ABSTRACT
GUPTA, AMIT. Improving UV resistance of high strength fibers. (Under the

guidance of Dr. Abdelfattah M. Seyam and Dr. Gary N. Mock.)

High strength fibers such as Zylon®, Kevlar®, and Vectran® are characterized by their
high strength to weight ratio. They are used to produce high performance products such
as cables and ropes, preforms for composites, bulletproof vests, cut resistance articles,
firefighter gear, airbags for passenger cars, and tendons for giant scientific balloons. This
work starts with a discussion on the properties and uses of the above mentioned high
strength fibers followed by a critical review of the published research in the area of UV
degradation of textile structures made from different polymeric materials as well as high
strength fibers. The physiochemical aspects of polymer photo degradation, the factors
affecting polymer photo degradation, the experimental aspects of photo degradation, and
the photo degradation of some commonly used polymers have been discussed. It was
found in literature that high strength fibers degrade upon exposure to high energy UV
radiation. This represents a serious impediment to the use of high strength fibers in a
number of end uses where their high strength to weight ratio could be very advantageous.

Finally a discussion on photo stabilization of polymers is also provided.

The overall goals of this research were to investigate options for the creation of
techniques to improve the resistance of high strength fibers to UV and establish a better
understanding of the mechanism of the UV instability for high strength fibers. In this

work it has been shown that unprotected Zylon® and Vectran® yarns lose more than 70%



of their strength after six days of UV exposure in an Atlas weatherometer, while Kevlar®

yarn loses more than 15% of its strength. From our work, the results of the effect of UV
exposure time on the strength loss of high strength fibers, and the mechanism of strength
loss for Zylon® yarn as a result of UV degradation have been reported. Characterizing
techniques like X-ray diffraction, ATR-FTIR spectrophotometry, molecular weight
measurements, and SEM micrographs have been used to understand the photo chemical
phenomena taking place when this yarn is exposed to high energy UV radiation using an

artificial light source.

Keywords: Ultraviolet degradation, ultraviolet resistance, high strength fibers, chemical

coatings, sheathings.
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1. Introduction

High strength fibers are characterized by their high strength to weight ratio and are used in
applications where superior performance compared to conventional textile fibers is needed.
They are required in the manufacture of many high performance products such as bulletproof
vests, ropes and cables, cut resistant products, load tendons for giant scientific balloons,
fishing rods, tennis racket strings, parachute cords, adhesives and sealants, protective apparel
and tires among many more. In many of these applications these products face harsh
environmental conditions such as high temperature, humidity, harmful strong chemicals,
high-energy solar radiation, variations in air pressure, abrasion from external sources, etc.
Their performance is then greatly affected and hence they need adequate protection for
increased performance over longer periods of time. This research, has tried to assess the
harmful and deleterious effects of high-energy ultraviolet solar radiation on the performance
of high strength fibers using an artificial light source. Apart from this, an effort to investigate
and evaluate methods to improve their stability and a possible insight into the mechanism of
strength loss upon exposure to high-energy radiation was also made. In the literature searches
it was figured out that there are some studies that have reported results on UV degradation of
complex structures like thick ropes, whereas some special aerospace applications like giant
balloons require braided thin structures in tape form of about 1 cm wide and 3 mm thick for
load tendons [1]. The UV degradation of thin structures is expected to be more severe as
compared to thick structures such as cables and ropes and hence pose a greater threat to the
stability of such structures. High performance fibers like Zylon® and Vectran® are relatively

new fibers compared to Kevlar®. There is little information about their UV exposure
p p



behavior in literature apart from some data in websites of fiber producers, which has been

discussed later.

Based on the requirements and the limited information available, it was decided to study the
effect of UV exposure on the strength loss of high performance polymers in single
continuous multi-filament yarn form. Apart from reporting the results of our research, a
detailed review of previous work done in the area of polymer photo degradation has also
been provided. The physiochemical aspects of polymer photo degradation like the general
mechanism of photo oxidation and the classification of polymers based on their photo
stability, the factors affecting polymer photo degradation like temperature, oxygen, moisture,
wavelength, polymer morphology, manufacturing and processing, the experimental aspects
of photo degradation like the experimental set up for exposing samples artificially and in
outdoor conditions, and various techniques commonly used for characterizing polymers
before and after exposure to radiation, and finally, the photo degradation of some commonly

used polymers like polyolefins, polyesters, and polyamides have also been discussed.



2. Literature Review

2.1 High Strength Fibers

The term high performance or high strength fibers is a relative term and from a product point
of view it refers to an acceptable performance in its end use under some special conditions
[2]. These end use special conditions could involve high temperatures, high tensile or
compression loads, hostile environments, dimensional stability, lightweight applications,
high electrical conductivity and good thermal and solvent resistance. These high performance

fibers can be divided into many categories:

e Aromatic Polymeric Fibers, including:

a) Aromatic Polyamides: Nomex®, Kevlar® developed by DuPont.

b) Aromatic Polyesters: Vectran® an aromatic polyester fiber by Celanese Corp.

c) Aromatic Polyimides: Polyimide 2080 by Dow Chemical Co.

d) Aromatic Heterocyclic Polymers: Polybenzimidazole® (PBI) by Celanese Corp.,
Polybenzobisthiazole (PBT) by Celanese and DuPont and Polybenzobisoxazole
(PBO) by Toyobo Co. Ltd.

e Polyolefin Fibers: Gel spun polyethylene known as ‘Ultra High Molecular Weight

Polyethylene’ by Honeywell.

e (Carbon Fibers: Polyacrylonitrile (PAN) carbon fiber or pitch-based carbon fiber from

BASF, Amoco, Ashland and other companies.

e Inorganic Fibers: boron fibers, silicon carbide fiber.



2.1.1 Zylon®
Zylon® belongs to the “aromatic heterocyclic” class of high performance polymers/fibers. It
consists of rigid-rod chain molecules of poly (p-phenylene-2, 6-benzobisoxazole) or PBO

developed by Toyobo Co. Ltd [3]. The chemical structure of the polymer is shown in Figure

1 [4].

Figure 1 Chemical structure of repeat unit of Zylon® fiber [4]
There are two types of Zylon” fibers, AS (as spun) and HM (high modulus). HM is

especially different from AS in modulus and moisture regain. There properties are depicted

in Table 1.
Table 1 Properties of Zylon® fiber [3]
Properties Zylon® AS Zylon® HM

Filament dtex 1.7 1.7
Density (g/cm’) 1.54 1.56
Tensile strength (cN/dtex) 37 37

Tensile modulus (cN/dtex) 1,150 1,720
Elongation at break (%) 3.5 2.5
Moisture regain (%) 2.0 0.6
Decomposition temp. (°C) 650 650
Limited Oxygen Index (LOI) 68 68




Zylon® is available in many forms: continuous filament yarn, staple fiber, and also as spun

yarn. It has numerous applications that include [3]:

Protective Clothing: protective clothing for firefighter, safety gloves, heat-resistant
clothing, body armor, and protective gloves for electric works.

Sports: sailcloth, yacht ropes, Japanese-style bow strings, tennis racket strings, ski
poles, fishing rods, bicycle spokes, racing suits, racing cars, jeans, and golf club
shafts.

Aerospace: tendons for balloons, and aircraft engine fragment barriers.

Industrial materials: heat resistant felts, optical fiber cables, cable jackets for welding
machines, reinforcement for belts, and tire cords.

Others: speaker cones, sewing thread, and protective rubber gloves for high voltage.

2.1.2 Vectran®

Vectran” belongs to the “aromatic polyesters” class of high performance polymers/fibers.

The polymer for this fiber is based on copolyesters. An example includes polymer

preparation from the melt polymerization of p-acetoxybenzoic acid and 2-acetoxy-6-napthoic

acid [2]. The chemical formula for the Vectran® fiber is shown in Figure 2 [5].

Lolree,]

Figure 2 Chemical structure of repeat unit of Vectran® fiber [5]



Vectran® is a high-performance fiber spun from Vectran” liquid crystal polymer (LCP)
developed by Celanese Corp. in 1985 [5]. Vectran® fiber offers high strength and modulus,
excellent creep resistance, high abrasion resistance, excellent flex/fold characteristics,
excellent chemical resistance, outstanding cut resistance, excellent retention properties at
high/low temperatures, and high impact resistance and good shock absorbency. Some typical

properties are shown in Table 2.

Table 2 Properties of 166.67 Tex/300 filament yarns from Vectran™ HS and M fibers [5]

Properties Vectran® HS Vectran® M
Tensile strength (g/denier) 23 9
Tensile modulus (g/denier) 525 425
Elongation at break (%) 3.30 2.00
Melting point (°C) 330 276
Moisture regain (%) <0.1 <0.1
Density (g/cm’) 1.4 1.4
Chemical resistance Hydrolytically stable. Resistant to organic solvents
Stable to acids (< 90% conc.). Stable to bases (< 30%
conc.)
Vectran® HS is the high strength reinforcement fiber and Vectran® M is a high
performance matrix fiber.

Vectran® has many applications, some of which are [5] ropes and cables such as sonobuoy
cables, seismic/magnetometer tow cables, and parachute cords. Vectran® is used in industrial
products (heat resistant belting, tape reinforcement, and NASA/aerospace products) and

sports and leisure products (sailcloth, mountaineering ropes, bowstrings and snowboards).



2.1.3 Kevlar®
Kevlar® aramid fiber is based on poly (p-phenylene terephthalamide) (PPT-T) polymer,
which belongs to the “Aromatic Polyamides” class of high performance polymers/fibers.

Figure 3 shows the chemical structure of Kevlar® fiber [2].
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Figure 3 Chemical structure of repeat unit of Kevlar® fiber [2]
Kevlar® was introduced by DuPont™ in 1970s and is supplied by DuPont™ Textile Fibers.
The properties can be summarized as: high tensile strength at low weight, low elongation to
break high modulus (structural rigidity), high chemical resistance, high toughness (work-to-
break), excellent dimensional stability, high cut resistance, and flame resistance. Today, there
are many grades of Kevlar® available: Kevlar® 29 (all-purpose yarn), Kevlar® 49 (high
modulus yarn), Kevlar® 68 (moderate modulus yarn) and Kevlar® 149 (ultra-high modulus
yarn). Table 3 shows the differences in some of the material properties among the different

grades of Kevlar® fibers [2].



Table 3 Properties of different grades of Kevlar® fibers [2]

®

Kevlar Density Tensile Tensile Strength Tensile Moisture
Grade g/em’ modulus g/denier Elongation % Regain %
g/denier
29 1.44 488 22 4.0 7
49 1.44 976 22 2.5 4.5
68 1.44 715-780 24 29 6
149 1.47 1100 19 1.5 1-1.2

Kevlar”® is best known for its application in the field of bullet-resistant personal body armor.
But the applications for the light weight and strength of Kevlar® are many and some new
specialty applications include [6]: Dupont™ fire resistant mattress material, adhesives and
sealants, ballistics and defense, belts and hoses, composites, fiber-optic and electro
mechanical cables, friction products and gaskets, protective apparel, tires, and ropes and
cables. Table 4 shows a comparison of physical properties of the high performance grade for

the three fibers.

Table 4 comparison of physical properties for Zylon® HM, Vectran® HS, and Kevlar® 49 [2]

Tensile strength

Tensile modulus

Tensile

Yarn type Density g/cm’
g/denier g/denier elongation %
Zylon® HM 1.56 42 2033 2.5
Vectran® HS 1.40 23 525 3.30
Kevlar” 49 1.44 22 976 2.5




2.2 Physiochemical aspects of photo degradation

Ultraviolet radiation that reaches the earth’s surface consists of 6% of the total solar radiation
and has wavelengths ranging from 290 to 400 nm [7]. The stratospheric ozone blocks
radiation below 290 nm and the remainder of the radiation comprises of visible (52%) and
infrared (42%). Most polymers have their bond dissociation energies corresponding to 290-
400 nm of wavelengths and hence are greatly affected by this part of the solar radiation.
Photo degradation (chain scission and/or crosslinking) occurs due to the activation of the
polymer macromolecule by the absorption of a photon of light by the polymer [8]. In some
cases light is absorbed by photoinitiators (instead of the polymer directly), which then
photocleave into free radicals and initiate degradation. The resulting chemical and physical
changes that occur are a result of complex reactions involving the combined effect of UV,
oxygen, temperature, moisture, wind-borne abrasives and many other environmental
components in almost all the cases. Solar radiation, air and pollutants usually initiate
photoaging, whereas water, organic solvents, temperature and mechanical stress enhance
these processes. Photo degradation changes the polymer molecular weight by the scission of
bonds, which then substantially changes the mechanical properties of fibers [9]. This
deterioration of properties makes the handling of materials difficult without failure, and
additionally chain scission increases chemical reactivity of the system. Contrary to chain
scission, cross-linking results in an increase in molecular weight. Low levels of cross-linking
improve the mechanical properties whereas high levels of cross-linking further increase

strength and elasticity but make the structure brittle and hence elongation to break reduces.



2.2.1 Photostability of polymers

Depending upon the ability to resist photo degradation, polymers currently used can be

divided into three broad categories [10]:

1) Highly stable polymers: These polymers are used without the application of any
photo stabilizer, e.g. polytetrafluoroethylene and poly (methyl methacrylates).

2) Moderately stable polymers: These polymers are used without any stabilizer, e.g. poly
(ethylene terephthalate) and polycarbonates.

3) Poorly stable polymers: These polymers need extensive stabilization for outdoor
application, e.g. polyolefins, poly (vinyl chloride), polystyrene, polyamides, rubbers,

etc.

2.2.2 General mechanism of photo oxidative degradation of polymers

A key principle of photochemical phenomena is the Grotthus-Draper law. This states that
only the absorbed radiation can be effective in producing a photophysical process (e.g. bond
dissociation) or photochemical change (e.g. photo-rearrangement) in that molecule. For
convenient reference, the ultraviolet has been divided into different wavelength regions: UV-
A 400 to 315 nm, UV-B 315 to 280 nm, and UV-C 280 to 100 nm [11]. Wavelengths in the
UV-C region have the greatest potential to induce bond scission. Wavelengths in the other
two regions lead to excitation of electrons in a chemical bond, raising them to a higher level
of energy, which is called a photochemical process. When a polymer molecule absorbs

electromagnetic radiation (light), its energy increases by an amount equal to the energy of the

absorbed photon (E) [8]:
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E=E»-E;=hv
Where: E,, E; are energies of a single molecule in the final (excited) and initial (ground)
states, respectively, h = Planck’s constant and v = frequency of radiation. The excited
molecule may then lose the absorbed energy by (a) heat, (b) the emission of radiant energy in
the form of fluorescence or phosphorescence, (c) undergoing a chemical change within the
molecule, (d) the breaking of chemical bonds (photolysis), or (e) transfer of energy to another
atom or molecule. It is essentially the acquisition of energy and its loss through these five
principal ways that may be considered to be the primary process of photochemistry [11]. The
first two are considered photophysical processes and the other three are considered
photochemical. A fundamental law governing this event is the Stark-Einstein Law, also
known as the law of photochemical equivalence. It states that one atom or molecule is
activated for every photon that is absorbed. If one molecule is changed or decomposed for
every photon of light absorbed, the photochemist says that the quantum yield or quantum
efficiency is equal to 1, as predicted by the Stark-Einstein Law. Polymer photo oxidative
degradation, which includes processes like chain scission, crosslinking and secondary
oxidative reactions, occurs by the free radical mechanism (similar to thermal oxidation) in

the following steps [10]:
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Polymer > P+ P~ Initiation

P+ 0, 2 POO" Chain propagation

POO "+ PH - POOH + P~

\
POOH - PO+ OH
PH+ OH=> P +H,0O > Chain branching
PO ' = Chain scission reactions w,
POO "+ POO ) )
POO "+ P > Crosslinking reactions > Termination
P +P _)  tonon-radical products

Where PH = polymer, P * = polymer alkyl radical, PO " = polymer oxy radical (polymer
alkoxy radical), POO " = polymer peroxy radical (polymer alkylperoxy radical), POOH =

polymer hydroperoxide, and HO "= hydroxy radical.

The above mechanism applies to both thermal and photo oxidative degradation of polymers;
however, the initiation steps differ in each case: in thermal degradation, initiation results
from the thermal dissociation of chemical bonds; and in photo oxidative degradation,
initiation results from different photophysical processes such as the formation of
electronically excited species, energy transfer processes or direct photodissociation of

chemical bonds [10].
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2.3 Factors affecting photo degradation

There are several factors that play an important role in the photo degradation of polymers
such as polymer morphology (the molecular structure and the amounts of amorphous and
crystalline regions), temperature, oxygen, moisture, wavelength, and polymer manufacturing

and processing. We will discuss these in detail.

2.3.1 Role of polymer morphology

Polymer morphology (amorphous and crystalline regions) plays an important role in
oxidation and/or photo oxidation reactions [8, 10]. The amorphous phase in a polymer is the
region of disorder, with chains lying in random fashion and it acts as a boundary phase of the
neighboring crystalline regions. For polyolefins (polyethylene and polypropylene), which are
semicrystalline polymers, oxidation is generally considered to occur in the amorphous
region. As a result of degradation, the molecules, which connect the crystallites through the
amorphous phase, are cleaved, and as result the elongation reduces and there are changes in
other physical properties as well. Degradation reduces the amorphous content of a polymer
and hence increases the crystallinity of the polymer. It is known that increases in crystallinity
decrease the permeability of most semicrystalline polyolefins by reducing the volume
available to the molecule entering and by limiting the mobility of the amorphous segments
nearby. Geetha et al. studied the photodegradation of polyethylene and investigated the effect
of polymer characteristics on chemical changes and mechanical properties [12]. In their
work, photo-oxidative degradation of quenched samples of linear low density (LLD),
medium density (MD) and two kinds of high density (HD) polyethylene (PE) films was

studied using a medium-pressure mercury lamp. In polyethylene crystalline lamellae are
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interconnected via tie molecules (the region between amorphous and crystalline regions) and
the degradation in this region plays an important role in determining the embrittlement time
for these samples. For example, in high density polyethylene (HDPE), due to its highly
crystalline nature, small amounts of oxidation causes great damage to the tie molecules. It
was seen that greater amounts of crosslinking and build up of oxidation products were
noticed in LLDPE than the other samples. In another work done on polyethylene the effect of
crystallinity and crystal size was studied on its photostability [13]. It was shown that the
photostability of quenched linear low-density polyethylene (LDPE) is superior to that of
annealed LDPE. The quenched sample has smaller crystallites than the annealed one.
However, the amount of crystallinity does not depend on the method of film preparation and
hence, quenched LDPE has a greater number of tie molecules and gets a higher number of
oxidation products without causing serious damage to the tie molecules. The chain length is
also an important factor when considering photo degradation of polymers. Longer chains
have greater probability for oxidative attack and chain rupture than shorter chains [10]. This
has greater impact on changes in weight average molecular weight than number average
molecular weight. Chain scissioning affects not only molecular weight, but also mechanical
properties, such as elongation. Torikai et al. studied the photo degradation of cross linked
polyethylene and found that the rate of formation of oxidation products and chain scission is
faster in cross linked polymer than the un-crosslinked one [14, 15]. They found out that
firstly, the degree of crystallinity (or density) of crosslinked polyethylene increases with

irradiation time. Figure 4 shows this result.
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Figure 4 Changes of the density of PE against photo-irradiation time.
O = Crosslinked PE; A = native PE [14].
Secondly, chain scission of crosslinked PE takes place during photoirradiation, and increases
with irradiation time. The above results are explained by the following argument: the
crosslinking of PE takes place only in the amorphous regions because the radicals formed in
the crystalline region cannot move freely and contribute to crosslinking under the
experimental conditions (irradiation was carried out at room temperature). The chain scission
in crosslinked PE in the amorphous regions makes the polymer chain more mobile, because
the chain lengths of PE molecules become shorter. This causes the degree of crystallinity to
increase due to closer packing of the smaller chains. Similar results have been found for
Nylon. Nylon 66 and Nylon 6 are also semicrystalline polymers. It is known that the
oxidative stability of these polymers, in terms of their physical structure, is influenced by the
crystalline phase and its distribution. The crystalline phase is impermeable to oxygen and

hence oxidative degradation does not proceed in this phase [16]. Lanska et al. studied the
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effect of crystallinity and of the type of crystalline structure on the thermally initiated
oxidation of hydrolytic polymers of caprolactam. They found that under conditions where the
rate of oxidation is not diffusion-controlled, the rate of oxidation of hydrolytic polymers of
caprolactam is proportional to the amorphous fraction and independent of the nature of the

crystalline phase.

2.3.2 Role of temperature

The main effect of temperature on the kinetics of photo degradation is connected with the
ability of the free radicals formed to separate and depends strongly on their mobility in the
polymer matrix or in solution. At high temperatures, additional reactions due to thermal
degradation start taking place and the whole picture of photo degradation changes [8]. Bjork
and Stenberg studied the aging of vulcanized natural rubber [17]. Their samples were heated
for more than 2000 hours in an air oven at 100°C. They found that an oxidized layer was
formed on the surface of their samples, which was hard and brittle and attributed these
properties to thermooxidative crosslinking. They found also that the samples could be
cracked easier after aging. In a work done on polypropylene some aspects of the photo,
photothermal and thermal decomposition of polypropylene under vacuum were studied [18].
The authors found out that the thermal degradation of polypropylene is accelerated by 253.7
nm radiation (photothermal degradation) and methane and ethylene appear as additional
products. These are associated with photoinitiation of the radical process involved, the
mechanisms of the thermal and photothermal reactions being otherwise identical. At 20° C
irradiation causes an increase in molecular weight while at 200° C a decrease is observed.

The changeover occurs at approximately 100° C. While studying the rates of degradation,
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they subtracted the thermal rate from the photothermal one and plotted it as a function of
temperature. Weight loss and the proportion of chain fragments and products volatile at 20°
C for thermal and photothermal degradation at 354° C were compared and were all seen to be
linear with time. Irradiation clearly increases the rate of volatilization. These results are
typical of the temperature range 300-354° C. Figure 5 shows the weight loss % plotted

against temperature.
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Figure 5 Extent of photodegradation of polypropylene in 15 hours as a function of
temperature [18].
In the next step the effects of irradiation in the temperature range 20-200° C were assessed by
molecular weight analysis and from the weight loss characteristics on subsequent thermal
degradation. Figure 6 shows the changes in molecular weight on irradiation of polypropylene
at 20° C and 200° C. An increase in molecular weight occurs at 20° C and a decrease at

200° C. No change due to purely thermal degradation occurs even at 200° C.
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Figure 6 Molecular weight as a function of time of degradation of polypropylene.

V = Photo at 20°C: O = thermal at 200°C: [ ] = photothermal at 200°C [18].

2.3.3 Role of polymer manufacturing and processing

There are a number of light absorbing impurities present in polymers that are produced in
side reactions during polymerization, processing and storage. Impurities can be further
grouped into internal impurities like hydroperoxides, carbonyl and unsaturated bonds,
catalyst residues and charge transfer complexes with oxygen [8,10]. Impurities can be
external also with traces of catalysts, solvents, atmospheric pollutants, metals and metal salts
from processing equipment. During processing, polymers are exposed to high temperatures
and oxygen, which cause thermal oxidation, and to the powerful shearing stress in the

extruder. Shearing causes strain at certain points in the chain high enough to break the
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covalent bonds and all this then makes the polymer more vulnerable towards photo
degradation [8, 10]. In the same work done by Grassie and Leeming [18], they also talk about
the influence of chromophoric impurities on the photo degradation of polypropylene. It was
suggested that pure polypropylene, being a saturated hydrocarbon, should not be expected to
absorb the 253.7 nm radiation, which leads to the initiation of these radical processes.
Commercial polypropylene contains certain chromophoric impurities. Titanium and
aluminium residues from the polymerization catalyst are probably present in the form of the
oxides which absorb at wavelengths shorter than 400 nm and 300 nm respectively, and ferric
ion, the most likely adventitious impurity from production machinery, has an absorption
maximum at 230 nm. Figure 7 shows that polypropylene containing 0%-5% of TiO;
thermally degrades perceptibility faster after pre-irradiation. Addition of 0.5% Al,O; has a

comparable effect.
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Figure 7 Effect of TiO; and Al,O3 on the weight loss of polypropylene after 3 hours at 354°C
as a function of time of pre-irradiation at 20° C. [1 = No additive; O = 0.5% Al,Os;

V =0.5% TiO, [18].
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Another important aspect to look upon is the role of polymer processing. It is necessary many
times for polymers to be processed into plastics for use in the production of commercially
available articles. These articles generally include 1%-2% of different additives such as anti-
oxidants, photostabilizers, pigments and dyes etc. Sometimes two or more polymers are
mixed to get a blend and then converted to a final product. Temperatures involved during the
processing of polymers are generally 150° C-300° C, sometimes very high temperatures of up
to 300° C are also reached in some particular processes like extrusion coating or melt
spinning. At such high temperatures polymers are thermally oxidized [8, 10]. This oxidation
makes the polymer more vulnerable to photo degradation, degradation due to moisture and
also chemical degradation. Polymer processing conditions are sometimes called the
processing history of a polymer, which is very important for understanding the photo

degradation mechanisms.

2.3.4 Effect of moisture

During exposure of polymer samples to high-energy radiation, elevated temperatures are
reached which tend to reduce the moisture content of samples to levels far less than would be
present under normal conditions of aging. It is due to this reason that the effect of moisture
can easily be overlooked. This can lead to erroneous conclusions concerning the predicted
stability of the product under normal conditions [11]. Water can have at least three effects in

the degradation of polymers, they are:

a) Chemical: hydrolysis of the ester or amide bonds,

b) Physical: loss of the bond between the vehicle and a substrate or pigment, and
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c) Photochemical: generation of hydroxyl radicals or other chemical species.

A fourth influence could be the facilitation of ionization and the mobility of ionic entities,
which is an important aspect of corrosion chemistry. Allen and coworkers reported an
increase in the rate of deterioration between 0% and 100% RH as high as 11.6 times for loss
in degree of polymerization in cellulose triacetate films at 21° C on aluminum [19]. Film
samples were also cast on glass, polyethylene, and tin-plated iron. The extent of degradation
was measured by the time for the cellulose triacetate to lose 10% of its viscosity and the data
were plotted against the reciprocal temperature. The plots are then extrapolated to give a
prediction of actual film life when stored under ambient temperature conditions. There
results show that the degradation rate is greater at 100% RH than at 50% RH and effectively

illustrates the hydrolytic effect of moisture in the degradation mechanism.

2.3.5 Role of oxygen

It has been found that in oxygen-rich environments chain scission predominates over cross
linking whereas the reverse happens in oxygen-starved environments [9]. The direct breaking
of chemical bonds (chain scission) in materials upon exposure to ultraviolet and visible light
in the absence of oxygen is called photolysis, and is most commonly induced at low
wavelengths of ultraviolet radiation. However, in the presence of oxygen, thermal or photo
degradation induced oxidation takes place, which is of principal interest with respect to long-
term stability of organic materials [11]. Oxygen amounts to 21% of air by volume and plays
an important role in the oxidative deterioration of organic materials. When a degradation

experiment is carried out in open air then the concentration of oxygen available to the sample
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effectively remains constant and hence its role may not be apparent. The presence of oxygen
commonly, leads to the formation of hydroperoxides (ROOH) through a reaction with

hydrocarbon free radicals.

This reaction is usually represented by the following equations [11]:
R +0; 2> ROO"
ROO '+ RH - ROOH + R~

The resultant hydroperoxides act as either as initiators of further reactions or as

intermediates. There are three principle ways in which the role of oxygen can be studied,

they are:

a) The first way is to expose the samples under an atmosphere of pure oxygen and then
compare the behavior under this circumstance to that in vacuum or an inert atmosphere
such as nitrogen. If certain bands disappear or at least diminish in the infrared spectrum
then one can conclude that some reactions took place, which do not involve oxygen.
Slight changes in the initial stages of exposure could be due to the traces of oxygen that
may still be present. However, if the changes persist beyond this initial period, then this
shows the presence of photolytic or pyrolytic changes.

b) The second approach would be to follow the consumption of oxygen either by its change
in volume or pressure. This can be measured directly by connecting the reaction chamber
to a calibrated buret-type manometer. Hawkins et al., made extensive use of such an

equipment at Bell Laboratories; Figure 8 shows the equipment [20].
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Figure 8 Apparatus used for measurement of oxygen uptake [20]

The above described method is particularly successful in systems that exhibit a marked
induction time followed by an abrupt increase in oxygen uptake as in the testing of
polyethylene insulation containing carbon black. In the same apparatus it is also possible
to study the effect of decreasing the partial pressure of oxygen.

The third method involves the use of pressures of oxygen higher than normal. This could
be done by following the rate of degradation while varying the ratio of oxygen to

nitrogen or other gases of interest.
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In thick samples, the rates of diffusion of oxygen into the specimen can control the rate of
deterioration in the interior of the material relative to the exterior [11]. Hence, the usual
practice is to test a series of samples of decreasing thickness until the property observed is no
longer influenced by the sample thickness. Photochemical damage is largely confined to the
outer surfaces of moderately thick samples, this is partially due to the fact that light gets
absorbed as it passes into a material and because of the fact that oxygen won’t be able to

diffuse into the sample to a great extent.

2.3.6 Influence of wavelength

Visible and ultraviolet radiation exhibit properties characteristic of both waves and particles.
The particle, bundle, or bullet of electromagnetic radiation is called a photon. The energy of
photons in the infrared region (long wavelength, low frequency) is not enough to induce the
chemical reactions that are normally encountered in photochemical deterioration. However,
as the wavelengths of radiation decrease through blue, violet and into the ultraviolet region,
the energy of the photons increases [11]. Thus it is simple to state that the shorter the
wavelength, the more energetic the photons, and therefore the more potentially damaging the
radiation. There are two key terms to be defined in order to understand the role of
wavelength in photo degradation, they are: activation spectrum, which is the effect of
wavelength on the extent of degradation and wavelength specificity, which is the influence of
wavelength on the mechanism and type of degradation. Andrady and Searle have shown in
their work activation spectra that show a general rise in degradation, as wavelength is
decreased below 400 nm, gradually reaching a peak of activity that is then followed by a
decline [21]. In their work the activation spectra of bisphenol A polycarbonate based on
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yellowing and increase in ultraviolet (UV) absorption were obtained and they found out that
the optical changes are caused by two distinctly separate regions of borosilicate filtered
xenon arc radiation, wavelengths below 300 nm and between 310 nm and 340 nm or 350 nm.
The shorter wavelength region causes both more severe yellowing and greater increase in UV
absorption and yellowing by solar radiation is due only to the longer wavelength region.
Johnson et al. reported the loss of tensile strength versus wavelength in their study [22]. They
studied the wavelength dependence of photodegradation of three high temperature aromatic
polyamide polymers. One of these polymers, poly- (isophthalamide) was found to be
degraded significantly by visible light, especially that of 414 nm wavelength. Both the poly-
terephthalamide and DuPont Nomex, also an aromatic polyamide, were damaged primarily
by radiation in the near ultraviolet region. All three thermally resistant polymers were thus
found to be degrading by light of much longer wavelength than that which is harmful to other
common polymers. The work of Yano and Murayama serves as a good example for the
precise determination of the influence of wavelength [23]. In their work nylon 6 films of
thickness of 30 micrometers were exposed to the radiation of a 2000 W xenon lamp. The
change in the density of the film as well as the dynamic modulus of elasticity were measured
as a function of wavelength. They point out that the decrease in the response below the
apparent peak at 250 nm is due in part to the increased absorption of the shorter wavelengths
of ultraviolet by the polymer. The dynamic modulus (E) and the density of nylon 6 were

increased below about 300 nm as a result of crosslinking. Figure 9 shows their results.
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An example of the change in mechanism of degradation with wavelength (wavelength
specificity) can be seen in the work of Allen et al [24]. They studied the post-cured
photooxidative stabilities of electron-beam and UV cured resin films derived from triacrylate
and amine diacrylate oligomers. The authors observed that greater oxidation took place in a
Microscal unit than under a 365 nm ultraviolet source. The explanation given was that the
shorter wavelengths in the emission from the high-pressure mercury-vapor/tungsten lamp of
the Microscal unit were absorbed by carbonyl groups, the principal initiators of oxidation in
this type of resin. In contrast, the 365 nm radiation would have been absorbed primarily by

peroxide groups and these had been shown not to be major initiators of photo-oxidation in
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this resin. In the case of a type of resin having traces of benzophenone, cured by ultraviolet
radiation, there was little difference in the extent of oxidation. Here the short wavelength
radiation from both sources was strongly absorbed by the benzophenone component. In this
example, one type of resin (electron cured) was seriously affected by the source of radiation
employed, whereas another (UV cured) was not. Another example of wavelength specificity
is the concept of critical wavelength. The reason for a critical wavelength before specific
photo degradation processes will be observed can usually be explained by the need for
radiation to be absorbed by a particular chromophoric group before degradation can be

initiated [11].

2.4 Practical aspects of photo degradation

Experimental methods in polymer photo degradation include the following [8]: radiation
sources, photo degradation procedure, measurement of UV radiation intensity, determination
of low molecular weight products and quantum yield of photo degradation, determination of
crosslinking, chain scission and rate of photolysis from spectroscopic measurements, studies
of the kinetics of oxidation and oxygen uptake measurements, application of IR, nuclear
magnetic resonance (NMR), electron spin resonance (ESR) and ultraviolet-visible (UV-VIS)
spectroscopy in the study of photo degradation, mechanical testing, and testing of weathering

of polymers. Some of the above will be discussed here in detail.

2.4.1 UV/VIS lamps and radiation source devices
Incandescent or arc discharges in lamps filled with gases or the vapors of metals or chemical

compounds (e.g. thallium iodide), are used as sources of ultraviolet and visible radiation. The
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lamps are classified as low pressure, medium pressure, or high-pressure lamps. At low gas
pressures radiation is emitted in the form of separate spectral lines whereas at high pressure a
continuous band is formed. Some of the firms that produce these lamps are Quartz-lampen
GmbH Hanau (Germany), Philips (Holland) and Lamp Division, Engelhard Industries,
Newark, NJ (USA). These lamps differ significantly depending upon the manufacturer. Some
of the differences are: emission spectra (which are different for low, medium and high-
pressure lamps), radiation intensity, working temperature, lifetime, size, and construction [8,

10].

2.4.2 Photo degradation procedure

The photo degradation of film samples in air is usually done by placing them on a frame and
irradiating them from a required distance by a radiation source; and the films should be as
thin as possible. Samples are rotated around the source so that they are irradiated from both
sides [8]. For exposure in an oxygen-free atmosphere or in pure oxygen, specially
constructed cells are used in which film samples are dipped in solution. Polymer solutions
are often directly irradiated in optical quartz cuvettes. It is important to stir the solutions in
the cuvettes in order to obtain a homogeneous irradiation. The kinetics of polymer photo
degradation in solution is easy to investigate by measuring the change in viscosity of the
solution during exposure. Exposure of fabrics and yarns can be done in weatherometers
which use a lamp in the middle with samples to be exposed hanging on a rack rotating

around the lamp [8].
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2.4.3 Application of UV/VIS and IR spectroscopy in study of polymer oxidation
Absorption spectroscopy (UV/VIS and IR) is a fundamental method for the determination of
absorption spectra of antioxidants, photo stabilizers and other additives, and for following
their thermolysis and/or photolysis. Application of UV/VIS spectroscopy in the photo
degradation of polymers is mainly concerned with the presence and/or formation of some of
these chromophoric groups (chromophores are any parts of molecules which contain =-
electrons and absorb ultraviolet and/or visible radiation) in polymer molecules [8, 10].
Infrared spectroscopy has three important characteristics that contribute to its usefulness,
they are:

a) No two dissimilar molecules can have the same IR spectrum. This helps in
identifying all the changes occurring while undergoing photo degradation.

b) IR spectroscopy can be used for the study of the kinetics of any process involved
in the degradation and stabilization because the IR spectra of mixtures are
additive and absorption is proportional to concentration.

c) IR spectra can be obtained non-destructively on any type of polymer or additive
sample-solid, liquid or even gas.

The carbonyl (-CO-) and hydroxy (-OH)/hydroxyperoxide (-OOH) frequencies are the best
known of the characteristic infrared absorption bands formed upon photo oxidative and/or

thermal oxidative degradation of polymers.

2.4.4 Viscosity measurements
Viscosity measurements are commonly used to monitor rate of change in molecular weight

during the thermal and/or photo degradation of polymers. Polymer solutions are made in their
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respective solvents and run times of pure solvent and solutions are measured using a
viscometer. The specific viscosity (1sp) (for a dilute solution) is given by [8, 10]:

Nep = (t-10)/to
where t and t, are the flow run times for polymer solution and pure solvent. The reduced
specific viscosity, N4 1S then given by:

Nred = Nsp/C

where c is the concentration of polymer sample in g/ml.
A line graph of Mg vs. ¢ is then plotted and the line when extended to ¢ = 0, gives the
intrinsic viscosity [n] or miy of the polymer. Similarly one can calculate the [n] for the
exposed samples a comparison would allow the assessment of the respective molecular
weights. The lower the iy, the lower the molecular weight and vice versa. For polydispersed
linear polymers the viscosity average molecular weight (M,) is given by the Mark-
Houwink-Sakurada equation:

[n] =K My)*
where K and a (0.5-0.8) are constants for a particular solvent. M, lies between the number
average molecular weight (M,) and weight average molecular weight (My). However,
molecular weight values obtained from intrinsic viscosity measurements are very sensitive to

errors in concentrations.

2.4.5 Mechanical testing of polymer (plastic) samples
The deterioration of mechanical properties is normally assessed by measurement of tensile

strength, elongation, fracture resistance, flexural strength measurements ensuring that the
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surface of sample subjected to tensile stress is the same as the one exposed to the radiation
source. Tensile test pieces are usually in the form of dumb-bells, and several test methods are
available to use, e.g., ISO 37, ASTM D412 and BS 903 part 2. In all the standard test
procedures tensile strength and modulus are expressed as force per unit area of the initial
sample cross section. [8, 10]. The retention of tensile strength (for yield, elongation,
breaking) (F) can be calculated from the following equation:
F=F,/Fy,x 100 (%)
Where F; and F, are tensile strengths after exposure and of the original specimen,

respectively.

2.4.6 Study of weathering of polymers
Weatherability of a polymer can be generally defined as the ability to withstand complex and
variable atmospheric conditions similar to those prevailing in actual application conditions.
Some of the factors implemented during the weathering test are [10, 25]:

a) Exposure to sunlight

b) Exposure to heat (day and night temperatures)

¢) Humidity (moisture, rainfall, acidity of rain)

d) Atmospheric contamination (0zone, smog, sulphur dioxide, etc)

e) Mechanical corrosion (gust of wind loaded with dust, impact of rain)

The effectiveness of these factors depends on the geographical location of the testing place
and its elevation above sea level. In order to obtain a certain average effect of climatic

factors, it is necessary to carry out a test during no less an interval than 1-5 (sometimes even
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10) years [8]. Now the plastics industries require quick answers on product aging in
environmental and/or aggressive conditions. Therefore accelerated tests (outdoor as well as
laboratory) have been developed which allow prediction of behavior of materials in working
conditions. The most common accelerated outdoor testing devices are sun-following devices
such as:

a) EMMA - Equitorial mount with mirrors for acceleration, designed to simulate

arid conditions.
b) EMMAQUA — EMMA in which the samples are sprayed with water for 8§ min

during each hour of operation, designed to simulate wet climates.

These devices automatically follow the path of the sun in the sky. Similarly, there are several
commercially available laboratory-testing devices for artificial aging and weathering of
polymers and plastic materials for example [8, 10]:

a) UVCON®: trademark registered by Atlas Electric Devices Co., USA. In this
instrument it is possible to expose materials to alternate cycles of fluorescent UV
radiation and visible light and condensation.

b) Fadeometer®: trademark registered by Atlas Electric Devices Co., USA. In this
machine only lightfastness can be tested.

¢) Weatherometer®: trademark registered by Atlas Electric Devices Co., USA. In
this device materials are tested for climatic conditions corresponding to those
found in nature.

d) Xenotests®: trademark registered by Heraeus Hanau GmbH, FRG. The action is

similar to the Weatherometers.
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In all these devices the materials are tested for climatic conditions corresponding to those
found in nature and can be tested on a repeatable basis. One can control the optical radiation,
specimen temperature, humidity conditions, concentration of atmospheric contaminants, and

sample wetting in these instruments.

2.5 Photo degradation of homo chain polymers

There are numerous homo chain polymers that are susceptible to degradation due to light;
polyolefins, polyketones, poly (vinyl alcohol), polycarboxylic acids, polyacrylonitrile, poly
(vinyl chloride), polystyrene and many more [8, 10]. Some of the important polymers will be

discussed here in detail.

2.5.1 Photo degradation of polyolefins

Pure polyolefins contain only C-C and C-H bonds and for that reason the UV absorption
spectra should not exceed 200 nm. However, they have extended absorption up to 400 nm
due to the presence of internal and/or external impurities, which are also responsible for
fluorescence and phosphorescence emission [8]. There have been numerous publications that
address the photo degradation of polyolefins, some of them are discussed here. Effects of
sunlight-simulated UV irradiation on the tensile properties and structure of ultra high
molecular weight polyethylene fiber (UHMWPE) has been studied using X-Ray diffraction,
SEM, dynamic mechanical analysis (DMA) and tensile testing. 300 hours UV sunlight
irradiation showed reduction in tensile properties and their SEM micrographs revealed non-
uniform degradation throughout the fiber and a change from ductile to brittle fracture

mechanism. DMA results established that irradiation induced molecular scission and
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branching was located primarily in the amorphous and interface regions of the fiber [26].
Miltz and coworkers investigated the accelerated weathering induced degradation of
polyethylene slabs and found out that oxygen barriers placed on one or both surfaces of the
slabs significantly reduced the photo oxidation and the outermost layers were the most
affected, based on which they concluded that the photo degradation is affected primarily by
the diffusion of oxygen [27]. In the succeeding work they found that photo degradation
causes an increase in degree of crystallinity along with an increase in elastic modulus and
decrease in elongation and oxygen permeability [28]. Miltz et al. have also previously
studied the effect of Ultraviolet radiation on chemically crosslinked low-density polyethylene
by tensile property measurements and discovered that crosslinking results in an insignificant
improvement, which is much less than the effect of UV stabilization of the non-crosslinked
polymer. The combination of crosslinking/UV stabilization produces samples of significant
resistance to UV irradiation [29]. Carlsson and coworkers studied the weatherability of
polypropylene filaments and revealed a catastrophic drop in elongation to break after less
than 100 hour of accelerated weathering by xenon arc irradiation in air [30]. Carlsson and
coworkers again studied the weatherability of polypropylene filaments and this time
discussed the effect of fiber production conditions. They found that extrusion and drawing
conditions drastically affect the filament sensitivity to photo-oxidation [31]. Vast literature is
available on photo degradation of polyethylene and other polyolefins [32, 33, 34, 35, 36, 37,

38].
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2.5.2 Photo degradation of polyacrylonitrile

The UV irradiation of polyacrylonitrile causes chain scission and crosslinking leading to the
formation of hydrogen, methane, acrylonitrile and hydrogen cyanide. A cyclization process
may also occur in parallel [8, 10]. In a work done by Patil et al. structural changes occurring
upon atmospheric degradation in polyacrylonitrile fiber were studied using size exclusion
chromatography, FTIR studies, NMR and UV-Visible spectroscopic techniques. Significant
reduction in molecular weight was found after degradation. They found that the finish and
color (pigment type) in these fibers do not greatly affect the chemical structures formed upon
degradation [39]. Guillet et al. studied the photo degradation of acrylonitrile copolymers and
found that inclusion of minor amounts of methyl isopropenyl ketone in the copolymers made
them susceptible to ultraviolet degradation. Decrease in molecular weight attributable to C-C
bond scission by Norrish type II reaction was found [40]. Many researchers have studied the

photo degradation of polyacrylonitrile and its copolymers [41, 42, 43, 44].

2.5.3 Photo degradation of polyacrylates and polymethacrylates

The effects of UV irradiation on these polymers differ significantly. Polyacrylates are
simultaneously chain scissioned and cross-linked, whereas polymethacrylates have no
tendency to form cross links when irradiated. The primary processes following the UV
irradiation of poly (methyl acrylate) involve random homolytic scission of the polymer
backbone and photolysis of the ester side-group [8]. McGill [45] studied the effect of UV
light on the subsequent thermal volatilization of poly (methyl acrylate). Films (50 microns)
of poly (methyl acrylate) were exposed to UV light for periods of up to 45 min and were then
degraded thermally under vacuum and at atmospheric pressure in nitrogen. It was found that
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the formation of crosslinks during photolysis severely decreased the subsequent rate of
volatilization of the polymer by inhibiting the unbuttoning chain reaction mechanism. The
subsequent thermal behavior of films exposed to UV light in oxygen and nitrogen
atmospheres was closely similar. They also found out that photolysis had not altered the
mechanism of the thermal degradation process. Instead, photolysis had produced centers that
inhibited the rate of the subsequent thermal degradation. Since films photolyzed under
nitrogen and oxygen showed closely similar behavior on thermolysis, the inhibition effect of
photolysis was ascribed to the formation of crosslinks in the polymer and not to the
introduction of hydroperoxides. McGill and Ackerman have worked extensively on photo

degradation of poly (methyl acrylate-co-methyl methacrylate) [46, 47, 48, 49, 50].

2.6 Photo degradation of hetero chain polymers

Similar to homochain polymers there are several hetero chain polymers also that are highly
susceptible to photo degradation: polyesters, polyamides and polyaramids, polyethers,
polyimides, polyurethanes, polysulphides and many more [8]. Some of the important

polymers will be discussed here.

2.6.1 Photo degradation of polyamides and polyaramids

Aliphatic polyamides do not absorb light above 290 nm and photo-oxidative degradation of
these polymers in that region can be initiated by the presence of: carbonyl groups,
hydroperoxides and traces of metal ions [8, 10]. The C-N bond is the weakest in the
polyamide molecule. The major initial step in the photo oxidation of aliphatic polyamides at

254 nm is direct photo scission, which is independent of the length of the carbon chain. The
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main groups formed are amines, aldehydes and carboxylic acids. Hydrogen bonding also
plays an important role in the photo degradation of polyamides. Fujiwara et al. studied photo
degradation of nylon 6 fibers by differential thermal analysis (DTA) and thermogravimetry
(TGA). Photo degradation in nylon 6 fibers proceeds primarily by scission and crosslinking
of the polymer molecules. Above 290 nm chain scission is predominant rather than cross-
linking. They showed that nylon 6 tends to form volatile compounds more easily on heating
after it has been degraded [51]. Yano et al. have studied the effect of photo degradation on
the dynamic mechanical properties of nylon 6 using X-Ray diffraction, density measurements
and by measuring dynamic viscoelastic properties. They found an increase in dynamic
modulus E’ and density below 300 nm and found out that scission and cross-linking occur
simultaneously [23]. In another work on nylon 6, Fujiwara et al. found cracks on photo
degraded nylon 6 filaments using SEM, differential thermal analysis (DTA) and thermo
mechanical analysis (TMA). Cracks were formed perpendicular to the axis and of varying
sizes and no cracks were formed in dry atmosphere. Cracking was explained in terms of
residual stress and plasticization by moisture [52]. A paper presented by Hudson revealed the
degradation (thermal and photo) and stabilization of nylon yarns and fabrics. It discussed in
detail the mechanical and chemical properties of nylons, their thermal and photo degradation
and their stabilization. The effect of mechanical loading and aggressive environments was
also discussed [53]. Fornes and coworkers also have studied the effect of near UV radiation
on the morphology and breaking strength of nylon fibers using nuclear magnetic resonance
(NMR), DSC, viscosity and acid dye uptake measurements [54, 55]. Thanki and coworkers
wrote about the photo-oxidative degradation of nylon 66 under accelerated weathering.

Photoproducts were characterized using UV spectroscopy and extent of degradation was
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measured using Fourier Transform Infrared Spectroscopy (FTIR) [56]. There are numerous

other works that discuss the photo degradation of nylons [57, 58, 59, 60, 61].

Ultraviolet and luminescence spectroscopy were used to investigate the photo degradation in
aromatic polyamides (polyaramids) in the absence of oxygen. UV-Visible spectroscopy
results showed yellowing in all samples and luminescence experiments showed changes in
excitation and emission spectra. Initially, soluble samples formed gels after exposure.
Degraded yarns showed < 5% decrease in load at break and elongation at break [62]. In
another work by the same authors, degradation in the presence of oxygen was investigated.
They found a rapid loss in molecular weight with a decrease in useful mechanical properties
but no gelation or cross-linking. Film samples became weak and showed brittleness;
yellowing was also less pronounced [63]. Brown and coworkers studied the photochemical
aging of Kevlar® 49 aramid yarns and filaments from the changes in mechanical and
mechanical properties. Unwoven yarns showed less susceptibility to degradation than yarn in
fabric. They found that reduction in mechanical properties was not associated with any

appreciable change in molecular weights [64].

2.6.2 Photo degradation of polyesters

Among polyesters, poly (ethylene terephthalate) (PET), a thermoplastic material, is most
widely used in the form of fibers and films. This polymer is thermally stable but photometal
ions play a major role in the rate of degradation [8]. Wang and coworkers investigated the
changes in molecular weight and mechanical properties with the distance to the exposed

surface of the irradiated stacked PET film samples. Results show that strongest degradation
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takes place at the exposed surface, and degradation rate decreases with increasing the
distance. These results indicate the surface nature of ultraviolet deterioration in the physical
properties of PET [65]. Allen et al. have studied the physiochemical aspects of environmental
degradation of PET and the UV and thermal hydrolytic degradation of PET. In the former,
investigations were made by measuring the rate of chain scission, viscometric analysis, FTIR
and crystallinity via density measurements at different temperatures. Plasticization by
annealing and the presence of moisture was found to play an important role while chain
scission was found to accelerate in presence of wet soil. In the latter work preconditioning by
heating for 48 hours in a nitrogen atmosphere at 60 and 90°C was found to improve both the
thermal hydrolytic and UV stabilities of the samples [66, 67]. In a continuing work, Wang
and coworkers investigated the kinetics of UV photo degradation of PET films and found that
the degradation process takes place in two steps [68]. Guillet et al. studied the photo
degradation of PET copolymers with comonomers containing backbone and side chain
ketone groups. They found that use of copolymers of this type provide a method for the
controlled photo degradation of polyester fibers [69]. Perusal of literature shows many other
works where photo degradation of unsaturated and saturated polyesters has been studied [70,

71, 72].

2.6.3 Photo degradation of polyurethanes

The photo degradation of aliphatic and aromatic polyurethanes has been discussed widely in
literature [73, 74, 75, 76]. In a series of papers published by Cheu and coworkers,
photodegradation of polyurethanes was studied. In part I, the effect of metal compounds on

degradation was examined from changes in stress-strain properties and IR and UV-Visible
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spectra of the polymer. Some metals were found to increase and other tended to decrease the
rate of photo oxidation. In part II photodecomposition mechanism of polyurethanes and a
model urethane system was studied and it was found out that cleavage of the N-C and C-O
bonds in urethane groups occurs at the early stage of the photodecomposition of
polyurethanes. In part III attempts were made to clarify the excited state in the photo
degradation of polyurethanes on the basis of luminescence data and it was found that photo

degradation proceeds via formation of excited triplet states [77, 78, 79].

2.7 Strength loss in high strength fibers upon exposure to high-energy radiation

Toyobo Corporation published technical information on the Zylon® fiber that discusses its
ultraviolet resistance evaluated using a xenon light weatherometer, a fluorescent lamp and
also in outdoor testing. Figure 10 shows the % strength retained with exposure time (hours)
in comparison with p-aramid fiber from an accelerated laboratory testing as well as from
outdoor testing done on Zylon® [80]. Tests were done on 500 denier multifilament yarns. It
was seen that the strength decreases sharply in or during the initial stage of exposure. In the
accelerated lab testing Zylon® AS and HM lost about 70% strength after 500 hours of
exposure compared to p-aramid AS and HM which lost 55% and 40% strength respectively.
In the outdoor testing Zylon® AS and HM lost about 65% strength after 6 months of

exposure.
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Figure 10 Zylon® strength loss with exposure time in xenon-weatherometer and accelerated

outdoor testings [80]

It was also seen that Zylon® degrades not only in ultraviolet light but also in visible light. The

strength loss of Zylon®™ AS and HM after 700 hours of exposure to a fluorescent lamp was

about 35% and 25% respectively. Figure 11 shows % strength retention after exposure to a

fluorescent lamp.
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Figure 11 Zylon® strength loss in fluorescent light [80]

Vectran® also loses a significant amount of strength upon exposure to high-energy radiation.
Figure 12 shows the effect of UV radiation on Vectran®, UHMWPE, which is known as
Dyneema®, and two aramid fibers. UV tests were conducted on 0.6 cm diameter 12x1 braids
of different fibers using a xenon-light weatherometer [5]. It can be seen that there is
significant reduction in tensile strength as the exposure duration is increased. Vectran® lost
about 30% strength after about 700 hours of exposure compared to aramid A, D and

UHMWPE which lost about 25%, 40%, and 35% strength respectively.
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Figure 12 Effect of UV radiation on Vectran® and its comparison with other high strength

fibers [5]

Braiding a polyester jacket over a Vectran® core helps reduce the strength loss due to UV.
The outer fibers of the braided rope appear to protect the inside fibers from damage,
explaining the leveling out of the tenacity curve. This effect is shown in Figure 13. The

strength to weight ratio of the sheath/core polyester/Vectran® braid is, however, reduced.
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Figure 13 Strength loss for Vectran® fiber jacketed in a polyester braid [5]
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Kevlar™’s light stability depends on the thickness of the exposed textile structure. Very thin
Kevlar® 49 fabric, if exposed directly to very high intensity sunlight for an extended period,
will loose about half its tensile strength [2]. In thicker items, such as the 1.3 cm (half-inch)
diameter rope, the outer layer protects the majority of yarns and strength loss is minimized

(Table 5).

Table 5 Strength of 13 mm rope from Kevlar® 49 in terms of exposure period to

Florida sun [2]

Product Break Load Strength Retained (%0)
Unexposed 14,400 Ib (64,100 N) -—--
6 months 13,000 Ib (58,000 N) 90
12 months 11,600 1b (51,600 N) 81
18 months 9,950 1b (44,300 N) 69
24 months 9,940 1b (44,200 N) 69

From the above data it is clear that although Kevlar® is somewhat inherently stable against

ultraviolet radiation, it loses significant strength upon prolonged exposure.

2.8 Photo stabilization of polymers: fiber protection for improved performance
Reduction in the degradation of polymers due to high-energy radiation can be done or
subdued by the use of variety of chemicals, including antioxidants, photostabilizers, and

pigments etc. A brief review of these follows.
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2.8.1 Antioxidants

Antioxidants are chemical compounds, which protect polymers and plastics against thermal
and/or photo-oxidative processes, occuring in thermal or photo-degradation or during natural
aging. Antioxidants, which decrease photo stabilization processes, are also called photo-
antioxidants. Antioxidants are generally classified into two groups, according to their
protection mechanism [10]:

1. Kinetic chain breaking antioxidants (chain terminators, chain scavengers). They have
the capability of scavenging some or even all the available low-molecular radicals.

2. Peroxide decomposers, which decompose hydroperoxy groups (HOO-) present in the
polymer.

Some of the commercially available antioxidants are: Irganox-100, 259, 1035, 1076, 1098,
MD-1024, and 1425 WL C-9, Naugard-76, 431, and SP, Sustane-BHA, BHT, and TBHQ.
The effectiveness of antioxidants in polymers is determined by three independent parameters
[10]:

1. Intrinsic antioxidant activity: a measure of the efficiency of the antioxidant.

2. Antioxidant solubility in the polymer: it is known that additives are less soluble in
polymers than in low-molecular weight compounds and hence at concentrations
greater than equilibrium values they diffuse out of the polymer.

3. Antioxidant substantivity in the polymer: Substantivity is defined as the ability of the
antioxidant to remain in the polymer.

Increasing the molecular weight of the antioxidants generally decreases their molecular
mobility as well as the volatility, and which factor dominates depends on the sample

thickness. It is found in general that increase in molecular weight increases the stabilizing
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activity of the antioxidant remarkably. There are many different types of antioxidants based
on the above stated requirements. Some of them are: hindered phenols, phenolic sulphides,

monosulphides, metal dithiolates, polyquinones, organoborons, and macrocyclic ligands [10].

2.8.2 Photostabilizers
Photostabilizers (ultraviolet stabilizers, light stabilizers) are additives to plastics and other
polymeric materials, which prevent the harmful degradative reactions caused by ultraviolet
light present in the sunlight and various kinds of artificial light sources. Photostabilizers can
be classified according to their ability to act as [10]:
1. Absorbers to reduce the number of photons absorbed by internal and external
chromophores present in the polymer, termed as UV absorbers and light screeners.
2. Compounds, which may deactivate excited states (singlet and/or triplet) of the
chromophoric groups present in the polymer, called quenchers.
3. Compounds, which can decompose hydroperoxide groups before they are photolysed
by the absorbed photons, called decomposers.
4. Compounds, which can react with free radicals and thus interrupt degradative chain
processes, called free-radical scavengers or free-radical traps.
5. Compounds, which can react with or deactivate singlet oxygen ('O,), called singlet
oxygen quenchers.
Based on the above classification there are many different types of photostabilizers available.
Some of them are: alkyl-substituted p-hydroxybenzoates, phenyl esters of benzoic acid,
hydroxybenzophenones, hydroxybenzotriazoles, organic metal photostabilizers, metal

deactivators and hindered amine light stabilizers. Some of the commercially available
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photostabilizers are: Uvinol 400, Uvasorb 20H, Cyasorb UV2126, Viosorb 520, Tinuvin-320,
326, 327, 328, and Mixxim Hals-62, 63, 67, 68. Some important requirements for
photostabilizers include: effectiveness over a long period of time, not liable to volatilize, or
removed from the plastic material, it should be distributed in the polymer matrix where it is
most needed, and finally it should be compatible within the amorphous fraction of the

polymer [10].

2.8.3 Pigments
Pigments are insoluble inorganic (mineral) compounds, e.g. titanium dioxide, iron oxides,
cadmium yellow, chromium oxide etc and organic compounds of complex structure, which
used as additives (fillers and/or photostabilizers), are incorporated into plastics, coatings and
inks, for applications such as: light screening, cost reduction, reinforcement, hardening, etc.
Titanium dioxide (TiO;), and zinc oxide (ZnQO) are photochemically reactive and exhibit
photostabilization effects on polymers. Pigments may influence the light stability of the
stabilized polymer in many ways [10]:
1. They can significantly increase the UV stability e.g. green, blue and black pigments.
2. They can sensitize photo degradation and thus drastically reduce the light stability
e.g. a number of white, yellow, orange and red pigments.

3. They can exhibit synergistic or antagonistic effects with other additives.
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3. Research objectives

As discussed earlier, Zylon® and other high strength fibers and polymers in general are
subject to aging mechanisms that significantly degrade the fiber strength. Environmental
conditions that promote degradation, degradation rates, and interaction between the
degradation mechanisms must be well understood to implement measures that
delay/eliminate damage and to assess the damage that is accumulated during fabrication,
storage, and service life. Scrupulous accounting of exposure conditions and exposure times
must be implemented from fiber drawing to decommissioning of the service product, and
must be supplemented by testing at least up to the end of manufacture of the service product.
Serious strength loss of products from high performance fibers has been recently brought to
the attention of the public by newspaper articles and news broadcasts [81, 82, 83, 84]
regarding bulletproof vests that under performed at less than half the guaranteed service life.
Polymers in general degrade in the presence of high energy ultra violet radiation and there is
a significant loss in physical properties such as strength, elongation, and appearance of these
polymers as a result of degradation, as was seen in the previous chapter. Hence, there is a
need to provide protection against the harmful effects of UV radiation. From the extensive
work done on the assessment of UV degradation of textile fibers and polymers in general, it
was seen that in almost all the cases the polymer sample was mostly in the form of a film,
and sometimes thick and complex structures like braided ropes and cables. It was also
learned that the form of the sample exposed to the radiation significantly affects the overall
results. There was little information available on the UV exposure behavior of fibers and
yarns. As a structural material there is little industrial experience with Zylon® fibers in

general and Zylon® ropes in particular. From the results reported on Vectran” braided
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structure it seems that there is really no way other than physically covering/sheathing the
structure from the radiation to protect it. The covering/sheathing could be made of a material,
which is naturally resistant to UV radiation or at least it should have more stability and hence
a longer life compared to the structure covered/sheathed inside. In that case the covering acts
as a self-sacrificing layer by getting degraded first and delaying the contact between the
actual substrate and the radiation, hence prolonging the life of the actual product. However,
the covering/sheathing adds to the overall weight of the system. Hence, in applications
requiring high strength to weight ratio such as fishing nets, yacht ropes, tennis racket strings
and tendons of balloons etc. it is desirable that the covering/sheathing be light in weight and

at the same time it should serve its purpose of light protection well.

As mentioned earlier, amongst the numerous applications of high strength fibers, especially
Zylon®™ one is the load tendons of giant NASA balloons. The NASA Balloon Program Office
develops giant scientific balloons with a target of 100 or more days of near space mission
duration. Tendons from high strength to weight ratio fibers are an essential design
requirement for the balloon to maximize the payload. Details on the design of such balloons
and justification for the need of high performance tendons are published elsewhere [1, 85]. It
was found that in high altitude conditions (~ 120,000 ft, ~ 20° C-30° C) the high strength
Zylon® fiber making up the load tendons undergoes severe strength loss [1, 85]. The need for
research to improve the UV resistance of high strength fibers prompted NASA to fund this
research and hence, it was decided to study the effect of UV exposure on the strength loss of

high performance polymeric fibers in single continuous multi-filament yarn form since, the
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tendons themselves are thin braided structures. Following objectives were proposed for this

research:

® To assess the UV exposure behavior of three high performance multifilament yarns,
Zylon®, Vectran®™, and Kevlar® using an artificial light source.

® To assess the effect of storage time on the performance of those yarns.

® To identify a number of UV stabilization treatments, and assess the effectiveness of
those treatments statistically. The target was to obtain a protective system, which
gives a strength loss of 0%-10%.

® To assess the performance of those yarns after exposing them in high altitude
conditions and compare the results with the results for samples exposed in laboratory
conditions.

® To develop an understanding of the mechanism of UV degradation in Zylon®.
To achieve the goals of this research, experimental methods for exposing high strength

multifilament yarns to high energy UV radiation in single continuous yarn form and then

testing and analyzing were developed. The next chapter will address these methods.
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4. Experimental
4.1 Materials
Three high strength multifilament yarns were selected. Table 6 shows the yarns

specifications along with the suppliers.

Table 6 Yarn specifications and source

Yarn type Tex/Number of Manufacturer
Filaments
Zylon® HM 166.67/996 Toyobo
Vectran® T-97 166.67/300 Celanese Corp.
Kevlar” 49 157.78/1000 DuPont Textile Fibers

4.2 Application of UV Protective systems

In the present work two different approaches have been implemented for providing
protection against ultraviolet radiation. One was based on covering the yarn surface with a
thin flexible coating containing suitable amounts of an ultraviolet light blocker. The second
approach dealt with covering the fiber surface with coverings (keeping in mind the
preservation of high strength to weight ratio of high performance fibers) containing an

ultraviolet light blocker.

The chemical coating approach was conducted by using finishes having 80% by weight of an
active UV absorber/blocker added to a flexible amino silicone. The finish was applied as a
thin layer on the fiber surface, and then dried and cured at a temperature range of 150-170°
C. The total add-on of the finish was about 10%. Two classes of chemicals were used for

photostabilization: (1) Pigments like TiO; (titanium dioxide), ZnO (zinc oxide), and carbon
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black and (2) Photostabilizers Lowilite™ 20, 22, 35, and 92, and Tinuvin® 234. The finish
application was carried out at Goulston Technologies, Inc., Monroe, North Carolina. Figure
14 shows the schematic of the finish application system. The untreated yarn fed from a
wound package and passed through a guide to the finish applicator. The pump pushed the
finish solution to the applicator at a controlled rate set according to the required % finish on
yarn (FOY). The treated yarn then passed over a heated drum with 5-6 wraps around it,
which was kept at a temperature in a range of 150-170° C and the finish cured (cross-linked)
on the surface of the yarn. The treated yarn was wound on a reel, whose speed was set at 20
m/min. The number of wraps and the winding speed determined % FOY and heating time

needed for curing of the finish on yarn surface.

Tube carrying finish Winder
Pump solution l

Yarn separator

sl ﬁﬁ@

Supply untreated
yarn package

Tension Finish

Guide  geyice  Applicator

Heated drum Treated yarn

Figure 14 Finish application system

The covering approach was conducted using five types of films. The first one was a thin
flexible film containing carbon black and had a gray colored coating on one side, which was
named carbon loaded polyethylene I (or black polyethylene, in short, BP I), the second one
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was a Teflon tape. Teflon (PTFE) was used, as it is one of the few polymers that are naturally
resistant to UV degradation. The third and fourth films were two flexible polyethylene films
containing carbon black (in short, black polyethylene II and III), and they differed from each
other and the previous one in terms of their thicknesses. The fifth film was a Reynolds
Wrap® aluminum foil (Al foil). Al foil was used, as it is known that being a smooth metallic
surface it can reflect away all the incident radiation. Table 7 shows the treatment/protection
systems that were given to the respective yarns. Combinations of these coverings [such as BP
I + Al foil (AL foil outside), BP I + Teflon (Teflon outside), and Teflon + BP I (BP I

outside)] were also tried to assess if there were any synergistic effects.
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Table 7 List of finish/covering applications for different high strength yarns

Type of UV protector in

finish/protection system

Yarn type

Vectran®

Zylon®

Kevlar®

Blank (no protector)

X

X

X

TiO,

X

X

ZnO

Lowilite® 20

Lowilite® 22

Lowilite® 35

Lowilite® 92

Tinuvin® 234

Carbon Black

BP I (one layer)

BP I (two layers)

BP I (three layers)

BP II (1 layer)

BP 1III (1 layer)

Teflon Tape (one layer)

Teflon Tape (two layers)

Al Foil (one layer)

Al Foil (two layers)

Al Foil (three layers)

BP I + Al foil (one layer each)

BP I+ Teflon (one layer each)

Teflon + BP I (one layer each)

o I Bl I Bl Bl (el e el Bl Il Bl el Bl Il Il Bl el ] B e
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Cross marks in Table 7 show that the finish/protection system was applied to that yarn. The
blank treatment is a normal chemical finish made up of a flexible amino silicone but with no
UV blocker added, the Lowilites™ are organic UV blockers manufactured by Great Lakes
Chemical Corporation. The overall chemical finish was applied on a 10% add on. Among the
coverings, Table 8 depicts the basis weight and thickness data of the covering films. Each
data point in Table 8 is an average of five measurements. The thickness was measured using
the “Thwing Albert” electronic thickness tester. The pressure applied for measuring thickness

was ~ 22753 N/m? (3.3 psi).

Table 8 Basis weight and thickness of covering films

Type of Covering Basis Weight, g/m” Thickness, mm
BPI 26.12 0.032
BP 11 87.08 0.089
BP 111 643.68 0.526
Teflon 24.80 0.058
Al foil 44.40 0.020

4.3 UV exposure

The untreated and treated yarns were exposed to UV radiation in an Atlas Hi 3 Sun
Weatherometer which uses a water cooled xenon lamp operating at 6500 watts and calibrated
at 340 nm. For the current exposure, the lamp was jacketed with “outer-quartz” and “inner-
quartz,” filters, which simulate extraterrestrial solar radiation (~ 40,000 m, ~ 20-30 °C). With
this setup the lamp emits radiation starting from 230 nm in the ultraviolet range up to 750 nm

in the visible range of the spectrum at an irradiance of 1.1 W/m’. The black panel
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temperature was set at 90 °C, the dry bulb temperature was set at 38 °C and the wet bulb
depression was kept at 20 °C. With the current setting, an exposure time of one hour in the
weatherometer equals an exposure time of one hour in extraterrestrial conditions. The above
four factors together control the exposure inside the weatherometer. The weatherometer as

seen from inside is shown in Figure 15.

Xenon Lamp

Black panel
Rotating rack

Figure 15 Rack of the Atlas 3 Sun Weatherometer with the xenon lamp in the middle

4.4 Development of yarn sample holder for UV exposure

The yarn sample holder used for exposing yarns in a weatherometer was developed in stages.
The sample holders that were available initially with the weatherometer were suitable for
exposing fabric samples and not yarns. Figure 16 shows one of those holders used for

exposing yarns. In order to expose yarns with this holder, they were wrapped on a black
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cardboard and then put behind that holder. The yarns were then exposed through the window
of the holder. The holder was made of an aluminum plate and was hung onto the rack with

hooks on one end. Yarn

Hooks

The length of the window on the holder was about 15 cm and the nominal gauge length used
in tensile testing was 25 cm. Since both the undegraded and degraded regions were present in
region between the grips of the tensile tester, it gave bad breaks during tensile testing like
breaks at the jaws and breaks at the junction of the degraded and the undegraded regions. In
the next step that black cardboard on which the yarn was wrapped, was taken out and put on

the outside of the holder. Figure 17 shows the new form of holder.

Black
Figure 17 Second form of the sample holder cardboard
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The cardboard was about 20 cm long still less than the nominal gauge length needed in the
tensile testing and hence it used to give poor efficiency in tensile testing by giving breaks at
places other then middle. Therefore a special sample holder was needed, which would allow
a longer continuous length of yarn to be exposed in the weatherometer and hence would not
give the problems given by the previous two sample holders during tensile testing. Figure 18
shows the sample holder in front and back view used for UV exposure and is specially
designed for exposing yarns in the weatherometer. It shows an aluminum plate with
aluminum hooks on both sides to support yarn wraps. This provides a continuous and
sufficiently long length of yarn to be exposed and tested for strength after UV exposure.

Yarn

Hanging
hooks

Aluminum plate

Figure 18 Front (top image) and back (bottom image) of sample holder
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Initially, all samples were exposed for 24 hours; only those samples that showed an optimum
level of strength retention after 24 hours were then exposed for longer durations. If a sample
lost more than 50% strength after only 24 or 96 hours of degradation, then there was no point
in going any further. Figure 19 shows the sample holder covered in one of the black

polyethylene films.

Figure 19 Front (top image) and back (bottom image) sample holder after covering with a

black polyethylene film

4.5 Tensile testing

Tensile testing was performed according to ASTM D 2256 using a SINTECH tensile tester.
In order to prevent the yarns from slipping, rubber pieces are put between the grips of the
jaws. Zylon®, Vectran® and Kevlar® require these rubber pieces to prevent slippage along
with 1-2 wraps around the grips and a high gripping pressure of 551,580 Pa. Figure 20 shows

the setup for the SINTECH machine.
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Testworks

Figure 20 SINTECH tensile testing machine

Before starting the actual testing the load cell and the load frame on the machine were
mounted and then the software “Testworks” is started in which all the relevant input
parameters were given: yarn denier, gauge length, cross head speed, break sensitivity, and
grip pressure. The machine was calibrated before starting to get proper results. The yarn was
placed in between the grips and loaded and the samples kept for further observation. Figure
21 and 22 show the yarn loaded in between the grips and the broken specimens placed in a

storage bag after tensile testing, respectively.
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Figure 22 Broken yarn samples in a storage bag after tensile testing

4.6 Fiber characterization for Zylon®

In order to characterize polymer integrity intensity profiles of the fibers before and after
irradiation were taken by wide-angle X-ray diffraction (WAXD) measurements with a
Siemens type F X-ray diffractometer with a Ni-filtered Cu—K,, irradiation source (A = 1.54
A). All IR spectra in this work were obtained by using a Thermo Electron Nexus 470 bench
FT-IR spectrophotometer. The spectra were taken over a range of 4000-700 cm™ with a

resolution of 4.0 cm™ using 64 scans. Zylon® is soluble in a few strong acids such as poly-
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phosphoric acid (PPA), methanesulfonic acid (MSA), chlorosulfonic acid, and trifluoroacetic
acid. The measurements of viscosity, [n], were reported for solutions in MSA at room
temperature in dL/g using the Ubblehode Viscometer (size 200). For such rod-like polymers

in MSA solution, the Mark-Houwink equations are given by [4]:

M]=227x107 (My)"* (1)
where [1] is the intrinsic viscosity and My, is the weight average molecular weight. A Hitachi
S-3200 SEM having a magnification of 20-300,000X and accelerating voltage of 0.3 to 30

kV was used to observe the surfaces of the control and exposed fibers.

4.7 Statistical analysis

The data from the simple comparative experiments of tensile testing were analyzed using
hypothesis testing and confidence interval procedures for comparing means of sets of data.
A statistical hypothesis is a statement either about the parameters of a probability distribution
or the parameters of a model. The hypothesis reflects some conjecture about the problem
situation [86]. For example, in an experiment where measurement of the tensile strength of a
multifilament yarn from a single package but in different sets of sample breaks, one may
think that the mean tensile strengths of the different sets are equal. This may be stated

formally as:

HOI M= 2= U3 coaeeana (1)

Hi: i # to# U3 o 2)
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where Wy, W, U3 ... are the mean tensile strengths of sets 1, 2, 3, .... Statement (1) is called
the null hypothesis and statement (2) is called the alternative hypothesis. It is often
preferable to provide an interval within which the value of the parameter in question (tensile
strength in the above example) would expect to lie. These interval statements are called
confidence intervals. The interpretation of this interval is that if, in repeated random
samplings, a large number of such intervals are constructed, 100(1-a) percent of them will
contain the true value of the parameter. There are two statistics L and U called the lower and

upper confidence limits, respectively, and (1-a) is called the confidence coefficient. For

example, if o = 0.05, it denotes a 95 percent confidence interval for the parameter.

4.8 Exposure of yarns in high altitude conditions

One of the objectives for this research was to assess the effectiveness of laboratory exposure
conditions; hence, NASA exposed untreated yarn samples in high altitude conditions. Those
samples were then tested and results were compared with those obtained by laboratory
exposure. The idea was to understand how well the laboratory aging conditions match up
with the actual field exposure conditions. This was important because the protection systems
that were developed were also tested and evaluated for their efficiency in the same laboratory
conditions. So, if they do not match up or do not simulate the actual field exposure conditions
very well then that would impose a serious question on their reliability at the time of actual

application.

NASA made two different balloon flights. The flights were initiated from McMurdo station,

Antarctica during the Antarctic summer of 04'/05' (December-January’04), one for the
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duration of approximately 8 days named “BESS payload” (BESS: “Balloon Borne
Experiment with Superconducting Solenoidal Spectrometer”) and the other one for
approximately 42 days named “CREAM payload” (CREAM: “Cosmic Ray Energetics and
Mass Balloon Experiment”). The balloons flew at an altitude of about 40,000 m. Three fiber
packages (FP) I, II and III were sent on flight one and two packages FP IV and V on flight
two [87]. Although all the packages were exposed at an altitude of approximately 40,000 m,
the exact environmental exposure conditions for each package and on each flight are not
known. Each package was about 74 cm long and about 24 cm wide and had five individual
yarn samples for each of the four yarns. The four untreated high strength yarns used for this
study were: Zy10n®, Vectran®, Kevlar® and Spectra®. Table 9 shows the yarn specifications
along with the suppliers.

Table 9 Yarn specifications and source

Yarn type Tex/Number of Manufacturer
Filaments
Zylon® HM 166.7/996 Toyobo
Vectran® T-97 166.7/300 Celanese Corp.
Kevlar® 49 157.8/1000 DuPont Textile Fibers
Spectra™ 1000 144.4/240 Honeywell

Figure 23 shows one of the fiber packages. The individual yarns are placed in slots and tied
at both the ends. The back side of the package is made of an opaque flexible cardboard
whereas the front part is covered with a flexible plain transparent polyethylene film. The two

parts and the yarns in between are sealed with an adhesive tape from all the four sides.
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Kevlar® Adhesive
tape
Spectra®
Zylon®
Vectran®

Figure 23 Fiber package containing the individual yarn samples (source: NASA)

FP I, Il and V had windows (holes) cut out for all the yarns at different locations along the

length of the package. Figure 24 shows one of the packages having holes.
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Windows
(holes) in
packages

Figure 24 Yarn package showing windows (holes) cut in the middle (source:NASA)

After the flights were completed those packages were brought to NC State University where
they were tested for tensile strength and other characterization experiments. The control
(unexposed to UV) yarn samples were also tested for comparison. Also the results for
samples exposed in high altitude conditions were compared to the ones exposed in the
laboratory. The exposed yarn samples were tested for tensile strength with the same set up as
used for the laboratory-exposed samples. Also, similar characterization experiments were

conducted for Zylon® exposed in high altitude conditions as done on the one exposed in
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laboratory. Figures 25 and 26 show the “BESS payload” flight trajectory and the altitude

history respectively.

Figure 25 “BESS payload flight trajectory (source: NASA)
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Figure 26 “BESS payload” altitude history (source: NASA)

Figures 27 and 28 show the “CREAM payload” flight trajectory and the altitude history

respectively.
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CREAM Flight Data: Trajectory
Covering period from: 2004-12-15 23:22:56 to 2005-01-27 02:00:31

" i

Current Speed: 17.2 knots
Current Course: 128.1° : Current Altitude: 13828.7402 feet
Current Lat: -71°17°3.72" Current MET: 41 days 21 hrs 31 mins 30783 sec since launch
Current Lon: 1576254 Current Time: 2005-01-27 02:00:31 UTC

Figure 27 “CREAM payload” flight trajectory (source: NASA)
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Figure 28 “CREAM payload” altitude history (source: NASA)

The fiber packages were placed on flexible cable ladders, which were hung onto the balloons.

Figure 29 shows the fiber packages placed on the ladder.
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Fiber Packages on the
BESS cable ladder.

Figure 29 Fiber packages placed on the ladder (source: NASA)
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5. Results and discussion

5.1 Tensile properties

Upon receipt from suppliers, yarns were stored in carbon loaded black polyethylene wraps to
minimize/prevent degradation while stored. To assess the effectiveness of the storage, the
tensile strength of the supplied yarns was determined over time. From the results obtained
from tensile testing, only the tenacity was reported here and then further used for calculating
the % strength losses for samples exposed to UV radiation as there was a huge deviation in
the data for elongation, modulus and energy to break. Therefore, it became difficult to
compare them. The individual readings of tensile strength, % strain at peak load, modulus
and energy to peak load for each of the samples tested are given in the appendix. Table 10
shows the effect of storage conditions on tensile strength of Zylon®, Vectran®, and Kevlar®
yarns (Tables A1-A10 show the corresponding individual observations). The results indicate

that the storage conditions do not measurably affect the raw materials strengths in any way.

Table 10 Effect of storage time on high performance yarn strength

Tensile strength (g/den)
Yarn type
(Dec “03) | (July ‘04) | (Oct’04) | (May ’05)
Zylon® 32.68 32.72 31.05 31.54
Vectran” 25.28 25.64 - 25.26
Kevlar” 16.57 16.81 - 16.24

From the tensile strength data reported in the above table and that reported from literature in
Table 4 it is obvious that there is inconsistency between the two data. For example the

theoretical tensile strengths for both Zylon® and Kevlar® reported in literature are quiet high
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compared to the values obtained after breaking them on the SINTECH tensile tester, whereas
for Vectran® the opposite is true. In order to assess the effect of storage time on the tensile
strength of the yarns the means of the tensile strengths obtained at different intervals of time
for the three yarns were compared. Table 11 shows the individual readings of the tensile

strength in g/denier, the mean and the total for each set for Zylon".

Table 11 Test of effect of storage time on tensile strength of Zylon®

Observation Number Set Set

Set . .
© Tensile strength (g/denier) Totals | Averages

Number

1 2 3 4 5 6 7 8 (yi) (1)

1 29321 30.73 | 34.13 | 32.75 | 29.99 | 34.64 | 33.84 | 32.44 | 257.84 32.68

33.26 | 33.52 | 31.85 | 33.33 | 30.76 | 34.48 | 32.30 | 32.21 | 261.71 32.72

31.82|32.49 | 32.23 | 30.54 | 32.01 | 29.03 | 29.96 | 30.38 | 248.46 31.05

Al W] o

33.51132.33 12935 |30.25|32.26 | 31.33 | 32.12 | 29.89 | 251.04 31.54

y. = y.=
1019.05 | 127.99

Analysis of variance to test Ho: 1 = po = p3 = ps was used against the alternative Hi: some
means were different. A 95 percent confidence interval for the mean of tensile strengths of
the different sets was used. The sum of means required were computed as follows [86]:
4 8
SSr= Z z yzij - (y°./N)
i=1  j=1
= (29.32)* + (30.73)* + (34.13)* + oevven + (32.12)* + (29.89)* — [(1019.05)* / 32] =

76.75
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4

SSTreutments = 1/1’1 Z yzi. - (YZ/N)
1=1

— 1/8 [(257.84)% + ... + (251.04)] — [(1019.05)? / 32] = 13.91

SSE = SS7— SStreaiments= 76.75 — 13.91 = 62.84

The analysis of variance is summarized in Table 12.

Table 12 Analysis of variance for tensile strength of Zylon®

Sum of Degrees of Mean
Source of variation Fo | Foos32s
squares freedom square
Strength variation with storage time 13.91 3 4.64 2.07 2.95
Error 62.84 28 2.24
Total 76.75 31

Note that the between treatment mean square (4.64) is not very large compared to the within
treatment or error mean square (2.24). This indicates that it is unlikely that the means are
different from each other. More formally, we can compute the F ratio F, = 2.07 and compare
this to an approximate upper-tail percentage point of the F3 s distribution. Let us assume o =
0.05. From the table in reference [86] we find that F 05328 = 2.95. Because F, = 2.07 < 2.95,
we don’t reject H, and conclude that the set means are not different from each other. This

would mean that the tensile strength of Zylon® is not affected by storage time.
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Similar analysis was done for Vectran” yarn. Table 13 shows the individual readings of the
tensile strength in g/denier, the mean and the total for each set for Vectran” and Table 14

shows the analysis of variance results.

Table 13 Test of effect of storage time on tensile strength of Vectran®™

Observation Number Set Set

Set . :
© Tensile strength (g/denier) Totals | Averages

1 2 3 4 5 6 7 8 (yi) (1)
1 [25.0026.92]2631 [24.10 | 25.58 | 21.86 | 26.83 | 25.64 | 20224 | 25.28

2 26.41 | 24.98 | 25.73 | 24.90 | 26.63 | 25.44 | 26.41 | 24.48 | 205.08 25.64
3 26.56 | 26.45 | 25.77 | 24.22 | 24.78 | 24.34 | 24.58 | 25.34 | 202.04 25.26

Number

y.. = y.=
609.36 76.17

Table 14 Analysis of variance for tensile strength of Vectran®

o Sum of Degrees of | Mean
Source of variation Fo | Foos32s
squares freedom square
Strength variation with storage time 0.72 2 0.36 0.25 3.47
Error 29.80 21 1.42
Total 52.64 23

Since F, = 0.25 < 3.47, we don’t reject H, and conclude that the set means are not different
from each other. This would mean that the tensile strength of Vectran® is not affected by

storage time.
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Similar analysis was done for Kevlar® yarn. Table 15 shows the individual readings of the

tensile strength in g/denier, the mean and the total for each set for Kevlar® and Table 16

shows the analysis of variance results.

Table 15 Test of effect of storage time on tensile strength of Kevlar®

Observation Number Set Set
Set Tensile strength (g/denier) Totals | Averages
Number _
c 2 s a[s]e] 7 [s | O] O
1 1598 | 15.71 | 17.23 | 18.59 | 16.12 | 15.78 | 16.34 | 15.98 | 131.73 16.57
2 15.84 | 17.30 | 16.11 | 15.30 | 16.99 | 17.98 | 17.20 | 17.70 | 134.42 16.81
3 16.76 | 16.22 | 15.68 | 16.01 | 16.56 | 16.22 | 16.34 | 15.77 | 129.56 16.24
y. = y.=
395.71 49.62
Table 16 Analysis of variance for tensile strength of Kevlar®
Sum of Degrees of Mean
Source of variation Fo | Foos3as
squares freedom square
Strength variation with storage time 1.48 2 0.74 1.10 3.47
Error 14.00 21 0.67
Total 15.48 23

Since F, = 1.10 < 3.47, we don’t reject H, and conclude that the set means are not different

from each other. This would mean that the tensile strength of Kevlar® is not affected by

storage time.
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The strength values of Table 10 measured in Dec 2003 were used as base line to determine
the strength loss of treated/protected and untreated/unprotected yarns after exposure to UV
radiation. Tables 17 and 18 show the strength loss values after exposure to UV radiation for
the chemically treated and physically covered yarns respectively (Tables A11-A79 show the

corresponding individual observations).
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Table 17 Results of tensile testing of chemically treated exposed yarns

Yarn and Finish

Tensile Strength (g/denier)/% Tensile Strength Loss

Type/Protection 24 Hours 96 Hours 144 Hours 168 Hours
System

Zylon®™ Untreated 12.21/62.64 4.89/85.04 3.87/88.16 --
Zylon™ Blank 13.28/59.26 6.12/81.27 -- --
Zylon® TiO, 16.06/50.86 10.37/68.27 -- --
Zylon® ZnO 13.80/57.77 9.41/71.21 -- --
Zylon® L-20 12.99/60.25 8.16/75.03 -- --
Zylon® L-22 13.63/58.29 7.87/75.91 -- --
Zylon® L-35 14.51/55.60 7.65/76.59 -- --
Zylon® L-92 13.00/60.22 8.72/73.31 -- -
Zylon® Tinuvin® 234 20.49/37.30 - -- --
Zylon®™ Carbon Black 21.39/34.55 -- -- --
Vectran® Untreated 17.32/31.48 5.53/78.13 3.40/86.55 --
Vectran® Blank 17.51/30.74 9.26/63.37 -- -
Vectran® TiO, 17.30/31.57 10.89/56.9 -- --
Vectran® L-20 17.72/29.91 9.44/62.66 - --
Kevlar” Untreated 14.83/10.50 12.16/26.16 | 12.74/23.11 --
Kevlar® Blank 16.76/-1.15 15.05/9.17 | 14.32/13.58 --
Kevlar® TiO, 16.36/1.26 15.71/5.19 | 14.36/13.34 --
Kevlar® L-20 16.72/-0.91 15.53/6.28 | 15.29/7.72 --
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Table 18 Results of tensile testing of physically covered exposed yarns

Yarn and Finish Tensile Strength (g/denier)/% Tensile Strength Loss
Type/Protection System 24 Hours 96 Hours 144 Hours 168 Hours
Zylon®™ Untreated 12.21/62.64 | 4.89/85.04 | 3.87/88.16 --
Zylon™ BP I (1 Layer) 27.85/14.78 -- - -
Zylon"™ BP I (2 Layers) 30.45/6.82 - -- --
Zylon"™ BP I (3 Layers) 30.65/6.21 -- -- --
Zylon™ BP II (1 Layer) 31.92/2.33 31.57/3.40 -- 31.53/3.52
Zylon® BP III (1 Layer) 31.45/3.76 | 32.99/-0.95 -- 31.97/2.17
Zylon® Teflon (1 Layer) 18.01/44.89 -- -- --
Zylon® Teflon (2 Layers) 17.19/47.39 - -- --
Zylon® Al foil (1 Layer) 28.45/12.94 -- -- --
Zylon® Al foil (2 Layers) 32.07/1.86 -- -- --
Zylon®™ Al foil (3 Layers) 30.06/8.02 -- - --
Zylon® BP I + Al foil 31.57/3.39 32.26/1.29 - 31.56/3.42
Zylon® BP I+ Teflon 31.25/4.38 30.75/5.91 -- 30.40/6.98
Zylon® Teflon + BP I 31.67/3.09 29.52/9.67 - 26.06/20.26
Vectran” Untreated 17.32/31.48 | 5.53/78.13 | 3.40/86.55 --
Vectran” Teflon (1 Layer) 22.56/10.76 | 19.65/22.27 | 17.72/29.91 --
Kevlar® Untreated 14.83/10.50 | 12.16/26.16 | 12.74/23.11 --
Kevlar” Teflon (1 Layer) 16.16/2.47 16.11/2.78 | 15.92/3.92 -

It can be seen from the results that the untreated and the Zylon®™ samples treated with blank
(flexible amino silicone with no UV protector), TiO,, ZnO and all the Lowilites™ showed
about 50-60% strength loss after 24 hours exposure and 70-90% loss after 96 hours. The
sample treated with carbon black and Tinuvin® 234 showed some promise with 35% and

37% loss respectively. But, even this much loss is considerable compared to the proposed
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target of 0%-10% strength loss, and hence it suggests that chemically coating the fiber
surface with a thin film containing an active UV absorber does not meet the set target. This
could be partially due to the fact that during finish application the finish solution does not
remain on the outer surface of the yarn, it is penetrating in between the filaments, refuting the

initial objective.

All of coverings with the exception of Teflon gave better results as compared to those
chemical treatments. The yarn samples covered with the BP I showed very good results with
the three layered covering giving less than 7% strength loss after 24 hours of exposure.
Similarly, the BP II and III also gave very interesting results with both of them giving less
than 3% and 4% strength loss after 24 hours of exposure respectively, and even after 168
hours (7 days) of exposure the BP II sample gave less than 4% strength loss and BP III gave

less than 3% loss.

The idea of using a metallic surface to reflect away all the radiation also proved very
effective as the Al foil two layered samples gave less than 2% strength loss after 24 hours of
exposure. The three-layered sample however interestingly gave a higher strength loss, which
could be due to variability in the yarn or the covering and will be addressed in the next
section. The coverings containing carbon black and aluminum gave very good results and
hence it was decided to use a covering, which had a metallized surface (and hence reflecting
surface) on one side and an absorbing surface on the other side. Hence, combinations were
developed including BP I + Al foil (Al foil outside), BP I + Teflon (Teflon outside), and
Teflon + BP I (BP I outside). The yarn sample covered with BP I + Al foil gave very good
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results with less than 4% strength loss after 24 hours and surprisingly less than 2% loss after
96 hours and finally after 168 hours of exposure it still gave less than 4% loss. Similarly the
BP I + Teflon sample was also very promising as it gave less than 7% loss after 168 hours of
exposure. The Teflon + BP I covering was also very effective but not as good as the BP I +
Teflon one and gave about 20% loss after 168 hours of exposure. From the above results it
was possible to conclude that physically covering the fiber from the radiation is a much
better option compared to the chemically coating option, and hence the possibility of making
such multilayered structures having reflecting and absorbing components should be further

explored.

With Vectran®, the Teflon wrapped sample exhibited the highest UV resistance. Even after
144 hours exposure the Teflon wrapped sample showed only a 30% loss, which is a sizeable
improvement compared to the untreated and other treated samples. Untreated Kevlar™ sample
shows about 11% loss after 24 hours exposure while the treated Kevlar® samples (treated and
Teflon wrapped) the strength loss did not exceed 3%. Similarly after 96 hours exposure the
treated and Teflon wrapped samples are much better than the untreated one. Even after 144
hours exposure, all the samples show much promise. The Kevlar® L-20 (Lowilite™ 20) option
seems to be as good as the Teflon covered sample. The negative values of strength loss for
some of the samples could be due to the inherent variability in the yarn as was seen at the
very beginning of this section when the strength of the unexposed yarns are also variable
with different values resulting at different points of time and the % strength losses are
calculated based on one fixed value, which is 32.68 for Zylon®, 25.28 for Vectran®, and
16.57 for Kevlar”.
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5.2 Variability test for Zylon®

In order to assess the variability in the Zylon® yarn a test was done in which 60 yarn samples

were broken in different sets. Each set consisted of 12 yarn breaks and the sets were

separated from each other by removal of 10 meters of yarn. Table 19 shows the individual

readings of the tensile strength in g/denier, the mean and the total for each set. Table 20

shows the analysis of variance results.

Table 19 Test of Variability in Zylon® yarn

Observation Number Set Set
Set Totals Averages
1 2 3 4 5 6 7 8 9 10 1 12 A o
(Yo | (yi)
1 | 2793 [ 31.78 | 29.89 | 32.29 | 3293 | 3149 | 31.74 | 29.47 | 3229 | 29.12 | 32.29 | 31.23 | 37245 | 31.04
2 [ 3136 | 3136 | 2957 | 33.15 | 32.06 | 31.07 | 30.97 | 32.48 | 32.1 | 33.15 | 3037 | 33.86 | 38150 | 31.79
3 | 3421 | 3123 | 296 | 3027 | 32.58 | 31.33 | 329 | 3033 | 31.74 | 30.69 | 31.14 | 31.30 | 37732 | 31.44
4 [ 3322 | 3139 | 31.87 | 32.19 | 3299 | 31.81 | 33.22 | 32.83 | 33.00 | 3043 | 32.1 | 30.56 | 385.70 | 32.14
5 | 32.51 | 31.07 | 3242 | 31.04 | 312 | 30.75 | 31.78 | 30.69 | 31.78 | 30.05 | 3248 | 3043 | 37620 | 31.35
V= | —
180307 | O
157.76
. . . ®
Table 20 Analysis of variance for tensile strength of Zylon
o Sum of Degrees of | Mean
Source of variation F, Fo.05328
squares freedom square
Strength variation along the length
. 8.67 4 2.17 1.50 2.53
of yarn in package
Error 79.99 55 1.45
Total 88.99 59
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Since F, = 1.50 < 2.53, we don’t reject H, and conclude that the set means are not
statistically different from each other. This would mean that the yarn is fairly uniform in

terms of variation in strength along the length with insignificant difference.

5.3 Effect of number of layers in covering protection technique

Repeated tests were conducted in order to assess the variability of black polyethylene film
and aluminum foil used for covering to provide protection to the yarns. Also, there was need
of understanding the effect of number of layers of protective films (since increasing number
of layers may provide an increase in UV absorbing/reflecting component) on the efficiency
of protection to the yarns. Hence, multiple layers of the black polyethylene I (BP I) and the
aluminum foil (Al foil) were used for this study and the yarn tested for exposure and tensile
strength was Zylon®. The inherent variability in the coverings could be due to the following

reasons:

1. Uneven loading of carbon black in different directions in the BP 1 while
manufactured.

2. Uneven stretching of the BP I during handling that may adversely affect thickness
uniformity.

3. Presence of dust and other dirt particles on the inner or outer side. These particles can
then act as photo-initiators (as already mentioned in the literature review section) and

lead to uncontrollable changes in the rate of degradation.
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Table 21 gives the % tensile strength losses for Zylon® covered with BP I (single and

multiple layers) and exposed for 24 hours. Table 22 shows the analysis of variance results

(Table A80-A85 show individual observations).

Table 21 Percent tensile strength losses of Zylon® covered with black polyethylene (BP I)

and exposed for 24 hours

Replicas Set
t Total
Type of Set (% Strength loss) Set Totals Averages
Covering Number (yi) _
1 2 3 (yi)
BP 11 layer 1 36.17 12.24 14.78 63.19 21.06
BP I 2 layers 2 7.89 3.54 6.82 18.25 6.08
BP I 3 layers 3 13.83 6.06 6.21 26.10 8.70
y.=107.54 | y.. =35.85

Table 22 Analysis of variance for tensile strength loss of Zylon® covered with black

polyethylene (BP 1)
Sum of Degrees of | Mean
Source of variation Fo | Foos328
squares freedom square
Numbers of layers 384.10 2 192.05 | 2.91 5.14
Error 395.30 6 65.88
Total 779.40 8

Since F, = 2.91 < 5.14, H, is not rejected and it can be concluded that the set means are not

different from each other. Hence, statistically it was found that increasing the number of
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layers or the amount of carbon black in the covering doesn’t significantly affect the %
strength retention in the yarn. However, from the actual data it can be seen that the mean of
the data from BP I 2 layers (6.08) is very different from the mean of the data from BP I 1
layer (21.06), which would mean that increasing the thickness and the amount of carbon
black in the film definitely reduces the % strength loss in the yarn. But, when the thickness is
increased from 2 to 3 layers no improvement is seen and instead a higher strength loss is
achieved, which could suggest that beyond a certain limit any further increase in the
thickness and amount of carbon black does not help in providing protection to the yarns and
hence optimization on the thickness and amount of carbon black somewhere between the 2

and 3 layers should be done to get the best results.

Similar analysis was performed on data obtained for the Al foil. Table 23 depicts the %
tensile strength losses for Zylon® covered with Al foil (single and multiple layers) and
exposed for 24 hours. Table 24 shows the analysis of variance results (Tables A86-A91 show

the individual observations).
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Table 23 Percent tensile strength losses in Zylon® covered with aluminum foil and exposed

for 24 hours
Replicas Set
T f Set Set Totals
ype o © (% strength loss) Averages
Covering Number (yi) —
1 2 3 (yi)
Al foil 1 layer 1 8.85 5.14 12.94 26.93 8.98
Al foil 2 layers 2 6.14 4.59 1.86 12.59 4.20
Al foil 3 layers 3 5.96 6.76 8.02 20.74 6.91
y..=60.26 | y..=20.09

Table 24 Analysis of variance for tensile strength loss of Zylon® covered with aluminum foil

o Sum of Degrees of | Mean
Source of variation Fo | Foossas
squares freedom square
Number of layers 34.49 2 17.24 2.46 5.14
Error 41.99 6 6.99
Total 76.48 8

Since F, = 2.46 < 5.14, the H, is not rejected and it can be concluded that the set means are

not different from each other. Thinking on the same lines as was done for the case of BP I

above, it can be seen that increasing the thickness and amount of Al is affecting the %

strength loss in the yarn with 2 layers certainly giving better results than 1 layer. But, again a

further increase leads to higher strength loss and hence there is need to optimize on the

thickness and the amount of Al somewhere between the 2 layers and the 3 layers of the foil to

get the best results.
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5.4 Weight add-on calculations for the coverings

As mentioned before, for the approach dealing with physically covering the fiber surface
using a thin flexible film, the preservation of high strength to weight ratio of high
performance fibers should be kept in mind. Hence, weight add-on calculations due to
sheathing using the films used in this work were done for a braided cord made of Zylon®.
The braided cord would be used as a load tendon in NASA’s giant balloons. The cord is
rectangular in cross-section and was 0.5 cm (say x) wide and 0.2 cm (say y) high (Figure 30).
A fixed length of the cord and the films (10 cm) was used and then using the perimeter in the
cross section of the film required to tightly cover the cord, the area of the film was
calculated. The weight of the films needed to cover the cord can be obtained. To start with,
10 cm of the bare braided cord weighed 0.56 g. Let’s assume the thickness of the film to be ¢
cm, then from the cross section in Figure 30 and assuming one layer of the film it can be seen

that the perimeter of the film required to tightly cover the cord will be 2(x + y+2¢) cm.

Figure 30 Cross section of the braid as core and the film as sheath

Using the above figure and the film thickness data quoted earlier (Table 8) the perimeter and
hence the area of the film needed to tightly bind the cord can be calculated. Table 25 gives

the weight of the films needed to tightly sheath the given surface of the cord and hence the %
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weight add-on using the bare cord weight to be 0.56 g (of 10 cm tendon). The % add-on is

the % increase on weight of the original braided cord weight.

Table 25 Weights and percent weight add-ons of the films for 10 cm long braided cord

] ] \ ] wt, Tendon
Type of X, Y, I, t, Perimeters, | Area’, Area, Weight, 10 % Wt Wi
. g )
covering | cm | cm | cm | cm cm cm? m? g/m? add-on*
cm g/10cm
BPI 05 1] 0.2 10 | 0.0032 1.4128 14.13 0.001413 26.12 0.0369 6.59 0.56
BPII 05102 10 | 0.0089 1.4356 14.36 0.001436 87.08 0.1250 22.32 0.56
BP III 05102 10 | 0.0526 1.6104 16.10 0.001610 643.68 1.0366 185.10 0.56
Teflon 05 1] 0.2 10 | 0.0058 1.4232 14.23 0.001423 24.80 0.0353 6.30 0.56
Al foil 05102 10 | 0.0020 1.4080 14.08 0.001408 44.40 0.0625 11.16 0.56

Key: [1 = Perimeter = 2(x + y+21)], [2 > Area, cm” = Perimeter * 1], [3 > Wt = Area, m* * Weight, g/m’],
y y

[4 2> %Wt add-on = Wt/ Tendon Wt * 100]

From the results of tensile testing (Table 18) and the data presented in Table 25 we see that

BP I (1 layer) gave ~ 15% strength loss after one day exposure in the weatherometer and it

would give a 6.59 % weight add-on to the tendon. This is in good agreement with the

proposed objective of providing protection at a reasonable weight add-on. Although BP II (1

layer) and BP III (1 layer) give increased protection after same level of exposure and even at

higher levels compared to BP I but they do it at a very high weight add-on to the tendon,

which is not desirable. The Teflon (1 layer) has low weight add-on but doesn’t provide

required level of protection (45% loss after one day exposure). The Al foil (1 layer) is good

and gives ~ 13% loss after one day at ~ 11% weight add-on.
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Based on these calculations %Wt add-ons for multiple layers of a single sheathing like BP I,
Teflon, and Al foil along with combinations of sheathings (with single layers of each) like
BP I + Al foil, BP I + Teflon, and Teflon + BP I were also calculated. Using the same Figure
30 for the cross-section of the braided cord and the sheathings and assuming that the multiple
layers tightly pack over one another, the perimeter of the sheathing, the area, and hence the
%Wt add-ons were calculated. Table 26 shows the calculations along with the corresponding
% tensile strength losses that were reported when the same multilayered structures were used

to provide protection to Zylon® yarn.

Table 26 %Wt add-on for sheathing and the corresponding % tensile strength for Zylon®™ yarn

Type of covering % Wt % Tensile strength loss
add-on 24 hours 96 hours 168 hours
BP I (1 layer) 6.59 14.78 - -
BP I (2 layers) 13.30 6.82 - --
BP I (3 layers) 20.13 6.21 - -
Teflon (1 layer) 6.30 44.89 -- --
Teflon (2 layers) 12.81 47.39 -- -
Al foil (1 layer) 11.16 12.94 - -
Al foil (2 layers) 22.45 1.86 - -
Al foil (3 layers) 33.87 8.02 - -
BP I + Al foil 17.89 3.39 1.29 3.42
BP I + Teflon 13.06 4.38 5.91 6.98
Teflon + BP 1 13.06 3.09 9.67 20.26

It can be seen from the results of Table 26 that increasing the thickness of the sheathings by
adding multiple layers reduces the strength loss but at an increased weight add-on on the
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overall weight of the braided cord. The BP I (3 layers) gives <7% loss but at a weight add-on
of ~20%. The Teflon sheathing has a low weight add-on value but doesn’t provide optimum
protection. Al foil sheathing also provides good protection but the weight add-on is also very
high. The combinations provide very good protection even after prolonged exposures (168

hours) at moderate levels of weight add-on.

It is worth mentioning here that lower basis weight films than the ones used in this work

could be evaluated to optimize the % strength loss and % weight add-on.
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5.5 Crystallinity and crystal thickness

Figures 31-34 give the X-ray diffractograms for the Zylon” yarn.
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Figure 31 X-ray diffractogram for Zylon® control yarn
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Figure 32 X-ray diffractogram for Zylon® exposed yarn 24 hours
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Figure 33 X-ray diffractogram for Zylon® exposed yarn 96 hours
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Figure 34 X-ray diffractogram for Zylon® exposed yarn 144 hours
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Crystallinity was calculated for Zylon® using the area under peaks in the X-ray curves. It was
found that there was no appreciable change in the % crystallinity values for the Zylon® yarn
after exposure as compared to the control yarn. Table 27 shows the percent crystallinity

results.

Table 27 Percent crystallinity from X-Ray curves for Zylon® control and exposed yarn

Sample % Crystallinity
Zylon® Control 90.47
Zylon® Exposed 24 Hours 89.54
Zylon®™ Exposed 96 Hours 88.64
Zylon® Exposed 144 Hours 88.11

Crystal thickness was calculated using the Scherrer equation [88]:

Brad = (c 1) secO /t 2)
where ¢ is an experimentally determined constant usually between 0.9 and 1.0, for our
calculations ¢ was taken to be 1.0. fF1is the angular width of the reflection in radians at half of
maximum intensity and ¢ is the crystal thickness. 1 is the wavelength of the monochromatic
beam of light used and is equal to 1.5418 A and @is the angle of the peak position. Table 28

shows the results of the crystal thickness calculations using equation 2.
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Table 28 Crystal thickness for Zylon® control and exposed yarn

Peak 1 Peak 2
Sample
t(A) 20 t(A) 20
Zylon® Control 59.85 16.50 25.96 27.00
Zylon® Exposed 24 Hours 59.83 16.25 28.29 27.25
Zylon®™ Exposed 96 Hours 59.83 16.25 30.49 27.50
Zylon® Exposed 144 Hours 59.87 16.75 25.99 27.50

The results presented in Table 28 show that for peak 1 the crystal thickness hasn’t changed
much, whereas the results for peak 2 didn’t follow any clear trend, but peak 1 is a sharp peak
in all the cases whereas peak 2 is a broadened peak, which could be attributed to the fact that
it could be a combination of two peaks rather than one single peak. The intensities of the
curves can’t be compared due to the concentration effect since it was not possible to make

sure that each time the same number of fibers was exposed to the beam.

5.6 Molecular weight (My,)
Solutions at four different concentrations were prepared and solution run times were
measured, using them the relative viscosity and then specific viscosity (7,,) was calculated.

Table 29 shows the results of the viscometric measurements for the Zylon® control yarn.
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Table 29 Viscometric measurements for Zylon®™ control yarn

Concentration (g/10 ml) Nspe/c (AL/g)
0.00048 26.667
0.00095 32.316
0.0019 39.316

0.0037 52.729

A plot of 7,/c versus ¢ was made where c is the concentration of the solution, and the y

intercept at ¢ = 0 gives the [n/. Figure 35 shows the plot.
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Figure 35 (7,,./c) versus c for Zylon® control yarn
From Figure 35, the intrinsic viscosity of the control (unexposed) yarn is 23.92 (dL/g). Since
the slope of the line is a property of the solvent, using this same equation and making
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solutions for the exposed samples at 0.00296 g/10 ml their intrinsic viscosities can be

obtained as well. Table 30 shows the results.

Table 30 Intrinsic viscosity and molecular weight for Zylon® control and exposed yarn

Control Exposed
Exposure Time (hours) 0 24 96 144
ETA intrinsic (dL/g) 23.92 14.89 10.13 491
Mol. Weight (Mw) 28651 22015 17768 11877

In order to correlate the loss in mechanical strength and molecular weight, both were plotted

against exposure time on the same axis. Figure 36 shows the plot:
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Figure 36 Effect of UV exposure time on tensile strength and molecular weight loss
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5.7 Scanning Electron Microscopy (SEM)

SEM micrographs of the unexposed and the exposed yarns indicated no difference in the
surface and no visible cracks were seen on their surfaces. Figures 37-40 show the
micrographs for the unexposed and the exposed Zylon®™ yarns. All the micrographs were

taken at a magnification of X4000.

Figure 37 SEM micrograph for Zylon® control yarn
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Figure 38 SEM micrograph for Zylon® exposed yarn 24 hours
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Figure 39 SEM micrograph for Zylon® exposed yarn 96 hours
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Figure 40 SEM micrograph for Zylon® exposed yarn 144 hours

From the surfaces of all the yarns it can be seen that there is essentially no difference in
them; UV radiation hasn’t caused any cracks on the surface. The tiny spots on the surface

could due to the spin finish applied by the manufacturer of the yarn.
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5.8 FTIR-ATR Spectroscopy

Figures 41 shows the IR scans for the control as well as the exposed yarns. It is clear that the
scans almost overlap each other suggesting that there are no new chemical groups forming or
appearing on the surface of the yarns as a result of degradation. Figure 42 shows the region

of lower wavenumbers in expanded form.
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5.9 Effect of temperature and gases generated in the weatherometer

The black panel temperature set for UV exposure in the weatherometer was 90° C. It is
known that Zylon® is a highly crystalline fiber with high strength and modulus and has a
melting temperature above 600° C, but still as was seen in the literature that with high energy
radiation both thermal and photo degradation can take place simultaneously and each can
accelerate the other so it was thought to heat the yarn in an oven at 100° C for 24 hours and
then test its strength to see the effect of temperature alone. After one day of oven heating
Zylon®™ yarn lost about 8% of its strength (Table A92 shows the individual observations); this
was much less when compared to the strength lost due to UV exposure after one day (62%).
Similarly, it is known that the lamps used in the weatherometer for producing artificial
radiation emit gases including ozone, which can have deleterious effects of the fiber strength.
It was then thought of physically preventing the gases to come in contact of the yarn by
sealing the yarn sample in single and multiple layers of the black polyethylene BP I. It was
found that after exposing the sealed sample for 24 hours the one layered sample lost about
17% strength, the two layered sample lost about 6% strength and the three layered sample
lost less than 5% strength (Tables A93-A95 show the individual observations). Based on the
above observations it can then be concluded that temperature and the gases generated from
the lamp did not play any significant role in the strength loss of Zylon® yarn. The high

energy UV radiation alone caused the degradation.

5.10 Mechanism of UV degradation of Zylon®
FTIR-ATR results show no new groups were formed at the yarn surfaces, SEM micrographs

showed no physical change in the surface. Similarly, X-ray data showed little variation in the
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crystallinity and crystal thickness. On the other hand, tensile testing and viscometry results
showed large reductions in tensile strength and molecular weight respectively, upon exposure
to high energy UV radiation. Another interesting point to note is that there was no gel
formation in the solutions of the exposed yarns. Also temperature and the gases generated
from the lamp did not play any significant role in the strength loss of Zylon®™ yarn. Based on
these observations, a simple chain scission mechanism was proposed, which can explain the
degradation behavior of Zylon® yarn. From the repeat unit structure of Zylon® it can be seen
that it is composed of a chromophore, which is the heterocyclic ring, which is coupled to an
auxochrome, the phenyl ring. The resonance possible with the phenyl ring intensifies the
absorption of the chromophore [89]. Therefore the promotion of an electron (r—n*) to an
excited state was facilitated. A number of chemical processes were possible from this
excited state. The facile degradation of Zylon®, evidenced by the viscosity data, loss of
tensile strength and lack of changes in the FTIR and x-ray data, suggest that there is a simple
photocleavage of the sole C-C single bond in the backbone of the polymer. Most likely the
bond cleavage is by the Norrish Type I mechanism, yielding two free radicals, which do not
recombine. If this is the case, it was suggested that there wouldn’t be much difference in the
degradation process as far as the role of oxygen is concerned, compared to say the photo-
oxidative behavior of nylons. It is known that the oxidative stability of polymers, in terms of
their physical structure is influenced by the crystalline phase and its distribution. The
crystalline phase is impermeable to oxygen and hence oxidative degradation does not
proceed in this phase [16]. Now from the X-ray results, it was seen that Zylon® is a highly

crystalline material with little amorphous region and hence there shouldn’t be much influence
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of oxygen on the degradation process and degradation in the presence as well as absence of

oxygen should proceed at the same rate.

5.11 Results for yarns exposed in high altitude conditions

5.11.1 Tensile properties

The strength values of the control yarn samples were used as a base line to determine the
strength loss of the exposed yarns. These values were: Zylon®™ = 31.54 g/denier, Vectran® =
25.26 g/denier, Kevlar® = 16.24 g/denier and Spectra® = 28.76 g/denier. Table 31 shows the

results of tensile testing (Tables A96-A116 show the corresponding individual observations).

Table 31 Results of tensile testing for yarns exposed in high altitude conditions as compared

to lab exposure

Tensile Strength (g/denier)/% Tensile strength loss
Yarn Type FP1 FP1I FP 111 FP 1V FPV Lab exposure
(8 days) (8 days) (8 days) (42 days) (42 days) (6 days)
Zylon®” 4.90/84.46 | 4.99/84.18 | 4.35/86.21 | 11.59/63.25 | 4.47/85.83 3.87/88.16
Vectran® | 5.72/79.46 | 7.01/74.83 | 7.01/74.83 | 3.61/87.04 | 3.35/87.97 3.40/86.55
Kevlar® | 12.22/24.75 | 14.59/10.16 | 13.52/16.75 | 14.86/8.50 | 6.52/59.85 12.74/23.11
Spectra® | 24.65/14.29 | 26.12/9.18 | 28.02/2.57 | 21.21/26.25 | 10.31/64.15 | 22.27/22.56

From the above results it can be seen that Zylon® yarn lost about 85% strength on the first
flight but, there is no consistency among the results for FP IV and V although they were on

the same flight and hence were exposed to exactly the same conditions. Also the results are
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comparable to the values obtained from laboratory exposure. This shows that the laboratory
exposure of 6 days was as harsh as an exposure of 8 or 42 days in actual field conditions. For
Vectran® the samples exposed on first flight gave consistent strength losses between 74% and
80% and samples exposed on second flight gave about 87% loss, which is again comparable
to value for laboratory exposed sample. For Kevlar® there was no consistency among the
results for FP I, II and III and FP V gave very high strength loss compared to FP IV as well
as the laboratory exposed sample. Similar observation was made for Spectra”. As mentioned
earlier that FP I, III and V had windows cut out on them all along the length. Therefore, due
to the strong pressure of the blowing wind and other gases, mechanical degradation took
place in those regions. But, this mechanical degradation itself didn’t cause any effect on the
tensile strength for FP I and III as for these two packages the windows were cut in regions
other than the one tested on the tensile tester. But, for FP V the windows were cut right in the
middle of the package for all the yarns, which was the exact region of tensile testing. Hence,
we see that for Spectra® and Kevlar® the strength loss is much higher compared to the rest of

the packages. This effect however was not much pronounced for Zylon™ and Vectran®.

5.11.2 Crystallinity and crystal thickness

Figures 43-48 give the X-ray diffractograms.
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Crystallinity was calculated for Zylon® using the area under peaks in the X-ray curves. It was
found that there was no huge change in the % crystallinity values after exposure and the
samples exposed on the same flight were very consistent among themselves. Table 32 shows

the results.

Table 32 Percent crystallinity from X-Ray curves for Zylon®” exposed in high altitude

conditions

Sample % Crystallinity
Zylon® Control 90.47
Zylon® Exposed 8 days (FP I) 81.01
Zylon® Exposed 8 days (FP II) 78.30
Zylon® Exposed 8 days (EP III) 78.28
Zylon® Exposed 42 days (FP IV) 81.70
Zylon® Exposed 42 days (FP V) 81.27
Zylon® Lab exposed 6 days 88.11

Crystal thickness was calculated using the Scherrer equation [88]:

Brad = (c A) secO /t 2)
where ¢ is an experimentally determined constant usually between 0.9 and 1.0, for our
calculations ¢ was taken to be 1.0. fF1is the angular width of the reflection in radians at half of
maximum intensity and t is the crystal thickness. 1 is the wavelength of the monochromatic
beam of light used and is equal to 1.5418 A and @is the angle of the peak position. Table 33

shows the results of the crystal thickness calculations using equation 2.
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Table 33 Crystal thickness for Zylon® control and exposed in high altitude conditions

Peak 1 Peak 2

Sample t(A) 20° t(A) 20°
Zylon® Control 59.85 16.50 25.96 27.00
Zylon®™ Exposed 8 days (FP I) 62.26 16.74 25.96 27.00
Zylon® Exposed 8 days (FP II) 74.12 16.67 26.40 2691
Zylon® Exposed 8 days (FP III) 64.88 16.95 27.31 27.00
Zylon® Exposed 42 days (FP IV) 62.27 16.77 26.84 26.93
Zylon®™ Exposed 42 days (FP V) 81.95 17.00 25.15 27.16
Zylon® Lab exposed 6 days 59.87 16.75 25.99 27.50

The results presented above show that for peak 1 the crystal thickness hasn’t changed much
for the samples exposed on the first flight compared to the control sample as well as for the
laboratory exposed sample. Even for the sample on FP IV the peak width hasn’t changed
much but the sample on FP V surprisingly shows that the crystal has grown longer. The
results for peak 2 however show good consistency for all the samples. Peak 1 is a sharp peak
in all the cases whereas peak 2 is a broadened peak, which could be attributed to the fact that
it could be a combination of two peaks rather than one single peak. The intensities of the
curves can’t be compared due to the concentration effect since it was not possible to make

sure that each time the same number of fibers was exposed to the beam.

5.11.3 Molecular weight (M)

Solutions were made for the exposed samples at 0.0023 g/10ml, 0.0027 g/10ml, 0.0022
g/10ml, 0.0027 g/10ml, 0.0021 g/10ml respectively for FP I, II, III, IV, and V. Their intrinsic
viscosities were obtained and Table 34 shows the results.
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Table 34 Intrinsic viscosity and molecular weight for Zylon® control and exposed in high

altitude conditions

Control Exposed
Lab
Exposure FP1 FPII FP III FP IV FPV
0 exposed
Time (hours) (8 days) | (8 days) | (8 days) | (42 days) | (42 days)
(6 days)
ETA intrinsic
23.92 13.47 12.83 13.22 5.68 4.88 491
(dL/g)
Mol. Weight
Mw) 29000 | 21000 20000 21000 13000 12000 12000
w

It can be seen that there is a drastic reduction in the molecular weight as a result of

degradation. There is good consistency among the results for samples exposed on the same

flight as well as with the one exposed in laboratory.

5.11.4 Scanning Electron Microscopy (SEM)

SEM micrographs of the unexposed and the exposed yarns indicated no difference in the

surface; and no visible cracks were seen on their surfaces. Figures 49-51 show the

micrographs for the unexposed and the exposed Zylon® yarns. The micrographs were taken

for the samples exposed to longer duration i.e., FP IV and V. All the micrographs were taken

at a magnification of X4000.
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Figure 49 SEM micrograph for Zylon® control yarn
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Figure 50 SEM micrograph for Zylon® exposed yarn 42 days (FP IV)
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Figure 51 SEM micrograph for Zylon® exposed yarn 42 days (FP V)

By examining the surfaces of all the yarns, it can be seen that there is essentially no
difference in them; UV radiation hasn’t caused any cracks on the surface. The tiny spots on
the surface could due to the spin finish applied by the manufacturer of the yarn. This is

similar to the results obtained for the laboratory-exposed samples.
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5.11.5 FTIR-ATR Spectroscopy

Figures 52 shows the IR scans for the control as well as the exposed yarns. It is clear that the
scans almost overlap each other suggesting that there are no new chemical groups forming or
appearing on the surface of the yarns as a result of degradation. Similar results were obtained
or samples exposed in the laboratory also. Figure 53 shows the region of lower wavenumbers

in expanded form.
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Figure 53 Comparison of the IR scans in the lower wavenumber region for Zylon® control
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6. Conclusions

High strength fibers such as Zylon®, Kevlar®, and Vectran® are characterized by their high
strength to weight ratio. They are used to produce high performance products that degrade
upon exposure to UV radiation and hence need adequate protection. Fibers made of polymers
and polymeric materials absorb in the ultraviolet region of the electromagnetic spectrum, and
therefore are susceptible to reactions initiated by the absorption of ultraviolet energy.
Polymer photo oxidative degradation, which includes processes like chain scission,
crosslinking and secondary oxidative reactions, occur by the free radical mechanism (similar
to thermal oxidation). Polymer morphology plays an important role in photo degradation
with the amorphous region in the polymer more prone to degradation compared to the
crystalline phase. The main effect of temperature on the kinetics of photo degradation is
connected with ability of the free radicals formed to separate and depends strongly on their
mobility in the polymer matrix or in solution. At high temperatures, additional reactions due
to thermal degradation start taking place and the whole picture of photo degradation changes.
Industrially produced polymers contain a number of light absorbing impurities produced in
side reactions during polymerization, processing and storage that make the polymer more
vulnerable to photo degradation. At high processing temperatures polymers are thermally
oxidized. This oxidation makes the polymer more vulnerable to photo degradation,
degradation due to moisture and also chemical degradation. High temperatures during aging
reduce the moisture content of the samples and hence it makes difficult to perceive the effect
of moisture on photo degradation. Water can have at least three effects in the degradation of
polymers, they are: Chemical- hydrolysis of the ester or amide bonds; Physical- loss of the

bond between the vehicle and a substrate or pigment; Photochemical- generation of hydroxyl
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radicals or other chemical species. It has been found that in oxygen rich environments chain
scission (photolysis) predominates over cross linking whereas the reverse (oxidation)
happens in oxygen starved environments. The presence of oxygen commonly, although not
invariably, leads to the formation of hydroperoxides (ROOH) through a reaction with
hydrocarbon free radicals. In thick samples, the rates of diffusion of oxygen into the
specimen can control the rate of deterioration in the interior of the material relative to the
exterior. As the wavelengths of radiation decrease through blue, violet and into the ultraviolet
region, the energy of the photons increases, thus it is simple to state that the shorter the
wavelength, the more energetic the photons, and therefore the more potentially damaging the
radiation. Some of the important experimental aspects of polymer photo degradation include:
radiation sources, photo degradation procedure, application of IR, UV-VIS spectroscopy in
the study of photo degradation, mechanical testing, and testing of weathering of polymers.
Finally, photo degradation of some of the important homo and hetero chain polymers was
discussed in detail and it was revealed that photo degradation leads to significant loss in all
the different types of properties of these polymers. A variety of chemical compounds are
available which are commercially used as UV stabilizers including antioxidants, pigments

and photostabilizers.

In this work, the harmful and deleterious effects of high-energy ultraviolet solar radiation on
the performance of high strength fibers using an artificial light source have been addressed.
From accelerated aging in the weatherometer it was seen that after six days of exposure
unprotected Zylon® lost ~ 90%, Vectran® lost ~ 87%., and Kevlar® lost ~ 23% of their tensile
strength. The storage conditions were very good and it was seen that the tensile strength of
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the three yarns were not significantly affected with time when stored under black

polyethylene wraps.

Several methods to improve the stability of high strength yarns against harmful high energy
UV radiation have been investigated and evaluated. Numerous chemical treatments were
tried such as blank (flexible amino silicone with no UV protector), TiO,, ZnO, L-20, L-22, L-
35, L-92, Tinuvin® 234 and Carbon Black. For Zylon® it was seen that after four days of
exposure the sample coated with blank (flexible amino silicone with no UV protector)
treatment lost the maximum strength, which was ~ 82% and the sample coated with TiO, lost
the least strength, which was ~ 68%. Among the coverings, the most effective method was
covering the yarn with films containing carbon black or having a metallized surface. The BP
III (1 layer) gave the best results with ~ 2% strength loss after seven days of exposure. The
Teflon covering was not very effective and the one layered and two layered structures gave ~
45% and 47% loss respectively. The metallic covering (Al foil) was also very effective and
the three-layered structure gave ~ 8% loss after one day of exposure. Combinations of films
were also tried and it was found that a combination of reflecting and absorbing films gives
the best results for protecting these yarns against high-energy radiation. The BP I + Al foil

combination gave ~ 3% loss after seven days of exposure.

For Vectran® again the TiO, coated sample was the best and gave ~ 57% loss after four days
of exposure. Kevlar® yarn lost the least strength among the three yarns. The L-20 coated

sample was the best and gave ~ 8% loss after six days of exposure.
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A possible insight into the mechanism of strength loss in Zylon™ upon exposure to high-
energy radiation has been provided. Exposed Zylon® samples were characterized by
molecular weight measurements, x-ray diffraction, FTIR-ATR spectrophotometry and SEM
microscopy. The results show that after accelerated aging in a weatherometer, the tensile
strength and molecular weight of Zylon® fibers were considerably reduced as a result of
chain scission. The crystallinity and crystal size of Zylon® fiber didn’t change appreciably.
SEM observations show that the surface of the Zylon® fibers was not visibly affected by the
UV degradation. Based on the above results a simple chain scission Norrish Type I
mechanism was proposed to describe the degradation behavior of Zylon®™ fiber. Also,
samples had been exposed in high altitude conditions and tested and the results were
compared with those obtained after laboratory exposure. Almost similar results were
obtained for samples exposed in high altitude conditions. From the results for tensile strength
measurements and all the characterizing experiments it was seen that the laboratory exposure

conditions simulate the actual high altitude exposure conditions very well.
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7. Future Work

As future work the following ideas are proposed:

1.

In some of the applications the products made of high performance fibers are under
high stress such as yacht ropes, tendons of scientific balloons, etc. It is therefore
necessary to evaluate the UV resistance of these high strength yarns under stress as it
is known that stress accelerates degradation and hence such evaluation would better
reflect the true performance of the product.
New ways should be evaluated to protect these fibers from the harmful high energy
UV radiation including:
a. Use of some more UV absorbers such as Chimassorb® 944, Tinuvin® 770,
Tinuvin® 328, Tinuvin® 238 and Chimassorb” 81.
b. Develop and use metallized films that can reflect away a majority of the
radiation falling on these yarns.
The creation of low weight, flexible-blocking films should be applied to the fibers
and/or fiber structures. Blocking systems based on a range of flexible base polymers
and application approaches can be investigated including: Reactive coatings,
extrusion coatings, and direct film covering. Coating/sheathing materials may
incorporate a range of reactive and non-reactive UV blocking approaches (ranging
from traditional UV absorbers, pigments and dyes to recently developed UV blocking
technology based on nano-particle metal oxides). These materials would be applied
to high performance yarns, braids, ropes, and woven structures (Zylon®, Kevlar®, and

Vectran®) for direct exposure testing to establish the effectiveness of the treatments.
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Multi layer applications of materials should be considered to maximize ultimate
product performance.

The development of hybrid structures of core/sheath nature (ropes, braids, and woven
fabrics) with UV resistant sheath layer should be studied. The structure elements
should be selected and designed using mechanics of blended structures to optimize
the load sharing in order to maximize the high strength to weight ratio of the
structure. At the same time, structures should be designed to minimize the exposure
of high strength components to UV light.

The development of an advanced, light stability-testing program designed to fully
evaluate the impact of various wavelengths of light on the strength performance of
high strength fibers and fiber structures (yarns, ropes, braids, woven fabrics).
Exposure systems should be designed to replicate real-world conditions and data
should be confirmed using direct environmental exposure and high altitude exposure
testing systems.

The mechanism and wavelength of the UV instability for these high strength fibers
should be fully researched using characterizing techniques like UV-VIS spectroscopy,

AFM (atomic force microscopy), XPS (x-ray photoelectron spectroscopy) etc.
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Appendix



The following tables present the individual readings for the tensile properties of the

unexposed and exposed yarns tested. The tables appear in the same order as they are referred

to in the body of the thesis. From these tables the mean tenacity values have been reported in

the thesis body and used for calculating the strength losses for the exposed yarns.

Table Al Tensile properties of unexposed Zylon®™ yarn (Dec 2003)

(see Table 10)

Observation % Strain at | Energy to peak Modu_lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 3.29 202.06 1089.37 29.32
2 3.36 199.54 1129.60 30.73
3 3.97 267.94 990.59 34.13
4 3.77 247.29 1191.34 32.75
5 3.25 183.24 1140.33 29.99
6 3.58 238.18 1155.97 34.64
7 3.47 225.77 1149.05 33.84
Mean 3.57 226.99 1126.15 32.68
SD 0.27 31.25 69.65 1.91

Table A2 Tensile properties of unexposed Zylon® yarn (July 2004)

(see Table 10)

Observation % Strainat | Energy to peak I\/Iodu_lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 3.95 250.52 1024.57 33.26
2 4.01 272.82 1093.54 33.52
3 3.82 240.6 1054.6 31.85
4 4.01 261.64 1012.28 33.33
5 3.9 234.71 986.04 30.76
6 3.97 268.89 1063.85 34.48
7 4.01 250.89 1044.18 32.3
8 3.64 225.07 1061.24 32.21
Mean 3.83 235.77 996.19 32.72
SD 0.27 35.13 66.03 2.40
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Table A3 Tensile properties of unexposed Zylon® yarn (October 2004)

(see Table 10)

Observation % Strain at | Energy to peak Modu_lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 4.06 268.56 1119.14 31.82
2 4.09 270.07 1048.08 32.49
3 3.78 221.83 961.9 30.38
4 4.21 274.41 988.5 32.23
5 3.87 236.42 1004.25 30.54
6 4.02 258.94 1045.34 32.01
7 3.75 228.05 1012.71 29.03
8 3.9 242.39 1008.39 29.96
Mean 3.97 240.74 990.40 31.05
SD 0.37 35.77 94.72 2.23

Table A4 Tensile properties of unexposed Zylon® yarn (May 2005)

(see Table 10)

Observation % Strain at | Energy to peak I\/Iodu'lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 4.06 280.54 1118.47 33.51
2 3.78 247.05 1224.13 32.33
3 3.55 209.95 1037.18 29.35
4 3.38 202.23 1160.22 30.25
5 3.73 239.06 1140.2 32.26
6 3.34 265.76 1135.56 31.33
7 3.78 267.99 1214.67 32.12
8 3.76 245.98 1188.45 29.89
Mean 3.70 235.77 1087.44 31.54
SD 0.26 31.36 67.90 1.70

Table A5 Tensile properties of unexposed Vectran®™ yarn (Dec 2003)

(see Table 10)

Observation % Strainat | Energy to peak I\/Iodu_lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 3.41 211.22 965.67 25

2 3.68 251.89 900.37 26.92

3 3.52 228.39 950.07 26.31

4 3.42 206.59 871.44 24.1

5 3.56 227.22 883.06 25.58

6 3.46 194.47 1013.83 21.86

7 3.59 234.72 978.21 26.83

8 3.52 222 896.95 25.64

Mean 3.52 222.06 932.45 25.28

SD 0.09 17.87 51.52 1.67
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Table A6 Tensile properties of unexposed Vectran®™ yarn (July 2004)

(see Table 10)

Observation % Strain at | Energy to peak Modu_lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 5.89 310.4 577.25 26.41
2 5.79 288.99 574.89 24.98
3 5.86 280.98 559.8 25.73
4 5.88 271.32 635.05 24.9
5 5.54 267.3 613.84 26.63
6 5.82 286.41 632.46 25.44
7 5.84 270.55 604.61 26.41
8 6.31 308.74 559.04 24.48
Mean 5.82 275.84 574.57 25.64
SD 0.52 38.01 45.67 1.43

Table A7 Tensile properties of unexposed Vectran®™ yarn (May 2005)

(see Table 10)

Observation % Strain at | Energy to peak I\/Iodu'lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 4.55 225.62 699.41 26.56
2 4.67 248.92 738.85 26.45
3 4.92 242.71 611.96 25.77
4 4.48 216.03 688.38 24.22
5 4.72 249.09 723.27 24.78
6 4.44 230.89 644.32 24.34
7 4.72 245.23 650.78 24.58
8 4.56 238.90 712.67 25.34
Mean 4.67 236.48 692.37 25.26
SD 0.17 14.91 49.10 0.80

Table A8 Tensile properties of unexposed Kevlar® yarn (Dec 2003)

(see Table 10)

Observation % Strainat | Energy to peak I\/Iodu_lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 2.8 56.81 689.45 15.98
2 2.09 39.52 922.45 15.71
3 3.4 66.6 722.28 17.23
4 3.39 81.39 642.58 18.59
5 3.21 60.04 677.44 16.12
6 2.38 42.49 872.82 15.78
7 2.70 60.40 688.90 16.34
8 2.65 78.34 762.67 15.98
Mean 2.88 57.81 754.50 16.57
SD 0.55 15.55 114.84 1.13
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Table A9 Tensile properties of unexposed Kevlar® yarn (July 2004)

(see Table 10)

Observation % Strain at | Energy to peak Modu_lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 2.52 68.49 746.91 15.84
2 2.65 73.35 767.84 17.3
3 2.39 60.43 800.88 16.11
4 2.2 51.83 833.27 15.3
5 2.61 74.2 761.15 16.99
6 3.28 113.29 748.76 17.98
7 3.29 99.17 690.9 17.2
8 2.44 69.81 838.86 17.7
Mean 2.68 77.44 777.20 16.81
SD 0.40 20.68 44.07 1.11
Table A10 Tensile properties of unexposed Kevlar® yarn (May 2005)
(see Table 10)
. % Strain at | Energy to peak Modulus Tenacity
Observation peak load load (kg-mm) (g/denier) (g/denier)
1 2.29 62.15 803.29 16.76
2 2.14 57.66 866.54 16.22
3 2.18 56.5 826.63 15.68
4 2.15 56.88 847.8 16.01
5 2.19 59.38 851.04 16.56
6 2.22 56.50 844.50 16.22
7 2.19 55.80 798.90 16.34
8 2.14 51.20 832.88 15.77
Mean 2.19 58.51 839.06 16.24
SD 0.06 2.31 24.54 0.43
Table A1l Tensile properties of untreated exposed Zylon" yarn 24 hours
(see Table 17)
. % Strain at | Energy to peak Modulus Tenacit
Observation peak load Ioadg()l:g-ngm) (g/denier) (g/denie?/)
1 1.81 48.13 1042.54 13.36
2 1.7 43.78 1047.4 14.16
3 1.31 25.96 998.82 10.86
4 1.24 21.77 1196.36 10
5 1.97 57.77 992.68 14.16
6 1.75 48.52 1120.94 13.56
7 1.45 30.3 1039.96 11.63
8 1.26 22.55 1038.03 9.87
Mean 1.56 37.81 1034.07 12.21
SD 0.43 21.42 83.36 2.56
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Table A12 Tensile properties of untreated exposed Zylon® yarn 96 hours

(see Table 17)

Observation % Strain at | Energy to peak Modu_lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 0.7 5.64 1121.59 5
2 0.67 5.17 1075.07 5
3 0.61 3.45 948.74 3.88
4 0.68 5.07 1098.7 4.71
5 0.73 5.81 1145.45 5.35
6 0.69 5.22 1091.45 5.06
7 0.78 6.87 1019.94 5.48
8 0.66 4.67 1036.36 4.68
Mean 0.69 5.29 1075.22 4.89
SD 0.08 1.46 68.77 0.80

Table A13 Tensile properties of untreated exposed Zylon® yarn 144 hours

(see Table 17)

Observation % Strain at | Energy to peak Modulus Tenacity
peak load load (kg-mm) (g/denier) (g/denier)
1 0.56 2.02 399.96 1.99
2 0.68 5.08 942.54 4.94
3 0.73 5.82 980.24 5.19
4 0.51 2.39 994.87 3.2
5 0.55 2.68 999.41 3.24
6 0.57 3.04 987.85 3.72
7 0.64 3.37 804.88 3.11
8 0.82 7.16 898.96 5.58
Mean 0.63 3.48 876.09 3.87
SD 0.10 1.76 203.31 1.25

Table A14 Tensile properties of blank (flexible amino silicone with no UV protector) coated
exposed Zylon" yarn 24 hours (see Table 17)

Observation % Strainat | Energy to peak I\/Iodu_lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 2.98 95.8 840.98 14

2 2.29 60.09 863.44 13.11

3 24 62.92 785.49 13.46

4 2.26 55.87 756.79 13.07

5 2.79 75.41 669.08 13.17

6 2.78 74.53 663.51 13.49

7 2.59 65.26 655.97 13.14

8 1.99 45.24 765 12.79

Mean 2.51 70.02 742.19 13.28

SD 0.36 16.60 68.86 0.93

141



Table A15 Tensile properties of blank (flexible amino silicone with no UV protector) coated
exposed Zylon® yarn 96 hours (see Table 17)

Observation % Strain at | Energy to peak Modu_lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 1.37 19.86 832.1 7.79
2 1.01 10.06 891.75 5.26
3 1.51 26.22 987.99 7.56
4 1.01 12.02 894.09 6.73
5 0.81 6.62 848.31 4.94
6 0.94 9.83 830.18 5.86
7 0.92 8.19 813.72 4.61
8 1.31 17.52 912.34 6.22
Mean 1.11 14.43 902.47 6.12
SD 0.26 7.56 78.74 1.91

Table A16 Tensile properties of TiO, coated exposed Zylon® yarn 24 hours

(see Table 17)

Observation % Strain at | Energy to peak I\/Iodu'lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 2.81 94.96 958.89 15.22
2 2.13 56.54 893.49 14.48
3 2.69 93.07 800.64 17.37
4 2.15 61.48 903.49 14.8
5 2.76 96.39 995.91 17.11
6 2.66 90.68 841.99 17.3
7 2.22 66.32 957.56 15.35
8 2.6 90.5 1012.85 16.86
Mean 2.5 71.18 893.00 16.06
SD 0.44 26.01 71.19 2.89

Table A17 Tensile properties of TiO, coated exposed Zylon® yarn 96 hours

(see Table 17)

Observation % Strainat | Energy to peak I\/Iodu_lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 2.18 52.29 873.7 11.31
2 1.95 46.51 873.2 11.28
3 2.1 48.82 814.51 11.31
4 2.31 52.58 765.19 10.83
5 1.81 36.34 836.39 9.77
6 2.09 50.61 849.02 11.47
7 1.56 23.91 726.38 7.63
8 2.22 49.62 800.72 9.39
Mean 2.03 36.22 833.33 10.37
SD 0.62 20.11 53.13 3.25
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Table A18 Tensile properties of ZnO coated exposed Zylon® yarn 24 hours

(see Table 17)

Observation % Strain at | Energy to peak Modu_lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 2.21 63.7 978.21 14.42
2 1.78 42.64 1002.66 12.95
3 2.01 53.94 967.67 13.91
4 2.89 89.36 543.71 14.3
5 2.64 90.13 984.46 15.07
6 1.94 47.78 1009.97 13.46
7 3.09 104.08 989.34 13.75
8 1.64 36.82 1046.53 12.53
Mean 2.27 72.89 961.50 13.80
SD 0.60 31.48 135.72 1.72

Table A19 Tensile properties of ZnO coated exposed Zylon® yarn 96 hours

(see Table 17)

Observation % Strain at | Energy to peak I\/Iodu'lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)

1 1.79 39.25 862.44 10.83

2 1.6 31.82 886.39 9.61

3 1.49 27.59 881.84 9.13

4 1.42 25.87 915.05 9.29

5 1.49 27.35 876.11 9.04

6 1.43 24.65 874.53 8.4

7 1.88 42.23 899.27 10.58

8 1.15 16.58 1050.03 8.46

Mean 1.53 30.80 903.86 9.41

SD 0.30 11.01 54.27 1.27

Table A20 Tensile properties of L-20 coated exposed Zylon® yarn 24 hours

(see Table 17)

Observation % Strainat | Energy to peak I\/Iodu_lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 2.04 50.69 909.81 12.53
2 2.32 65.6 901.07 13.65
3 2.2 60.53 1013.03 13.56
4 2.08 51.5 906.95 12.47
5 2.1 58.51 980.36 13.3
6 1.85 46.29 992.75 12.98
7 1.92 47.61 938.93 13.2
8 1.74 39.28 980.77 12.28
Mean 2.03 51.56 959.31 12.99
SD 0.29 13.40 41.83 1.66
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Table A21 Tensile properties of L-20 coated exposed Zylon®™ yarn 96 hours

(see Table 17)

Observation % Strain at | Energy to peak Modu_lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 1.61 28 776.39 8.46
2 1.81 34.12 761.79 9.04
3 1.44 21.43 711.1 7.43
4 1.65 28.62 820.39 8.49
5 1.13 14.55 887.12 7.21
6 1.42 23.19 795.63 8.17
7 1.38 21.02 774.22 7.66
8 1.54 26.59 821.19 8.84
Mean 1.49 25.81 810.44 8.16
SD 0.31 9.69 61.11 1.25

Table A22 Tensile properties of L-22 coated exposed Zylon® yarn 24 hours

(see Table 17)

Observation % Strain at | Energy to peak I\/Iodu'lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 2.47 74.97 948.15 14.23
2 2.17 63.5 1012.23 14.42
3 2.04 50.64 880.39 12.18
4 2.11 59.31 975.42 14.01
5 2.32 63.5 869.05 13.05
6 2.38 72.16 959.22 13.78
7 221 64.21 972.22 14.23
8 241 50.84 685.68 13.08
Mean 2.27 60.02 926.36 13.63
SD 0.19 10.90 99.24 1.14

Table A23 Tensile properties of L-22 coated exposed Zylon® yarn 96 hours

(see Table 17)

Observation % Strainat | Energy to peak I\/Iodu_lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 1.55 28.73 901.3 8.88
2 1.89 35.94 926.94 7.31
3 1.3 17.51 811.99 7.18
4 1.43 21.58 754.57 7.63
5 1.37 21.5 842.36 8.2
6 1.35 19.28 767.53 7.31
7 1.83 33.03 722.42 8.91
8 1.02 13.42 904.84 7.56
Mean 1.47 23.47 831.27 7.87
SD 0.37 11.15 65.71 1.59
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Table A24 Tensile properties of L-35 coated exposed Zylon®™ yarn 24 hours

(see Table 17)

Observation % Strain at | Energy to peak Modu_lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 2.6 80.1 887.4 15.77
2 2.74 82.3 780.76 15.74
3 2.63 79.59 832.85 14.84
4 2.54 74.57 873.49 14.81
5 2.9 90.57 896.2 13.49
6 2.02 53.22 955.11 13.62
7 2.15 57.73 946.73 12.98
8 2.59 86.49 977.15 14.84
Mean 2.52 78.55 883.45 14.51
SD 0.33 15.34 68.96 1.37

Table A25 Tensile properties of L-35 coated exposed Zylon® yarn 96 hours

(see Table 17)

Observation % Strain at | Energy to peak I\/Iodu'lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 1.58 25.48 760.27 7.82
2 1.18 14.6 759.36 6.51
3 1.31 16.7 689.55 6.54
4 1.97 33.55 703.09 7.72
5 1.15 13.78 778.7 6.06
6 1.67 29.4 801.68 8.43
7 1.61 29.62 863.86 8.72
8 1.93 37.97 840.28 9.45
Mean 1.55 26.32 767.13 7.65
SD 0.31 9.32 57.62 1.49

Table A26 Tensile properties of L-92 coated exposed Zylon® yarn 24 hours

(see Table 17)

Observation % Strainat | Energy to peak I\/Iodu_lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 2.08 53.67 895.27 12.66
2 2.14 56.03 884.03 13.33
3 2.24 55.81 836.32 11.99
4 2.16 58.84 908.06 13.78
5 2.33 63.23 892.26 12.85
6 2.41 70.1 867.53 13.37
7 2.99 88.37 863.11 11.76
8 2.28 64.34 861.01 14.23
Mean 2.33 62.89 878.01 13.00
SD 0.34 15.98 21.73 1.54
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Table A27 Tensile properties of L-92 coated exposed Zylon®™ yarn 96 hours

(see Table 17)

Observation % Strain at | Energy to peak Modu_lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 1.88 37.31 800.68 8.91
2 1.69 30.05 839.83 8.52
3 1.48 25.09 857.68 8.11
4 1.37 21.76 891.29 8.84
5 1.82 34.23 789.46 9.1
6 1.41 23.08 854.57 8.43
7 1.34 20.74 898.49 8.49
8 1.38 23.46 948.9 9.33
Mean 1.55 29.14 844.41 8.72
SD 0.23 6.78 53.53 0.98

Table A28 Tensile properties of Tinuvin® 234 coated exposed Zylon®™ yarn 24 hours

(see Table 17)

Observation % Strain at | Energy to peak I\/Iodu'lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 2.56 110.44 1141.07 21.14
2 2.25 83.52 1112.86 18.93
3 2.32 88.84 1121.7 19.45
4 2.61 115.56 1141.13 22.04
5 2.63 112.02 1085.99 21.62
6 2.59 112.55 1124.61 21.59
7 2.3 86.55 1150.38 18.65
Mean 2.47 101.14 1129.12 20.49
SD 0.44 34.48 25.62 3.12

Table A29 Tensile properties of Carbon Black coated exposed Zylon®™ yarn 24 hours

(see Table 17)

Observation % Strain at | Energy to peak Modu_lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 2.29 96.26 1285.91 22.01
2 2.04 76.04 1271.46 19.25
3 2.35 99.57 1247.17 21.4
4 2.45 109.9 1251 23.39
5 2.24 91.38 1239.56 21.34
6 2.31 96.35 1294.68 20.98
Mean 2.28 89.66 1244.19 21.39
SD 0.47 35.79 54.36 5.05
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Table A30 Tensile properties of BP I (1 layer) covered exposed Zylon® yarn 24 hours

(see Table 18)

Observation % Strain at | Energy to peak Modu_lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 3.92 236.01 997.04 29.19
2 3.89 232.27 992.02 28.81
3 3.7 210.43 1034.46 26.85
4 3.8 219.68 1041.49 27.4
5 3.8 226.58 1027.18 28.71
6 3.5 190.52 1031.69 26.79
7 3.26 173.76 1052.96 26.5
8 3.38 193.94 1145.31 28.52
Mean 3.65 202.85 1054.23 27.85
SD 0.36 33.19 54.60 1.75

Table A31 Tensile properties of BP I (2 layers) covered exposed Zylon® yarn 24 hours

(see Table 18)

Observation % Strain at | Energy to peak I\/Iodu'lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 3.37 200.33 1169.8 29.96
2 3.63 228.53 1152.13 30.25
3 3.94 261.31 1135.92 31.79
4 3.83 244.47 1106.8 31.3
5 3.41 192.92 987.18 28.97
Mean 3.64 216.31 1065.28 30.45
SD 0.24 36.04 101.62 3.09

Table A32 Tensile properties of BP I (3 layers) covered exposed Zylon®™ yarn 24 hours

(see Table 18)

Observation % Strain at | Energy to peak Modu_lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 3.75 229.08 970.04 30.15
2 3.84 234,18 966.75 30.18
3 3.73 236.96 1109.17 31.37
4 3.74 224.59 1027.15 30.28
5 3.87 246.3 1022.95 30.76
6 3.67 232.6 1131.66 31.14
Mean 3.77 237.95 1030.98 30.65
SD 0.21 21.41 60.01 0.94
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Table A33 Tensile properties of Teflon (1 layer) covered exposed Zylon® yarn 24 hours

(see Table 18)

Observation % Strain at | Energy to peak Modu_lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 1.98 70.92 1271.3 18.04
2 2.14 79.28 1174.15 19.16
3 2.14 79.25 1217.83 18.01
4 1.97 65.46 1161.84 17.27
5 2.11 73.15 1113.21 17.75
6 2.12 73.65 1118.51 17.82
Mean 2.07 74.22 1159.85 18.01
SD 0.24 17.61 61.02 2.02

Table A34 Tensile properties of Teflon (2 layers) covered exposed Zylon® yarn 24 hours

(see Table 18)

Observation % Strain at | Energy to peak Modu_lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)

1 2.14 72.3 1121.55 17.43

2 2.55 103.69 1059.99 20

3 2.16 75.95 1129.1 17.72

4 2.11 71.09 1106.53 17.5

5 2.01 63.29 1123.67 15.96

6 2.13 67.82 1026.75 16.09

7 2.02 63.04 1070.49 15.7

Mean 2.16 78.03 1090.01 17.19

SD 0.26 23.80 51.78 3.00

Table A35 Tensile properties of BP II (1 layer) covered exposed Zy10n® yarn 24 hours

(see Table 18)

Observation % Strain at | Energy to peak Modu_lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 3.57 210.2 1052.55 32.24
2 3.39 221.07 1238.88 32.36
3 3.11 183.76 1213.21 30.25
4 3.32 213.59 1257.4 32.49
5 3.12 192.17 1277.75 31.66
6 3.21 199.36 1225.86 32.08
7 3.14 190.73 1235.69 31.63
8 3.33 206.14 1208.32 32.65
Mean 3.28 198.53 1207.86 31.92
SD 0.17 16.12 66.84 1.12
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Table A36 Tensile properties of BP II (1 layer) covered exposed Zylon® yarn 96 hours

(see Table 18)

Observation % Strain at | Energy to peak Modu_lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 3.28 194.00 1140.65 30.25
2 3.74 232.61 1140.52 31.21
3 3.68 232.31 1156.86 31.02
4 3.59 229.03 1145.16 32.21
5 3.59 231.48 1185.57 32.27
6 3.46 216.60 1165.39 31.57
7 3.45 217.04 1180.05 32.02
8 3.66 236.41 1133.13 31.98
Mean 3.56 223.74 1158.84 31.57
SD 0.18 19.67 18.57 1.01

Table A37 Tensile properties of BP II (1 layer) covered exposed Zylon® yarn 168 hours

(see Table 18)

Observation % Strain at | Energy to peak I\/Iodu'lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 3.40 231.84 1201.54 31.60
2 3.57 210.40 1197.24 32.75
3 3.37 212.09 1148.92 31.95
4 3.37 195.47 1204.70 32.21
5 3.20 196.89 1212.92 31.02
6 3.21 201.60 1253.69 32.21
7 3.34 201.85 1225.12 30.57
8 3.30 203.17 1172.44 30.96
Mean 3.35 211.06 1202.63 31.53
SD 0.16 15.93 32.72 0.95

Table A38 Tensile properties of BP III (1 layer) covered exposed Zylon® yarn 24 hours

(see Table 18)

Observation % Strainat | Energy to peak I\/Iodu_lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 3.46 207.46 1121.06 30.09
2 3.55 226.60 1144.98 32.30
3 3.78 253.68 1122.60 32.82
4 3.40 208.30 1159.34 31.02
5 3.47 213.28 1108.69 31.21
6 3.44 207.10 1076.82 30.99
7 3.44 215.41 1189.37 32.24
8 3.39 207.85 1146.11 30.89
Mean 3.49 219.99 1108.12 31.45
SD 0.19 16.81 82.91 1.26
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Table A39 Tensile properties of BP III (1 layer) covered exposed Zylon® yarn 96 hours

(see Table 18)

Observation % Strain at | Energy to peak Modu_lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 3.74 253.6 1168.69 33.71
2 3.61 237.84 1203.19 32.17
3 3.93 271.11 1113.68 33.2
4 3.82 262.74 1184.6 33.87
5 4.01 278.9 1187.39 33.71
6 3.56 229.71 1188.09 31.88
7 3.67 241.52 1213.18 32.36
Mean 3.76 255.70 1169.87 32.99
SD 0.23 24.50 47.31 1.30

Table A40 Tensile properties of BP III (1 layer) covered exposed Zylon® yarn 168 hours

(see Table 18)

Observation % Strain at | Energy to peak I\/Iodu_lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 3.54 228.1 1169.94 31.63
2 3.45 228.17 1234.19 32.81
3 3.65 245.15 1205.3 33.32
4 3.36 212.62 1206.5 31.95
5 3.25 195.28 1205.54 30.25
6 3.45 222.98 1214.21 32.27
7 3.21 188.99 1203.99 29.61
8 3.7 244.98 1158.69 32.97
Mean 3.43 219.07 1204.56 31.97
SD 0.18 20.57 30.90 1.29

Table A41 Tensile properties of Al foil (1 layer) covered exposed Zylon® yarn 24 hours

(see Table 18)

Observation % Strain at | Energy to peak Modu_lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 4.14 251.47 916.84 27.58
2 3.46 183.53 966.3 26.08
3 4.06 245.74 930.46 29.47
4 3.52 197.27 976.55 28.06
5 3.68 201.98 938.24 27.45
6 4.11 256.51 979.5 30.24
7 3.8 238.82 1107.24 30.24
Mean 3.82 215.17 1011.90 28.45
SD 0.56 53.25 84.19 3.27
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Table A42 Tensile properties of Al foil (2 layers) covered exposed Zylon® yarn 24 hours

(see Table 18)

Observation % Strain at | Energy to peak Modu_lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 3.68 232.31 1105.2 31.62
2 3.8 247.65 1075.11 32.77
3 3.79 250.65 1150.84 32.64
4 3.51 222.47 1155.94 31.71
5 3.46 222.51 1171.56 32.84
6 3.39 214.69 1204.47 31.65
7 3.51 222.94 1181.17 31.3
Mean 3.60 222.15 1141.22 32.07
SD 0.24 25.50 39.64 1.13

Table A43 Tensile properties of Al foil (3 layers) covered exposed Zylon® yarn 24 hours

(see Table 18)

Observation % Strain at | Energy to peak I\/Iodu_lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 3.34 212.07 1194.68 32.03
2 3.62 229.8 1155.01 31.04
3 4.02 245.48 889.88 28.64
4 3.33 190.84 1049.82 28.93
5 3.34 187.97 1047.08 29.25
6 3.37 195.42 1078.14 28.96
7 3.85 243.54 1046.72 31.52
Mean 3.55 219.27 1062.19 30.06
SD 0.27 28.96 92.89 1.97

Table A44 Tensile properties of BP I+ Al foil covered exposed Zylon® yarn 24 hours

(see Table 18)

Observation % Strainat | Energy to peak I\/Iodu_lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 3.15 190.68 1228.97 31.47
2 3.38 209.64 1218.84 31.63
3 3.14 186.73 1225.82 30.31
4 3.38 212.09 1167.14 31.85
5 3.83 260.85 1216.87 32.36
6 3.92 258.72 996.58 31.95
7 3.17 193.43 1234.76 31.85
8 3.11 187.39 1228.44 31.08
Mean 3.39 217.89 1155.76 31.57
SD 0.33 29.48 114.53 1.07
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Table A45 Tensile properties of BP I+ Al foil covered exposed Zylon® yarn 96 hours

(see Table 18)

Observation % Strain at | Energy to peak Modu_lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 3.38 219.34 1226.82 32.94
2 3.50 227.32 1216.57 32.62
3 3.47 225.57 1208.68 32.68
4 3.44 214.70 1195.64 31.50
5 3.35 201.40 1148.81 31.30
6 3.48 227.86 1213.98 33.03
7 3.46 222.92 1218.70 32.43
8 3.49 223.28 1170.05 32.30
Mean 3.43 218.98 1200.28 32.26
SD 0.06 9.11 25.40 0.65

Table A46 Tensile properties of BP I + Al foil covered exposed Zylon®™ yarn 168 hours

(see Table 18)

Observation % Strain at | Energy to peak I\/Iodu'lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 3.49 219.52 1135.81 32.23
2 3.31 202.92 1191 30.92
3 3.37 204.8 1117.26 31.18
4 3.51 230.75 1221.9 32.49
5 3.58 233.59 1177.48 32.23
6 3.37 212.2 1221.58 31.69
7 3.43 211.59 1168.1 30.95
8 3.77 247.93 1141.44 32.46
Mean 3.50 220.60 1149.46 31.56
SD 0.15 14.73 76.33 0.88

Table A47 Tensile properties of BP I+ Teflon covered exposed Zylon® yarn 24 hours

(see Table 18)

Observation % Strainat | Energy to peak I\/Iodu_lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 3.27 196.53 1148.85 30.92
2 3.29 197.26 1153.79 31.18
3 3.4 212.5 1183.14 31.47
4 3.17 188.47 1163.51 31.11
5 3.11 184.96 1164.29 31.02
6 3.19 192.64 1171.08 30.86
7 3.42 2133 1178.66 31.85
8 3.5 219.4 1105.99 31.56
Mean 3.29 202.17 1163.84 31.25
SD 0.15 15.39 24.58 0.79
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Table A48 Tensile properties of BP I + Teflon covered exposed Zylon® yarn 96 hours

(see Table 18)

Observation % Strain at | Energy to peak Modu_lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 3.26 200.36 1199.08 30.41
2 3.14 187.33 1209.57 30.92
3 3.08 179.87 1222.13 30.47
4 3.40 218.59 1238.65 31.85
5 3.13 185.31 1209.61 30.15
6 3.24 203.50 1281.66 31.98
7 2.96 166.24 1205.45 29.25
8 3.17 186.83 1216.57 30.25
Mean 3.19 193.21 1222.27 30.75
SD 0.14 16.42 24.98 0.88

Table A49 Tensile properties of BP I + Teflon covered exposed Zylon® yarn 168 hours

(see Table 18)

Observation % Strain at | Energy to peak I\/Iodu'lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 3.42 195.18 995.94 28.9
2 3.32 197.96 1158.5 30.22
3 3.4 218.37 1208.84 32.2
4 3.32 207.71 1226.28 31.79
5 3.19 187.4 1196.97 29.83
6 3.04 171.2 1208.55 29.19
7 3.15 181.87 1177.29 28.61
8 3.29 202.49 1172.72 30.63
Mean 3.29 198.58 1172.29 30.40
SD 0.13 14.94 66.58 1.26

Table A50 Tensile properties of Teflon + BP I covered exposed Zylon® yarn 24 hours

(see Table 18)

Observation % Strainat | Energy to peak I\/Iodu_lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 3.32 201.41 1114.4 31.5
2 3.42 216.45 1169.01 32.56
3 3.4 219.34 1227 32.56
4 3.33 203.52 1146.22 31.66
5 3.24 192.86 1185.56 31.37
6 3.29 203.83 1177.26 32.3
7 3.27 197.4 1195.63 31.43
8 3.14 186.64 1236.87 30.89
Mean 3.29 197.41 1173.82 31.67
SD 0.10 15.55 39.31 1.42
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Table A51 Tensile properties of Teflon + BP I covered exposed Zylon® yarn 96 hours

(see Table 18)

Observation % Strain at | Energy to peak Modu_lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 3.22 193.27 1198.61 30.41
2 3.42 206.55 1153.02 30.15
3 3.46 210.29 1133.89 30.31
4 3.26 179.79 1029.56 28.23
5 3.10 179.14 1235.74 29.64
6 3.07 178.35 1192.01 30.28
7 2.93 162.17 1209.32 28.55
8 2.88 156.11 1201.00 28.55
Mean 3.16 187.67 1151.54 29.52
SD 0.28 22.47 80.43 1.00

Table A52 Tensile properties of Teflon + BP I covered exposed Zylon® yarn 168 hours

(see Table 18)

Observation % Strain at | Energy to peak I\/Iodu'lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)

1 2.59 130.6 1279.51 25.99

2 2.6 123.93 1191.76 25.22

3 2.68 132.42 1183.84 25.99

4 2.48 119.78 1284.05 25.25

5 2.6 131.63 1286.36 26.72

6 2.59 132.74 1310.02 27.2

Mean 2.59 132.04 1261.48 26.06

SD 0.09 10.53 51.33 1.21

Table A53 Tensile properties of untreated exposed Vectran®™ yarn 24 hours

(see Table 17)

Observation % Strainat | Energy to peak I\/Iodu_lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 3.61 109.51 531.19 17.02
2 4 131.29 521.57 17.02
3 4.2 138.43 518.25 17.34
4 4.49 156.02 510.64 17.69
5 4.42 158.17 526.48 17.72
6 4.02 137.19 529.69 17.63
7 3.45 103.62 560.28 17.05
8 3.6 113.71 538.59 17.11
Mean 3.98 127.02 531.06 17.32
SD 0.37 19.32 14.50 0.62
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Table A54 Tensile properties of untreated exposed Vectran® yarn 96 hours

(see Table 17)

Observation % Strain at | Energy to peak Modu_lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 1.47 11.62 504.56 5.29
2 1.55 13.1 490.5 5.51
3 1.5 12.03 486.96 5.26
4 1.72 15.76 487.73 6.02
5 1.57 14.1 467.28 5.51
6 1.65 14.72 484.73 5.77
7 1.57 13.48 479.76 5.38
8 1.59 13.66 475.62 5.51
Mean 1.57 14.45 488.77 5.53
SD 0.12 2.79 12.98 0.54

Table A55 Tensile properties of untreated exposed Vectran® yarn 144 hours

(see Table 17)

Observation % Strain at | Energy to peak I\/Iodu'lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 1.14 4.95 411.29 3.11
2 0.94 4.44 457.8 3.08
3 1.23 7.5 452.42 3.97
4 1.09 6.37 491.38 3.65
5 1.14 5.97 457.09 3.53
6 1.16 6.27 527.82 3.62
7 1.04 5.05 442.02 3.24
8 0.93 5.09 406.32 3.01
Mean 1.09 5.89 447.06 3.40
SD 0.13 1.39 42.77 0.41

Table A56 Tensile properties of blank (flexible amino silicone with no UV protector) coated
exposed Vectran®” yarn 24 hours (see Table 17)

Observation % Strainat | Energy to peak I\/Iodu_lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 5.22 178.97 462.6 17.91
2 4.46 144.44 455.82 17.5
3 3.95 123.88 494.85 16.89
4 4.44 150.02 507.45 17.66
5 4.02 137.67 507.28 18.43
6 4.25 147.39 492.87 18.65
7 3.99 127.44 488.89 17.27
8 3.73 112.04 498.47 15.77
Mean 4.26 134.50 481.82 17.51
SD 0.48 25.34 34.62 1.92

155



Table A57 Tensile properties of blank (flexible amino silicone with no UV protector) coated
exposed Vectran® yarn 96 hours (see Table 17)

Observation % Strain at | Energy to peak Modu_lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 3.02 57.87 427.84 9.77
2 2.54 45.74 470.81 9.71
3 2.88 49.73 431.64 9.01
4 2.34 39.95 490.8 8.84
5 2.7 46.93 460.67 9.23
6 2.8 50.86 452.42 9.07
7 2.7 48.14 462.47 9.42
8 2.71 47.26 428.61 9.07
Mean 2.71 48.09 459.19 9.26
SD 0.22 6.49 21.66 0.61

Table A58 Tensile properties of TiO, coated exposed Vectran® yarn 24 hours

(see Table 17)

Observation % Strain at | Energy to peak I\/Iodu'lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 431 115.1 435.76 15.7
2 4.29 129.68 466.39 16.73
3 4.75 178.36 496.47 19.68
4 4.6 159.93 487.35 17.69
5 4.93 167.84 482.64 18.33
6 4.32 135.02 463.84 16.41
7 5.3 197.71 469.68 17.85
8 4.28 129.13 476.05 15.99
Mean 4.60 152.30 468.29 17.30
SD 0.37 32.52 34.96 2.03

Table A59 Tensile properties of TiO, coated exposed Vectran® yarn 96 hours

(see Table 17)

Observation % Strainat | Energy to peak I\/Iodu_lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 2.77 53.87 481.77 10.42
2 2.96 62.19 467.89 11.31
3 3.11 68.23 491.52 11.31
4 2.71 54.59 486.78 10.48
5 2.88 60.39 485.11 10.64
6 3.01 62.13 463.58 10.73
7 3.07 63.22 461.85 11.15
8 3.11 64.99 453.85 10.99
Mean 2.95 62.94 465.22 10.89
SD 0.20 5.15 19.87 0.46
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Table A60 Tensile properties of L-20 coated exposed Vectran® yarn 24 hours

(see Table 17)

Observation % Strain at | Energy to peak Modu_lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 4.85 161.29 458.82 17.11
2 4.75 155.28 455.03 17.92
3 4.77 165.78 486.09 18.94
4 4.69 154.61 478.82 18.3
5 4.28 138.48 488.93 17.69
6 4.26 134.31 488.03 16.92
7 4.63 155.58 474.34 17.53
8 4.58 153.7 480.98 17.37
Mean 4.60 150.65 479.00 17.72
SD 0.30 18.00 20.67 1.19

Table A61 Tensile properties of L-20 coated exposed Vectran® yarn 96 hours

(see Table 17)

Observation % Strain at | Energy to peak I\/Iodu'lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 3.32 57.96 390.11 9.04
2 2.94 49.6 388.06 8.81
3 3.18 58.12 398.88 9.49
4 3.12 57.2 408.73 9.68
5 2.79 50.82 443.01 10
6 3.06 53.78 402.22 9
7 2.61 46.19 470.09 9.93
8 2.55 43.64 449.55 9.52
Mean 2.95 49.60 42442 9.44
SD 0.31 7.17 27.61 0.61

Table A62 Tensile properties of Teflon (1 layer) covered exposed Vectran® yarn 24 hours

(see Table 18)

Observation % Strainat | Energy to peak I\/Iodu_lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 4.24 171.76 568.88 21.99
2 4.83 213.87 545.73 22.53
3 4.62 208.47 575.09 22.76
4 4.18 171.94 600.27 22.73
5 4.73 214.8 572.36 22.82
6 3.91 157.32 638.82 22.66
7 3.98 161.45 607.63 22.25
8 4 167.79 638.61 22.69
Mean 4.31 188.32 582.16 22.56
SD 0.43 29.16 38.10 0.57
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Table A63 Tensile properties of Teflon (1 layer) covered exposed Vectran® yarn 96 hours

(see Table 18)

Observation % Strain at | Energy to peak Modu_lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)

1 4.22 160.17 536.28 20.35

2 4.27 159.91 538.1 19.55

3 4.39 166.58 531.54 19.68

4 3.81 131.87 576.22 19.77

5 3.77 128.52 552.77 19

6 4.49 171.4 550.07 19.32

7 3.66 125.4 620.43 19.74

8 3.67 129.37 610.22 19.8

Mean 4.03 143.50 560.77 19.65

SD 0.35 21.58 28.52 0.72

Table A64 Tensile properties of Teflon (1 layer) covered exposed Vectran® yarn 144 hours

(see Table 18)

Observation % Strain at | Energy to peak I\/Iodu'lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 4.3 148.99 539.09 17.56
2 4.74 170.28 523.66 16.83
3 3.51 110.92 575.49 17.91
4 4.14 142.53 531.84 18.01
5 4.49 166.65 539.05 18.52
6 4.3 154.42 538.54 18.04
7 4.34 152.06 549.66 17.08
8 4.48 161.41 547.86 17.75
Mean 4.28 147.07 542.27 17.72
SD 0.33 16.94 14.14 0.81

Table A65 Tensile properties of untreated exposed Kevlar® yarn 24 hours

(see Table 17)

Observation % Strainat | Energy to peak I\/Iodu_lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 2.18 55.28 773.71 14.59
2 2.31 61.08 831.07 14.59
3 2.08 52.57 852.84 14.59
4 2.13 55.41 831.25 15.3
5 2.17 56.7 852.86 15.06
6 2.01 47.13 844.31 14.56
7 2.01 48.64 874.23 15.23
8 2.03 48.28 842.65 14.66
Mean 2.11 55.91 836.51 14.83
SD 0.14 7.16 25.42 0.57
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Table A66 Tensile properties of untreated exposed Kevlar”® yarn 96 hours

(see Table 17)

Observation % Strain at | Energy to peak Modu_lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 1.81 39.53 874.89 12.9
2 1.48 27.37 902.66 10.8
3 1.79 37.15 817.5 11.98
4 1.82 38.01 800.33 12.63
5 1.82 38.37 817.57 12.83
6 1.83 35.57 775.33 12.08
7 1.93 39.25 796.46 12.66
8 1.8 34.39 775.41 11.44
Mean 1.79 35.54 806.89 12.16
SD 0.19 7.03 52.56 1.44

Table A67 Tensile properties of untreated exposed Kevlar® yarn 144 hours

(see Table 17)

Observation % Strain at | Energy to peak I\/Iodu'lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 1.95 41.41 757.6 12.29
2 1.96 43 800.67 13.1
3 1.96 42.17 778.59 12.69
4 1.67 30.6 787.42 10.8
5 1.9 40.69 801.85 13.03
6 1.92 41.65 815.84 13.13
7 2.05 47.61 773.75 13.74
8 2.05 46.18 756.52 13.17
Mean 1.93 41.79 787.30 12.74
SD 0.13 591 20.25 1.03

Table A68 Tensile properties of blank (flexible amino silicone with no UV protector) coated
exposed Kevlar® yarn 24 hours (see Table 17)

Observation % Strainat | Energy to peak I\/Iodu_lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 2.82 85.58 734.7 17.2
2 3.23 102.54 722.13 16.45
3 3.42 112.19 716.7 17.43
4 3.13 96.61 722.13 16.32
5 3.41 109.96 712.4 17.03
6 3.18 103.48 734.28 16.89
7 3.18 101.06 710.56 16.76
8 3.02 90.27 719.31 15.98
Mean 3.05 95.80 722.52 16.76
SD 0.25 12.70 12.40 0.90
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Table A69 Tensile properties of blank (flexible amino silicone with no UV protector) coated
exposed Kevlar® yarn 96 hours (see Table 17)

Observation % Strain at | Energy to peak Modu_lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 2.56 62.26 674.06 14.05
2 2.52 66.64 726.95 15.61
3 2.62 71.97 701.21 15.98
4 2.47 63.84 707.65 14.96
5 2.3 56.99 734 14.89
6 2.13 47.35 752.26 13.27
7 2.78 69.45 626.44 15.44
8 3.39 109.13 695.57 16.18
Mean 2.60 68.86 697.86 15.05
SD 0.35 17.50 4478 1.47

Table A70 Tensile properties of blank (flexible amino silicone with no UV protector) coated
exposed Kevlar® yarn 144 hours (see Table 17)

Observation % Strain at | Energy to peak I\/Iodu'lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 3.01 84.43 651.5 15.13
2 3.14 85.87 628.08 14.22
3 2.27 47.77 652.72 12.73
4 3.13 88.5 630.27 15.03
5 2.58 66.74 698.92 14.83
6 2.85 78.68 653.9 15.03
7 2.85 76.15 665.9 13.2
8 2.62 67.87 687.18 14.35
Mean 2.81 65.82 654.20 14.32
SD 0.42 20.49 22.64 2.03

Table A71 Tensile properties of TiO, coated exposed Kevlar® yarn 24 hours

(see Table 17)

Observation % Strainat | Energy to peak I\/Iodu_lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 2.64 77.45 742.92 16.08
2 2.73 81.59 747.47 17.16
3 2.63 73.78 745.57 15.98
4 2.65 75.32 733.87 16.39
5 2.67 79.29 760.48 16.66
6 2.89 84.94 727.19 15.98
7 2.9 85.96 718.01 16.25
8 2.62 73.98 744.73 16.39
Mean 2.71 85.82 730.07 16.36
SD 0.35 19.73 16.88 1.34

160



Table A72 Tensile properties of TiO, coated exposed Kevlar® yarn 96 hours

(see Table 17)

Observation % Strain at | Energy to peak Modu_lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 2.43 56.68 709 13.41
2 2.64 75.62 728.24 16.99
3 2.74 82.63 737.6 17.4
4 2.57 69.64 726.57 15.67
5 3.41 111.56 661.62 15.71
6 2.73 76.04 679.82 15.47
7 2.96 77.13 608.81 15.61
8 2.9 80.64 667.09 15.4
Mean 2.80 76.64 694.76 15.71
SD 0.37 19.85 40.96 2.30

Table A73 Tensile properties of TiO, coated exposed Kevlar” yarn 144 hours

(see Table 17)

Observation % Strain at | Energy to peak I\/Iodu'lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 242 60.38 730.5 15.03
2 3.07 64.05 629.99 14.12
3 2.72 77.28 712.34 15.84
4 2.01 37.37 704.36 11.34
5 2.71 49.15 596.66 12.29
6 2.68 73.14 693.23 15.3
7 2.74 78.28 731.39 15.17
8 2.7 75.49 713.5 15.78
Mean 2.63 63.59 678.60 14.36
SD 0.49 24.80 51.63 3.21

Table A74 Tensile properties of L-20 coated exposed Kevlar® yarn 24 hours

(see Table 17)

Observation % Strainat | Energy to peak I\/Iodu_lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 3.02 90.07 667.61 16.45
2 3.2 98.2 681.73 16.92
3 3.17 94.01 688.13 16.76
4 3.14 97.97 716.67 16.92
5 3.11 96.16 722.44 16.69
6 3.24 103.68 725.26 17.09
7 2.87 84.32 717.2 16.04
8 3.33 111.97 746.77 16.82
Mean 3.14 97.56 708.36 16.72
SD 0.19 10.50 23.43 0.71
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Table A75 Tensile properties of L-20 coated exposed Kevlar® yarn 96 hours

(see Table 17)

Observation % Strain at | Energy to peak Modu_lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 3.11 87.51 654.42 15.1
2 3.08 88.41 680.58 14.89
3 3.64 122.08 667.82 16.69
4 3.08 88.65 672.86 15.4
5 3.07 84.86 653.98 15.13
6 3.11 89.46 673.12 15.4
7 3.39 104.29 655.93 16.52
8 2.87 83.79 730.77 15.06
Mean 3.17 94.12 671.33 15.53
SD 0.32 16.73 24.87 0.83

Table A76 Tensile properties of L-20 coated exposed Kevlar” yarn 144 hours

(see Table 17)

Observation % Strain at | Energy to peak I\/Iodu'lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 2.92 79.14 641.97 14.83
2 3.01 88.28 677.07 15.03
3 3.23 98.36 665.76 16.18
4 2.84 80.53 693.79 16.15
5 2.84 79.21 685.54 15.1
6 2.53 64.73 710.51 15
7 2.82 77.59 668.28 15.1
8 2.7 72.62 668.82 15
Mean 2.87 78.89 673.40 15.29
SD 0.33 17.26 19.09 1.59

Table A77 Tensile properties of Teflon (1 layer) covered exposed Kevlar® yarn 24 hours

(see Table 18)

Observation % Strainat | Energy to peak I\/Iodu_lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 2.25 58.42 791.09 15.81
2 2.21 56.44 813.91 15.74
3 2.65 75.83 728.54 16.02
4 2.26 60.08 802.6 15.98
5 2.43 65.48 753.7 15.88
6 2.73 83.22 747.78 17.03
7 3.12 104.5 753.65 16.83
8 2.32 63.35 814.12 15.98
Mean 2.50 74.54 777.15 16.16
SD 0.30 16.84 28.22 1.06
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Table A78 Tensile properties of Teflon (1 layer) covered exposed Kevlar® yarn 96 hours

(see Table 18)

Observation % Strain at | Energy to peak Modu_lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 2.56 70.76 751.37 16.05
2 2.51 71.19 775 15.81
3 291 90.82 760.65 16.93
4 2.58 73.61 768.79 15.98
5 2.66 80.34 782.7 16.96
6 3.48 112.32 714.32 15.88
7 2.46 67.07 790.28 15.98
8 2.5 66.65 773.02 15.37
Mean 2.71 83.64 758.59 16.11
SD 0.37 18.97 23.17 1.14

Table A79 Tensile properties of Teflon (1 layer) covered exposed Kevlar® yarn 144 hours

(see Table 18)

Observation % Strain at | Energy to peak I\/Iodu'lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 2.34 64.3 808.89 15.98
2 2.42 66.56 785.12 16.08
3 2.62 78.12 797.06 16.32
4 2.58 65.57 680.7 15.4
5 2.5 71.53 794.39 16.18
6 2.98 73.81 673.61 15.88
7 29 72.69 666.92 15.64
8 3.1 76.31 672.47 15.91
Mean 2.68 71.88 753.55 15.92
SD 0.33 12.26 66.46 0.79

Table A80 Tensile properties of BP I (1 layer) covered exposed Zylon® yarn 24 hours

(set 1, iteration 1) (see Table 21)

Observation % Strainat | Energy to peak I\/Iodu_lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)

1 2.19 80.97 1151.64 19.32

2 2.93 128.04 1034.88 20.57

3 2.88 127.71 1041.93 20.99

4 2.75 122.22 1091.31 20.99

5 2.71 118.95 1020.16 22.62

6 2.37 92.69 1112.73 20

7 2.54 109.25 1103.13 21.76

8 2.39 98.81 1149.71 20.64

Mean 2.60 124.87 1087.02 20.86

SD 0.53 49.97 43.35 2.82
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Table A81 Tensile properties of BP I (1 layer) covered exposed Zylon® yarn 24 hours

(set 1, iteration 2) (see Table 21)

Observation % Strain at | Energy to peak Modu_lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 3.88 240.71 1049.9 29.73
2 3.54 208.55 1095.56 28.71
3 3.53 211.24 1095.91 28.87
4 3.51 201.84 1059.71 28.23
5 3.59 212.13 1046.83 29.54
6 3.31 189.14 1105.08 28.71
7 3.28 178.11 1058.49 27.04
Mean 3.52 202.71 1077.19 28.68
SD 0.28 28.26 22.92 1.42

Table A82 Tensile properties of BP I (2 layers) covered exposed Zylon® yarn 24 hours

(set 2, iteration 1) (see Table 21)

Observation % Strain at | Energy to peak I\/Iodu_lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 4.44 310.38 1103.08 31.31
2 3.63 216.88 1119.65 29.1
3 3.42 211.81 1157.19 31.05
4 3.41 200.8 1086.18 30.22
5 3.2 186.34 1165.63 29.77
6 3.16 183.49 1181.71 30.25
7 3.2 177.12 1101.1 29.03
Mean 3.49 204.85 1130.13 30.10
SD 0.41 43.20 32.22 2.00

Table A83 Tensile properties of BP I (2 layers) covered exposed Zylon® yarn 24 hours

(set 2, iteration 2) (see Table 21)

Observation % Strainat | Energy to peak I\/Iodu_lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 3.74 233.8 1073.23 31.27
2 3.88 254.22 1128.82 32.01
3 3.59 221.64 1114.24 30.82
4 3.49 216.75 1129.44 31.72
5 3.57 215.56 1072.32 30.98
6 4.01 262.51 983.19 32.1
7 3.96 251.24 1032.42 31.72
Mean 3.75 237.22 1086.77 31.52
SD 0.23 23.72 51.73 0.67
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Table A84 Tensile properties of BP I (3 layers) covered exposed Zylon®™ yarn 24 hours

(set 3, iteration 1) (see Table 21)

Observation % Strain at | Energy to peak Modu_lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 3.48 213.11 1198.29 30.41
2 3.35 200.84 1172.59 30.28
3 2.81 142.35 1181.2 26.63
4 2.95 161.07 1203.39 28.46
5 3 151.06 1106.99 25.03
Mean 3.11 168.84 1136.12 28.16
SD 0.43 47.41 49.40 3.57

Table A85 Tensile properties of BP I (3 layers) covered exposed Zylon® yarn 24 hours

(set 3, iteration 2) (see Table 21)

Observation % Strain at | Energy to peak I\/Iodu_lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 3.58 214.62 998.85 29.92
2 3.97 251.49 1042.94 30.28
3 3.84 229.6 986.02 29.96
4 3.91 253.53 1014.14 32.04
5 3.69 222.05 987.23 29.51
6 3.96 261.22 1049.3 32.23
7 3.71 230.4 1065.14 31.01
Mean 3.81 241.75 1011.84 30.7
SD 0.27 30.21 34.24 1.36

Table A86 Tensile properties of Al foil (1 layer) covered exposed Zylon® yarn 24 hours
(set 1, iteration 1) (see Table 23)

Observation % Strain at | Energy to peak I\/Iodu'lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 4.2 259.55 962.97 28.42
2 2.81 129.05 1043.13 27.46
3 3.24 158.56 1078.83 27.52
4 3.34 176.89 1100.73 25.67
5 2.83 129.6 1029.31 26.5
6 2.78 115.79 1045.14 29.93
7 4.62 276.86 1054.05 25.22
8 2.71 110.92 1015.41 29.93
Mean 3.37 169.65 1041.20 29.78
SD 0.72 64.76 41.53 1.56
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Table A87 Tensile properties of Al foil (1 layer) covered exposed Zy10n® yarn 24 hours
(set 1, iteration 2) (see Table 23)

Observation % Strain at | Energy to peak Modu_lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 3.77 238.86 1106.22 30.4
2 3.69 240.09 1101.98 32.39
3 4.63 321.03 942.03 32.74
4 4.03 235.09 926.14 28.45
5 3.76 240.02 1040.94 31.65
6 3.79 223.67 948.73 29.64
7 4.34 282.88 939.72 31.72
Mean 4.00 254.27 998.31 31.00
SD 0.34 37.34 80.29 1.89

Table A88 Tensile properties of Al foil (2 layers) covered exposed Zylon® yarn 24 hours
(set 2, iteration 1) (see Table 23)

Observation % Strain at | Energy to peak I\/Iodu_lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 4.2 259.55 962.97 28.42
2 2.81 129.05 1041.13 27.46
3 3.24 159.56 1076.83 27.52
4 3.35 178.89 1100.73 31.67
5 2.87 129.6 1029.31 26.5
6 2.78 117.79 1043.14 29.93
7 4.62 279.86 1054.05 31.22
Mean 2.77 115.92 1011.41 30.67
SD 0.76 63.78 40.53 1.59

Table A89 Tensile properties of Al foil (2 layers) covered exposed Zylon® yarn 24 hours
(set 2, iteration 2) (see Table 23)

Observation % Strainat | Energy to peak I\/Iodu_lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 3.85 242.38 1081.45 31.14
2 3.66 225 1039.77 30.05
3 3.78 224.87 953.89 30.28
4 3.83 245.68 1084.76 31.37
5 4 263.37 1091.76 31.56
6 4.18 285.77 1037.67 32.17
7 4 267.69 1163.48 31.65
Mean 3.9 235.19 1054.25 31.18
SD 0.30 36.58 59.79 2.02
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Table A90 Tensile properties of Al foil (3 layers) covered exposed Zylon® yarn 24 hours
(set 3, iteration 1) (see Table 23)

Observation % Strain at | Energy to peak Modu_lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 4.23 259.55 1065.97 28.45
2 2.81 129.05 1041.13 27.45
3 3.24 159.56 1076.83 27.52
4 3.35 178.89 1122.73 31.67
5 2.87 129.6 1030.31 26.54
6 2.78 117.79 1043.14 29.93
7 4.62 279.86 1055.05 31.77
Mean 2.77 115.92 1033.41 30.75
SD 0.78 63.78 40.54 1.89

Table A91 Tensile properties of Al foil (3 layers) covered exposed Zylon® yarn 24 hours
(set 3, iteration 2) (see Table 23)

Observation % Strain at | Energy to peak I\/Iodu_lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 4.03 258.06 987.06 31.17
2 4.16 281.4 1090.5 31.94
3 3.88 235.72 940.99 29.7
4 3.67 219.99 1096.46 29.99
5 3.97 246.16 983.95 29.86
6 4.31 281.06 95291 31.21
7 3.69 216.26 964.15 29.6
8 3.58 209.47 1028.5 30.28
Mean 3.91 249.10 1007.53 30.47
SD 0.28 31.27 56.73 1.14

Table A92 Tensile properties of oven heated Zylon®™ yarn 24 hours

Observation % Strain at | Energy to peak Modu_lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 3.48 208.66 1090.64 30.28
2 3.66 226.15 1076.6 30.34
3 3.6 215.82 1035.19 29.96
4 3.69 225.76 1041.18 30.18
5 3.39 201.85 1123.53 30.12
6 3.51 214.9 1165.15 30.09
Mean 3.55 214.47 1087.90 30.16
SD 0.18 22.00 53.02 1.59
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Table A93 Tensile properties of BP I sealed (1 layer) exposed Zylon® yarn 24 hours

Observation % Strain at | Energy to peak Modu_lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 3.04 161.33 1108.23 27.49
2 2.86 148.28 1171.91 26.75
3 2.82 148.34 1214.23 27.33
Mean 2.90 150.52 1154.43 27.19
SD 0.10 7.47 48.24 0.68

Table A94 Tensile properties of BP I sealed (2 layers) exposed Zylon® yarn 24 hours

Observation % Strain at | Energy to peak Modulus Tenacity
peak load load (kg-mm) (g/denier) (g/denier)
1 3.13 182.09 1163.43 30.27
2 3.26 193.64 1136.24 30.69
3 3.24 193.46 1147.72 31.3
4 3.14 184.49 1193.39 30.5
Mean 3.19 174.82 1162.01 30.69
SD 0.28 30.85 21.84 3.54

Table A95 Tensile properties of BP I sealed (3 layers) exposed Zylon® yarn 24 hours

Observation % Strain at | Energy to peak I\/Iodu'lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 3.26 198.62 1198.14 30.91
2 3.37 206.92 1205.18 31.49
3 3.22 192.18 1232.91 30.53
4 3.41 217.43 1238.91 31.46
Mean 3.32 198.27 1210.14 31.10
SD 0.13 15.53 26.03 0.81
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Table A96 Tensile properties of exposed Zylon® yarn 8 days (FP I)

(see Table 31)
. % Strain at | Energy to peak Modulus Tenacity
Observation peak load load (kg-mm) (g/denier) (g/denier)
1 0.67 3.2 818.33 3.21
2 1.72 20.61 561.14 6.99
3 0.96 6.14 673.25 4.36
4 1.09 7.69 607.28 4.39
5 1.22 9.1 809.2 5.58
Mean 1.13 9.35 693.84 4.90
SD 0.39 6.66 116.54 1.44
Table A97 Tensile properties of exposed Zylon® yarn 8 days (FP II)
(see Table 31)
: % Strainat | Energy to peak Modulus Tenacit
Observation peak load Ioadg()l:g-ngm) (g/denier) (g/denie?/)
1 0.77 5.23 961.22 4.36
2 0.96 8.73 961.22 6.12
3 0.83 5.6 801.01 4.33
4 0.9 5.84 822.43 4.52
5 1.07 9.76 883.88 5.64
Mean 0.91 7.03 885.95 4.99
SD 0.12 2.06 75.14 0.83
Table A98 Tensile properties of exposed Zylon® yarn 8 days (FP III)
(see Table 31)
. % Strain at | Energy to peak Modulus Tenacity
Observation peak load load (kg-mm) (g/denier) (g/denier)
1 0.81 6.06 082.58 4.97
2 0.96 8.57 915.45 6.09
4 0.91 6.19 676.52 4.39
5 1.25 11.88 682.42 5.61
Mean 1.19 6.96 814.24 4.35
SD 0.48 3.61 158.03 2.14




Table A99 Tensile properties of exposed Zylon®™ yarn 40 days (FP IV)

(see Table 31)
. % Strain at | Energy to peak Modulus Tenacity
Observation peak load load (kg-mm) (g/denier) (g/denier)
1 1.75 40.36 1056.85 13.33
2 1.74 40.76 1040.31 13.04
3 1.51 29.51 1120.77 12.08
4 1.44 24.34 1025.3 10.64
5 1.26 17.59 1034.29 8.84
Mean 1.54 30.51 1055.50 11.59
SD 0.21 10.10 38.26 1.86
Table A100 Tensile properties of exposed Zylon® yarn 40 days (FP V)
(see Table 31)
: % Strainat | Energy to peak Modulus Tenacit
Observation peak load Ioadg()l:g-ngm) (g/denier) (g/denie?/)
1 1.2 15.31 948.68 8.17
2 1.06 8.91 687.7 5
3 1.14 7.85 583.36 4.26
4 1.66 7.58 ook 2.53
5 2.52 11.85 ook ok ok 2.4
Mean 1.52 10.30 739.91 4.47
SD 0.61 3.27 188.17 2.35
Table A101 Tensile properties of exposed Vectran” yarn 8 days (FP I)
(see Table 31)
. % Strain at | Energy to peak Modulus Tenacity
Observation peak load load (kg-mm) (g/denier) (g/denier)
1 2.98 33.36 307.98 7.12
2 2.95 28.69 279.62 6.19
3 2.49 19.62 245.1 4.58
4 2.51 20.44 266.13 5.06
5 2.42 21.74 307.69 5.64
Mean 2.67 24.77 281.30 5.72
SD 0.27 5.99 27.16 0.99
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Table A102 Tensile properties of exposed Vectran® yarn 8 days (FP II)

(see Table 31)
. % Strain at | Energy to peak Modulus Tenacity
Observation peak load load (kg-mm) (g/denier) (g/denier)
1 2.72 28.74 311 6.47
2 2.5 25.53 326.94 6.22
3 2.3 25.02 326.86 6.25
4 2.81 36.79 340.55 7.82
5 3.05 43.01 338.08 8.3
Mean 2.67 31.82 328.69 7.01
SD 0.29 7.83 11.71 0.98
Table A103 Tensile properties of exposed Vectran® yarn 8 days (FP III)
(see Table 31)
: % Strainat | Energy to peak Modulus Tenacit
Observation peak load Ioadg()l:g-ngm) (g/denier) (g/denie?/)
1 2.8 31.21 301.2 6.7
2 2.8 35.89 351.82 7.5
3 2.64 29.45 337.6 0.86
4 2.91 34.32 334.34 7.27
5 2.67 30.07 318.67 6.73
Mean 2.76 32.19 328.72 7.01
SD 0.11 2.79 19.38 0.36
Table A104 Tensile properties of exposed Vectran® yarn 40 days (FP IV)
(see Table 31)
. % Strain at | Energy to peak Modulus Tenacity
Observation peak load load (kg-mm) (g/denier) (g/denier)
1 2.79 20.19 174.05 3.56
2 2.64 18.84 181.79 3.46
3 2.51 16.67 188.47 3.49
4 2.92 21.88 172.06 3.59
5 2.89 21.37 170.01 3.94
Mean 2.75 19.79 177.28 3.61
SD 0.17 2.10 7.68 0.19
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Table A105 Tensile properties of exposed Vectran® yarn 40 days (FP V)

(see Table 31)
. % Strain at | Energy to peak Modulus Tenacity
Observation peak load load (kg-mm) (g/denier) (g/denier)
1 2.39 15.25 163.03 3.27
2 2.78 18.29 144.77 3.17
3 2.42 14.13 147.88 2.85
4 3.28 24.44 152.92 3.46
5 3.2 26.26 169.34 3.97
Mean 2.81 19.68 155.59 3.35
SD 0.42 5.44 10.35 0.41
Table A106 Tensile properties of exposed Kevlar® yarn 8 days (FP I)
(see Table 31)
: % Strainat | Energy to peak Modulus Tenacit
Observation peak load Ioadg()l:g-ngm) (g/denier) (g/denie?/)
1 2.26 51.12 763.15 14.15
2 1.54 21.56 758.86 8.94
3 2.28 54.77 793.59 15.13
4 2.03 38.73 768.51 12.12
5 1.79 32 775.24 10.73
Mean 1.98 39.64 771.87 12.22
SD 0.32 13.66 13.60 2.51
Table A107 Tensile properties of exposed Kevlar® yarn 8 days (FP II)
(see Table 31)
. % Strain at | Energy to peak Modulus Tenacity
Observation peak load load (kg-mm) (g/denier) (g/denier)
1 2.17 55.42 825.65 14.93
2 2.21 56.23 796.37 15.37
3 2.06 50.26 841.93 15.13
4 2.01 44.55 800.22 13.47
5 2.08 47.3 795.4 14.05
Mean 2.10 50.75 811.91 14.59
SD 0.08 5.06 20.86 0.80
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Table A108 Tensile properties of exposed Kevlar® yarn 8 days (FP I1I)

(see Table 31)
. % Strain at | Energy to peak Modulus Tenacity
Observation peak load load (kg-mm) (g/denier) (g/denier)
1 2.17 50.75 805.74 14.49
2 2.08 46.59 802.27 13.57
3 2.16 54.2 788.84 15.13
4 1.62 23.43 679.09 8.83
5 3.2 90.74 620.81 15.57
Mean 2.25 53.14 739.35 13.52
SD 0.58 24.22 84.41 2.72
Table A109 Tensile properties of exposed Kevlar® yarn 40 days (FP IV)
(see Table 31)
: % Strainat | Energy to peak Modulus Tenacit
Observation peak load Ioadg()l:g-ngm) (g/denier) (g/denie?/)
1 2.17 55.27 806.66 15.33
2 2 45.23 815.11 13.91
3 2.06 50.21 808.2 14.72
4 2.24 59.23 809.71 15.3
5 2.07 50.52 820.64 15.03
Mean 2.11 52.09 812.06 14.86
SD 0.10 5.34 5.76 0.58
Table A110 Tensile properties of exposed Kevlar”® yarn 40 days (FP V)
(see Table 31)
. % Strain at | Energy to peak Modulus Tenacity
Observation peak load load (kg-mm) (g/denier) (g/denier)
1 1.92 30.56 643.62 9.38
2 2.5 13.13 okt ko 2.64
3 2.99 23.23 269.18 3.82
4 1.85 22.5 547.62 7.99
5 1.69 24.04 688.84 8.77
Mean 2.19 22.69 537.31 6.52
SD 0.54 6.23 188.20 3.07
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Table A111 Tensile properties of unexposed Spectra® yarn

Observation % Strain at | Energy to peak Modu_lus Tenac_ity
peak load load (kg-mm) (g/denier) (g/denier)
1 5.93 364.55 898.54 30.47
2 6.56 419.47 859.81 29.77
3 5.84 304.65 798.46 27.92
4 5.23 238.27 679.15 25.96
5 6.33 367.44 739.64 29.7
Mean 5.98 338.87 795.12 28.76
SD 0.51 69.39 88.63 1.83
Table A112 Tensile properties of exposed Spectra® yarn 8 days (FP I)
(see Table 31)
: % Strainat | Energy to peak Modulus Tenacit
Observation peak load Ioadg()l:g-ngm) (g/denier) (g/denie?/)
1 4.95 171.26 540.72 22.45
2 5.3 173.55 580.51 22.41
3 7.05 268.55 564.3 25.67
4 5.7 218.29 454.22 23.74
5 6.69 300.31 621.7 28.99
Mean 5.94 226.39 552.29 24.65
SD 0.90 57.31 62.27 2.77
Table A113 Tensile properties of exposed Spectra® yarn 8 days (FP II)
(see Table 31)
. % Strain at | Energy to peak Modulus Tenacity
Observation peak load load (kg-mm) (g/denier) (g/denier)
1 4.96 165.24 650.43 22.48
2 6.01 201.79 563.5 23.59
3 5.44 243.23 700.48 27.36
4 6.36 298.25 612.14 28.76
5 4.25 184.31 900.53 28.39
Mean 5.40 218.56 685.41 26.12
SD 0.84 53.05 130.35 2.89
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Table A114 Tensile properties of exposed Spectra® yarn 8 days (FP IIT)

(see Table 31)
. % Strain at | Energy to peak Modulus Tenacity
Observation peak load load (kg-mm) (g/denier) (g/denier)
1 4.68 207.45 831.13 28.76
2 5.22 232.89 809.04 27.58
3 4.83 205.4 804.49 27.73
4 6.19 350.31 823.12 29.43
5 4.2 164.28 836.09 26.62
Mean 5.02 232.07 820.77 28.02
SD 0.75 70.52 13.69 1.09
Table A115 Tensile properties of exposed Spectra® yarn 40 days (FP IV)
(see Table 31)
: % Strainat | Energy to peak Modulus Tenacit
Observation peak load Ioadg()l:g-ngm) (g/denier) (g/denie?/)
1 3.64 125.13 882.57 23.4
2 3.56 114.03 883.96 22.33
3 3.62 120.79 891.04 23.18
4 3.11 84.59 872.29 19.56
5 3.23 79.82 762.57 17.6
Mean 3.43 104.88 858.49 21.21
SD 0.24 21.13 54.04 2.54
Table A116 Tensile properties of exposed Spectra® yarn 40 days (FP V)
(see Table 31)
. % Strain at | Energy to peak Modulus Tenacity
Observation peak load load (kg-mm) (g/denier) (g/denier)
1 3.5 11.62 62.36 2.11
2 2.83 43.23 722.36 12.42
3 2.61 40.25 714.45 12.24
4 2.72 35.44 595.13 10.31
5 4.01 61.1 769.42 14.49
Mean 3.13 38.33 572.74 10.31
SD 0.60 17.80 292.46 4.82
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