
Aggravated by Exposure:
| 4. FIRST AID MEASURES o

Inhalation 1 Move to fresh air in case of accidental inhalation of fumes from
overheating or combustion. When symptoms persist or in all cases of
doubt seek medical advice.

Ingestion ¢ Do not induce vomiting without medical advice. When symptoms
persist or in all cases of doubt seek medical advice.

Eyes ¢ Rinse immediately with plenty of waier, also under the eyelids, for at
least 15 minutes. If eye irritation persists, seek medical attention.

Skin : Wash off with soap and plenty of water. If skin irritation persists
seek medical attention.

| 5. FIRE-FIGHTING MEASURES |
Flash point : Not applicable
Flammable Limits
Upper explosion limit : Not applicable
Lower explosion limit ¢ Not applicable

Autoignition temperature : Not applicable

Suitable extinguishing media  : Carbon dioxide blanket, Water spray, Dry powder, Foam.

Special Fire Fighting : Fullface self-contained breathing apparatus (SCBA) used in positive

Procedures pressure mode should be worn to prevent inhalation of airborne
contaminants. :

Unusual Fire/Explosion :  Carbon dioxide (CO2), carbon monoxide (CO), oxides of nitrogen

Hazards (NOx), other hazardous materials, and smoke are all possible.

| 6. ACCIDENTAL RELEASE MEASURES |

Personal precautions : Wear appropriate personal protection during cleanup, such as
impervious gloves, boots and coveralls.

Environmental precautions . Should not be released into the environment. The product should not
be allowed to enter drains, water courses or the soil.

Methods for cleaning up : Clean up promptly by sweeping or vacuum. Package all material in
plastic, cardboard or metal containers for disposal. Refer to Section
13 of this MSDS for proper disposal methods.

| 7. HANDLING AND STORAGE |

Handling :  Take measures to prevent the build up of electrostatic charge, Heat
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