
 
 

ABSTRACT 

HASSANIN, AHMED. Improving UV Resistance of High Performance Fibers. (Under the 
direction of Dr. Abdel-Fattah M. Seyam.) 

High performance fibers are characterized by their superior properties compared to the 

traditional textile fibers. High strength fibers have high modules, high strength to weight 

ratio, high chemical resistance, and usually high temperature resistance. It is used in 

application where superior properties are needed 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 tire cords. 

Unfortunately, Ultraviolet (UV) radiation causes serious degradation to the most of high 

performance fibers. UV lights, either natural or artificial, cause organic compounds to 

decompose and degrade, because the energy of the photons of UV light is high enough to 

break chemical bonds causing chain scission. This work is aiming at achieving maximum 

protection of high performance fibers using sheathing approaches. The sheaths proposed are 

of lightweight to maintain the advantage of the high performance fiber that is the high 

strength to weight ratio.  

This study involves developing three different types of sheathing. The product of interest that 

need be protected from UV is braid from PBO. First approach is extruding a sheath from 

Low Density Polyethylene (LDPE) loaded with different rutile TiO2 % nanoparticles around 

the braid from the PBO. The results of this approach showed that LDPE sheath loaded with 

10% TiO2 by weight achieved the highest protection compare to 0% and 5% TiO2. The 



 
 

protection here is judged by strength loss of PBO. This trend noticed in different weathering 

environments, where the sheathed samples were exposed to UV-VIS radiations in different 

weatheromter equipments as well as exposure to high altitude environment using NASA 

BRDL balloon. The second approach is focusing in developing a protective porous 

membrane from polyurethane loaded with rutile TiO2 nanoparticles. Membrane from 

polyurethane loaded with 4% rutile TiO2 nanoparticles showed excellent protection of braid 

from PBO. Only 7.5% strength loss was observed.  

To optimize the degree of protection of the sheath loaded with UV blocker particles, 

computational models were developed to optimize the protective layer thickness/weight and 

the amount of UV particles that provide the maximum protection with lightest weight of the 

protective layer and minimum amount of UV particles.  The simulated results were found to 

be higher that the experimental results due to the tendency of nanoparticles to be 

agglomerated in real experiments.  

The third approach to achieve a maximum protection with the minimum weight added is 

constructing a sleeve from Spectra® (Ultra High Molecular Weight Polyethylene 

(UHMWPE) high performance fiber), which is known to resist UV, woven fabric. Covering 

the braid from PBO fiber with Spectra®  woven fabric provide hybrid structure with two 

compatible components that can share the load and thus maintain the high strength to weight 

ratio. Although the Spectra® fabric had maximum cover factor, 20 % of visible light and 

about 15 % of UV were able to penetrate the fabric. This transmittance of UV-VIS light 



 
 

negatively affected the protection performance of the Spectra® woven fabric layer. It is 

thought that Spectra® fabric be coated with a thin layer (mentioned earlier) containing UV 

blocker for additional protection while maintain strength contribution to the hybrid structure.  

To maximize the strength to weight ratio of the hybrid structure (with core from PBO braid 

and sheath from Spectra® woven fabric) an established finite element model was utilized. 

The theoretical results using the finite element theory indicated that by controlling the 

bending rigidity of the filling yarn of the Spectra® fabric, the extension at peak load of 

woven fabric in warp direction (loading direction) could be controlled to match the braid 

extension at peak load. The match in the extension at peak load of the two components of the 

hybrid structure allowed the maximum strength to weight ratio. Thus, the Spectra® woven 

layer could achieve both the protection from UV and the load share in the hybrid structure. 
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1. Introduction  

The last quarter of the previous century brought a new generation of fibers that are 

characterized by their high strength to weight ratio and termed as “High Performance 

Fibers”. High performance fibers have high modulus, high strength, and high chemical 

resistance. These fibers established themselves in many applications such as bulletproof 

vests, fire fighting gear components, ropes and cables, cut resistant products, and preforms 

for fiber reinforced composite applications to replace heavy metals. Examples of high 

performance fibers are Aromatic Polyamides (Kevlar®), Aromatic Polyesters (Vectran®), 

Aromatic Heterocyclic Polymers (PBO or Zylon®), and ultra-high molecular weight 

polyethylene (UHMW-PE). Examples of the latter are the Spectra® and Dyneema® fibers.     

Unfortunately, Ultraviolet (UV) radiation causes serious degradation to the most of high 

performance fibers. UV lights, either natural or artificial, cause organic compounds to 

decompose and degrade, because the energy of the photons of UV light is high enough to 

break chemical bonds causing chain scission.  

Exposing high performance fiber to UV radiation results in many destructive and damaging 

results such as mass loss, deterioration in the mechanical properties, color changes, change in 

morphology and structure of surface layer a matter that leads to reduction in their 

performance causing premature failure and limiting their outdoor end use.  

Due to the difficulty of dealing with high performance fiber, UV stabilizers either organic or 

inorganic (TiO2, ZnO2) cannot be loaded during spinning of the fibers due to the harsh 

conditions of the spinning process. The spinning of these fibers requires strong acids that 
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cause oxidization of the UV stabilizers. Furthermore, the dyeability of high performance 

fibers is very poor due to their highly oriented packed crystalline structure and thermal 

stability (1). This is why protecting high performance fibers from UV poses a serious 

challenge for material scientists and engineers.  

Many approaches have been investigated to protect high performance fibers. The most 

effective method has been used is, covering products from high performance fibers with layer 

loaded with UV stabilizers to absorb or scatter UV rays.  Stabilizers are designed to either 

inhibit or decrease degradation effects, which occur when the material is exposed to the 

weather conditions.  

Inorganic UV absorbers are usually semiconductors oxides like TiO2 and ZnO (2). Inorganic 

UV absorbers are preferred because they are nontoxic and chemically stable under heat and 

UV exposure, unlike organic UV absorbers that lose their protection ability with time (2) (3). 

This is why the inorganic UV absorbers are widely used. The new trend is to use the 

inorganic absorbers in nano-scale, which became recently available commercially. The 

particle size of a UV stabilizer has proven to be a significant parameter in protecting from 

UV radiation. With decreasing the particle size, the absorption of these particles for UV is 

dramatically increased. This is related to the fact that with reduction in particle size the 

specific surface area increases. 

This research is aiming at developing systems to improve the UV resistance of such fibers. 

Since dyeing or loading of these fibers with UV absorber/blocker during manufacturing are 

not possible, we followed different approach by developing protective layer or sleeve; this 
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layer could be film or fibrous structure, loaded with nano-scale UV blockers. To optimize the 

protective layer thickness (minimize weight), and the amount of UV blocking particles for a 

given particle size, a computational model will be developed.  

 

Another finite element model will be developed to predict and optimize the tensile behavior 

of the hybrid structure in order to maximize the strength to weight ratio of hybrid structures 

consist of braid from high performance fibers and woven sleeve from high performance 

fibers of high resistance to UV. It is also planned to verify the finite element model 

experimentally. 

2. Background 
 
2.1. High Performance Fibers 
 
High performance fibers are characterized by their superior properties compared to the 

traditional textile fibers (Figure 1). High strength fibers have high modules, high strength to 

weight ratio, high chemical resistance, and usually high temperature resistance. It is used in 

application where superior properties are needed 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 tire cords. 

High performance fibers can be classified as follows:     

 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. 
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d) Aromatic Heterocyclic Polymers: Polybenzimidazole® (PBI) by Celanese Corp,    

Polybenzobisthiazole (PBT) by Celanese and DuPont and Polybenzobisoxazole   

(PBO) by Toyobo Co. Ltd 

 Polyolefin Fibers: Gel spun polyethylene ‘Ultra High Molecular Weight 

Polyethylene’ known as Spectra® by Honeywell and Dyneema® DSM and Toyobo. 

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

BASF, Amoco, Ashland and other companies 

 Inorganic Fibers: boron fibers, silicon carbide fiber, glass fibers (4) 
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Figure 1 the step change in strength and stiffness from first generation to second-generation 
manufactured fibers (5) 
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2.1.1. Aromatic Polyamides (Aramid) 

Aromatic polyamides or Aramid polymers include m-aramid and p-aramid polymers. m-

aramid means meta-aramid that is linked to the meta positions of the phenylene ring, and p-

aramid means para-aramid that is liked to  para-positions of the phenylene ring as shown in 

Figure 2. Figure 3 shows some members of the Aromatic polyamides (Aramid) family group. 

 

 
Figure 2 Ortho, meta and para positions (6) 
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Figure 3 Different types of Aramid fibers: a) Nomex® b) Kevlar® c)Technora® (7) 
 

2.1.1.1.  Kevlar® 

Kevlar® aramid fiber is based on poly (p-phenylene-terephthalamide) (PPTT) polymer. This 

belongs to the “Aromatic Polyamides” class of high performance polymers/fibers. Figure 4 

shows the chemical structure of Kevlar® fiber (4). Figure 5 shows the monomers and 

polymerization process that are used to prepare PPTA or Kevlar®. 

 

 
Figure 4 Chemical structure of repeat unit for Kevlar® fiber 
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Figure 5 Chemistry of Kevlar or poly(p-phenyleneterephthalamide) (8) 

 

 

Figure 6 Hydrogen bonding between Kevlar chains in the crystallite (9) 

Figure 6 shows the hydrogen bond between the chains of Kevlar fiber within the crystallite. 

These hydrogen bonds are tying the polymer molecules together which resulting in 

increasing the tensile strength.    

Table 1 Properties of different grads of Kevlar® fiber (4) 
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2.1.1.2. Nomex®  

Nomex® aramid fiber is based on poly-m-phenyleneisophthalamide, which was also                 

commercialized by DuPont in 1967 as aramid fiber. Figure 7 shows the chemical structure of 

Nomex® fiber. 

 

 

Figure 7  Chemical structure of repeat unit for Nomex® fiber 

The only difference between Kevlar and Nomex is that the Kevlar® is para-aramid and 

Nomex® is meta-aramid. This small difference in the structure achieves a significant 

difference in physical and mechanical properties as shown in Table 2. For instance, in 

Kevlar, poly (p-phenyleneterephthalamide), the polymer chains are very stiff and rigid 

because of phenylene rings and amide groups are linked in para position. In contrast, for 
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Nomex® fibers, the phenylene and amide units are linked in the meta-position, which results 

in an irregular chain conformation and a correspondingly lower tensile modulus (5) (9) (10). 

Table 2 Properties of different type of aramid fibers (5) 

Materials Density 
(g/m3) 

Decomposition 
melt (°C) 

Tenacity 
(mN/tex) 

Initial modulus 
(N/tex) 

Para-aramid standard  1.44 550 2065 55.0 
Para-aramid high 
modulus 

1.45 550 2090 77.0 

Nomex® 1.46 415 485 7.50 
Technora® 1.39 500 2200 50.3 
PA 66 1.14 255 830 5.00 
2.1.2. Aromatic Polyesters 

2.1.2.1. Vectran® 

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

The polymer for this fiber is based on co-polyesters as shown in Figure 8. Table 3 shows 

some mechanical and physical properties of two different types of Vectran® fibers. 

 

 

Figure 8 chemical structure of repeat unit for Vectran (4) 
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Table 3 properties of Vectran fiber (4) 

 
 
 
 
 
 
 

 
 
 
 
 

 
 
Stress 

relaxation behavior of Vectran® fiber and other high performance fibers is shown in Figure 

9. Samples in this test were in form of ropes. The ropes are loaded with a specific load using 

a turnbuckle configuration with fixed strain. As relaxation occurs, the load decreases then the 

sample is reloaded again using the turnbuckle (11). It is obvious that Vectran® fibers had no 

change in the load with time which means no creep occurred compared to Kevlar® and 

UHMWPE fibers (Spectra®, Dyneema®). Excellent creep resistance makes Vectran® very 

suitable for industrial ropes applications. On the other hand, it can be noticed from Figure 10 

and 11 that Vectran® has very poor UV resistance. 
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Figure 9 Stress relaxation of Vectran compared to other high performance fibers (12) 
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Figure 10 Effect of UV on tensile strength of Vectran, Aramid and UHMWPE (13) 

 

 

Figure 11 Effect of UV radiation on strength of Vectran and other high performance fibers 
(14) 

2.1.3. Aromatic Heterocyclic Polymers 

Heterocyclic polymers are a linear polymer containing a heterocyclic rings, these rings are 

linked together by one or more covalent bond. Due to this chemical composition, the 

molecules of these polymers are characterized by high rigidity and form high oriented 

structure. Different heterocyclic polymers have been developed as shown in Figure 12.  
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Figure 12 Different types of Heterocyclic rigid-rod polymers: (a) Poly (p-phenylene-2, 6-
benzobisthiazole) (PBZT), (b) Poly (p-phenylene-2, 6-benzobisoxazole) (PBO, Zylon®), (c) 
poly(2,6-diimidazo(4,5-b:4,5,-e)pyridinylene-1,4(2,5-dihydroxy)phenylene) (PIPD, M5), (d) 

Poly (2, 2,-(m-phenylene)-5, 5,-bisbenzimidazole) (PBI) (7) 

 

 

2.1.3.1. Zylon® 

Poly-p-phenylenebenzobisoxazole (PBO) is one of a family of isotropic liquid crystalline 

polymers that orient easily into extended chain configurations producing fibers with excellent 

strength and modulus. PBO polymer was originally developed by the U.S. Air Force to 

replace heavy metals in space and aviation applications for its lightweight, excellent thermal 
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stability and chemical resistance (5). Figure 13 shows the chemical structure of Zylon® fiber. 

Figure 14 shows the monomers and polymerization process that are used to prepare PBO or 

Zylon®. 

 

Figure 13 Chemical structure of repeat unit for PBO 

 

Figure 14 Chemistry of benzothiazole (PBT) and benzoxazole (PBO) (8) 

There are two type of Zylon® fiber, AS (as spun) and HM (high modulus). Post spinning, as 

is treated with heat and drawing to obtain HM fibers. As a result of this treatment, HM 

performance is higher than AS as it can be seen from Table 4 (15) . 
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Table 4 Mechanical and physical properties of Zylon® fiber (15) 

 
 

There are many applications for Zylon ®fibers: 

 Protective clothing: fire fighters suites, safety gloves, heat resistance clothing, etc. 

 Aerospace: Balloon, aircraft engine fragment barrier, satellite, etc. 

 Sports: sailcloth, yacht rod, tennis racket, fishing rod, racing suite, etc. 

 Industrial materials: heat resistance felt, optical fibers cable, cable cover for welding 

machine, reinforcement for tire and belts (15) 

 

From Table 5, it can be noticed that PBO has the highest ballistic performance among all 

currently high performance fibers. 
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Table 5 Theoretical ballistic performance of common fibers (8) 

 

In Table 4, (U )1/3 is a normalized velocity that allows the relative comparison of fibers 

independent of the vest construction parameter (8). The higher the value of (U ) 1/3 is, the 

higher the ballistic resistance of the fiber. 

While PBO fibers possess impressive tensile strength and modulus, unfortunately its 

performance under compression has been disappointing. Much work has been done in 

various ways to correct the problem. Various methods have been tried to increase lateral 

strength in PBO after fiber formation, often by cross-linking. Its lack of success in attaining 

improved compression properties was attributed to the hydrogen bonds being formed intra- 

rather than inter-molecularly (5).  
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Figures (15-16) show comparison between mechanical and thermal properties of PBO and 

other fibers. It is very clearly from Figure 15 that Zylon® has the highest modulus among the 

other high performance fibers. In addition, Zylon® shows the highest thermal stability 

among the other fibers as shown in Figure 16. 

 

Figure 15 Comparison between Zylon® and other high performance fibers (5) 
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Figure 16 Comparison between Zylon® and other high performance fibers in flame 
resistance (5) 

 

Figure 17 shows the effect of exposure to UV-Visible light on four different types of high 

performance fibers. It is obvious that Zylon® losses a significant amount of its strength in a 

short time.     
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Figure 17 Strength loss % in Zylon® and other high performance fibers due to UV exposure 
(14) 

 

Figure 18 shows the thermal gravimetric analysis for PBO (Zylon) and PPT (Kevlar) under 

different two-environment nitrogen and air. TGA curves show that PBO (Zylon®) fibbers 

have better thermal resistance than PPT (Kevlar®) fibers. It can be noticed that the presence 

of Oxygen accelerates the degradation process for both fibers PBO and PPT.  
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Figure 18 TGA curves for PPT and PBO fibers under nitrogen (dashed lines) and air (full 
lines) (heating rate, 10°C/ min) (16) 

 

In (17), a vest from PBO fiber was exposed to 50 °C and 60 % RH in an environmental dark 

room for 85 days and then 60 °C and 36 % RH for an additional 73 days. PBO yarns were 

unraveled from the back panel of the vest and were tested to assess their degradability. It was 

observed that 25 % and 36 % decrease in tensile strength of PBO yarn after 85 and 158 days 

respectively.  
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2.1.3.2. PIPD or ‘M5’ Rigid-Rod Polymer 

A new high-performance fiber, known as M5®, has been produced as a result of research in 

Akzo-Nobel laboratories and currently produced by Magellan System International. The 

polymer  is poly{2,6-diimidazo[4,5-b:4’,5’-e]pyridinylene-1,4-(2,5-ihydroxy)phenylene} or 

PIPD. Figure 19a shows the repeat unit of M5® while Figure 19b shows the crystal structure 

of the M5® fibers. Figure 20 shows the monomers and polymerization process that are used 

to prepare PIPD or M5®. 

 

 

Figure 19 Chemical structure of repeat unit for M5 fiber (18) 

 

 

Figure 20 Chemistry for forming the poly [2, 6-diimidazo-(4, 5-b: 4’5’-e) pyridinylene-1, 4-
(2, 5-dihydroxy) phenylene] (PIPD or M5) benzazole (8) 
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The crystal structure of M5® is different from all other high strength fibers. All other high 

strength fibers have typical covalent bonding in the main chain direction, but in case of M5®, 

as indicated in Figure 19b, there is a hydrogen-bond network in the lateral dimensions (18).  

Figure 21 shows the effect of heat treatment on the crystal structure of PIPD (M5).  During 

heat treatment of PIPD (M5) fiber, the chains orientation is improved and change in crystal 

structure is happening. The heat-treated fiber causes a bidirectional hydrogen bonded 

network to be formed, which causes a strong interaction between polymer chains and results 

in a high shear and compression strength (10). As it is shown in Table 6   M5® has a highest 

compressive strength due to a hydrogen-bond network in the lateral dimensions.   

  

 

Figure 21 Projection of (a) as-spun PIPD (M5®) fiber and 

(b) heat-treated PIPD (M5®) fiber (10) 
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Table 6 mechanical properties for some of high performance fibers (5) 

 

2.1.4.  Polyolefin Fibers 

2.1.4.1. UHMW-PE 

Ultra high molecular weight polyethylene (UHMPE) or high performance polyethylene 

(HPPE) fibers are high strength, high modulus fibers based on the simple and flexible 

polyethylene molecules. These fibers are chemically identical to the normal PE the only 

differences are the very long chain, high orientation and high Crystallinity as it is shown in 

Figure 22. 

 

Figure 22 Macromolecular orientation of HPPE and normal PE (4) 
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High performance polyethylene fibers (HHPE) are commercially produced under two trade 

names, Dyneema® by DSM High Performance Fibers in the Netherlands and by the 

Toyobo/DSM joint venture in Japan. The other brand is Spectra® by Honeywell (formerly 

Allied Signal or Allied Fibers) in the USA. 

Now UHMWPE by its both brands Spectra or Dyneema are used in many applications: 

 Ballistic protection: bullet proof vests, rigid body armor plates, high performance 

helmet,          armor vehicles 

 Ropes and cordage: The low weight and high strength of HPPE fibers make it 

possible to produce heavy-duty ropes with very special characteristics, which make 

these ropes suitable for many fields like industrial applications, marine, offshore and 

recreational applications (19) 

 Medical applications: Orthopedic and spinal medical devices, Cardiovascular 
applications (20) 

 Other applications: cut protection, fishing lines, hurricanes protection (hurricane‐
resistant storm curtains), etc. (19) (20)  

Table 7 shows the mechanical properties of different types of UHMWPE which are produced 

by different manfacturers.  Figures 23-27 show properties comaprison between UHMWPE 

and some other high perfroamnce fibers. 
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Table 7 Mechanical properties of different types of UHMWPE (5) 

Materials 
Density 
(g/cm3) 

denier/filament
(dpf) 

Tenacity 
(N/tex) 

Modulus 
(N/tex) 

Elongation 
to 

break,% 
Honeywell   
Spectra 900 0.97 10 2.60 75.00 3.6 
Spectra 
1000 

0.97 5 3.35 110.00 3.3 

Spectra 
2000 

0.97 3.5 3.44 120.84 2.9 

DSM  
Dyneema 
SK60 

0.97 1 2.8 91 3.5 

Dyneema 
SK65 

0.97 1 3.1 97 3.6 

Dyneema 
SK75 

0.97 2 3.5 112 3.8 

Dyneema 
SK76 

0.97 2 3.7 120 3.8 

Toyobo  
Dyneema 
SK60 

0.97 1 2.8 91 3.5 

Dyneema 
SK71 

0.97 1 3.5 122 3.7 

 

 

Figures 23-27 show properties comaprison between High Performance Polyethelyane 

(HPPE) and some other high perfroamnce fibers. It is obvious that HPPE fiber have excllent 

mechanical physical properties such strength, modulus, chemical   resistance, UV resiatance 

and abration reisitance compared to most of high performance fibers.  
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Figure 23 Specific strength vs specific modulus for different high performance fibers (5) 

 

 

Figure 24 UV resistance of various high performance fibers (5) 
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Figure 25 Stress - strain curves for various high performance fibers (5) 

 

 

Figure 26 Resistance to acids and alkalis: HHPE vs. Aramid (5) 
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Figure 27 Abrasion and flex life of various fibers (5) 

One of the problems with HMPE is the low creep resistance.  It has been described by 

Reneker and Mazur that crystal defects is allowing polyethylene molecules to move past one 

another (21). When HMPE fibers are used for applications where these fibers will be loaded 

with high load for a long time, creep rupture has to be taken into considerations especially 

with high temperature. It has been found that under 15% of breaking load, Spectra® 900 

crept 13 % between 10 to 100 days while Spectra® 1000 and Dyneema® SK60 crept 6.3 and 

0.47% respectively. At 30 % of breaking load, Spectra® 900 was broken in 4 days, on the 

other hand Spectra® 1000 and Dyneema® were broken in 28 and 123 days respectively (5). 

Creep resistance for different brands of UHMWPE and the effect of load are illustrated in 

Figures 28-30.  
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Figure 28 Creep of Spectra extended chain polyethylene fibers at room temperature and 10% 
and 30% of static ultimate load (22) 

 

Figure 29 Creep of Spectra® extended chain polyethylene fibers at 5 ºC and 20% of static 
ultimate load (22) 
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Figure 30 Creep behavior for different brands of UHMWPE (23) 
S900- Spectra® 900 
S100- Spectra® 100 

SK-65 and SK-75 for Dyneema® 
 

2.2. Formation of High Performance Fibers 

2.2.1. Dry-Wet Jet Spinning 

Rigid rod polymer like PBO, M5 and Kevlar are decomposed at high temperature without 

melting. So, melt-spinning technique cannot be used for these fibers. These fibers can be 

spun via dry-wet jet spinning technique. In this technique, polymer-spinning solutions are 

extruded through spinnerets and are subjected to elongational strain across a small air gap, as 

shown in Figure 31. The-spinning holes have an important function. Under shear, the crystal 

domains become elongated and orientated in the direction of the deformation. Once the 

solution reach the air gap elongational-stretching takes place. This is affected by the draw 
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ratio, which is ratio of the velocity of the fiber as it leaves the coagulating bath to the velocity 

of the polymer as it emerges from the spinning (5). 

 

Figure 31 Schematic representation of the extrusion of the liquid crystalline solution in the 
dry-jet wet-spinning process (5) 

 

2.2.2. Gel Spinning  

The basic idea of producing high strength and high modulus fiber is to have highly rigid and 

oriented chains. Unlike all other high-performance fibers, the molecules in high performance 

polyethylene fibers are not preformed to form high tenacity and modulus fibers. In aramid 

and comparable fibers, the molecules tend to form rod-like structures and these need only be 

oriented in one direction to form a strong fiber. Polyethylene has much longer and flexible 

molecules. By physical treatments, the molecules are forced to stretch and orient in the 
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direction of fiber axes. The chains must have enough length to get sufficient interaction or 

overlap. For this reason, an ultra-high molecular weight polyethylene (UHMW-PE) polymer 

is used as the starting material. Usually extension and orientation are achieved by drawing. 

The problem is that spinning of these fibers from the melt is almost impossible due to the 

extremely high melt viscosity. Furthermore, the drawing of a melt processed UHMW-PE is 

only possible to a very limited draw ratio due to the high degree of entanglement of the 

molecular chains. In the gel spinning process these two problems have been solved, the 

molecules are dissolved in a solvent and spun through a spinneret. In the solution, the 

molecules disentangle and remain in this state after the solution is spun and coagulated to 

produce filaments. Because of its low degree of entanglement, the gel-spun polymer can be 

drawn to a high draw ratio (super-drawn). As the fiber is super-drawn, a very high level of 

macromolecular orientation is attained and resulting in a very high tenacity and modulus 

fiber.  

There are three main steps for gel spinning process as illustrated in Figure 32 (5): 

1. Extruding of a solution of ultra high-molecular weight polyethylene (UHMW-PE) 
 

2. Spinning of the solution, gelatin and crystallization of the UHMW-PE, which is done 
either by cooling and extraction the solvent or by evaporation of the solvent 

 
3. Super-drawing and removal of the remaining solvent gives the fiber its final properties 
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Figure 32 Gel spinning process 

 

The final properties of the fiber in the gel-spinning process are achieved in the super-drawing 

stage. The strength and modulus are directly related to the draw ratio. The maximum 

attainable draw ratio appears to be related to the molecular weight and the concentration. The 

draw ratio increases with decreasing concentration, but for each molecular weight there is a 

minimum concentration below this concentration drawing is not possible, because of 

insufficient molecular overlap. 
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2.3. UV Radiations and Its Effect  

Ultraviolet radiation (UV) is a part from electromagnetic radiation emitted by the sun. UV 

region cover the wavelength range from 100-400 nm and divided into three bands (UVA of 

315-400 nm wavelength, UVB of 280-315 nm wavelength and UVC of 100-280 nm 

wavelength) as shown in Figure 33.   

 

Figure 33  Electromagnetic spectrum 
 

All of UVC and most of UVB (90%) is absorbed by atmosphere (ozone, water vapor, and 

carbon dioxide). UVA is slightly affected by atmospheric layers so that most of this radiation 

reaches the earth along with small amount of UVB (24). 

 
UVA play an important role in our life, which is formation of vitamin D, at the same time it 

has a harmful effect that is causing skin burns and cataract in human eye. The shorter the 

wave, the more harmful is the radiation effect. Any small portion of UVB that reaches earth 

is very harmful and cause health related problems such as skin cancer, eye diseases and 

immune system problems (25). 
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2.3.1. Ultraviolet Protection Factor (UPF)   

The simple definition of UPF is the ratio of UV transmission measured without the protection 

of the fabric compared to UV transmission measured with presence of the protective fabric. 

For instant, a fabric rated UPF 40 means that if 40 units of UV fall on the fabric only one unit 

will pass through. In other word, fabric has UPF 40 means the fabric blocks or absorbs 39 out 

of 40 units of UV therefore blocking percentage will be 97.5% of UV (26).  

More detail definition for UPF is the ratio of the average effective ultraviolet radiation 

(UVR) irradiance calculated for unprotected skin to the average effective UVR irradiance 

calculated for skin protected by the tested fabric (Equation 1). Effective UVR irradiance is 

calculated by multiplying relative erythemal spectral effectiveness (Eλ) by the relative energy 

value of solar irradiance reaching skin (Sλ). The erythemal effectiveness (Eλ) is obtained by 

irradiating human test subjects with monochromatic UV-radiation of various wavelengths. 

The data of relative spectral erythemal effectiveness from 290 to 400 nm with 5 nm intervals 

are tabulated and provided by the CIE International Commission of Illumination. Values for 

solar spectral irradiance (Sλ) are available in the literature (27). 

 

                                                                                                                       

                                   (1)                                         
 

 

Where 
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ED = Effective dose for unprotected skin 

EDm= Effective dose for protected skin 

Eλ = CIE erythemal spectral effectiveness 

Sλ= Solar spectral irradiance in Wm- 2 nm-1  

Tλ = Spectral transmittance of fabric   

Δλ = Bandwidth or measuring interval in nm 

λ = the wavelength in nm 

 

The higher the UPF of a textile, the better is its ability to protect the skin from UV radiations. 

Figure 34 shows the role of a textile protective layer in blocking and reflecting UV radiation. 

UPF of a protective layer is related to the degree of protection and how much time a person 

can be stay subjected to the sunlight. The higher the number, the higher the degree of 

protection is. For instant wearing a fabric or cloth with a UPF rating of 15 will minimize 

exposure to UV radiation by a factor of 15, or in another way, a fabric with a UPF rating of 

15 will allow only one-fifteenth of the UV radiation to pass through it (27).   
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Figure 34 Schematic representation of a textile as a barrier to UV radiation (27) 

Hongying Yang (2) explained fabric –light interaction by dividing the incident light on the 

fabric into five portions, regular reflection, scattered reflection, absorption, direct 

transmission, and diffused transmission as illustrated in Figure 35. Thus:  

                    R = dr + sr             A = a               T= dt + st                  I = R + A + T 

Where  

R = Total reflection 

A = Total absorption 

T = Total transmission  

I = Incident ray 

dr = Direct reflection  

sr = Scattered reflection 

dt = Direct transmittance 

st = Scattered transmittance  
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Figure 35 Model of fabric–light interactions (2) 

The reflectance, the transmittance, and scattered transmittance can be measured using a 

spectrophotometer with an integrating sphere as shown in Figure 36, thus absorbance can be 

calculated.  

 

Figure 36 Light path of integrating sphere in Cary 500 spectrophotometer (2) 
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The protective characteristics of fabric depends on many parameters such as fiber type 

(natural, or synthetic fibers), yarn construction (spun or continuous filament), fabric 

construction (porosity, cover factor, weight and thickness) and the wet-processing or 

finishing process of the fabric (using dyes, ultraviolet absorbers and other finishing 

chemicals). Many studies have been conducted to investigate the effect of these parameters 

on the ultraviolet protection properties of textiles (28) (29) (30) (31) (32). 

Pailthorpe (33) has related UV Radiations transmission through an ideal textile fabric to its 

cover factor (Equations 2) to calculate UPF for a given woven fabric with known cover 

factor.   

                                            
 –  

        (2) 

 

Pailthorpe (32) defined the ideal structure as follow: 

a) Fabric is made of yarns, which are completely opaque to UV radiation. 
b) The holes in the structure have to be sufficiently small (< 0.2 mm) to avoid what is 

termed as “Hole Effect”. 

It can be seen from Table 8 that to achieve a minimum UPF rating, which is 15, the cover 

factor of the textile, must be greater than 93%. Moreover, once the cover factor exceeds 95%, 

any small changes in cover factor will lead to substantial improvements in the UPF of the 

fabric (33). 
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Table 8 UPF calculated from cover factor assuming that yarns are opaque to UV radiations 
(32) 

Cover Factor Fabric UPF 
90.0 

93.3 

95.0 

97.5 

98.0 

99.0 

99.5 

10 

15 

20 

40 

50 

100 

200 

 

There are many standards and test methods currently used to calculate the ultraviolet 

protection factor (UPF) for textiles (26) such as AS/NZS 4399 (Australia/New Zealand), 

American Association of Textile Chemists and Colorists (AATCC) Test Method 183 (USA), 

BS 7914, (British Standards Institution, Great Britain), and European standard EN 13758-1. 

2.4. Degradation of Polymer  
 
Degradation of a polymer indicates change to inferior state. For example, a material becomes 

brittle, soft, or weak. The factors causing the degradation as a result of material exposure can 

be divided into two classes; energetic (such as exposure to thermal, mechanical, and/or 

radiant (UV) energy) and chemical (such as hydrolytic and oxidative) (34). 

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. 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 
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wavelengths and hence they are greatly affected by this part of the solar radiation. Photo 

degradation (chain scission and/or cross-linking) occurs due to the activation of the polymer 

macromolecule by the absorption of photon energy (Figure 37).  

 

 

Figure 37 Photo-oxidation mechanism of polymers (35) 

In some cases light is absorbed by photo-initiators (instead of the polymer directly), which 

then photo-cleave into free radicals and initiate degradation. The resulting chemical and 

physical changes that occur are of complex reactions involving the combined effect of UV, 

oxygen, temperature, moisture, and many other environmental components in almost all the 

cases. Solar radiation, air and pollutants usually initiate photo-aging, 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. This deterioration of 

properties makes the handling of materials difficult without failure. Contrary to chain 

scission, cross-linking results in an increase in molecular weight. Low levels of cross-linking 
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improve the mechanical properties whereas high levels of cross-linking increases the strength 

and elasticity but make the structure brittle and hence elongation to break reduces (4). 

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

divided into three broad categories: 

 Highly stable polymers: These polymers are used without any photo stabilizer such as 
polytetrafluoroethylene and polymethylmethacrylates. 

 Moderately stable polymers: These polymers are used without any stabilizer such as 
polyethyleneterephthalate and polycarbonates. 

 Poorly stable polymers: These polymers need extensive stabilization for outdoor 
application such as polyvinyl chloride, polystyrene, polyamides, rubbers, etc. 
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2.4.1. Degradation of High Performance Fibers 
 
Most of the data published on degradation of high performance fibers are reported by the 

fiber producers. Figure 38 shows the data published by Toyobo Corporation on Zylon® fiber 

degradation as a result of exposure to UV and daylight. The figure indicates that the Zylon® 

fiber strength decreases sharply with exposure time and the rate of degradation reduces 

exponential with time. The residual strength of Zylon® fiber after 6 months of exposure to 

daylight is about 35% (Figure 38b).  

 

 

Figure 38 strength loss for Zylon® (PBO) due to exposure in 
 a) xenon weatherometer    b) daylight (15)  

Kevlar is one of the high performance fibers that are also affected by UV. Its light stability 

depends on the thickness of the exposed textile structure. Very thin Kevlar 49 fabric, if 

exposed directly to Florida sunlight for 5 weeks, will lose about 50% of its tensile strength. 

In thicker items, such as 0.5-inch diameter rope, if exposed directly to Florida sunlight for 6 
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months, will lose 10% of its strength, after 12 months will lose about 20% (36). Sheath/core 

structure usually is formed in thick structures like tows and ropes. Consequently, the majority 

of fibers are protected by the fibers in the outer layer. 

Photo-induced electron transfer has been proposed for photodegredation of Poly(2,4-

dimethyl-1,4-phenylene oxide) (PPO), poly(benzo[1,2-d:5,4-d_]bisoxazole-2,6-diyl-1,4-

phenylene) (PBO) and poly(benzo[1,2-d:4,5-d_]bisthiazole-2,6-diyl-1,4-phenylene) (PBZT) 

(34). In this mechanism (Figure 39), an excited polymer-repeating unit undergoes through 

electron transfer with another unit to create a radical-cation and radical-anion pair. In the 

existence of oxygen, the radical-anion transfers an electron to the oxygen molecule to 

generate superoxide. The superoxide and radical cation may combine to form unstable 

products. These unstable products undergo further reactions to degrade the polymer. 

 

Figure 39 Photo-induced electron-transfer mechanism for PBX photo-oxidation (35) 
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Another explanation for UV degradation mechanism of PBO has been proposed using 

Electron Spin Resonance (ERS). When benzoxazole ring is exposed to UV radiation, free 

radical will be formed and degradation process is initiated (Figure 40). Consequently, this 

will result in rupturing the PBO structure (8).     

 

Figure 40 Electron Spin Resonance spectra photo-induced (a) oxazole and (b) benzoxazole 
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Figure 41 Strength loss of PBO and M5 fibers after exposure to 82◦C and 85% relative 
humidity (R.H.) 

 

A comparative study of PBO and M5® was performed by exposing PBO and M5® fibers to 

82º C and 85% relative humidity. As shown in Figure 41, PBO lost about 20% of its strength 

after 2,000 hrs of exposure. On the other hand, M5® was found to be more hydrolytically 

stable than PBO. This stability is resulted from the structure difference between the two 

fibers. M5® has imidazole ring, which is more stable than the oxazole ring of PBO fibers (8). 

Figure 42 shows the chemical structures of oxazole, thiazole and imidazole rings.    

 

Figure 42 a- oxazole ring, b- thiazole ring, c- imidazole ring 
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Chin et al (17) studied the durability aspects of PBO fibers used in body armor. A vest from 

PBO fiber was exposed to 50 °C and 60 % RH in an environmental dark room for 85 days 

and then 60 °C and 36 % RH for an additional 73 days. PBO yarns were unraveled from back 

panel of the vest and test to assess degradability. It was observed that 25 % and 36 % 

decrease in tensile strength of PBO yarn after 85 and 158 days respectively. They mentioned 

that both benzoxazole hydrolysis and hydrolysis of intermediate product such as benzamide 

or benzoate, which could form during synthesis of PBO, potentially cause tensile 

deterioration in PBO by disrupting the conjugated rigid rod structure of PBO (chain scission) 

Presence of oxygen has a harmful effect on high performance fibers. Figure 43 shows the 

thermal gravimetric analysis (TGA) for PBO and Kevlar®. PBO fibers have better thermal 

resistance than Kevlar® fibers. It can be noticed that the presence of oxygen accelerates the 

degradation process for both fibers PBO and Kevlar®.  
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Figure 43 TGA curves for Kevlar® and PBO fibers under nitrogen (dashed lines) and air (full 
lines) (heating rate, 10°C/ min) (16) 
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2.5. Evaluation of Polymers for Weather Resistance (Weathering)  

Since most of polymeric products are used for outdoor applications, it is very essential to 

assess their resistance to weathering conditions like heat, moisture, and radiations. Materials 

reaction with the weather can be tested by exposing the material to weather with the same 

conditions that material will be exposed in the use, which is known as “Natural Weathering”. 

While this technique is more realistic, it takes long time to evaluate the materials. 

Accelerated artificial weathering tests were developed to overcome this drawback.  

2.5.1. Natural Weathering  

Natural weathering or outdoor weathering is a process of exposing the materials to the direct 

sunlight and other weather elements like rain, temperature, humidity, etc. This can be 

achieved by mounting the samples on a standard exposure racks like what is shown in 

Figures 44 and 45. There are different exposure racks with different angles according to what 

kind of exposure is to be simulated and which standard test method will be followed. Two 

types of exposure racks are used open backed and backed exposure racks with three different 

angle horizontally (about 5º), 45º and vertical (90º) (Figure 46). 
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Figure 44 Racks in direct weathering test filed – south Florida (37) 

 

 

Figure 45 Black box exposure (37) 

Figure 46 shows that racks with 5º and 45º angles is receiving more irradiance than what can 

be received by 90º racks. Since in the end use of material, 90 º angles is the often position, 

weathering the materials on 5º and 45º racks angle can be considered as accelerated test. 
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Figure 46 Three common angles of exposure 

 

It is not economical to test the weathering characteristics of materials in all climate 

conditions that depend on the region and season. Therefore, benchmark climates have been 

chosen for exposure testing based on their known conditions severity for the weathering of 

materials. The major marketing or end use area of the materials or product should be taken 

into consideration when selecting suitable climates and sites for weathering tests. 

Arizona and Florida are two reference-weathering locations used by most researchers and 

manufacturers (Figures 47-48). Miami region of southern Florida represent the sub tropical 

weather. Arizona represents the desert weather climates. Weathering conditions for different 

test fields are shown by Tables 9-12.  
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Figure 47 Arizona weathering test field (Atlas Company) (37) 

 

 

Figure 48 Florida weathering test field (Q-Lab Company) (38) 
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Table 9 Southern Florida weather conditions (sub tropical) (37) 

Latitude: 25° 52' North 
Longitude: 80° 27' West 
Elevation: 3 meters (10 ft) 
Temperature 
Average High 
Average Low 

Summer 
34°C / 93°F 
23°C / 73°F 

Winter 
26°C / 79°F
13°C / 55°F

Relative Humidity: 
Annual Mean: 
 
Annual Precipitation: 
Rain 
Solar Radiant Exposure:*
Total 
UV 

 
78% 
 
1685 mm / 66 inches
 
6588 MJ/m2 
280 MJ/m2 

 

Distance From Ocean 27 km (17 miles)  
                *Radiant Exposure measured at latitude tilt angle (26° South)  

Table 10 Average monthly UV and total radiant exposure for Southern Florida (MJ/m2) (37) 

  

 

 

 

 

 

 

 

 

 

 

 

 

MONTH UV* TOTAL
January 20.0 505 
February 22.5 545 
March 26.5 545 
April 28.0 612 
May 28.0 609 
June 25.7 543 
July 24.7 532 
August 24.0 543 
September 22.3 540 
October 21.7 555 
November 18.0 490 
December 18.6 496 
YEARLY TOTAL 280.0 6588
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Table 11 Arizona weather conditions (sub tropical) (37) 

Latitude: 33° 54' North 

Longitude: 112° 08' West 

Elevation: 610 meters (2000 ft) 
Temperature: 
Average High 
Average Low 

Summer 
39°C / 102°F 
24°C / 75°F 

Winter 
20°C / 68°F 
8°C / 46°F 

Relative Humidity: 
Annual Mean 

 
37% 

Annual Precipitation: 
Rain 

255 mm / 10 inches 

Solar Radiant Exposure:* 
Total 
UV 

 
8004 MJ/m2 
334 MJ / m2 

                * Radiant Exposure measured at latitude titl angle (34° South)  
 

Table 12 Monthly UV and total radiant exposure for Central Arizona (MJ/m2) (37) 

MONTH UV TOTAL 
January 20.1 490 
February 19.8 546 
March 24.7 633 
April 33.3 755 
May 38.6 786 
June 36.8 770 
July 35.1 745 
August 32.5 756 
September 29.3 711 
October 25.8 705 
November 19.2 582 
December 18.3 525 
YEARLY TOTAL 333.5 8004 
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2.5.2. Artificial Weathering  

Because of the need for rapid and quick testing and evaluation of the resistance of material to 

weathering than what can be achieved by natural or outdoor weathering tests (39), artificial 

or laboratory weathering is implemented to simulate the same effect (40). Modern 

accelerated weathering equipment allows controlling parameters of testing such as 

wavelength of radiation, radiation intensity, irradiance uniformity, energy dosage and 

exposure time, temperature, rain and humidity. Radiation wavelength is the most important 

parameters in the weathering equipment devices. It is controlled by the choice of the type of 

light source and filters. Six major light sources are Carbon arc, Xenon arc, Fluorescent UV 

lamps, Mercury lamps, Indoor actinic source and Metal halide. 

Carbon Arc Source: The enclosed carbon-arc lamp was the first source used as early as 

1918. It was specially used for weathering textiles. The improved carbon arc lamp is the 

Sunshine carbon arc, which was introduced in 1934. Figure 49 shows the comparison 

between a typical spectrum from an enclosed carbon arc and the Sunshine carbon arc lamp 

with summer daylight of Chicago. 

It is obvious from the Figure 49 that neither enclosed carbon arc nor Sunshine carbon arc has 

a good match to sunlight. Although this lack of matching the spectrum of sun light, these two 

kinds of carbon arc lamp are still used for evaluating textiles (Figures 50 and 51) (40). 
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Figure 49 Energy distribution curve for: 
______ enclosed carbon arc 

------- Sunshine carbon arc lamp 
…….. Noon summer sunlight at Chicago (40) 

 

 

Figure 50 Interior of typical open flame carbon arc apparatus (41)   
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Figure 51 Interior of typical twin enclosed flame carbon arc apparatus (41) 

Xenon Arc source (Figure 52): A better simulation of sunlight spectrum can be obtained by 

the Xenon arc lamp than what can be obtained from the carbon arc lamp.  This can be noticed 

from Figure 53. The spectrum of Xenon arc lamp can be adjusted to simulate the spectrum of 

sunlight. 

 

Figure 52 Interior of typical xenon arc apparatus (41) 
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Some filters combinations can be used to simulate not only the earth conditions but also the 

high altitude conditions where radiations are more energetic (for instance, using filter 

combination Quartz/Quartz or Q/Q). As it can be seen from Figure 53, its spectral power 

distribution has irradiance under 300 nm wavelength. 

 

Figure 53 Spectral power distribution for xenon arc source with different filter combinations 
compared to Sunlight (UV-VIS) 

 

Tables 13-14, obtained from Atlas Company, show the output power of Xenon lamp with 

different sets of filters and its applications (42). 
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Table 13 Spectral power distribution with xenon arc source [Data from C Series Weather-O-
Meter, Bull. 1700, Atlas Electric Devices Company, Chicago, 1989] 

 

Table 14 Application of various combinations of filters [Data from Ci35A Weather-Ometer, 
Atlas Electric Devices Company, Bull. 1700, 1989] 

 



 

61 

 

Fluorescent lamp: These lamps are similar in mechanical and electrical characteristics to 

those used for residential and commercial lighting. There are different types of Fluorescent 

UV lamps, which can be divided into two main types: 

 Fluorescent UV-B lamps (F40 & UV-B-313), which have a peak around 313 nm and 

their energy concentrated between 280 nm and 360 nm 

 Fluorescent UV-A lamps (UVA-340 & UVA-351), which have an emission peak of 

range 340 nm to 370 nm (39) 

Figure 54 shows the energy distribution for different types of fluorescent lamps compared to 

the sunlight. It is obvious that the different types of UVA and UVB lamps have their 

emission peak in the UV range of radiation and almost nothing in visible light range.  

 

Figure 54 Energy distribution curves for Fluorescent lamps and Sunlight (UV-VIS) (39) 
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Figure 55 show the design of weathering devices of QUV, which use the Fluorescent lamps. 

 

 

 

Figure 55 Cross section of ultraviolet light and condensation apparatus that using fluorescent 
UV lamp 
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2.6. Characterization of Degraded Polymer 

Exposure to UV radiation results in many damaging effects in polymer matrix such as mass 

loss, deterioration in the mechanical properties, color changes, change in morphology, 

change in structure of surface layers, and change in molecular weight.  

There are different methods to characterize and assess these effects. These methods can be 

classified as follow: 

a) Mechanical Method 

This method can be achieved by measuring the tensile strength of the material. 

Decreasing in tensile strength after UV exposure reveals directly that kind of 

degradation happened. For example when PBO fiber exposed to UV-VIS light chain 

session occurs. Consequently, molecular weight will be decreased. Mechanical 

properties will be affected especially tensile strength, which is affected directly by 

chain length.   

b) Spectroscopic Method 

This method can be performed by detecting any new functional group that may 

appear in the chemical structure of the material due to degradation. Detecting of new 

organic group or any change in the chemical structure can be easily achieved by using 

Fourier Transform Infrared (FT-IR).  

c) Physical Method 

Molecular weight is a common method used to monitor the rate of polymer 

degradation. There are many ways to figure out the molecular weight of polymer, one 
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of the most commonly used technique is the measurement of the viscosity of the 

polymer solution.  Crystallinity and crystal dimensions can be measured by X-ray 

diffraction or Differential Scanning Calorimetry (DSC). Additionally, surface 

changes can be detected by scanning electron microscope (SEM). Figures 56-58 show 

examples of images obtained by SEM (39). 

 

 
                                                         

Figure 56 SEM of TiO2 coating showing a thin film (4) 

 

Figure 57 SEM micrograph for Zylon® exposed yarn 144 hours (4) 
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Figure 58 SEM results for PBO fiber exposed to phosphoric acid (5) 

 

 

2.7. Stabilizers  
 
Stabilizers are designed to either inhibit or decrease degradation effects which occur when 

the material is exposed to the weather conditions. The best approach to stabilization is to 

prevent the radiation to reach or get absorbed by the materials to be protected. Such 

preventive techniques utilize screening or absorption. If the energy does reach the weakest 

sites in the material, the free radicals could be formed and initiate chain processes that would 

result in severe damage to the material. This situation can be treated through the elimination 

of radicals or the deactivation of photo-excited chromophores (chromophore is part (or 

moiety) of a molecule responsible for its color (43)). This is performed by additives known 

as excited state quenchers or radical quenchers.  

Photo degradation of materials, in combination with oxidation, leads to formation of 

hydroperoxides, free radicals, and chromophores that accelerate degradation by increasing 

the amount of energy absorbed. To resist this, it would help to decrease the rate of the photo-

oxidative reactions. This can be achieved by using antioxidants, singlet oxygen quenchers, 

and/or substances that deactivate hydroperoxides. If these previous techniques fail to prevent 
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degradation of the material, it may be possible that the weak locations that are formed during 

photolytic degradation can be eliminated by incorporating specific additives designed to react 

with and stabilize them (42). 

The components of a stabilization mechanism can be summarized as shown in Table 15. 

Table 15 Components of stabilizing action (42) 

Action Means 
UV screening  Surface coating, pigment, metal powder 

UV absorption UV absorbers 

Deactivation of photoexcited states Excited-state quenchers 

Elimination of free radicals Free radical quenchers 

Elimination of singlet oxygen Singlet oxygen quencher 

Limiting oxidative changes Antioxidants 

Peroxide decomposition Hindered amines 

 

Antioxidants  

These additives act as inhibitors for oxidation reaction that could occur in the polymer matrix 

due to presence of oxygen. Antioxidants combine with free radicals or hydroperoxides that 

could be formed due to oxidation (44).   

UV Absorbers  

UV absorbers act as optical filter blocking UV radiations. The general mechanism of these 

additives is absorbing UV radiation and release this energy again in form of heat (43). 
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Quenchers 

Quenchers are molecules that receive the energy from an excited state chromosphere. After 

that, the chromosphere will get back to its ground state after losing energy then the quenchers 

release this energy in form of heat or fluorescence that does not result in any degradation 

process for polymer (44). 

Free radical Scavengers 

These additives act very similarly like antioxidants. They inhibit the thermal oxidation by 

reacting with free radicals and deactivate it (44).   

2.8. UV Protection of High Performance Fibers 

Many studies have been conducted to improve UV resistance of different types of high 

performance fibers. This section reviews the sound relevant published work. 

Wash et al. investigated the degradation mechanisms of PBO fiber due to exposure to 

moisture, acids, and UV radiation. It was found that exposure of PBO to moisture resulted in 

loosening of the fiber morphology leading to an increase in the number and size of defects 

(voids). The presence of aqueous acid leads to loosening of the fiber structure and hydrolysis 

(chain session) of the oxazole ring, which leads to decreasing in molecular weight and 

consequently deterioration in the mechanical properties. A significant loss in mechanical 

properties has been observed due to UV-VIS exposure. The effect of UV–VIS radiation is 

primarily hydrolysis of the PBO near the fiber surface, which is the highly ordered region of 

the fibers so that any amount of degradation in this area will lead to a significant loss in the 

mechanical properties (45). This explanation is supported by a morphological study that was 
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performed by Kitigawa et al. The study showed that PBO fiber has a core and sheath 

structure (Figures 59-62). The fiber has a very thin sheath layer around 0.2 µm thick, which 

is free from micro-voids. The core structure contains micro voids that cause reduction in the 

mechanical properties of the structure (46). The structure difference of the sheath and core is 

attributed to the process of solvent/coagulant exchange during dry-jet wet spinning process. 

In another publication, Wash et al. pursued approaches to protect PBO fibers. The first 

approach was the extraction and neutralization of residual phosphoric acid, which remained 

after the production of the fiber, using supercritical carbon dioxide. The second approach was 

using coatings from exfoliated graphite, carbon black, and glassy titanium dioxide to block 

UV–VIS light. The third approach was to improve the morphological structure of the fibers 

by applying different modes of forces tending to compact the fiber microstructure and 

decrease the defect size. The different modes of forces are twist on single fiber, hydrostatic 

pressure, tension with super critical CO2 to compact the fibrillar structure and enhance the 

load transfer between the fibrils (47). The authors reported that no significant improvement 

was achieved by the previous approaches. 
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Figure 59 PBO structure model for AS fiber (as spun) (46) 

 

 

Figure 60 TEM images of PBO (a) micro-voids containing region and (b) void-free region 
(7) 

 



 

70 

 

 

Figure 61 Scanning electron micrograph of a damaged PBO fiber, showing the surface skin 
and fibrillar structure (5) 

 

 

Figure 62 Microfibril/fibril structure of PBO (48) 

Katangur et al. conducted study to protect Kevlar fabric by using nanoparticles-embedded in 

acrylic coatings that can absorb UV radiations. They used zinc oxide and titanium dioxide 
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nanoparticles. The percentage of particles, which dispersed in acrylic, was 5% by weight. 

Acrylic films have been prepared with thickness 10µm and 20µm thickness. The acrylic 

films loaded with nanoparticles have been applied directly on the Kevlar® fabrics. The 

results showed that Kevlar® fabric was protected with 20µm film thickness, after a week of 

UV exposure retained 95% of its tear strength, while, Kevlar® fabric protected with 10µm 

film thickness, after a week of UV exposure retained 80% of its tear strength. On the other 

hand, unprotected Kevlar® fabrics retained 67% of its tear strength (3). Although 20µm film 

achieved a reasonable protection after one week, percentage of weight added was not 

reported or considered. The strength to weight ratio of high performance fibers is an 

excellent attribute that need to be kept. Developing a heavy protective layer would reduce 

this attribute.  On the other hand, the reason behind the use of 5 % nanoparticles was not 

explained or justified. Uniformity and durability aspects of coating layer were not measured 

or discussed as well. Additionally, the nanoparticle distribution in the protective film was not 

reported.  

Another study conducted by Xing and Ding to protect Kevlar® fiber (49).  They prepared 

TiO2 nanosized by using tetrabutyl titanate as precursor and coated the surface of single 

aramid fiber by using sol-gel technique. Coated and uncoated fibers were exposed to UV 

radiation. After 156 hours of UV exposure, the uncoated fibers degraded completely and 

turned to powder. On the other hand, more than 36% of tensile strength and 50% of break 

elongation of coated fibers remained. It is obvious that the loss in mechanical strength is still 

significant although there is a coating layer of TiO2 nanoparticles. The authors attributed this 
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significant loss in mechanical properties to the negative influence of coexisted photo-

catalysis of nano-sized anatase TiO2. The free radicals produced by photo-catalysis anatase 

TiO2 could degrade the Aramid fibers and weaken the photo-stabilization of TiO2 layer (48). 

The fact that anatase TiO2 is more photoactive than rutile TiO2 was reported in (50) (51) (52) 

(53) (54). In 48, some aspects were not given much attention by the authors. The uniformity 

of sol-gel layer on fiber surface was not reported despite SEM images showed uneven 

coating on the fiber surface. Likewise, percent weight add of the sol-gel was not reported. 

Consequently, the strength to weight ratio was not addressed. The durability of coating layer 

was not searched. It is reported in (47) that TiO2 layer prepared by a sol-gel technique is 

brittle. Such brittle layer would not last and will deteriorate quickly leaving the fiber 

unprotected. Additionally, treating single fibers with protective layer should not be 

considered unless it is extremely thin (molecular thickness). Covering single fibers, which 

possess high surface area, requires significant amount of material added a matter that reduces 

the excellent attribute of high performance fibers; that is high strength to weight ratio.  

Liu et al. used sol-gel technique to form a protecting layer of TiO2 on the surface of single 

fibers of Kevlar®129, Zylon® AS and Kermel®. The results showed that Kevlar® and 

Zylon® fibers treated with sol-gel method have only about 12 % higher strength retention 

after 168 hrs of exposure to UV-VIS compared to untreated samples. On the other hand, 

protected Kermel® fiber strength retention was 49-70 % higher than the untreated samples. 

They attributed this significant improvement in case of Kermel® fibers to its surface 

smoothness and affinity to sol-gel solution. Consequently, TiO2 film formed on the Kermel® 
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fibers is more compact than on Kevlar®129 fibers and Zylon® AS fibers (55).  Again, 

significant aspects such as uniformity of the protective, durability, and weight added of the 

protective layer were not addressed.     

Scientific balloon is a large structure able to carry scientific payloads up to 3,600 kg to an 

altitude of about 35 km. Many scientific experiments involving upper atmosphere and outer 

space can be performed from floating platform on the upper atmosphere, which is scientific 

balloon, rather than from orbiting space probes and satellites. As response to the growing 

needs of the scientific community, National Aeronautics and Space Administration (NASA) 

Balloon Program Office is pursuing a research work to develop these scientific balloons to 

increase their capabilities to maintain their float altitude for  a long duration with higher 

payload (14) (56).  The balloon design requires the use of flexible tendon (Figure 63) to 

maintain the pumpkin shape that is essential for load bearing of the balloon skin, which is 

made from polyethylene film. The tendon, which is 87 km long, must be from high 

performance fiber to reduce the weight so that the payload can be maximized. 

Since 2003, NASA Balloon Program Office and North Carolina State University College of 

Textiles are conducting a research program in support of the Balloon Program. The joint 

research program is structured to develop protective layers to improve the UV resistance for 

tendons that are made from high performance fiber. Zylon® (PBO) was selected as the high 

performance fibers for economic reason and its low creep and highest strength to weight ratio 

compared to other high performance fibers (4) (14) (56). Protecting the tendons from UV 

allow the balloon flight duration to extend over long time and maximize the payload. 
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Figure 63 Ultra Long Duration Balloons (ULDB), Pumpkin Shape 

In (4), two main approaches were conducted. The first was covering yarn surface with a 

finishes containing 80 % by weight UV blocker. Two types of UV blockers were used 

pigments (TiO2 and ZnO, and carbon black) and photostabilizers (LowiliteTM20, 22, 35, and 

92, and Tinuvin® 234). The second approach was covering or wrapping the yarns by 

protecting films containing UV blockers (carbon loaded polyethylene, Teflon, and Aluminum 

foil). Zylon® yarns treated with blank (flexible amino silicone with no UV protector), amino 

silicone loaded withTiO2 and with ZnO and all the LowilitesTM showed about 50-60% 

strength loss after 24 hrs of exposure to UV-VIS radiations and 70-90% loss after 96 hrs. The 

samples treated with amino silicone loaded with carbon black and Tinuvin®234 showed 

strength loss of 35% and 37% after 24 hrs of exposure to UV-VIS radiations respectively.  

The reason behind a significant strength loss of treated samples was attributed to the fact that 

the finish solution penetrates between filaments and does not remain on the outer surface of 

the yarn. On the other hand, most of covering or wrapping the yarn surface with protecting 
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films gave a better result as compared to the first approach.  Some of carbon loaded 

polyethylene films that were used in this study achieved an excellent protection around 2 % 

strength loss after 7 days of exposure. However, the percentage of weight added is 180 % 

which will result in decreasing the strength to weight ratio of Zylon® fiber, the most 

essential advantage of the fibers that make it suitable for NASA applications especially as a 

tendon for ultra long duration balloons (ULDB). High weight of fiber and protected film 

would reduce the payload of the balloon. The black color of the carbon loaded Polyethylene 

film causes high absorption of the sun light a matter that increase the temperature of the layer 

and the balloon that is made of clear polyethylene film. The heating of the balloon causes 

increase in volume and pressure of the gas inside the balloon.  A protective film of dark color 

is not an option for this application. 

2.9. Predict the Tensile Behavior of Hybrid Structure Fabrics 

A various number of researchers have developed models to predict the mechanical response 

of fabric from single layer. Most of these models have been developed based on Peirce 

model, which consider the foundations of mathematical treatment of fabric properties (56). 

Among those researchers who contribute in this field are Grosberg (58) (59), Freeston et al 

(60), Kawabata (61) (62) (63), Leaf (64), and Sun et al. (65).    

All the above researchers and many others have developed their models to predict the tensile 

strength of woven fabrics based on one layer of fabric.  No one considered hybrid structures 

made of two layers of fiber assembly. The proposed research considers this area as one of the 

objectives that is mentioned in the following sections. 
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3. Research Objectives  

It is obvious from the literature review that high performance fibers (such as Zylon® (PBO), 

Kevlar®, and Vectran®) are characterized by high strength to weight ratio but suffer 

significant strength loss when exposed to UV light. Energy of photons in UV light is high 

enough for formation of free radicals and initiation of photo-oxidation that leads to break 

chemical bonds and cause chain session. 

The literature review (chapter 2) shows that prior research was conducted to better 

understand the degradation mechanisms of high performance fiber. Other attempts were 

conducted in order to improve UV resistance of high performance fibers with little success. 

There are many drawbacks for these prior protection attempts. The protective layer 

uniformity, weight added, durability, and UV absorber particles’ distribution in the protective 

layer were not fully addressed. Additionally, the work on single fiber requires significant 

weight of the protective layer to cover the high surface area of fibers that leads to reduction 

in high strength to weight ratio of these fibers. To sum up, prior works on developing UV 

protective layer achieved significant improvement in the protection level but deficiency in 

keeping a high strength to weight ratio and durability of the protective layer.  Therefore, 

research is still needed to develop new materials that have the ability to protect the high 

performance fibers with minimum weight added and maximum durability. To accomplish 

this objective, relying on the chemistry part of materials is not enough but also using 

engineering tools to design and optimize the construction parameters of the protective layer 

(thickness, weight, and UV blocker percentage) is essential. The proposed research addresses 
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the development of protective layers designed to overcome the deficiencies of the previous 

research work. 

Since it is very difficult to use the approaches that are being used for protecting traditional 

polymers such as Polyester and Nylon from UV, the main goal of this research is to protect 

high performance fibers from UV degradation by using protective layer loaded with UV 

absorbers. The protective layer will be used to cover a product from high performance fiber 

rather than single fiber. The selected product is braid from PBO. The PBO was selected for 

this research for economic reason and for its high performance compared to other fibers. 

Protective layers must be lightweight materials to maintain the high strength to weight ratio. 

The study aimed at obtaining maximum protection by optimizing the protective layer 

parameters.  

The specific objectives to achieve the goal of the proposed research are: 

1. Form protective polymeric (polyurethane and polyethylene) layers loaded with 

different amount of rutile TiO2 nanoparticles. The developed protective layers will 

be used to sheath braided structure from PBO fiber. The sheath structures will be 

optimized for maximum protection with lightest weight possible. 

 

2. Form woven protective layers from high UV resistance high performance fiber 

(Spectra®) to contribute in load sharing. The woven layers will be used as sheath to 

cover braided structure from PBO fiber. The woven protective layers will be 

optimized to provide maximum protection from UV while keeping its weight to the 

lowest possible. Finite element model will be developed to predict the tensile load of 
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the hybrid structure (woven and braid structures). The model will be verified 

experimentally. 

 

To achieve the objectives a theoretical and experimental work were conducted. Theoretical 

work predicting the distribution of UV blocker of nano-scale size using computational 

modeling is presented in chapter 4. The chapter also covers the experimental verification of 

the model. Additional experiments are described in chapters 5 and 6. These experiments deal 

with:  

1. Formation, characterization and optimization of protective sheath from extruded 

polyethylene films loaded with rutile TiO2 nanoparticles around braided structure 

from PBO using industrial scale equipment (chapter 5) 

2. Formation, characterization and optimization of protective sheath from polyurethane 

films loaded with rutile TiO2 nanoparticles (chapter 6) 

3. Formation, characterization and optimization of protective sheath from Spectra® 

woven fabric (chapter 7) 

Additionally Chapter 7 deals with utilizing modified existing finite element theories to 

predict the load-elongation behavior of hybrid structures from braid from PBO fibers as a 

core sheathed with woven fabric from Spectra® fibers. Numerical solutions of a range of 

hypothetical structures are presented.  
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4. Computational Model Predicting the Distribution of UV Blocking Nano Particles in 
Protective Polymeric Layer 

4.1. Introduction 

Literature review revealed that no modeling has been developed to optimize the layer 

thickness and the amount of UV particles that provide the maximum protection with lightest 

weight of the protective layer and minimum amount of UV particles. A model would allow 

the design of the protective layer without the need for actually producing unnecessary 

samples. In this research, a computer model is introduced. The model predicts the protection 

level as a function of UV protective particle size, volume fraction of the particles, and 

protective layer thickness. The protection level is assumed to be related to the area of the 

particles projected “area covered by particles” on a plane perpendicular to the film thickness 

direction. The protection level is assumed to increase with the increase in the area covered by 

the particles. This assumption is verified experimentally. 

4.2. Computational Model for UV Spherical Particles 

As it was mentioned earlier, a computational model to predict the degree of protection is one 

of the objectives of this study. To facilitate the computational model and reduce the 

complexity of calculation and computing time, four assumptions were made: (1) UV blocker 

particle shape is sphere, (2) All UV blocker particles have the same size (same sphere 

diameter), (3) UV blocker particles are randomly distributed (dispersed) in the protective 

layer (film) or in other words the Van der Waals forces between the UV blocker particles is 

negligible, and (4) the thickness of the protective layer (film) loaded with UV blocker 

particles is uniform. While it is practically difficult to achieve a perfect spherical particle of 



 

86 

 

the same size, there are commercially available UV blockers with narrow diameter 

distribution and shape close to spherical. With today’s film forming techniques, it is possible 

to produce films with minimum thickness variation. Thus, assumptions 1, 2 and 4 are 

contributing small error to the predicted values. In regards to assumption 3, due to the high 

surface area of nano-scale particles causes them to agglomerate due to the high Van der Waal 

forces. Research in this area is needed. The success of research in this area would minimize 

the error caused by assumption 3. The model could provide a benchmark for the degree of 

dispersion against which a dispersion treatment method could be judged. 

The input parameters of the model are UV protective particle size (sphere diameter), volume 

fraction of the particles (defined as the ratio of the volume of the particles to the total volume 

of the protective layer), and protective layer thickness.  

A computer program was written in MATLAB (Appendix A1) to generate the model output. 

The number of particles from the particle diameter and the volume fraction of the particles 

were calculated using Equations 3 and 4. 

 

   (3)  

Where 

N = number of UV protective particles (spheres) 

a = length of film (computational region) 

b = width of film (computational region) 
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c = thickness film (computational region) 

Vf = volume fraction of UV particles 

Vp = volume of one particle (sphere)  

       (4) 

Where 

d = particle diameter 

The computer program creates a random position for each particle (xi, yi, zi) in the 

computational region one at a time using the following functions and conditions: 

    xi = rand (l)    d/2 ≤  l ≤ a-d/2   (5) 

    yi = rand (n)  d/2 ≤  n ≤ b-d/2   (6) 

    zi = rand (m)  d/2 ≤  m ≤ c-d/2   (7) 

Where “rand” stands for random function generator and i stands for the ith position that 

ranges from 1 to N calculated from Equation 3. 

The x-, y-, and z-axis are along the length (a), width (b), and thickness-direction (c) of the 

computational zone, which are the three dimensions of the protective film. 

The computer program checks whether any particle overlaps (share same space partially or 

fully) with previously positioned particles. Any overlap of a particle (share any volume), the 

particle is rejected otherwise the particle position is stored in database. The overlap is 

checked by: 

L = √      (6) 
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Where L is the distance between the centers of two spheres and 1 ≤ j ≤  i-1 

If  L ≥ d, then the two particles are not overlapped. 

If L < d, then the two particles are overlapped. 

The process continues until all the N particles are positioned in the computational zone 

representing the film containing the UV protective particles. Then, the program creates 

visualization of all particles in the computational zone. The program projects each particle 

into the x-y plane so that each position of the center of a particle (xi, yi, zi) is converted to (xi, 

yi, 0) and each sphere becomes a circle with diameter D on the x-y plane (Figure 64). Figure 

65 shows the flow chart of the computer program. The program also creates visualization of 

the projected spheres (Figure 66 right). In Figure 66 left, the projected spheres are shown in 

white color while the background is in black color. The final step is to determine the 

projected area covered by the white color. This area was calculated by importing the 

black/white image to another MatLab program that uses a special function known as “bwarea 

(bw)”. The area of white color and area of black color were calculated then the percentage of 

white color to the total area was determined. This percentage is considered as the covering 

power of the nanoparticles.   
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Figure 64 Projection of particle form 3D (x, y, z) to 2D (x, y) 
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Figure 65 Flow chart of the computational model 



 

91 

 

 

Figure 66 3D view for particles distribution of diameter 5 nm 

 

4.2.1. Numerical Results 

The computational model was used to create numerical results to reveal the influence of the 

input parameter (UV particle diameter, volume fraction of UV particles, and thickness) on 

the projected area covered by the UV particles. 

Effect of UV Particle Diameter 

To study the effect of particle size, the computational program was executed for several runs. 

The computational domain (length, width and height) was unchanged and selected to be 

200*200*100 nm. These dimensions are large enough to accommodate fair number of UV 

particles without imposing more complexity to the program in terms of data storage and 

computational time.  Volume fraction was kept constant at 3%. Diameter of particles was 

changed from 5-25 nm. Figures 67 to 71 show the output of the computational model in form 

of 3D visualization and corresponding projected area for each diameter of UV particle. 
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Figure 72 shows the projection of area covered for using same parameters but different 

volume fraction of 6%. 

Table 16 shows the effect of UV particle diameter on the numerical values of the area 

covered for the cases presented graphically in Figures 67 to 72. 

 

 

Figure 67 3D view for particles distribution of diameter 5 

 

 

Figure 68 3D view for particles distribution of diameter 10 
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Figure 69 3D view for particles distribution of diameter 15 

 
 

 

Figure 70 3D view for particles distribution of diameter 20 
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Figure 71 3D view for particles distribution of diameter 25 

 
 



 

95 

 

 

Figure 72 Projection for area covered for volume fraction = 6% 
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Table 16 Effect of UV blocker particle diameter on projected area covered 

 

The data of Table 16 are shown graphically in Figure 73. It is clear from the figure that the 

effect of particles diameter and volume fraction on area covered is significant. The effect is 

due to the dramatic increase in particles surface area with reduction in particle size.  

 

 

Figure 73  Effect of particles diameter on area covered 

 

Diameter 
Percentage  of area covered% 

Volume fraction (v)= 3% 
Percentage  of area covered% 

Volume fraction (v)= 6% 

5 59.2 82.88 

10 3725 59.72 

15 26.9 45.64 

20 21.22 34.95 

25 17.25 28.28 
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Effect of Volume Fraction 

Figures 74 to 78 show the results of computational model with runs structured to reveal the 

influence of particle volume fraction, which was varied from 2% to 10%. The computational 

domain size of (200*200*100 nm) and particle diameter of 15 nm were kept unchanged.  

Figure 79 shows the corresponding results of the projected area covered for cases of constant 

size of the computational domain (200*200*100 nm) and constant particle diameter of 20 

nm. Again, the particles volume fraction [Vf] varied from 2 to 10. Table 17 shows the 

numerical values of the projected area covered for the two sets of results corresponding to the 

data of Figures 74 to 79. 

 

 

Figure 74 3D view for particles distribution of volume fraction 2% 
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Figure 75 3D view for particles distribution of volume fraction 4% 

 
 

 

Figure 76 3D view for particles distribution of volume fraction 6% 
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Figure 77 3D view for particles distribution volume fraction 8% 

 
 

 

Figure 78 3D view for particles distribution of volume fraction 10% 
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Figure 79 Projection for area covered particle diameter = 20 nm 
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Table 17 Effect of volume fraction% and particle diameter on area covered 

Volume fraction % 
Percentage of area covered % 

Diameter = 15 
Percentage of area covered % 

Diameter = 20 

2 18.35 13.31 

4 33.52 24.57 

6 45.18 35.63 

8 54.66 46.38 

10 61.75 53.27 

 

Figure 80 shows the area covered as impacted by the nanoparticles volume fraction and 

diameter. It is obvious that with increasing the volume fraction and decreasing the diameter 

the percentage of area covered increases. Additionally, full coverage (100%) is achieved at 

lower volume fraction when using smaller particle size. 

 

 

Figure 80 Effect of volume fraction and particle diameter on percentage of area covered 
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Effect of Protective Film Thickness 

To understand the influence of the film thickness on the projected area covered by the UV 

blocker particles, numerous runs of the computational model were performed using range of 

film thickness, particle diameter, and particle volume fraction. The 2D and 3D visualizations 

are not shown. The results of the projected area as a function of thickness, particle diameter 

and particle volume fraction are shown in Figures 81 and 82. For each individual curve 

shown in the figures, it is noticed that as the thickness increases, the projected area covered 

by UV blocker particles increases sharply. However, the rate of increase in the area covered 

reduces with additional increase in the film thickness until the area covered reaches a value 

very near to 100%. The results are very useful in determining the least film thickness, for 

given particle size and volume fraction, which provides almost 100% area covered a matter 

that determines the minimum film weight added. 

 

 

Figure 81 Effect of thickness and particle diameter on percentage of area covered (Vf = 2%) 
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Figure 82 Effect of thickness and volume fraction% on percentage of area covered 

 (d = 50 nm) 

4.2.2. Variability between Runs   

Table 18 and Figure 83 show different runs for the same parameters (computational domain, 

particles diameter, and volume fraction). From Table 18 and Figure 83, it is noticed that the 

variability between runs is negligible with coefficient of variation (CV%) of 2.289. 
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Table 18 Different runs for the same parameters 

Trial  # Projected Area Covered, % 

1 36.300 

2 35.700 

3 34.100 

4 35.940 

5 36.400 

6 36.120 

7 34.700 

8 35.900 

Average 35.645 

Standard deviation 0.816 

CV % 2.289 

 

 

Figure 83 Variability between the runs, different runs for the same parameters 
(computational domain, particles diameter, and volume fraction) 
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To simplify the model and save a computational time, the model was modified to allow the 

particles to be intersected. Runs with different parameters were performed on both models; 

model does not allow the intersection and the modified model that allows the intersection. 

Tables 19 and 20 show the results of area covered for the cases of particles allowed to 

intersect and particles are not intersected. The results are represented graphically in Figures 

84 and 85.  The results indicate that the two cases are very close with some insignificant 

difference for the runs of high volume fraction. 

 

Table 19 Results of area covered for the cases of particles intersection and no particles 
intersection 

Particle diameter No particles Intersection
 

Particles Intersection 

5 45.16 45.06 

10 25.81 26.02 

15 17.93 18.13 

20 14.16 14.5 

25 11.53 11.03 

35 7.85 7.59 

Computational Region: 400x400x100 nm, Volume Fraction: 2%) 
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Figure 84 Area covered for the cases of particles intersection and no particles intersection 
(Computational Region: 400x400x100 nm, Volume Fraction: 2%) 

 

Table 20 Results of area covered for the cases of particles intersection and no particles 
intersection 

Volume fraction 
No particles 
intersection 

 
Particles can be 

intersected 

1 13.77 13.8 

2 25.44 26.7 

3 36.44 36.69 

4 44.6 47.43 

5 49.5 55.2 

6 75.68 83.9 

7 86.85 94.1 

Computational Region: 400x400x100 nm, Particle Diameter:  20 nm 
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Figure 85 Area covered for the cases of particles intersection and no particles intersection 
(Computational Region: 400x400x100 nm, Particle Diameter:  20 nm) 

 

4.3. Computational Model for Cylindrical Particles 

Cylindrical shape of nanoparticles is one of the most shapes that are produced and widely 

used in many applications due to its high surface area. Similar to the previous model, this 

model predicts the protection level as a function of UV protective particle size (length and 

diameter of the cylinder), volume fraction of the particles in the polymer matrix, and 

protective layer thickness. To facilitate the computational model and reduce the complexity 

of calculation and computing time, the following assumptions were made:  

1. All particles are of cylindrical shape 

2. All particles have the same size (same length and diameter) 
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3. Particles are randomly distributed in the protective layer (film); i.e. Van der Waal 

forces are neglected 

4. The thickness of the protective layer is uniform 

Assumptions 1 and 2 are close to real products. Suppliers of nanoparticles provide sizes in 

cylindrical shape with narrow dimension distribution. Assumptions 3 and 4 have been 

discussed earlier in case of the sphere shape. 

The input parameters of the model are UV protective particle size (length and diameter), 

volume fraction of the particles (defined as the ratio of the volume of the particles to the total 

volume of the protective layer), and protective layer thickness.  

A computer program was written in Mat-Lab (shown in Appendix A2) to calculate the 

number of particles from the particle diameter and the volume fraction of the particles using 

Equation 9 and 10. 

   (9) 

Where 

N = number of UV protective particles (spheres) 

a = length of film (computational region) 

b = width of film (computational region) 

c = thickness film (computational region) 

Vf = volume fraction of UV particles 

Vp = volume of one particle (cylinder)  
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   (10) 

Where 

d = particle diameter 

L = particle length 

The computer program creates a random position for each particle (xi, yi, zi) center point of 

the cylinder in the computational region one at a time using the following functions and 

conditions:  

    xi = rand (l)    0 ≤  l ≤ a   

    yi = rand (n)  0 ≤  n ≤ b   

    zi = rand (m)  0≤  m ≤ c   

Where “rand” stands for random function generator and i stands for the ith position of the 

center point that ranges from 1 to N calculated from Equation 9. The x-, y-, and z-axis are 

along the length (a), width (b), and thickness-direction (c) of the computational zone, which 

are the three dimensions of the protective film. 

From the cylinder length the center line of the cylinder is randomly located in the 

computational region. The random location of the cylinder is determined by three rotational 

angles (α, θ, δ) that are determined randomly. These angles (α, θ, δ) are the rotation angles 

around x, y, and z respectively as shown in Figure 86. The three angles (α, θ, δ) were 

determined one at a time using the following functions and conditions: 

αi = rand (l)       0  ≤  l ≤ 180 
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θi = rand (n)                    0  ≤  n ≤ 180 

δi = rand (m)       0  ≤  m ≤ 180 

Where, “rand” stands for random function generator.  

 

 

Figure 86 Rotation of cylindrical particle around x-, y-, and z-axes 

 

After creating the random position and random orientation for each particle by Matlab, all 

data were stored in a text file with specific format as shown in Figure 87, and then the text 

file was fed to VTK (Visualization Tool Kite) program. Figure 88 shows the procedures of 

data creation and processing using VTK. The final 3D visualization and 2D visualization, 

which is in black for the background and white for the particles, for the UV protective 
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particles inside the computational domain is illustrated in Figure 89 for one example run. 

This covering power (the area covered by the white particles in the 2D visualization) was 

calculated by importing the 2D black/white image to another MatLab program that uses a 

special function known as “bwarea (bw)”.   
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D   

Figure 87 Text file with all data that will be fed to VTK program 
xi, yi, and zi are position of the center point 

d is cylinder diameter 
L is cylinder length 

αi, θi, δi are the three angles of the center line of the cylinder in the space 
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Figure 88 Processing of the data to get the final visualization and area covered 

 

 

Figure 89 3D visualization (right) and 2D visualization (left) 

 

It should be pointed out that, the procedure of eliminating the particles that overlap was 

ignored. It was proved that the elimination of this procedure did not affect the 2D 

visualization and the area covered since all particles are projected to the x-y plane.  
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4.3.1. Numerical Results  

Effect of Volume Fraction 

 
To study the effect of particle volume fraction, the computational program was executed for 

several runs. The computational domain (length, width, and height) was unchanged and 

selected to be 1000*1000*100 nm. The particles volume fraction Vf was varied from 2 to 10 

%. Particles size was kept constant (length 40 nm× diameter 10 nm). Figure 90 shows the 

output of the computational model in form of 2D visualization of projected area for each 

volume fraction. 
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          Figure 90 Projection for area covered by nanoparticles with different volume fraction 
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Figure 91 and Table 21 show the effect of volume fraction on the area covered. The results 

indicate that there is a clear trend of increasing the area covered by increasing the volume 

fraction.  

Table 21 Effect of volume fraction of UV particles on area covered 

Volume fraction, %
 

Area covered, % 
 

1 10.52 

3 28.04 

5 42.03 

7 52.24 

10 65.69 

 
 
 

 

Figure 91 Effect of volume fraction% and particle on percentage of area covered 
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Effect of Particle length 

 
To understand the influence of the nanoparticle length on the projected area covered by the 

UV nanoparticles, numerous runs of the computational model were performed using range of 

particle length values while keeping particle diameter constant (10 nm). The nanoparticles 

length was changed from 5 nm to 60 nm by fixing the cylinder diameter and changing 

cylinder length as shown in Table 22. Figure 92 shows the output of the computational model 

in form of 2D visualization of projected area for each aspect ratio. Figure 93 shows the effect 

of nanoparticle aspect ratio on the area covered. The results indicate that by increasing the 

aspect ratio the area covered is decreased dramatically. The increase is due to increasing in 

the number of particles with decrease in particle length.   
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         Figure 92 Projection for area covered by nanoparticles with different aspect ratio 
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Table 22 Effect of aspect ratio of UV particles on area covered 

Cylinder 
length  

Cylinder 
diameter 

Aspect ratio  
(length/diameter)

 
Area covered, % 

 

5 10 0.5 45.37 

10 10 1 36.11 

20 10 2 30.72 

40 10 4 28.04 

60 10 6 26.15 

 
 
 

 

 

         Figure 93 Effect Aspect Ratio on percentage of area covered 

 

 

 

 



 

120 

 

Effect of Particle Aspect Ratio 

To study the effect of aspect ratio, particle volume, particle volume fraction in the matrix, 

and number of particles were kept constant. This will require the calculation of the particle 

length and diameter for a given value of aspect ratio. The following equations were used to 

calculate length and diameter for each aspect ratio value.     

            
 

 
4

           11  

       12  

          13        

Where  

Vf  = particle volume fraction 

Vc = total volume of the computational region 

N = number of particles 

l = cylinder length 

d = cylinder diameter 

c = aspect ratio 

Substitute Equation 13 into Equation 11, Equations 14 and 15 are obtained. The particle 

diameter can be obtained from Equation 14 and the particle length can be obtained from 

Equation 13.  

 
 
4

        14  
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4   

  

/

   15  

 
Table 23 shows the effect of aspect ratio and particles volume fraction on the area covered. 

Results are represented graphically in Figure 94. From the results, it can be observed that by 

increasing the aspect ratio the area covered is increased but not significantly.   

 

Table 23 effect of aspect ratio and volume fraction on area covered 

Cylinder 
length, 

nm 

Cylinder 
diameter, 

nm 

Volume fraction, 
Vf = 2% 

Volume fraction, 
Vf = 5% 

Volume fraction, 
Vf =10% 

Aspect 
ratio 

Area 
covered,

% 

Aspect 
ratio 

Area 
covered, 

% 

Aspect 
ratio 

Area  
covered, 

% 

40.00  40.00  1 30.50 1 60.50 1 83.20 

63.50  31.75  2 32.26 2 61.50 2 86.00 

83.20  27.73  3 32.90 3 62.80 3 87.80 

100.79  25.20  4 33.45 4 64.00 4 88.40 

116.96  23.39  5 36.18 5 65.30 5 88.30 

132.08  22.01  6 36.50 6 69.00 6 89.60 

Computational region is 1000 nm x 1000 nm x 500 nm. 
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Figure 94 Effect Aspect Ratio on percentage of area covered 

Effect of Film Thickness  

 
To study the effect of film thickness on the projected area covered by the UV blocker 

particles, numerous runs of the computational model were performed using range of film 

thickness while maintaining the other parameters fixed. Film thickness was varied from 0.05 

µm to 0.9 µm. Figure 95 shows the output of the computational model in form of 2D 

visualization of projected area for each film thickness. 
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Figure 95 Projection for area covered by nanoparticles with different layer thickness 
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Figure 96 shows the effect of film thickness on the area covered. The results indicate that the 

thicker the film, the higher is the area covered. Like the sphere shaped particle, the 

cylindrical particles the effect of the thickness exhibited exponential trend that the area 

covered approaches 100% as the thickness increased. As mentioned earlier, the results are 

very useful in determining the least film thickness, for given particle size and volume 

fraction, which provides almost 100% area covered a matter that determines the minimum 

film weight added.   

 

 

Figure 96 Effect layer thickness on percentage of area covered 
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4.4. Model Verification 

To verify the model experimentally, samples of Low-density polyethylene polymer were 

compound with 5% and 10% weight added of TiO2 nanoparticles. TiO2 nanoparticles have a 

cylindrical shape of 10 nm diameter × 40 nm length as specified by the supplier. Pellets of 

the compounded polymer were microtomed or sliced into three thicknesses (100 nm, 150 nm, 

200 nm), due to difficulty in microtoming the LDPE loaded with 5% nanoparticles were 

sliced to just two thicknesses 100 nm and 200 nm. Figures 97 and 98 show TEM images that 

taken for the LDPE layers. As it can be seen from TEM images the nanoparticles appears 

agglomerated in black or dark spots. 

The TEM images were processed using Photoshop program as shown in Figures 99 to 103 to 

obtain black and white images with white represents the nanoparticles and the black as 

background. This allowed the determination of the area covered by the nanoparticles.  The 

Photoshop has a function to calculate the % white/black areas. Images were generated by the 

model for the same conditions of the TEM images (computational domain, volume fraction 

calculated from weight add-on, and particles size). The experimental results of area covered 

by nanoparticles were compared to the theoretical results generated by the model.    
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Figure 97 TEM images for PE/ 10% TiO2 with different thickness 

a) 200 nm b) 150 nm c) 100 nm 
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Figure 98 TEM images for PE/ 5% TiO2 with different thickness 

a) 200 nm  b) 100 nm 

 

Figure 99 TEM images after treatment by Photoshop (10% TiO2 – 200 nm) 
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Figure 100 TEM images after treatment by Photoshop (10% TiO2 – 150 nm) 

 

 

Figure 101 TEM images after treatment by Photoshop (10% TiO2 – 100 nm) 
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Figure 102 TEM images after treatment by Photoshop (5% TiO2 – 200 nm) 

 
 

 

Figure 103 TEM images after treatment by Photoshop (5% TiO2 – 100 nm) 
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Figures 104 and 105 show the effect of UV protective film thickness on area covered by TiO2 

nanoparticles at different weight added (10% and 5% corresponding to 2.2% and 1.1% 

volume fraction). The theoretical and experimental results agree in trend with higher area 

covered by nanoparticles over predicted by the model. 

Figures 106 and 107 show the effect of % weight added of UV blocker particles on area 

covered by the particles at different thicknesses of the protective layer. Again, the trends of 

the theoretical and experimental results are in agreement with the theory over predicting the 

area covered.  

It can be noticed from the results that there is a difference between the experimental values 

and theoretical values. As mentioned above, theoretical values are higher than the 

experimental values. This is due to the agglomeration effect, which is neglected in the model. 

This agglomeration is due to the high attraction force (Van der Waals forces) between the 

nanoparticles resulting from the high surface area due to their extremely small size (1) (2).  

The model represents the ideal case of random distribution of the nanoparticles inside the 

polymer matrix. The model could be used as a benchmark for experimental compounding of 

such mix to judge whether the particles were fully dispersed. Compounding processing 

parameters and polymer parameters affect the dispersion. As for the polymer, the 

agglomeration tends to occur with high polymer viscosity and it is easier to disperse the 

particles with low polymer viscosity than high polymer viscosity (3). Shear rate during 

compounding affects the dispersion of particles. Increasing shear rate was proved to have a 

positive role in decreasing the agglomeration in polymer melt (4). In general, low polymer 
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solution viscosity, high stirring, sonication and using suitable surfactant lead to reduction in 

forces between the nanoparticles.  

 

 

Figure 104 Effect of layer thickness on Area covered % 

 

 

Figure 105 Effect of layer thickness on Area covered % 
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Figure 106 Effect of weight added % on Area covered % 

 
 

 

Figure 107 Effect of weight added % on Area covered % 
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4.5. Conclusion  

Two computational models to predict the level of protection of a polymeric layer loaded with 

UV nano particles was developed. The first was developed for spherical particles shape and 

the other for cylindrical particle shape. For the spherical shape model, the input parameters to 

the model are the UV particle size (diameter), particles volume fraction, and the polymeric 

layer thickness. The output of the model is 3D visualization of the particles distribution in the 

computational region (the polymeric film dimensions) and 2D visualization of the particles 

projected as circles on a horizontal plane. The area covered by the projected particles is the 

final objective (numerical value) output of the model. It is assumed that the level of UV 

protection increases with increasing the projected area covered of the UV particles. 

Numerous runs of the model were conducted to reveal the influence of the input parameters 

on the projected area covered of the particles. The numerical results indicate that the 

projected area covered increased with reduction in particle size (diameter), increase in 

volume fraction, and increase in film thickness. Further, the numerical results revealed that 

for a given particle size and volume fraction there is an optimum layer thickness that 

achieves maximum protection (almost 100% projected area). Any further increase in 

thickness beyond the optimum value would add extra weight and cost without increase in 

protection.  

For the cylindrical shape model, the input parameters to the model are very similar to the first 

model, the UV particle size (diameter × length), particles volume fraction, and the polymeric 

film thickness. The output of the model is 3D visualization of the particles distribution in the 

computational region (the polymeric film dimensions) and 2D visualization of the particles 
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projected on a horizontal plane. The area covered by the projected particles is the final 

objective (numerical value) output of the model. Numerous runs of the model were 

conducted to study the influence of the input parameters (particle diameter, particle length, 

volume fraction of the particles, and the protective film thickness) on the projected area 

covered UV protective particles. The numerical results indicate that the projected area 

covered increased with increasing in volume fraction, increasing in layer thickness and 

reduction in particle aspect ratio (length/diameter). Same as the findings of the spherical 

model, the numerical results of cylindrical model revealed that for a given particle size and 

volume fraction there is an optimum layer thickness that achieves maximum protection 

(almost 100% projected area). Any further increase in thickness beyond the optimum value 

would add extra weight and cost without increase in protection. Consequently, the model can 

be used to design polymeric layers with optimum parameters (maximum protection, low 

weight, and low cost). 

Experimental work was conducted to verify the model. The experimental trials were 

compared to the numerical results generated by the model. While the trends of the effect of 

the input parameters on the area covered by the particles for the theory and experiment are in 

agreement, the model over predicts the area covered by the particles. This is attributed to the 

tendency of nanoparticles to agglomerate due high attraction force between the particles 

especially in nano-scale.  With the theory presenting the target and ideal particle dispersion, 

it could be used to judge experimental techniques that are needed to overcome the 

agglomeration issue of nanoparticles. Methods such as high mechanical stirring, ultrasonic 

and the use of suitable surfactants are recommended. 
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5. Polyethylene Sheathing Loaded with Rutile TiO2 Nanoparticles 

5.1. Introduction  

As indicated in the literature review, numerous approaches have been investigated to protect 

high performance fibers from UV radiation(1)(2)(3)(4)(5)(6)(7)(8)(9)(10). Using a protective 

layer loaded with UV stabilizers to absorb or scatter the UV radiation is one of the most 

efficient approaches since stabilizers either organic or inorganic (nanoparticles TiO2, ZnO) 

cannot be loaded during spinning processes of such fibers due to the harsh conditions of their 

spinning processes (most of high performance fibers are dissolved in very strong acids). In 

addition, the dyeability of high performance fibers is very poor because of their highly 

oriented packed crystalline structure and thermal stability which means that these fibers 

cannot be dyed with UV absorbing dyes(10)(11). These facts derived researchers to develop 

a protective polymeric layer (film) loaded with UV absorber/blocker that could be used as a 

cover or protective layer for high performance fibers. Inorganic UV absorbers were used in 

this research. Inorganic UV absorbers are preferred because they are nontoxic and chemically 

stable under heat and UV exposure, unlike organic UV absorbers that lose their ability with 

time. This chapter focuses on the development of polymeric layer from low-density 

polyethylene (LDPE) film loaded with rutile titanium dioxide nanoparticles (TiO2), which is 

inorganic UV absorber, to protect PBO braided structure from degradation (judged by the 

loss in tensile strength) of UV-VIS radiations. Figure 108 shows a schematic representation 

for PBO braid after the protective sheathing process. 
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Figure 108 Schematic presentation for PBO braid sheathed with LDPE protective layer from 
UV-VIS light radiation 

5.2. Experimental  

5.2.1. Materials 

PBO braid was manufactured from the Zylon (PBO) yarn of 1,500 denier. The braid was 

produced by Cortland Cable Company, Inc. A braiding machine (Figure 109) with 16 carriers 

was used to form the braid and each carrier supplied two yarns. In total 32 yarns were used to 

form the braid. Thus, the total braid denier is approximately 48,000 (32 x 1,500). The braid 

interlacing structure is 2x2. 
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Figure 109 Braiding process 

The two main forms of titanium dioxide nanoparticles available commercially are rutile and 

anatase. In this research, rutile TiO2 was used as a UV-Vis light blocker because rutile is less 

photoactive than anatase as mentioned earlier in section 2.8. The shape of these particles was 

cylindrical with 10 nm in diameters and 40 nm in length and the material density was 

4.23 g/cm3. Low-density polyethylene (LDPE- DFDB 6005 NT supplied by Dow Wire & 

Cable) polymer was chosen to be extruded around the braid as a protective sheath.  

5.2.2. Experimental Design  

Three sheathed samples were produced with different TiO2 % (0%, 5% and 10%) based on 

LDPE polymer weight. Table 24 shows the experimental design in terms of variables and 

their levels. The design is 3x5 (15 runs) full factorial design. These samples of the 15 runs 

will be compared and contrasted to unsheathed sample (control sample).  
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Table 24 Experimental Design:  LDPE film loaded with rutile TiO2 nanoparticles 

Variable levels 

%TiO2 in LDPE sheath 3  (0, 5, 10) 

Exposure time, days 5 (1, 2, 3, 4, 6) 

UV Exposure 3 (UVA, UVB, UV-VIS) 

Total Number of Treatments 3*5*3 + 1 unsheathed (control) = 46 

     Five replication have been done from every treatment 

 

5.2.3. Extrusion of LDPE Around PBO Braid 

LDPE pellet was compounded first with two levels of TiO2 (5% and 10%). Then the 

compounded LDPE was extruded around the braid. Extrusion or sheathing process was 

performed at Cortland Cables Company. Untreated braid was fed into extrusion die to apply 

LDPE sheathing layer as seen in Figures 110 and 111. Cold water was applied on the 

sheathed braid immediately after covering to coagulate the sheath and to prevent the sheath 

from migrating inside the braid.  
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Figure 110 Schematic diagram of sheathing process 

 

Figure 111 Sheathing process 

 

5.2.4. Material Characterization  

Sample Preparation 

LDPE pellet samples were randomly chosen from the bulk of pellets. The samples have been 

sliced in two directions: cross-section and longitudinal-section as shown in Figure 112 to be 

ready for SEM and EDX analysis. LDPE sheath was stripped off the braid and cut open to 
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form film, as shown in Figure 113 for TiO2 dispersion, element composition, and UV-VIS 

and weight characterization. 

 

Figure 112 Sliced pellet samples 

 

Figure 113 Sheath samples 

Nano Particles Dispersion Assessment 

Hitachi S-3200 Scanning Electron Microscope (SEM) was used for EDX (Energy Dispersive 

X-ray) analysis to assess the dispersion of TiO2 nanoparticles in LDPE pellets and sheath 

film and to investigate the morphology of the LDPE sheath layer. The data was gathered 
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using acceleration voltage of 30 KV. The sample size for this test was 1,000 µm length X 

1,000 µm width X 10 µm depth. 

Transmission Electron Microscope (TEM) images were taken by Hitachi HF2000 using 

acceleration voltage 200 KV to assess TiO2 nanoparticles dispersion. Samples with different 

thickness of 100, 150, 200 nm were sliced using ultra-microtome for this evaluation. 

Measuring TiO2 Content in PE Pellet and Sheath Using Thermogravimteric Method  

Thermal degradations of LDPE Pellet and LDPE sheath were performed in a Perkin–Elmer 

TGA (Thermo-gravimetric Analysis) shown in Figure 114 to determine the content of the 

TiO2. The temperature calibration of the thermo-balance was made according to the 

procedure reported in the user’s manual of the equipment. The thermal scanning mode ranges 

from 25°C to 950°C at a programming heating rate of 30°C/min in both nitrogen and air 

atmosphere with a gas flow of 20 ml/min. Sample weight was between 8 and 10 µg.   

 

Figure 114 Perkin–Elmer (TGA) instrument 
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As shown in Figure 115, ceramic weight pan was used. The ceramic pan has to be cleaned 

before starting the test procedures. LDPE sample’s weight has to be between 5 to 10 mg. 

Then the sample was put in the pan and heated up from 25°C to 950°C under airflow to make 

sure that LDPE is completely oxidized, decomposed and TiO2 remained in the pan. The 

LDPE decomposes at ~ 500 °C and TiO2 decomposes at a very high temperature (melting 

point range is 1830 °C -1850 °C). Heating the sample to 950 °C would allow the 

determination of the weight of the TiO2 and its content in the LDPE film. 

 

Figure 115 TGA ceramic pans 

 

5.2.5. UV and Visible Light Transmittance  

UV/Visible spectroscopy analysis was performed using Cary 3E Ultraviolet–Visible 

Spectrophotometer to determine the UV-VIS light transmittance for LDPE films. Specimens 

of 20 mm x 20 mm were prepared. Each specimen was mounted in the Integrating Sphere 
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(DRA-CA-301), which is an attachment specialized in measuring the transmittance and 

reflection for films and fabrics (Figure 116). 

 

Figure 116 Cary 3E Ultraviolet – Visible light Spectroscopy 

5.2.6. Weathering  

Weathering in ATLAS Weatherometer 

All the samples were exposed to UV-VIS in the Ci3000 Weatherometer, which has  Xenon 

lamp jacketed in quartz inner and quartz outer filters, with this set up the lamp emits 

radiation with range of wave length 230 – 750 nm, which simulate extraterrestrial solar 

radiation (altitude of ~ 40,000 m). The following parameters were input, displayed, and 

maintained unchanged throughout the exposure time: 

 Black Panel Temperature: 50 ± 2°C 

 Chamber Temperature: 30 ± 1°C 

 Relative Humidity: 22 ± 1% 
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 Channel 1 at 340 nm: 0.54 W/m2 

 Channel 2 at 420 nm: 0.99 W/m2 

 Lamp Power: 2.20 kW  

Figures 117 and 118 show the Atlas chamber without and with the braid samples wrapped 

around the racks. Each braid sample was wrapped at an angle to allow exposure of almost all 

parts of the braid facing the Xenon lamp.  

 

Figure 117 Atlas testing chamber without samples 
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Figure 118 Testing chamber loaded with samples 

 

Weathering at QUV Weatherometer 

All the samples were exposed to UV in the QUV/Se Weatherometer (Figure 119). Two sets 

of samples were exposed to UV in the QUV/Se chamber. One set of samples was exposed to 

UVA using lamp with emission peak of range 340 nm to 370 nm.  The other set of samples 

was exposed to UVB using lamp with emission peak of about 313 nm. 
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Figure 119 QUV testing chamber loaded with samples 

 

Exposure at High Altitude Conditions 

To asses UV protection of LDPE sheathing layers loaded with different percentage of TiO2 

nanoparticles, the samples were flown at high altitude conditions that scientific balloon 

experience.   

NASA Balloon Research and Development Laboratory (BRDL) deployed two different 

balloon flights. The flights were launched from Antarctica during the Antarctica winter of 

2010/2011 (December 2010/January 2011). The two Balloon missions are CREAM (Cosmic 

Ray Energetic and Mass) and BLAST (Borne Large Aperture Submillimeter Telescope).  

Four tendon packages were prepared at the NASA BRDL (and then attached to CREAM and 

BLAST flights mission during the 2010/2011 Antarctic campaign. Packages 1 and 2 were 

attached to CREAM, while packages 3 and 4 attached to BLAST. The content of each 

package is listed Table 25. Figure 120 shows the configurations of packaging of the prepared 
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samples. The number of samples of the sheathed braids used in this experiment was lower 

than desired due to limited availability.  

Table 25 Packages content for high altitude exposure 

# of samples Package #1 (CREAM Mission) # of samples Package #3 (BLAST Mission)  

2 Braid/LDPE with 10% nano 3 Braid/LDPE with 10% nano 

5 Braid/LDPE with 0% nano 5 Braid/LDPE with 0% nano 

# of samples 
Package #2 (CREAM 

Mission) 
# of samples Package #4 (BLAST Mission) 

3 Braid/LDPE with 10% nano 3 Braid/LDPE with 10% nano 

5 Braid/LDPE with 0% nano 5 Braid/LDPE with 0% nano 

 

 

Figure 120 Samples prepared for flight exposure in Antarctica 
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5.2.7. Mechanical Properties 

Braid Tensile Test 

Tensile testing for braid was performed at NASA BRDL using Instron 8800 machine. The 

gauge length and crosshead speed were 157.48 cm and 2.54 cm/min respectively. Figure 121 

shows the braid sample dimensions with two loops to be mounted on the testing machine 

using two pins as shown in Figure 122. 

 

 

 

Figure 121 Tendon test specimen configuration 
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Figure 122 a) Instron 8800 with specimen attached (b) Pin and clip holding the tendon 
specimen at the loop 
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5.3. Results and Discussion 

5.3.1. Nano-particles Dispersion Assessment  

Energy dispersive X-ray spectroscopy (EDS or EDX) is an analytical method that was used 

for the elemental analysis of LDPE pellet and LDPE sheath (film). This technique was used 

to provide quantitative analysis of TiO2 % in LDPE pellet and LDPE sheath. In addition, it 

was used to create X- ray mapping which helped in assessing TiO2 nano-particles distribution 

inside LDPE pellet and LDPE sheath with sampling depth 10 µm.   

Figures 123 to 127 show the five SEM images and X-ray mapping for LDPE pellets 

containing 5% TiO2, while Figures 128 to 132 show five SEM images and X-ray mapping for 

LDPE pellets containing 10% TiO2. From the X-ray mapping figures, it is obvious that TiO2 

nanoparticles are evenly distributed in LDPE matrix. This is an indication of a good blending 

of the PE polymer and TiO2 nanoparticles during compounding. 

Table 26 shows quantitative analysis of elemental composition by EDX for 5 samples of 

LDPE with 5% TiO2 (pellet). Table 27 shows the summary of the EDX analysis. It can be 

noticed from Table 27 that TiO2, % is less than the expected percentage. This could be due to 

inaccuracy of EDX method.  
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Figure 123 Energy dispersive X-ray Spectroscopy PE 5% TiO2 (pellet) 

 

Figure 124 Energy dispersive X-ray Spectroscopy PE 5% TiO2 (pellet) 
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Figure 125 Energy dispersive X-ray Spectroscopy PE 5% TiO2 (pellet) 

 

Figure 126 Energy dispersive X-ray Spectroscopy PE 5% TiO2 (pellet) 



 

154 

 

 

Figure 127 Energy dispersive X-ray Spectroscopy PE 5% TiO2 (pellet) 

Table 26 Quantitative analysis of elemental composition by EDX for PE pellets with 5% 
TiO2 

Sample #1 Sample #2 Sample #3 

Element Weight % Std. Dev. 
 

Element Weight % Std. Dev. Element Weight % Std. Dev. 

C 96.3 2.31 C 96.8 2.23 C 95.72 2.2 

O 1.10 0.39 O 1.07 0.37 O 1.31 0.44 

Si 0.34 0.12 Si 0.31 0.11 Si 0.38 0.13 

Ti 2.26 0.66 Ti 1.83 0.56 Ti 2.59 0.72 

Total 100 Total 100 Total 100 

Sample #4 Sample #5 

Element Weight % Std. Dev. 
 

Element Weight % Std. Dev. 

C 96.5 2.17 C 96.3 2.21 

O 1.59 0.51 O 1.21 0.41 

Si 0.27 0.1 Si 0.34 0.12 

Ti 1.65 0.51 
     

Ti 2.16 0.63 

Total 100 Total 100 
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Table 27 Measured average content and add-on of TiO2 in PE pellets loaded with 5% TiO2 

Sample # 
TiO2, % 

Content 

TiO2, %    

Add-on 

1 3.36 3.73 

2 2.90 3.22 

3 3.90 4.33 

4 3.24 3.60 

5 3.37 3.74 

Average 3.35 3.73 

St. Dev 0.36 0.40 

C.V 10.7 10.7 

 

 

 

 

 

 

 

 

 



 

156 

 

 

Figure 128 Energy dispersive X-ray Spectroscopy PE 10% TiO2 (pellet) 

 

Figure 129 Energy dispersive X-ray Spectroscopy PE 10% TiO2 (pellet) 
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Figure 130 Energy dispersive X-ray Spectroscopy PE 10% TiO2 (pellet) 

  

Figure 131 Energy dispersive X-ray Spectroscopy PE 10% TiO2 (pellet) 
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Figure 132 Energy dispersive X-ray Spectroscopy PE 10% TiO2 (pellet) 

 

Table 28 shows quantitative analysis of elemental composition using EDX for 5 samples of 

LDPE pellets containing 10% TiO2. Table 29 shows the summary of the EDX analysis. 

Again, it can be noticed that TiO2 % is less than the expected percentage.   
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Table 28 Quantitative analysis of elemental composition by EDX for PE pellets with 10% 
TiO2 

 
Sample# 1 

   
Sample# 2

  
Sample# 3 

 
Element Weight % Std. Dev. 

 
Element Weight % Std. Dev. Element Weight % Std. Dev.

C 92.09 2.18 
 

C 92.7 2.18 C 92.43 2.18 

O 1.30 0.44 
 

O 1.36 0.46 O 1.30 0.44 

Si 0.82 0.28 
 

Si 0.77 0.26 Si 0.79 0.27 

Ti 5.78 1.06 
 

Ti 5.17 1.04 Ti 5.48 1.05 

Total 100 
  

Total 100 
 

Total 100 
 

 
Sample# 4 

      
Sample# 5 

 
Element Weight % Std. Dev. 

    
Element Weight % Std. Dev.

C 90.82 2.15 
    

C 92.74 2.16 

O 1.37 0.46 
    

O 1.48 0.49 

Si 0.98 0.33 
    

Si 0.75 0.26 

Ti 6.83 1.03 
    

Ti 5.03 1.03 

Total 100 
     

Total 100 
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Table 29 Measured average content and add-on TiO2 in PE pellets loaded with 10% TiO2 

Sample # 
TiO2, % 
Content 

TiO2, % 
Add-on 

1 7.08 7.87 

2 6.53 7.26 

3 6.78 7.53 

4 6.51 7.23 

5 8.20 9.11 

Average 7.01 7.80 

St. Dev. 0.70 0.78 

C.V., % 9.96 9.96 

 

  

Figures 133 and 134 show SEM images of surface morphology and X ray mapping for LDPE 

5%, 10% TiO2 (sheath).  
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Figure 133 SEM image and Energy Dispersive X-ray Spectroscopy of PE sheath with 5% 
TiO2 

 

 

Figure 134 SEM image and Energy Dispersive X-ray Spectroscopy of PE sheath with 10% 
TiO2 
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Tables 30 to 33 show quantitative analysis of 4 observations and average values of elemental 

compositions. Additionally, the tables show TiO2 % using EDX for LDPE sheathing 

containing 5%, and 10% TiO2. It can be noticed that TiO2 % is less than the expected 

percentage that was added during compounding. This confirms that EDX analysis is not 

accurate. This can be attributed to the small sample size for EDX technique, which makes the 

sample statistically not representative of the population (the bulk polymer). Another method 

had to be used to determine TiO2 % in pellets and sheathing materials. Thermal gravimetric 

method was used to determine the accurate values of TiO2 in the LDPE matrix. Results of 

this method are given in section 5.3.2. 

Table 30 Quantitative analysis of elemental composition by EDX for LDPE sheath loaded 
with 5% TiO2 

Sample #1 Sample #2 
Element Weight % Std. Dev. Element Weight % Std. Dev.

C 95.86 2.25 C 95.77 2.25 
O 2.22 0.68 O 2.29 0.70 
Si 0.24 0.09 Si 0.200 0.08 
Ti 1.68 0.53 Ti 1.74 0.54 

Total 100 Total 100 
Sample #3 Sample #4 

Element Weight % Std. Dev. Element Weight % Std. Dev.
C 95.8 2.26 C 95.53 2.27 
O 2.17 0.67 O 2.27 0.70 
Si 0.26 0.10 Si 0.25 0.09 
Ti 1.77 0.55 Ti 1.95 0.60 

Total 100 Total 100 
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Table 31 Measured average content and add-on of TiO2 in LDPE sheath with target 5% TiO2 

Sample # 
TiO2, % 
Content 

TiO2, % 
Add-on 

1 3.90 4.33 

2 4.03 4.48 

3 4.03 4.48 

4 4.22 4.69 

Average 4.05 4.49 

St. Dev. 0.11 0.13 

C.V., % 2.9 2.9 
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Table 32 Quantitative analysis of elemental composition by EDX for LDPE sheath with 
target 10% TiO2 

Sample #1  Sample #2  

Element  Weight %  Std. Dev.     Element  Weight %  Std. Dev.  

C  94.03  2.20  C  94.15  2.20  

O  2.53  0.75  O  2.48  0.74  

Na  0.31  0.12  Na  0.29  0.11  

Si  0.41  0.15  Si  0.43  0.15  

Ti  2.73  0.76  Ti  2.64  0.74  

Total  100  Total  100     

Sample #3  Sample #4  

Element  Weight %  Std. Dev.  Element  Weight %  Std. Dev.  

C  94.27  2.21  C  94.32  2.19  

O  2.36  0.71  O  2.6  0.76  

Na  0.24  0.09  Na  0.27  0.10  

Si  0.4  0.14  Si  0.39  0.14  

Ti  2.74  0.76  Ti  2.43  0.7  

Total  100        Total  100     

 

Table 33 Measured average content and add-on of TiO2 in PE sheath with 10% TiO2 

Sample # 
TiO2, % 
Content 

TiO2, % 
Add-on 

1 5.26 5.84 

2 5.12 5.69 

3 5.10 5.67 

4 5.03 5.59 

Average 5.13 5.70 

St. Dev. 0.08 0.09 

C.V., % 1.63 1.63 
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Another method has been used to assess the dispersion of nanoparticles in LDPE pellet was 

Transmission electron microscope (TEM). Figures 135 and 136 show the TEM images of 

LDPE pellet containing 5% TiO2 with different sample thickness. Figures 137, 138 and 139 

show the TEM images of LDPE pellet containing 10% TiO2. It can be noticed that 

nanoparticles are dispersed in PE matrix in form of clusters, however these clusters are still 

in nano-scale. In addition, it can be obviously seen that by increasing the thickness and the 

percentage of TiO2 the area covered by nanoparticles is increased. Due to difficulties in 

microtoming or slicing samples for TEM from LDPE sheath layer, TEM images for LDPE 

sheath were not taken. 

 

 

Figure 135 Dispersion of TiO2 nanoparticles in PE pellet containing 5%TiO2- 100 nm 
Thickness 
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Figure 136 Dispersion of TiO2 nanoparticles in PE pellet containing 5%TiO2- 200 nm 
Thickness 

 

Figure 137 Dispersion of TiO2 nanoparticles in PE pellet containing 10%TiO2- 100 nm 
Thickness 



 

167 

 

 

Figure 138 Dispersion of TiO2 nanoparticles in PE pellet containing 10%TiO2- 150 nm 
Thickness 

 

 

Figure 139 Dispersion of TiO2 nanoparticles in PE pellet containing 10%TiO2- 200 nm 
Thickness 
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5.3.2. TiO2 Content in LDPE Pellet and LDPE Sheath Using Thermogravimeteric 

Method 

The thermogravimteric method was used to measure TiO2 content in both LDPE pellets and 

sheaths. The experiments were conducted on three groups of LDPE pellets and three groups 

of LDPE sheaths. The three groups were LDPE blank (0% TiO2), LDPE containing 5% TiO2, 

and LDPE containing 10% TiO2. The results of average TiO2 content and average add-on of 

TiO2 for LDPE pellet and sheath are shown in Tables 34, and 35. The thermal gravimetric 

analysis (TGA) data are presented graphically in Figures 140, and 141.   

Table 34 Average add-on and content of TiO2 in LDPE pellet 

Sample  1  2  3  4  
Average 

% 
Content  

Average 
% Add-

on  
PE pellet 
10% TiO

2
 9.010 7.915 8.134 8.555 8.403 9.336 

PE pellet 
5% TiO

2
 3.343 3.623 3.906 4.132 3.751 4.167 

PE pellet 
0% TiO

2
 0.007* 0.242* 0.467* 0.000 0.179 0.198 

    * Foreign matters 

Table 35 Average add-on and content of TiO2 in LDPE sheath 

Sample  1  2  3  4  
Average 

% 
Content  

Average 
% Add-

on  
PE sheath 
10% TiO

2
 8.357  8.846  8.583  8.415  8.550  9.500  

PE sheath 
5% TiO

2
 4.249  4.484  4.222  3.910  4.216  4.684  

PE sheath 
0% TiO

2
 0.196*  0.303* 0.167*  0  0.166  0.184  

    * Foreign matters 
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Figure 140  TGA curves for PE pellet loaded with 0%, 5%, and 10% TiO2 nanoparticles 

 

Figure 141 TGA curves for PE sheath loaded with 0%, 5%, and 10% TiO2 nanoparticles 

 

From the thermogravimetric analysis results, it can be noticed that percentage of TiO2 add-on 

measured is very close to the target. Therefore, it can be concluded that the thermal 

gravimetric method is an accurate measurements for TiO2 quantity. While EDX is not 
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accurate in determining the elements content, it is a good technique for qualitative assessing 

of the nanoparticles distribution in polymer matrix. 

5.3.3. Physical Characterization of Sheathing Materials  

Figure 142 shows the UV-VIS transmittance for three sheathing materials. As it can be seen 

from the figure, by increasing the percentage of TiO2 nanoparticles the transmittance of UV-

VIS decreases. The LDPE films containing TiO2 are able to reduce dramatically UV-VIS 

transmittance compared to the LDPE film with no UV blocker. 

 

Figure 142 UV transmittance of different PE sheaths 

 

As it can be seen, TiO2 is very effective in blocking the whole range of UV (UVA, UVB, and 

UVC) radiations. The explanation of that is, when TiO2 is illuminated by radiation with 
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energy higher than its band gap energy (3 to 3.2 eV), the electrons absorb the energy of the 

photons and are excited to cross the band gap (Figure 143) (1). This band gab can only be 

reached by the energy of photons in UV region, so the absorption is occurring over the UV 

range of radiations (400-200 nm). The photon energy of visible light does not have enough 

energy to excite or reach the band gab energy of TiO2. The blocking of visible light is mainly 

due to scattering and not due to absorption as in the case for UV range. 

 

Figure 143 Explanation of Band Gab Energy (12) 

 

Figure 144 shows the weight of sheathing materials per one meter of braid (expressed in 

linear density (g/m braid). The results show a good consistency of linear density of the 

sheathing materials. The linear density standard deviation was calculated and found to be 

0.093, which indicate a good and uniform sheathing process. Figure 145 shows the thickness 
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of sheathing material. In addition, the results here confirm the previous observation of having 

a good and uniform sheathing process (thickness standard deviation is 0.010).  

 

Figure 144 Linear density (g/m braid) of 1.4 cm film of different LDPE sheaths 

 

Figure 145 Thickness of different PE sheathing materials 
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5.3.4. Effect of UV- VIS Exposure using Atlas Weatheromter on Tensile Strength of 

PBO  Braid 

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

after UV exposure for 1, 2, 3, 4, and 6 days. The results of the breaking load in KN are 

shown in Table 36. Each data point of the table is the average of five specimens. The 

corresponding results of tensile strength loss are shown in Table 37. The data of breaking 

load and tensile strength loss are presented graphically in Figures 146 and 147. 

From the tensile testing results of PBO braid before and after exposure, the following 

observations were noticed. The PBO Bare braid (with no protective sheath) lost 72% of 

tensile strength after 6 days of exposure to UV-VIS. The PBO braid sheathed with unloaded 

LDPE blank film showed of 59 % tensile strength loss after 6days of exposure, which means 

13% of improvement in protection compared to the bare braid. This is due to the partial 

blocking for UV and Visible light by the LDPE layer even without TiO2 (see Figure 142).  

PBO braid sheathed with LDPE layer loaded with 5% TiO2 nanoparticles showed 43% of 

tensile strength loss after 6 -days of exposure. While PBO braid sheathed with LDPE layer 

loaded with 10% TiO2 nanoparticles showed 30% of tensile strength loss after 6 days of 

exposure. Figure 148 shows the summary of the effect of TiO2 % on the strength loss after 6 

days of exposure in the Atlas weatheromter. The results indicate that the higher the TiO2 % 

the higher is the protection from UV-VIS light radiation.  Improvement in protection in case 

of LDPE containing 10% TiO2 nanoparticles can be attributed to the high percentage of 

blocking of most of the visible and the UV radiation (see Figure 142).  Although the 
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sheathing layer loaded with 5% and 10% had achieved a good blocking for all UV radiation 

and most of visible radiation, a loss in the braid strength still occurred. Therefore, the 43% 

and 30% loss in the strength of PBO braid sheathed with LDPE layer loaded with 5% and 

10% TiO2 nanoparticles could be resulted from the presence of portion of visible light, 

oxygen and due to humidity in the UV-VIS exposure chamber. Other studies proved that the 

presence of humidity and oxygen have a harmful effect on accelerating the degradation of 

PBO strength (13) (14) (15). 

Table 36 Breaking load of the PBO braids before and after UV exposure 

 
Exposure 

Time (Day) 

Tendon Breaking Load (KN) 

No 
Protection 

(Bare Braid)

Sheathed 
with Blank 

LDPE 

Sheathed 
with LDPE 
containing 
5% TiO2  

Sheathed 
with LDPE 

containing10% 
TiO2  

0 13.55 12.85 13.05 13.39 

1 7.02 8.32 11.36 11.51 

2 5.84 7.69 10.09 11.35 

3 5.01 6.78 9.15 10.49 

4 4.63 6.37 8.30 10.33 

6 3.73 5.26 7.50 9.46 
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Table 37 Tensile strength loss of the PBO braids before and after UV exposure 

Exposure 
Time (Day) 

Tensile Strength Loss (%) 

No 
Protection 

(Bare Braid) 

Sheathed 
with Blank 

LDPE 

Sheathed 
with LDPE 
containing 
5% TiO2 

Sheathed 
with LDPE 

containing10
% TiO2 

0 0.00 0.00 0.00 0.00 

1 48.23 35.25 12.98 14.01 

2 56.88 40.16 22.65 15.25 

3 63.05 47.25 29.90 21.62 

4 65.86 50.41 36.37 22.81 

6 72.44 59.07 42.56 29.35 

 

 

Figure 146 Tendon breaking load of the PBO braids before and after UV exposure 
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Figure 147 Tensile strength loss of the PBO braids before and after UV exposure 

 

Figure 148 Effect of TiO2% on Strength loss % after six days of exposure in the Atlas 
Weatheromter 
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5.3.5. The effect of UVA - UVB Exposure on Tensile Strength of PBO Braid 

To study the effect of different UV radiations region (UVA, UVB, and UVC), samples were 

exposed to UVA and UVB in the QUV weatherometer as mentioned in section 5.2.5. As it 

can be seen from Figure 149, UVA lamp has emission peak of 340 nm and UVB lamp has 

emission peak of 313 nm.  UVA and UVB lamps do not have any emission at any range of 

visible light. Figure 150 shows the irradiance of Xenon lamp, which is used in the Atlas 

weatherometer with different filter combinations. It can be noticed that Q-Q (QUART-

QUARTZ) filter combination, which was used in the experimental work of this research, has 

emissions in the visible light range and all UV radiations (UVA, UVB, and UVC). This 

means that these filters combinations Q-Q (QUART-QUARTZ) can be used to simulate not 

only the earth conditions but also the high altitude conditions where radiations are more 

energetic. 

 

Figure 149 Spectral power distribution for UVA and UVB to Sunlight (UV-VIS) 
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Figure 150 Spectral power distribution for xenon arc source with different filter combinations 
compared to Sunlight (UV-VIS) 

 

Figures 151 to 154 show the effect of exposure duration to different source of radiation 

(UVA lamp and UVB lamp in the QUV weatherometer, and Xenon lamp in the ATLAS 

weatherometer) on the breaking load of PBO braid unsheathed and sheathed with different 

TiO2 percentage. The results indicate that there is a clear decreasing trend in the breaking 

load for sheathed and unsheathed braid with increasing the exposure time. Meanwhile the 

results show that there is a significant effect for using different radiation sources as 

mentioned before. It is very clear that the significant loss in breaking load due to exposure 

were in Atlas weatherometer, where the most severe conditions are used.  Q-Q (QUART-

QUARTZ) filter combination that is used in Atlas weatherometer is allow for generating the 

whole range of visible and UV radiations (UVA, UVB and UVC) and it is known that the 
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shorter the wave, the more harmful is the radiation effect according to the following 

equation: 

                     [16] 

Where  

E = energy  

h = Planck’s constant  

c = velocity of light 

λ = radiation wavelength  

The equation indicates that the energy of radiation E is inversely proportional to the radiation 
wavelength λ. 

 

 

Figure 151 Effect of exposure in different devices on the bare braid of PBO 
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Figure 152 Effect of exposure in different devices on the PBO braid sheathed with blank 
LDPE 

 

Figure 153 Effect of exposure in different devices on the PBO braid sheathed with LDPE 
film containing 5% TiO2 nanoparticles 
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Figure 154 Effect of exposure in different devices on the PBO braid sheathed with LDPE 
containing 10% TiO2 nanoparticles 

 

Table 38 Breaking load of the PBO braids sheathed and unsheathed before and after UV 
exposure in different weatherometer devices 

 

Breaking load, KN 

No Protection  
(Bare Braid) 

Sheathed with  
Blank LDPE 

Sheathed with  
LDPE containing 5% 

TiO2  

Sheathed with  
LDPE containing10% 

TiO2  
Days of 

exposure 
Atlas QUVA QUVB Atlas QUVA QUVB Atlas QUVA QUVB Atlas QUVA QUVB 

0 13.65 13.65 13.65 12.94 12.94 12.94 13.14 13.14 13.14 13.48 13.48 13.48 

1 7.07 10.90 10.64 8.38 11.05 10.96 11.44 12.19 12.95 11.59 12.03 12.70 

2 5.89 10.10 10.06 7.74 10.18 10.20 10.17 12.08 12.58 11.43 12.49 12.70 

3 5.04 9.50 8.92 6.83 9.67 10.14 9.21 12.34 12.24 10.57 12.29 11.96 

4 4.66 9.16 9.02 6.42 9.38 9.42 8.36 11.90 11.60 10.41 11.94 12.07 

6 3.76 8.29 8.21 5.30 8.85 8.24 7.55 11.15 10.60 9.53 11.52 11.65 
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Figure 155 shows the effect of TiO2 level on the strength loss of PBO braid due to exposure 

to UV-VIS radiation in different weatherometer devices after 6 days of exposure. The results 

show that there is an obvious trend of decreasing in strength loss by increasing the 

percentage of TiO2 for all ranges of light wavelength used. This phenomenon was explained 

earlier and will be theoretically proven in chapter 4.  As mentioned earlier a severe loss in 

strength was occurred as a result of exposure in the Atlas weatherometr. The difference in the 

material strength loss between exposure to QUVA and QUVB weathering is not significant 

because their radiations are concentrated at UVA and UVB regions and their radiations peaks 

are of close values (340 nm and 313 respectively) . This difference in radiation peaks will not 

produce a huge different in the energy of radiations according the energy Equation [16]. The 

low strength loss in case of exposure to QUVA and QUVB compared to the strength loss due 

to exposure in the Atlas chamber is due to the absence of Visible and UVC radiation.  

 

Figure 155 Effect of TiO2 % on Strength loss % after six days of exposure at different 
Weatheromters 
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5.3.6. Effect of Exposure at high altitude conditions on PBO braid 

As mentioned earlier in the experimental part (section 5.2.6), four tendon packages were 

flown and exposed to light radiation and other conditions at high altitude for evaluating the 

performance of sheathing. Two packages (#1 and #2) attached to CREAM and the other two 

packages (#3, #4) attached to BLAST flights mission during the 2010/2011 Antarctic 

campaign. Unfortunately, due to flight anomaly occurred for CREAM mission packages #1 

and #2 were not recovered. Packages #3 and #4, which were attached to BLAST mission 

(Figures 156, 157), were recovered.  

The Balloon-Borne Large Aperture Submillimeter Telescope (BLAST) mission was 

launched in Antarctica on December 27, 2010. The flight was terminated on January 5th, 

2011; the total flight time was 9 days, 17 hours, 9 minutes. However, the packages were 

recovered on January 11th, 2011. Thus, the total time from lunch to recovery was 

approximately 15 days.  
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Figure 156 Location of samples packages on the flight train ladder of BLAST mission 

 

 

Figure 157 Balloon of the BLAST flight during deployment 

 

With packages 1 and 2 unrecovered, only the results of the tendons of packages 3 and 4, 

which contained braids sheathed with blank LDPE film and LDPE film containing 10% 

TiO2, are shown. According to NASA BRDL, the conditions experienced by the flight and 

the tendons are: temperature was about -30ºC, relative humidity was 0%, sun duration was 
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continuous, and altitude was between 36.5 to 40 km. Figure 158 shows the trajectory history 

of BLAST flight as monitored by NASA BRDL.    

 

Figure 158 Flight trajectory history of BLAST mission   

Figure 159 shows the effect of BLAST flight weathering conditions on the breaking load of 

braid sheathed with LDPE film containing 10% TiO2 nanoparticles and braid sheathed with 

blank LDPE film. It is clear that deterioration in mechanical properties of the braids had 

happened due to exposure to the weathering conditions at high altitude. Also it is obvious 

that the effect of weathering was more severe for the braid sheathed with blank LDPE film 

compared to the braid sheathed with LDPE film loaded with 10% TiO2 nanoparticles. Figure 
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160 shows that strength loss of the braid sheathed with LDPE loaded with 10% TiO2 

nanoparticles is 22% while the braid sheathed with blank LDPE lost 37% of its strength.  

 

Figure 159 Effect of flight weathering on braid breaking load 

 

Figure 160 Effect of flight weathering on strength loss % compared to the control sample 
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Figure 161 and 162 show the effect of of different weathering conditions on the braid 

breaking load. It can be noticed that Atlas conditions are more severe than QUVA and 

QUVB conditions for reasons expalined earlier. Additionally,  the exposure conditions in the 

Atlas chamber are more severe than the BLAST flight conditions . This can be atributed to 

the presence of humdity and oxygyn in the Atlas chamber, which have negative effect and 

accelarted the degredation process of PBO (13)(14)(15). Whereas at high altitude of 

humididty is zero and the precence oxygyne is very low(16).  

 
 

 
Figure 161 Effect of different weathering conditions on braid breaking strength 

(Note: Sample exposure time was 10 days at high altitude and 5 days on earth after 
termination of the flight) 
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Figure 162 Effect of different weathering conditions on strength loss % of PBO braid 

compared to the control sample 
(Note: Sample exposure time was 10 days at high altitude and 5 days on earth after 

termination of the flight) 

 

5.4. Conclusion  

Range of protective layers of LDPE loaded with TiO2 nanoparticles was developed to protect 

PBO braid from UV-VIS light radiation. The LDPE layers were extruder around the PBO 

braid using industrial extruder to form a jacket around each PBO braid. The results of linear 

density in g/m braid and thickness of sheathing material showed a very low variation and a 

good consistency in these values, which indicate a good and uniform sheathing process using 

commercially available extrusion equipment.  

Different analytical methods were used to evaluate TiO2 nanoparticles dispersion inside the 

LDPE polymer in pellet and sheath forms. Energy dispersive X-ray spectroscopy (EDS or 
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EDX) is an analytical method used for creating X- ray mapping to assess TiO2 nano-particles 

dispersion inside the LDPE pellet and PE sheath. It was concluded from the X-ray mapping 

images that TiO2 nanoparticles are evenly distributed in PE matrix of pellet and sheath. 

Transmission electron microscope (TEM) was also used to assess the TiO2 nano-particles 

dispersion. TEM images of LDPE pellet showed that the TiO2 nanoparticles were well 

dispersed in LDPE matrix in form of clusters due to agglomeration of nanoparticles; 

however, these clusters are still in nano-scale. Analysis of the TEM images indicated that by 

increasing the thickness and/or the percentage of TiO2 the area covered by the TiO2 

nanoparticles increased.  

The thermogravimteric method was used to measure TiO2 content in both LDPE pellets and 

LDPE sheaths. From the thermogravimiteric analysis results, it was established that 

percentage of TiO2 add-on measured was very close to the target. Therefore, it can be 

concluded that the thermal gravimetric method is the most accurate technique for component 

content analysis compared to the EDS or EDX.  

Physical characterization of three sheathing materials (LDPE blank film, LDPE film loaded 

with 5% TiO2 nanoparticles, and LDPE film containing 10% TiO2 nanoparticles) were 

performed using UV-Visible light Spectroscopy. From UV-VIS transmittance of LDPE 

sheathing materials, it was noticed that by increasing the percentage of TiO2 nanoparticles 

the transmittance of UV-VIS decreases.  

The unsheathed and sheathed (loaded with TiO2) PBO braids were subjected to different UV-

VIS light raidiation using  the Atlas weatherometer with Xenon lamp and QUV eatherometer 
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and were flown to experience the exposure to conditions at high altitude to assess the degre 

of protection judged by the strength loss of the braids. The results showed that Atlas 

conditions were more severe than QUVA and QUVB conditions. This was atributted to the 

ablity of Xenon lamp which is used in Atlas weatherometer to simulate all UV radiations 

(UVA, UVB, and UVC) in addation to all visiable light region while the other two lamps just 

simulate UVA and UVB.  Atlas conditions were more severe than the BLAST flight 

conditions (High Altitude). This was atributted to the negative effect of humdity and 

oxygyene in accelarting the degredation process of PBO which were existed during 

weathering in Atlas chamber and not at high altitude (at high altitude the humididty is zero 

and the presence oxygyene is very low). 

 

5.5. Future work  

As future work, the following ideas are proposed:  

1. Produce PE sheath loaded with higher TiO2 nanoparticles percentages (>10%). 

2. Produce PE sheath loaded with TiO2 nanoparticles and other pigment to block visible 

region.  

3. Increase the thickness of the PE sheath loaded with 10% TiO2. 
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6. Protective Sheath from Polyurethane Membrane Loaded with Rutile TiO2 
Nanoparticles 
 

6.1. Introduction  

Many attempts were conducted in order to improve UV resistance of high performance fibers 

with little success (1) (2) (3) (4) (5) (6) (7) (8) (9). There are many drawbacks for these prior 

protection attempts. The protective layer uniformity, weight added, durability, and UV 

absorber particles’ distribution in the protective layer were not fully addressed. Additionally, 

the work on single fiber requires significant weight add-on of the protective layer to cover 

the high surface area of individual fibers that leads to reduction in high strength to weight 

ratio of these fibers. While prior works on developing UV protective layer achieved 

significant improvement in the protection level, their deficiency in keeping a high strength to 

weight ratio and durability of the protective layer need to be addressed.  Therefore, research 

is still needed to develop new materials that have the ability to protect the high performance 

fibers with minimum weight added and maximum durability. Since it is very difficult to use 

the approaches that are being used for protecting traditional polymers such as Polyester and 

Nylon from UV(10)(11), the main goal of this chapter is to protect PBO fibers from UV 

degradation by using protective layer loaded with UV absorbers. The protective layer will be 

used to cover a product from high performance fiber rather than single fiber. The selected 

product is braid from PBO. Protective layers must be lightweight materials to maintain the 

high strength to weight ratio. The study aimed at obtaining maximum protection by 

optimizing the protective layer parameters. This chapter focuses on the development of 

polymeric porous membrane from Polyurethane (PU) loaded with rutile TiO2 nanoparticles 
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to protect PBO braided structure from degradation of UV-VIS radiations as shown in Figure 

163.  

 

Figure 163 Schematic presentation for PBO braid sheathed with PU porous protective 
membrane from UV-VIS light radiation 

 

6.2. Experimental   

6.2.1. Materials  

PBO braid and the titanium dioxide nanoparticles (TiO2), which are described in chapter 5, 

section 5.2.1, were also used in this experiment. Standard aliphatic polyurethane has been 

used as the polymeric matrix to load it with the TiO2 nanoparticles. PU does not have a good 

resistance against UV; however, it was chosen to be the polymer of membrane due to its 

good mechanical properties such as high extensibility and elastic recovery. These 

characteristics provide sheath around the braid that are resistant to cracking during balloon 
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manufacturing and use. In addition, PU is dissolved in un-harmful solvent such as 

Dimethylacetamide (DMAC), this allow more safety during dealing with PU in the lab.         

 

6.2.2.  Membrane Formation and Experimental Design 

PU was dissolved in N, N – dimethylacetamide (DMAC) 99% pure. The solution was kept 

under stirring at room temperature overnight for 12 hours to achieve complete dissolving. 

The TiO2 nanoparticles were first dispersed in DMAC to break the agglomeration by 

vigorous stirring for 30 minutes and then the mix was added to PU solution. Final 

concentration of PU in DMAC was 10 % by weight. PU solution with TiO2 nanoparticles 

were kept under vigorous stirring overnight for 12 hours to assure good dispersion for the 

nanoparticles in PU solution using mechanical stirrer shown in Figure 164. TiO2 

nanoparticles content were 1, 2, and 4 % based on PU weight. PU solution with nanoparticles 

was spread on glass plate in a uniform thickness using micrometer adjustable film applicator 

(Figure 165).  
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Figure 164 Mechanical stirring for PU solution with TiO2 nanoparticles 

 

Figure 165 Micrometer adjustable film applicator 
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The casted membrane was kept on the glass plate for 30 minutes then immersed in a water 

bath and left in the bath overnight for 12 hours. The water in the bath was kept running 

during the time of immersion to remove the solvent from the bath. The membrane was 

removed and hanged under a ventilation hood until completely dry.  

 

 

Figure 166 Membrane preparation steps 

 

Additional sample was produced by evaporation method for the purpose of illustrating the 

differences in morphology between the two methods (coagulation and evaporation 
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techniques). The sample prepared by evaporation did not contain TiO2. In the evaporation 

method, the PU solution was spread on glass plate in a uniform thickness using the 

micrometer adjustable membrane applicator of Figure 165. The casted membrane was kept 

under ventilation hood for 24 hours then washed by running water and then kept for another 

24 hours for drying. 

Table 39 shows the experimental design that was implemented to optimize the parameters to 

reveal the lowest percentage of rutileTiO2 nanoparticles and membrane thickness (weight) 

with the highest UV-VIS light protection. 

Table 39 Experimental Design: Polyurethane membrane loaded with rutile TiO2 
nanoparticles 

Variable levels 

%TiO2 in PU 4  (0, 1, 2, 4) 

Membrane Areal Density (g/m2) 4  

Total Number of Treatments 4*4=16 

   

6.2.3.  Membrane Characterization     

Membrane Morphology  

JEOL 6400F Field Emission Electron microscope (FE-SEM) was used to investigate the 

morphology of the PU membrane. The data was gathered using acceleration voltage of 5 KV 

and different magnifications power.   
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UV and Visible Light Transmittance  

UV-Visible spectroscopy analysis was performed using Cary 3 Ultraviolet–Visible 

Spectrophotometer to determine the UV-VIS light transmittance for PU membranes. 

Specimens of 20 mm x 20 mm were prepared. Each specimen was mounted in the Integrating 

Sphere (DRA-CA-301), which is a special attachment specialized in measuring the 

transmittance and reflection for membranes and fabrics as shown in Figure 167. 

 

Figure 167 Cary 3 Ultraviolet – Visible light Spectroscopy 

6.2.4. Weathering  

PBO braids were warped with PU membrane then the samples were exposed to UV-VIS in 

the Ci3000 Atlas Weatherometer, which has  Xenon lamp jacketed in quartz inner and quartz 

outer filters, with this set up the lamp emits radiation with range of wave length (230 – 750 
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nm ) which simulate extraterrestrial solar radiation (altitude  of ~ 40,000 m). Parameters were 

input, displayed, and maintained unchanged throughout the exposure time as follows: 

 Black Panel Temperature: 50 ± 2°C 

 Chamber Temperature: 30 ± 1°C 

 Relative Humidity: 22 ± 1% 

 Channel 1 at 340 nm: 0.54 W/m2 

 Channel 2 at 420 nm: 0.99 W/m2 

 Lamp Power: 2.20 Kw 
 

6.2.5. Mechanical properties 

Tensile testing for individual yarns that were unraveled from the braid after exposure, were 

performed according to ASTM D 2256 using Renew MTS machine (Figure 168). The gauge 

length and crosshead speed were 25 cm and 30 cm/min respectively. Grip pressure was 

between 0.5-0.7 MPa (80-100 psi).  
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Figure 168 Renew MTS machine performing yarn tensile testing 

6.3. Results and discussion  

6.3.1. Morphological Structure of PU Membranes 

FESEM images of blank PU membrane (0% TiO2) prepared by different methods 

(coagulation and evaporation) are presented in Figures 169 to 172. From the SEM images it 

can be noticed that the membrane produced by evaporation method is denser and does not 

have any voids or pores, while the membrane produced by the coagulation method exhibited 

voids and pores. The morphological structure of coagulated membrane is sponge like 

structure. This significant difference in the morphological structure between two membranes 

is due to the so-called “phase inversion process” in the coagulated membrane. In this process, 

the polymer solution is immersed into a coagulation bath, which is water in this case. The 

polymer solution undergoes two stages as illustrated in the ternary phase diagram (Figure 

173). These stages are: (1) liquid-liquid phase separation, in this stage the completely 
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miscible solution enters two phase region (from region (I) to region (II) solvent and non-

solvent region) and (2) solidification stage in which the polymer goes from region (II) to 

region (III).  It has been suggested that if the casted polymer solution enter the solidification 

region directly, from region (I) to region (III), the resulted membrane will be dense structure 

and this was the situation in the evaporation method. If the casted polymer solution enters the 

liquid-liquid phase separation then the solidification region, from region (I) to region (II) 

then to region (III), the resulted membrane will be porous structure(12)(13).    

 

Figure 169 FESEM top view image of blank PU prepared by evaporation method 
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Figure 170 FESEM top view image of blank PU membrane prepared by coagulation 
technique 

 

Figure 171 FESEM cross section image of blank PU membrane prepared by evaporation 
technique 
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Figure 172 FESEM cross section image of blank PU membrane prepared by coagulation 
method 

 

 

 

Figure 173 Ternary phase diagram for membrane formed by phase inversion (14) 
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Figures 174 to 178 show the morphological structure of membranes that were produced by 

coagulation method and different % TiO2 nanoparticles (1%, 2%, and 4%). It can be noticed 

from the images that by increasing the % TiO2 in the polymer solution, the voids are 

increased and the structure became more porous and spongy like. This observation can be 

confirmed from the values of membranes density (Table 40 and Figure 179), by increasing 

the % TiO2 nanoparticles, the membrane volume density (determined from thickness and 

areal density measurements of five observations each) is decreased which is proving that the 

voids and pores are increasing by increasing the nanoparticles percentage. The results of 

Table 40 and Figure 178 also indicate the values of volume density of coagulated membranes 

are much lower than the membrane prepared by the evaporation technique. 

 In the work of Soroko, I. et al. (15), the effect of TiO2 nanoparticles on morphology of 

Polyimide membrane was investigated. The results showed that the microvoids were 

decreased by increasing TiO2 concentration. The author attributed this observation to the 

effect of TiO2 in increasing the viscosity of the solution, which may act as a void 

suppressing. In addition, TiO2 act as a nucleating agent, which may lead to decrease in the 

void formation. In another work by Li, J. et al. (16) the effect of TiO2 nanoparticles on the 

surface morphology of Polyethersulfone (PES) was studied. PES membrane was prepared by 

combining two processes namely vapor induced phase separation and immersion 

precipitation technique. PES membrane was loaded with different TiO2 (1, 2, 3, 4, and 5%). 

The results showed that in case of 1-2 % TiO2, high porosity structure was formed especially 

of the top surface of membrane. By increasing the amount of TiO2 over 2%, structure became 
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less porous and aggregation of TiO2 nanoparticles started to be seen on the surface. The 

author here attributed these observations to the effect of TiO2 in viscosity and nucleation as 

well. In addition, the author attributed the effect of low percentage of TiO2 (1% and 2%) in 

increasing the porosity of the membrane to the high surface area and hydrophilcity which 

affect the mass transfer during vapor induced phase separation stage and help in the 

penetration of humidity on air  during this stage. Razmjou et al. (17) investigated also the 

effect of TiO2 nanoparticles on the surface morphology of PES. The same observation was 

observed that by introducing the TiO2 nanoparticles, the porosity increased especially in the 

top surface layer. The same finding was confirmed in the work of Cao X. et al. (18) where 

the effect of TiO2 was studied on the morphology of Poly (vinylidene fluoride) PVDF. 

Our results indicate that the increase in TiO2 caused reduction in the density of the composite 

structure, which was supported by most of previous work in this area. The explanation of the 

results is still unconfirmed and warrant additional research. 

 

Figure 174 FESEM top view image of PU membrane contaiong 1% TiO2 
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Figure 175 FESEM top view image of PU membrane containing 2% TiO2 

 

 

Figure 176 FESEM cross section image of PU membrane containing 2% TiO2 
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Figure 177 FESEM top view image of PU membrane containing 4% TiO2 

 

 

Figure 178 FESEM cross section image of PU membrane containing 4% TiO2 
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Table 40 Density of PU membrane loaded with different % TiO2 nanoparticles 

 0% TiO2  
(evaporation)  

0% TiO2 

(Coagulation)
1% TiO2 

(Coagulation)
2% TiO2 

(Coagulation) 
4% TiO2 

(Coagulation)

Thickness of 
1 layer, mm 0.06 0.08 0.08 0.12 0.18 

Areal 
Density, g/m2 69.5 84.01 83.74 74.65 99.4 

Volume 
Density, 

g/cm3 
1.158 1.050 1.047 0.622 0.552 

 

 

 

Figure 179 Density of coagulated PU membrane loaded with different % TiO2 nanoparticles 
as compared to membrane prepared by evaporation method 
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6.3.2. UV-VIS Transmittance and Reflection of PU Membranes 

Figure 180 shows the UV-VIS transmittance for the two blank PU membranes prepared by 

the coagulation and evaporation. The results show about 45% reduction in the transmittance 

in the visible region and more that 50% in UV region (300 nm to 400 nm) between the 

membrane that was produced by evaporation method and the membrane produced by 

coagulation method. This means that the coagulated membrane is more opaque. This 

opaqueness is due to the irregular morphological structure (see Figure 170) that is resulting in 

more light scattering compared to light transmitting (Figure 180). In addition, there is a clear 

trend shown by the results of Figure 181 that by increasing the number of membrane layers 

the light transmittance is decreased in both UV and VIS light regions.   

 

 

Figure 180 UV-VIS light transmittances of blank PU membrane 
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Figure 181 UV-VIS light reflection of blank PU membrane 

 

 

Figure 182 UV-VIS light transmittances of blank PU membrane in terms of number of 
membrane layers 
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Figures 183, 184, and 185 show the UV-VIS transmittance for PU membranes loaded with 

1%, 2%, and 4% TiO2 nanoparticles respectively. It is obvious that by increasing the amount 

of TiO2 and the thickness of the membrane (increase numbers of layers) the UV and Visible 

light transmittance is decreased which is a good indication for better protection from such 

radiation. The mechanism of how TiO2 absorb the UV radiation was explained in chapter 5.    

 

 

Figure 183 UV-VIS light transmittances of PU membrane containing 1% TiO2 
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Figure 184 UV-VIS light transmittances of PU membrane loaded with 2% TiO2 

 

 

Figure 185 UV-VIS light transmittances of PU membrane containing 4% TiO2 
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6.3.3. The Effect Of UV- VIS Exposure in the Atlas Weatheromter on Tensile Strength 
of PBO  yarns 

According to the UV-VIS transmittance, the best candidates from PU membranes have been 

chosen to protect the PBO braid against UV-VIS exposure. Membranes loaded with 2% TiO2 

and 4% TiO2 with 1, 2, 3 layers were chosen. These six samples were warped around braids 

and the wrapped samples were exposed to UV-VIS in the Atlas weatherometer.  

Figure 186 shows the PBO braid after 6 days of exposure to UV-VIS in the Atlas 

weatherometer. The images show that the PU layers were degraded, torn, and the color 

turned to yellow especially in the case of 1 layer PU. Studies showed that the weathering 

conditions especially humidity and UV-VIS light have negative effects on the physical 

properties of PU such as discoloration and mechanical properties (19)(20)(21)(22)(23).   

 

 

Figure 186 PBO Braid covered by PU layer after 6 days of exposure 
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Figure 187 shows the effect of weathering on the tensile strength of PBO yarns unraveled 

from PBO braid covered by PU layers (1, 2, and 3 layers) loaded with 2% TiO2. There is a 

clear trend that by increasing the number of PU layers, an improvement in tensile strength of 

the exposed braid (or lower degradation) is achieved. Same trend can be observed from 

Figure 188, which shows the effect of weathering on the tensile strength of PBO yarns 

unraveled from PBO braid covered by PU layers (1, 2, and 3 layers) loaded with 4% TiO2. 

From Table 41 and Figure 189, it can be noticed that the maximum protection was achieved 

by 3 layer of PU loaded with 4% TiO2. In this case, the loss in the tensile strength after 6 

days of exposure was 7.84% despite the tear of the PU membranes, which indicates the 

membrane might have been torn at the end of exposure time. This was expected earlier from 

UV-VIS transmittance curve, which indicated a high percentage of UV-VIS blocking with 

complete blockading of 100% in the UV region. Although the UV-VIS transmittance curves 

of 1 layer PU membrane loaded with 2% and 4% TiO2 (Figure 184 and 185) showed a very 

good blocking for both UV and visible light, the tensile strength results showed that these 

layers did not achieve a good protection and the strength loss was 50% to 60%. This 

significant loss could be due to the breakage of layer that occurred during the weathering.  
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Table 41 Tensile strength of PBO yarn before and after 6 days of exposure to UV-VIS 

 Tensile strength, 
g/denier-  

Before Exposure 

Tensile strength, 
g/denier-  

After Exposure 

Tensile strength 
loss, %  

After Exposure 

Control sample 
(unsheathed) 

25.29 

5.90 76.68 

PU 2% TiO2   
1 Layer 
2 Layer 
3 Layer 

10.62 57.99 
18.20 28.02 
21.00 16.95 

PU 4% TiO2   
1 Layer 
2 Layer 
3 Layer 

12.45 50.79 
19.75 21.92 
23.31 7.84 

 

 

 

Figure 187 Tensile strength of PBO yarns sheathed with PU layers containing 2% TiO2 after 
6 days of exposure 
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Figure 188 Tensile strength of PBO yarns sheathed with PU layers containing 4% TiO2 after 
6 days of exposure 

 

 

Figure 189 Tensile strength loss% of PBO yarns sheathed with PU layers containing TiO2 
after 6 days of exposure 
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6.4. Conclusion  
 

A protective membrane from Polyurethane loaded with TiO2 nanoparticles was developed to 

protect PBO braid. Polyurethane membranes loaded with TiO2 nanoparticles were prepared 

by phase inversion or coagulation technique and blank Polyurethane membrane loaded with 

was prepared by evaporation technique. The morphological structure of blank membranes 

prepared by phase inversion technique and evaporation technique where evaluated. The SEM 

images showed that the membrane produced by evaporation method was denser and did not 

contain voids or pores. The membrane produced by the coagulation method exhibited voids 

and pores. This was confirmed by the volume density results determined experimentally. The 

density of membrane prepared by evaporation method is 1.15 g/cm3 while the density of 

membrane prepared by phase inversion or coagulation method is 1.05 g/cm3. The UV–VIS 

transmittance results showed that about 45% reduction, in the transmittance in the visible 

region and more that 50% in UV region (300 nm to 400 nm), between the membrane 

prepared by evaporation method and the membrane prepared by coagulation method. This 

reduction in transmittance of the coagulated membrane was attributed to the opaqueness of 

coagulated membrane, which was resulted from the irregular morphological structure that is 

resulting in more light scattering instead of light transmitting. Increasing the number of PU 

membrane layers loaded with TiO2 led to a decrease in the light transmittance both UV and 

VIS radiation regions.   

 The effect of TiO2 nanoparticles on the morphological structure and UV-VIS light 

transmission of coagulated membrane were evaluated. The SEM images of the top view and 
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cross section of different membrane loaded with different TiO2 nanoparticles percentages 

(0%, 1%, 2%, and 4%) showed that by increasing the nanoparticles percentage the porosity 

of the membrane was increased and the volume density decreased. Membrane density went 

down from 1.05 g/cm3 for blank membrane to 0.552 g/cm3 for membrane loaded with 4 % 

TiO2 nanoparticles. UV-VIS transmittance was decreased by increasing the TiO2 

nanoparticles percentage and the number of membrane layers.  

UV protection of Polyurethane membrane was evaluated by wrapping PBO braid with 

Polyurethane membrane and exposed to Ultraviolet-Visible light.  The results showed that 

the maximum strength loss % of PBO fiber due to exposure was 76.6% for unprotected 

sample. The strength loss % BPO fiber protected using 3 layers loaded with 2% TiO2 

nanoparticles was 16.95%. The minimum strength loss % or maximum protection was 

achieved by 3 layers of PU loaded with 4% TiO2 nanoparticles. The strength loss % for the 

latter case was only 7.8% despite the tear of the PU layers as a result of their degradation by 

UV-VIS. 

6.5. Future Work 

The experimental work proved that the use of a extremely lightweight protective membrane 

loaded with TiO2 is a very successful route to protecting braid from PBO from UV-VIS 

radiation. While the used matrix, which is PU, degraded by exposure to UV-VIS, what has 

been learned from the developed membrane can be easily applied to create membranes from 

UV resistant materials. Based on this, it is suggest pursuing the following areas of research in 

the future:  
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1) Using polymer with high resistance to UV degradation. 

2) Develop method to apply sheath of coagulated polymeric material directly onto the 

braid since wrapping is not practically feasible in the construction of the balloon.  
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7. Protective Sheath from Spectra® Woven Fabric 

7.1. Introduction  

One of the approaches for achieving the objective, which is protecting PBO from UV-VIS 

radiations, is constructing a sleeve of woven fabric from high performance fibers with 100% 

covering power (Figure 190). One of such fibers is ultra high molecular weight polyethylene 

(UHMWPE), which is known commercially as Spectra® fibers. The UHMWPE fibers offer 

high modulus, lightweight (fiber density is 0.97 g/cm3), high abrasion resistance, and high 

flex-life (1). Additionally, the UHMWPE fibers are characterized by their lowest strength 

loss upon exposure to UV compared to other high performance fibers (1) (2). The use of 

UHMWPE fibers leads to low weight penalty since the sleeve is lightweight and high 

modulus material that contributes to load sharing with the PBO fibers. In fact, if the PBO 

braid and the woven fabric from UHMWPE are designed to have same elongation at peak 

load, the combined load sharing is maximized. This chapter characterizes one of such woven 

fabrics from UHMWPE fibers in terms of its UV-VIS blockage. Additionally, the chapter 

covers how the design parameters of the woven sleeve from UHMWPE fibers could be 

utilized to maximize the strength the hybrid structure from POB braid and woven structure 

using finite element modeling established by Sun et al (3). 
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Figure 190 Schematic presentation for PBO braid sheathed with Spectra® woven fabric 

 

7.2. Experimental 

7.2.1. Materials   

PBO braid, which is described in chapters 5 and 6 was also used in this experiment. 

Spectra®2000 yarn, which is UHMPE, was used to weave a protective fabric. Table 42 

shows physical and mechanical properties the Spectra®2000 yarn and fiber.  

Table 42 Physical and mechanical properties of Spectra® 2000 Yarn and Fiber (4) 

Properties (Nominal) Value 

Linear Density,  (g/9 km) 180 

Ultimate yarn tensile strength (g/den) 38 

Yarn Peak Load (N) 69 

Yarn Modulus (g/den) 1,350 

Modulus (GPa) 116 

Elongation, % 2.9 

Density (g/cm3) 0.97 

Linear Density/Filament (g/9 km) 3.6 

Number of Filament in the Yarn 50 
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7.2.2. Fabric Formation  

The woven fabric was constructed to provide 100% covering power. To get 100% fabric 

cover factor, one of the yarn sets (warp or filling) must have 100% cover factor. Of course 

this can be done easier if the warp yarn cover is 100%. To achieve the warp cover of 100%, 

the warp yarns must touch as shown in Figure 191. To calculate the warp density 

corresponding to 100% cover factor, first yarn diameter dy, which equals the warp spacing py 

in this special case, need to be calculated from Equation 17 (5).  Then warp density ty is 

calculated from the diameter inverse (Equation 18). 

 

Figure 191 Warp yarns in case of 100% cover factor 

 

                     (17) 

 

                 (18) 

Where  
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Nt = yarn liner density in Tex 

ρf = fiber density 

φ = packing factor 

From Equations 17 and 18, warp yarn diameter (dy) was found to be 0.0201 cm and was 50 

warp yarns/cm. It was decided to use 60 ends/cm to provide the 100% cover as well as 

increase the thickness as a result of yarn flattening with the major axis perpendicular to the 

cloth plan. 

Figure 192 shows the flow chart of the processes that were conducted to convert as supplied 

yarn packages to woven fabric. 

 

Figure 192 Weaving process flow chart 
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The supplied yarn was flat continuous type (untwisted). It was thought to weave the fabric 

from the supplied yarns because they have more cover than twisted yarns. However, a trial to 

form warp from the as-supplied yarns was unsuccessful due to filament breaks. To provide 

filament integration and prevent filament breaks, the yarns were given a small amount of 

twist (0.6 turns/cm or 1.5 turns/in) using direct twister machine (AGTEKS Direct Twist®). 

After twisting the twisted yarn packages were back-wound using Scharer Filament Winder to 

obtain 180 cones required for the warp to obtain 3 cm (1.2 inch) wide fabric, which is enough 

to sheath the PBO braid (braid circumference = 1.4 cm). The warp was formed using Karl 

Mayer DS 14P Sample Warping Machine. The drawing-in was manually conducted on 8 

harnesses straight draft. Muller narrow weaving machine, which is designed for weaving 

narrow fabric, was used. Figure 193 shows the Muller narrow weaving machine while 

weaving the fabric. The following are complete specifications of the fabric construction: 

Yarn type: Spectra® 2000 

Warp yarn linear density: 180 (g/9 km) 

Filling yarn linear density: 180 (g/9 km) 

Twist: 0.6 turns/cm (1.5 twists per inch)  

Weave type: Plain 

Fabric width: 3 cm (1.2 inches) 

Warp density: 60 ends/cm 

Total number of ends: 180 

Reed number: 38 dents/inch 

Denting plan: 4 ends/dent 

Number of harnesses: 8 
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Draft: Straight 

 

Figure 193 Muller weaving machine with set up for weaving Spectra® fabric 

 

The off-loom fabric, shown in Figure 194, specifications were measured after weaving and 

found to be as follow:  

Warp density: 60 ends/cm 

Weft density: 15.75 picks/cm 

Fabric width: 3 cm 

Fabric weight: 5.2 g/linear meter  

This indicates no width shrinkage took place due to high warp cover factor.  
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Figure 194 Spectra® woven fabric 

 

7.2.3. Fabric Characterization 

UV and Visible Light Transmittance  

UV-Visible spectroscopy analysis was performed for fabric to determine the UV-VIS light 

transmittance using the same instrument and attachment that have been used in chapter 5 and 

6.  

Weathering  

PBO braid were wrapped with a single layer of Spectra® woven fabric and then sewed as 

shown in Figure 195. The sample was exposed to UV-VIS in the Ci3000 Atlas 

Weatherometer with the same conditions that were used in chapter 5 and 6.  
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Figure 195 PBO braid sheathed with Spectra® woven fabric layer 

 

Mechanical Properties of PBO Yarns 

Tensile testing tests for individual yarns, that were unraveled from the braid after exposure, 

were performed according to ASTM D 2256 using Renew MTS machine (see chapter 5 and 

6).  

 

 

 

 

 

 



 

231 

 

7.3. Results and Discussion 

7.3.1. UV-VIS Transmittance of Spectra® Woven Fabric 

Figure 196 shows the UV-VIS transmittance for Spectra® woven fabric. The curve shows 

that about 20% of visible light (800 nm - 400 nm) and 10 % to 20 % of UV radiations (200 

nm - 400 nm) are transmitted through the fabric. These values of light transmittance in both 

visible and UV are expected to have negatively effect on the PBO tensile properties.  

 

 

 

Figure 196 UV-VIS Transmittance of Spectra® Woven Fabric 
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7.3.2. The Effect Of UV-VIS Exposure on Tensile Strength of  PBO  Yarns 

Figure 197 shows the effect of weathering on the tensile strength of PBO yarns unraveled 

from PBO braid compared to the control yarns and yarns exposed without sheathing. The 

exposure time was 6 days. It is obvious that even with Spectra® woven fabric layer as a 

protective sheath, the deterioration in the tensile strength is significant. The tensile strength 

loss % in the sheathed sample is about 70% compare to the control-unexposed sample. This 

is very close to the strength loss % in the unsheathed exposed sample, which is 76% (Figure 

198). This result was expected in advance form the UV-VIS transmittance curve for the 

Spectra® woven fabric. This significant loss in the strength can be attributed to the amount 

of UV-VIS radiations that were transmitted through the fabric as seen from the UV-VIS 

transmittance curve in Figure 196. Additionally, the existence of humidity and oxygen had a 

negative effect on PBO degradation process as mentioned in chapter 5 and 6. 
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Figure 197 Tensile strength of PBO yarns before and after UV exposure 

 

 

Figure 198 Tensile strength loss % of PBO yarns before and after UV exposure 
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Although the maximum cover factor was achieved, 20 % of visible light and around 15 % of 

UV were able to penetrate the fabric. This transmittance of UV-VIS light affected the 

protection performance of the Spectra® fabric layer. One approach to improve the UV-VIS 

of the hybrid from PBO braid and Spectra® woven fabric is to applying a very thin layer of 

protective system that developed and covered in chapter 6 or developed by Won (6). This 

will combine best approaches in that UV protection and maximizing the load sharing using 

Spectra®. Using a thin layer loaded with UV blocker covering the Spectra® fabric will 

improve dramatically the protection performance of the Spectra® fabric. Additionally 

depositing the thin layer on the surface of the Spectra® fabric will offer better handle and 

durability for the thin layer of coating especially during the manufacturing and use.  

The use of Spectra® fibers leads to low weight penalty since the sleeve is lightweight, even 

with the thin layer of UV resistance coating, and high modulus material that contributes to 

load sharing with the PBO fibers. The only issue with the Spectra® fibers is their poor creep 

behavior compared to PBO. This can be overcome in constructing the woven sleeves by 

having crimp (due to weave interlacing) in load direction, which is the warp direction. This 

crimp should be designed to provide a little higher extension at peak load of the Spectra® 

fabric compared to the braid from PBO so that the PBO carries the load (since it has a better 

creep resistance)  before the Spectra® fabric failure due to creep. The next section focuses on 

optimizing the Spectra® fabric parameters to maximize the load sharing of the hybrid 

structure. 
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7.4. Using Finite Element Model to Optimize the Load-Elongation of the Hybrid 

Structure 

The goal of this part is to theoretically maximize the strength to weight ratio of a given 

hybrid structure with core of PBO braid and sheath of protective woven structure from 

Spectra® fiber. In this theoretical treatment, the unexposed to UV hybrid structure load-

elongation behavior is predicted for range of parameters using following specifications of the 

braid and woven fabric: 

Braid yarn type: High modulus PBO  

Braid yarn linear density: 1,500 (g/9 km) 

Number of yarns in the braid: 32 

Interlacing structure: 2x2  

Load-elongation curve: experimentally determined as shown in Figure 199 

 

Figure 199 Load- elongation curve of PBO braid 
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Specifications of woven fabric: 

Warp fiber type: Spectra 2000 

Filling fiber type: Spectra 2000 

Warp yarn type: twisted continuous filament 

Filling yarn type: flat continuous filament 

Warp Yarn Twist: 0.6 turns/cm 

Filing Yarn Twist: 0 

Warp yarn linear density: 180 (g/9 km) 

Filling yarn linear density:180 (g/9 km) 

Warp density: 60 ends/cm 

Weft density: 15.75 picks/cm 

Weave: plain 

Warp Yarn Crimp: 8% 

 

Sun et al (3) derived general model to predict the entire load-extension curve of woven 

structures for any weave made from any yarns. The input parameters to the model are load-

extension of yarns, yarn structural parameters and crimp due to weave. The model considered 

uniaxial as well as bi-axial modes of loading. Their model is expansion of the earlier model 

derived by Kawabata et al (7) (8) (9) that are limited to plain and 2x2 twill weaves. 
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The approach of this work is to expand Sun et al (3) system of equations to predict optimum 

hybrid load-elongation as follows. In Sun et al work, the elongation and corresponding load 

are calculated from:  

 1
 2   cos   

4   1   
   19  

 

 1
 2   cos   

4   1   
    20  

Where 

F = tensile force per single yarn end on fabric along warp direction 

λf = fabric stretch ratio along the coordinate axis, where the stretch ratio λ is      

defined by  

 
      

      
1  

λy = yarn stretch ratio 

g(λy) = load-elongation function of warp and filling yarns 
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Φ (Fc) = yarn compression function due to normal compressive force, it will be ignored in 

this case because of fabric jamming. 

θ = weave angle 

lI = yarn length corresponding to thread spacing at an intersection 

y0 = yarn spacing at intersection 

C = proportional to the force required to bend the filling yarn 

 
1 2

  

2  
192  

2 02
 

 
2  

02
 

E = fiber young’s modulus 

If = geometric momonet of inertia of fiber  

        If =  
 

  

df = fiber diameter 

Nf = number of fibers in the cross section of yarn 

µ = coefficient of frication along fibers 

d2 = yarn diameter can be calculated from the following equation 
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1
280.2   

 

Nt = yarn liner density in Tex 

ρf = fiber density 

φ = packing factor 

 

Numerical Results  

To predict the load-elongation curve of woven fabric, yarn and fabric parameters are needed. 

These are load-elongation curve of yarn, compressional properties of yarn, yarn linear 

density, thread spacing (warp and weft), crimp due to weave, and warp and filling weave 

factors. The parameters are given ealier. 

Figure 200 shows the load-elongation curve of the fabric/yarn with different values of the 

parameter C. As mentioned earlier, C is proportional to the force required to bend the yarn 

perpendicular to the warp yarn, which is the filling yarn. To demonstrate the impact of C on 

the load-elongation behavior, different curves with different values of C were created from 

Equations 19 and 20. The results are shown in Figure 200. The results show that C value has 

a significant effect on the load-elongation curve of the fabric. By increasing the value of C 

the force required to bend the filling yarn is increased which means increasing the resistance 

that the warp yarn is experiencing to remove its crimp until it becomes straight or break 

whichever occurs sooner. This increasing in the rigidity of filling yarn leads to decrease in 
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the breaking extension of the fabric in the warp direction and slightly decreasing the breaking 

load.  

 

 

Figure 200 Effect of C value on the theoretical load-elongation curve in the warp direction of 
the Spectra® woven fabric 

 

Tables 43, 44, and 45, show the value of C in terms of filing fiber and yarn parameters. The 

tables indicate that the C value is dramatically affected by the filling fibers modulus (E) and 

filling yarn diameter dy, which are directly affected by the filling yarn packing factor, number 

of filaments in the filling yarn and filling fiber diameter df. The nylon fiber was added to 

allow for comparison. 
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Table 43 Effect of fiber modulus on C value 

Fiber type 

Filling 
fiber 

modulus, 
E 

(Kg/mm2) 

Filling 
fiber   

diameter, 
df (mm) 

Filling 
geometric  
moment 

of inertia, 
If (mm) 

Filling 
yarn 

diameter, 
dy (mm) 

Filling 
yarn 

packing 
factor 

C 

Spectra® 
900 

7,421 0.0229 1.35E-08 0.2009 0.65 11,037 

Spectra® 
1000 

9,909 0.0229 1.35E-08 0.2009 0.65 14,737 

Spectra® 
2000 

11,786 0.0229 1.35E-08 0.2009 0.65 17,500 

Spectra® 
2000 

12,658 0.0229 1.35E-08 0.2009 0.65 18,827 

Nylon 209 0.0229 1.35E-08 0.2009 0.65 252 
 

Table 44 Effect of yarn packing factor on C value 

Yarn 
packing 
factor 

Filling 
fiber 

modulus, 
E 

(Kg/mm2) 

Filling 
fiber   

diameter,  
df (mm) 

Filling 
geometric  
moment of 
inertia, If 

(mm) 

Filling yarn 
diameter, dy 

(mm) 
C 

0.50 11,786 0.0229 1.35E-08 0.229071 12,819 

0.65 11,786 0.0229 1.35E-08 0.200908 14,308 

0.75 11,786 0.0229 1.35E-08 0.187035 15,177 

0.85 11,786 0.0229 1.35E-08 0.175689 15,970 

0.95 11,786 0.0229 1.35E-08 0.166185 16,700 

1.00 11,786 0.0229 1.35E-08 0.161977 17,046 
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Table 45 Effect of fiber diameter and number of fibers in filling yarn cross section Nf on C 
value 

Yarn  
denier 

Nf 

Fillin
g 

fiber 
denier 

Filling 
fiber   

diameter,  
df (mm) 

Filling 
geometric  
moment of 

inertia, If (mm) 

Filling 
yarn 

diameter
, dy 

(mm) 

C 

180 
10
0 

1.8 0.0162 3.37899E-09 0.2291 7,154 

180 50 3.6 0.0229 1.3516E-08 0.2291 14,308 

180 20 9 0.0362 8.44749E-08 0.2291 35,770 

180 1 180 0.1620 3.37899E-05 0.1620 
852,28

4 
 

From Spectra® warp yarn diameter, the number of warp yarns needed to cover the braid was 

calculated and found to be 70 ends/1.4 cm braid circumference (50 ends/cm x1.4 cm). The 

1.4 is calculated from the actual braid cross-section dimensions. Figure 201 shows the load-

elongation curves for Spectra® fabric consisting of 70 warp yarns with different values of C 

that cover the range of Tables 43 and 44. 
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Figure 201 Numerical results of load-elongation curve in the warp direction of the Spectra® 
woven fabric containing 70 warp yarns in terms of C value 

 

To predict the optimized load-elongation curve of the hybrid structure, the measured load-

elongation curve of the braid, illustrated earlier in Figure 199, was used. To demonstrate the 

importance of elongation matching or elongation balance between the core and sheath (the 

hybrid) structures, three hypothetical fabrics with different C values were taken as examples 

and the results are shown graphically in Figures 202 to 207. The results indicate that the 

elongation balance between the core and sheath structure has a great effect on the resultant 

load-elongation curve of the hybrid structure.  By decreasing the gap between the breaking 

elongations of two structures, the highest share loading can be achieved.   
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Figure 202 Example of unbalanced load-elongation in the warp direction of braid containing 
32 yarns and Spectra® woven fabric containing 70 warp yarns 

 

Figure 203 Load-elongation curves in warp direction of braid containing 32 yarns, Spectra® 
woven fabric containing 70 yarns and the resultant curve of the hybrid structure 
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Figure 204 Example of unbalanced load-elongation in the warp direction of braid containing 
32 yarns and Spectra® woven fabric containing 70 warp yarns 

 

 

Figure 205 Load-elongation curves in warp direction of braid containing 32 yarns, Spectra® 
woven fabric containing 70 yarns and the resultant curve of the hybrid structure 
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Figure 206 Example of balanced load-elongation curves in the warp direction of braid 
containing 32 yarns and Spectra® woven fabric containing 70 yarns 

 

 

Figure 207 Load-elongation curves in warp direction of braid containing 32 yarns, Spectra® 
woven fabric containing 70 yarns and the resultant curve of the hybrid structure 
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7.5. Conclusion  

A protective woven layer from Spectra® yarns was developed to protect PBO from the 

weathering elements and share in loading. The Spectra® layer was designed to achieve a 

maximum cover factor. Although the fabric has maximum cover factor, 20 % of visible light 

and about 15 % of UV were able to penetrate the fabric. This transmittance of UV-VIS light 

negatively affected the protection performance of the Spectra® woven fabric layer. Strength 

loss of PBO yarns unraveled from the braid sheathed with the Spectra® layer was 70% while 

the strength loss of unprotected braid is 76%.  It is thought that Spectra® fabric could be 

coated with a thin layer containing UV blocker for additional protection while maintain 

strength contribution of the hybrid structure.  

To maximize strength to weight ratio of the hybrid structure made from braid as a core and 

woven Spectra® fabric as a sleeve, elongation balance is a must. The theoretical results using 

finite element theory indicated that by controlling the bending rigidity of filling yarn, the 

extension of woven fabric in warp direction can be controlled. It was found that the bending 

rigidity of yarns is affected by fiber modulus, yarn packing factor, and number of filament 

per cross section. The correct blend of these parameters could lead to the design of woven 

sheath to protect the PBO braid from UV while sharing the load. While the examples used 

were for Spectra® fiber, the work presented could be applied to other existing high 

performance fibers as well as future fibers that might have better UV resistance. 

   

 



 

248 

 

7.6. Future work 

It is suggested to conduct the following research area: 

1) Using different weaving structure such satin and basket weave which can introduce 

less pores in the fabrics 

2) Dyeing Spectra® fabric sleeve with some UV absorber dyes 

3) Covering the Spectra® fabric sleeve with a very thin polymeric layer loaded with UV 

blocker, this layer could be membrane produced by regular coating methods or 

Electrospining.  

4) Formation of dyed sleeve from linear low-density Polyethylene (LLDPE) continuous 

filament yarn. 

5) Formation of sleeve from Linear low density Polyethylene (LLDPE) continuous 

filament yarn loaded with UV blocker 
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Appendix A1 Matlab code for generating sphere model outputs 

%HELP 

% call by  typing in the command window: 

function [nsmall,MM]= AH(a,b,c,D,vf) 

close all 

rand('state',sum(100*clock)) 

%% DEFINE SPACE 

nsmall = round((a*b*c)*vf/(pi/6*D^3)); 

 % creat a sphere for the particle 

[X,Y,Z] = sphere; 

n1 = zeros(nsmall,1); 

n2 = zeros(nsmall,1); 

n3 = zeros(nsmall,1); 

 % Loop over particles 

for i = 1:nsmall 

     % Create a point 

    px = rand*(a); 

    py = rand*(b); 

    pz = rand*(c); 

     if i == 1 

        % directly store the point 

        n1(i) = px; 

        n2(i) = py; 

        n3(i) = pz; 

    else 

        % check that this point did NOT exist before 
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        Flag = 0; % assume that POINT DOES exist 

        while Flag==0 

            % as long as the point DOES exist 

            for j = 1:length(n1) %for all stored points  

                dd = sqrt((px-n1(j))*(px-n1(j))+(py-n2(j))*(py-n2(j))+(pz-
n3(j))*(pz-n3(j)));% distance between points 

                if ((dd < D)) % if points overlap 

                    % Create another point 

                    px = rand*(a); 

                    py = rand*(b); 

                    pz = rand*(c); 

                    break; 

                elseif (dd > D && j < length(n1)) 

                    % means ok for now, but check next points: 

                    % so: do nothing 

                elseif (dd > D && j == length(n1)) 

                    n1(i) = px; 

                    n2(i) = py; 

                    n3(i) = pz; 

                    Flag = 1; 

                end% if statement 

            end%  for loop    

        end%  while loop 

        subplot(1,2,1) 

        surf(D/2*X+n1(i-1),D/2*Y+n2(i-1),D/2*Z+n3(i-1),'EdgeColor','none') 

        hold on 
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        subplot(1,2,2) 

        surf(D/2*X+n1(i-1),D/2*Y+n2(i-1),D/2*Z+n3(i-
1),'EdgeColor','none','FaceColor','w') 

        hold on 

    end% if statement for i == 1 

end %for nsmall 

 MM = sortrows([n1,n2,n3]); 

subplot(1,2,1) 

axis([0,a,0,b,0,c]) ;    

set(gca,'Color','w') 

% Plot the volume 

plot3([0,a],[b,b],[0,0]) 

plot3([a,a],[b,0],[0,0]) 

plot3([a,0],[0,0],[0,0]) 

plot3([0,0],[0,b],[0,0]) 

plot3([0,a],[b,b],[c,c]) 

plot3([a,a],[b,0],[c,c]) 

plot3([a,0],[0,0],[c,c]) 

plot3([0,0],[0,b],[c,c]) 

plot3([a,a],[b,b],[0,c]) 

plot3([0,0],[b,b],[0,c]) 

plot3([0,0],[0,0],[0,c]) 

plot3([a,a],[0,0],[0,c]) 

xlabel('a','Fontsize',18) 

ylabel('b','Fontsize',18) 

zlabel('c','Fontsize',18) 
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axis equal 

  

subplot(1,2,2) 

axis([0,a,0,b,0,c]) ;    

set(gca,'Color','k') 

% Plot the volume 

plot3([0,a],[b,b],[0,0]) 

plot3([a,a],[b,0],[0,0]) 

plot3([a,0],[0,0],[0,0]) 

plot3([0,0],[0,b],[0,0]) 

  

plot3([0,a],[b,b],[c,c]) 

plot3([a,a],[b,0],[c,c]) 

plot3([a,0],[0,0],[c,c]) 

plot3([0,0],[0,b],[c,c]) 

  

plot3([a,a],[b,b],[0,c]) 

plot3([0,0],[b,b],[0,c]) 

plot3([0,0],[0,0],[0,c]) 

plot3([a,a],[0,0],[0,c]) 

  

xlabel('a','Fontsize',18) 

ylabel('b','Fontsize',18) 

zlabel('c','Fontsize',18) 

axis equal 

view([0 0 90]) 
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xlim([0,a]) 

ylim([0,b]) 

zlim([0,c]) 
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Appendix A2 Matlab code for generating cylinder model outputs 

%HELP 

% call by  typing in the command window: 

function [nsmall,MM]= renciclyn(a,b,c,D,L,vf) 

close all 

rand('state',sum(100*clock)) 

%% DEFINE SPACE 

 nsmall = round((a*b*c)*vf/(pi*(D^2/4)*L)); 

n1 = zeros(nsmall,1); 

n2 = zeros(nsmall,1); 

n3 = zeros(nsmall,1); 

alfa = zeros(nsmall,1); 

theta = zeros(nsmall,1); 

psi = zeros(nsmall,1); 

% Loop over particles 

for i = 1:nsmall 

     % Create a point 

    px = rand*(a); 

    py = rand*(b); 

    pz = rand*(c); 

     n1(i) = px ; 

    n2(i) = py ; 

    n3(i) = pz ; 

     alfa(i)= rand*(180); 

    theta(i)= rand*(180); 

    psi(i)= rand*(180); 
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end %for nsmall 

 MM = sortrows([n1,n2,n3,alfa,theta,psi]); 
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Appendix A3 VTK code to build 3D and 2D visualization for cylinder model 

 

// vv.cxx:  Volume Viewer:  VTK-based program to build particle/uv blockage 

// visualization for NCSU textiles student Ahmed Hassanin. 

// 

// Author:  Steve Chall, RENCI@NCSU. 

//  

const int kVersion = 35; 

bool evalMode = false; 

// 0:   06/16/09: vv begun as adaptation of r3s. 

// 13:  06/17/09: Basic functionality complete for spheres.  Still needs to  

//                have some left-over r3s stuff removed, but much cleanup has 

//                been done. 

// 16:  06/22/09: r3s stuff pretty well cleaned out.  Some groundwork laid  

//                for handling cylinder- and disk-shaped particle input. 

// 18:  06/23/09: Begin adding cylinder support functionality. 

// 22:  06/23/09: Basic cylinder support implemented but not thoroughly tested. 

// 24:  06/24/09: Refactoring and cleanup. 

// 25:  06/24/09: Added data source text to image. 

// 26:  06/24/09: Additional cleanup. 

// 27:  06/25/09: Enhanced comments and consistentization. 

// 28:  06/26/09: Added functionality to ease evaluating correctness of input 
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//                data.  Colored particles make it easier to see particulate 

//                interpenetration, perspective and Phong shading allow more 

//                intuitive 3D orientation, partial opacity of bounding volume 

//                disambiguates instances where particles extend beyond the 

//                putative "bounding volume."  Turn off evaluative capabilities 

//                by setting global boolean "evalMode" to false. 

// 29:  07/01/09: Added commandline argument.  evalMode == false unless the  

//                first commandline argument after the executable name begins 

//                with 'e'. 

// 30:  07/22/09: Adapting for Windows environment.  The timing stuff is all Linux, and it 
looks like 

//                the OpenGL stuff has to be removed. 

// 31:  10/07/09: Hardwired location of input and vvparams file to C:/vv/ for Windows 
operation. 

// 32:  10/08/09: Make it C:\vv\vvparams.txt to minimize the probability of Win OS meddling 
on download. 

// 33:  12/07/09: Set window title and size. 

// 34:  04/15/11: Increase array sizes from 10000 to 1000000. 

// 35:  04/15/11: Increase array sizes from 10000 to 10000000. 

// vv is a Linux command-line program that reads from two data files.  One, 

// hardwired to the name vvparams, is expected to be in the same directory as 

// the vv executable.  it contains two pieces of data:  Line 1 begins with one  

// of the characters 's', 'c', or 'd', for "spheres," "cylinders," or "disks," 

// respectively.  Line 2 contains the name of the input data file name.   
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// 

// The second file is the input data file named in line 2 of vvparams. 

// 

// vv reads the two files, processes the particles listed in the data input 

// file, and outputs an image file in the same directory as the executable. 

// NOTE: The 'd' (disks) option isn't currently implemented.  Disks can be 

// effectively approximated as cylinders with very thin heights specified in 

// the data input file. 

#include "vtkPolyDataMapper.h" 

#include "vtkActor.h" 

#include "vtkProperty.h" 

#include "vtkCamera.h" 

#include "vtkRenderer.h" 

#include "vtkRenderWindow.h" 

#include "vtkRenderWindowInteractor.h" 

#include "vtkSphereSource.h" 

#include "vtkCubeSource.h" 

#include "vtkConeSource.h" 

#include "vtkCylinderSource.h" 

#include "vtkVectorText.h" 

#include "vtkFollower.h" 

#include "vtkTextActor.h" 

#include "vtkCommand.h" 
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#include "vtkWindowToImageFilter.h" 

#include "vtkPNGWriter.h" 

//#include "vtkRenderLargeImage.h" 

 

#include <Windows.h> 

 

// Timing: 

/* 

#include <string.h> 

#include <string> 

#include <cstring> 

#include <sys/time.h> 

#include <sys/types.h> 

#include <sys/stat.h> 

#include <fcntl.h> 

*/ 

using namespace std; 

const int kMaxParticleNum = 10000000; // Array sizes must be fixed at compile time 

const int kPolygonalResolution = 20; // Bigger means prettier and slower. 

const int kMaxChars = 255; 

char dataInPath[kMaxChars] = "C:\\vv\\sphere1.txt"; 

char paramInPath[] = "C:\\vv\\vvparams.txt"; 
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vtkSphereSource *sphereSource[kMaxParticleNum]; 

vtkCylinderSource *cylinderSource[kMaxParticleNum]; 

vtkPolyDataMapper *particleMapper[kMaxParticleNum]; 

vtkActor *particleActor[kMaxParticleNum]; 

vtkRenderer *renderer; 

vtkRenderWindowInteractor *renderWindowInteractor; 

vtkRenderWindow *renWin;  

 

// The bounding volume (vv): 

vtkCubeSource *vol; 

vtkActor *volActor; 

vtkPolyDataMapper *volMapper; 

// Window size and position: 

const int kRenWinX = 700; 

const int kRenWinY = 700; 

// Text and axes:  

vtkTextActor *textActor; 

vtkActor *oActor; 

vtkActor *xConeActor; 

vtkActor *yConeActor; 

vtkActor *zConeActor; 

vtkActor *xShaftActor; 

vtkActor *yShaftActor; 
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vtkActor *zShaftActor; 

// Taking pictures: 

vtkWindowToImageFilter *windowToImageFilter; 

vtkPNGWriter *pngWriter; 

char dataInFileNameCore[kMaxChars]; 

const int kMagnification = 2; // Input to vtkRenderLargeImage *bigRender; 

// Bounding box, center, and particle number variables to be set during file 

// read, initialized to extreme, unlikely, and easily-recognized values: 

double  minX = 999999999.0,  

        maxX = -999999999.0, 

        minY = 999999999.0,  

        maxY = -999999999.0,  

        minZ = 999999999.0,  

        maxZ = -999999999.0, 

        maxD = -1.0, 

        minD = 999999999.0, 

        medD = 0.0; 

double globalCenterX; 

double globalCenterY; 

double globalCenterZ; 

int nParticles = kMaxParticleNum; // Spheres, cylinders, or disks 

// The rectangular prism: 

double volume[3]; // width, length, depth (x, y, z, read from input file) 
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enum eParticleType 

{ 

  kSphere, 

  kCylinder, 

  kDisk, // Treated as a subset of cylinders so not explicitly implemented 

  kUnknownParticleType 

}; 

eParticleType particleType  = kUnknownParticleType; 

 // Forward declarations: 

void SetText(void); 

bool GetExtrema(void); 

void ReportCameraPosition(vtkRenderer *r); 

 

// Callback: intended to be called whenever the camera associated with the  

// renderer moves.  

// 

class RendererCallback : public vtkCommand 

{ 

public: 

  static RendererCallback *New() { return new RendererCallback; } 

  ///Execute//////////////////////////////////////////////////////////////////// 

  // Gets called whenever the user interactively manipulates the camera.   

  ////////////////////////////////////////////////////////////////////////////// 
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  virtual void Execute(vtkObject *caller, unsigned long, void *) 

  { 

    vtkRenderer *r = vtkRenderer::SafeDownCast(caller); 

    //ReportCameraPosition(r); 

  } 

}; 

///CreateVolume///////////////////////////////////////////////////////////////// 

// Build the rectangular prism that bounds the volume in which the particles 

// are displayed.  Assumes volume[3] has been initialized.` 

//////////////////////////////////////////////////////////////////////////////// 

void CreateVolume(void) 

{ 

  vol = vtkCubeSource::New(); 

  volActor = vtkActor::New(); 

  volMapper = vtkPolyDataMapper::New(); 

  vol->SetXLength(volume[0]); 

  vol->SetYLength(volume[1]); 

  vol->SetZLength(volume[2]); 

  volMapper->SetInputConnection(vol->GetOutputPort()); 

  volActor->SetMapper(volMapper); 

  if (evalMode) 

  { 

    volActor->GetProperty()->SetOpacity(0.5); 
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    vtkActor *volActor2 = vtkActor::New(); 

    vtkPolyDataMapper *volMapper2 = vtkPolyDataMapper::New(); 

    volMapper2->SetInputConnection(vol->GetOutputPort()); 

    volActor2->SetMapper(volMapper2); 

    volActor2->GetProperty()->SetRepresentationToWireframe(); 

    renderer->AddActor(volActor2); 

    volActor2->GetProperty()->SetLineWidth(2); 

    volActor2->SetPosition(volume[0] / 2.0, volume[1] / 2.0, volume[2] / 2.0); 

  } 

  else 

  { 

    volActor->GetProperty()->SetRepresentationToWireframe(); 

  } 

 

  volActor->GetProperty()->SetLineWidth(2); 

  volActor->SetPosition(volume[0] / 2.0, volume[1] / 2.0, volume[2] / 2.0); 

 

  renderer->AddActor(volActor); 

} 

///PrintParametersFromFile////////////////////////////////////////////////////// 

// 

//////////////////////////////////////////////////////////////////////////////// 

void PrintParametersFromFile(void) 
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{ 

  cout << "-------------------------------------------------------------------" 

       << endl; 

  cout << "Parameters from file \"" << paramInPath << "\":" << endl; 

  cout << "  particle type: "; 

   switch (particleType) 

  { 

    case kSphere:  

      cout << "sphere" << endl; 

      break; 

    case kCylinder:  

      cout << "cylinder" << endl; 

      break; 

    case kDisk: // Treated as subset of cylinders so not explicitly implemented 

      cout << "disk" << endl; 

      break; 

    default: 

      cout << "unknown" << endl; 

      break; 

  cout << "  dataInPath: \"" << dataInPath << "\"" << endl; 

  cout << "-------------------------------------------------------------------"        << endl; 

} 

///ReadParametersFromFile/////////////////////////////////////////////////////// 
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//  

// Assumes this format in input text file (note that this function throws away 

// everything from the first space on in each line, permitting comments): 

// s (sphere), c (cylinder), or d (disk) 

// ./sphere1.txt (path to input file) 

// Warning: no error-checking on code for correct data types, number of lines, 

// etc.  If the path to the input file has a space in it, it won't be read 

// correctly. 

//////////////////////////////////////////////////////////////////////////////// 

bool ReadParametersFromFile(void) 

{ 

  fstream fs(paramInPath, ios_base::in); 

 

  if (!fs.is_open()) 

  { 

    cout << "Failed to open parameters file " << paramInPath << endl; 

    return false; 

  } 

 

  char cParticleType ; 

  fs >> cParticleType; 

  fs.ignore(kMaxChars, '\n'); 
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  switch (cParticleType) 

  { 

    case 's': 

      particleType = kSphere; 

      break; 

    case 'c': 

      particleType = kCylinder; 

      break; 

    case 'd':  

      particleType = kDisk; 

      break; 

    default: 

       particleType = kUnknownParticleType; 

       break; 

  }; 

 

  fs >> dataInPath; 

  fs.ignore(kMaxChars, '\n'); 

 

  fs.close(); 

 

  PrintParametersFromFile(); 
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  return true; 

} 

 

///AddFollowingText///////////////////////////////////////////////////////////// 

//  

// Specify some text, where you want it to go in 3-space, a color, and a 

// renderer, and it will always face the active camera associated with that 

// renderer. 

// 

//////////////////////////////////////////////////////////////////////////////// 

void AddFollowingText(char *text, double x, double y, double z, double r, 

                      double g, double b, vtkRenderer *ren) 

{ 

  vtkVectorText *xText = vtkVectorText::New();; 

  vtkPolyDataMapper *xTextMapper = vtkPolyDataMapper::New(); 

  vtkFollower *xTextActor = vtkFollower::New(); 

 

  xText->SetText(text); 

  xTextMapper->SetInputConnection(xText->GetOutputPort()); 

  xTextActor->SetMapper(xTextMapper); 

  xTextActor->SetScale(2, 2, 2); 

  xTextActor->AddPosition(x, y, z); 

  xTextActor->GetProperty()->SetColor(r, g, b); 
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  xTextActor->SetCamera(ren->GetActiveCamera()); 

  ren->AddActor(xTextActor); 

} 

///AddOriginToRenWin//////////////////////////////////////////////////////////// 

// 

// Put the three colored arrows and the white cube at (0, 0, 0) from which they 

// emanate into the window whose renderer is pointed to by r. 

// 

//////////////////////////////////////////////////////////////////////////////// 

void AddOriginToRenWin(vtkRenderer *r) 

{ 

  char x[] = "x"; 

  char y[] = "y"; 

  char z[] = "z"; 

  r->AddActor(xConeActor); 

  r->AddActor(yConeActor); 

  r->AddActor(zConeActor); 

  r->AddActor(xShaftActor); 

  r->AddActor(yShaftActor); 

  r->AddActor(zShaftActor); 

  r->AddActor(oActor); 

  AddFollowingText(x, 23, -1, 0, 1, 0, 0, r); 

  AddFollowingText(y, -1, 23, 0, 0, 1, 0, r); 
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  AddFollowingText(z, 0, -1, 23, 0, 0, 1, r); 

} 

 

///BuildOrigin////////////////////////////////////////////////////////////////// 

// The standard three arrows -- red = x, green = y, blue = z -- emanating from a 

// white cube. 

// 

//////////////////////////////////////////////////////////////////////////////// 

void BuildOrigin(void) 

{ 

  const double kShaftLength = 20.0; 

 

  vtkConeSource *xCone = vtkConeSource::New(); 

  vtkPolyDataMapper *xConeMapper = vtkPolyDataMapper::New(); 

  xConeActor = vtkActor::New(); 

  xCone->SetResolution(40); 

  xCone->SetHeight(2); 

  xCone->SetRadius(0.75); 

  xCone->SetDirection(1, 0, 0); 

  xConeMapper->SetInputConnection(xCone->GetOutputPort()); 

  xConeActor->SetPosition(kShaftLength, 0, 0); 

  xConeMapper->ScalarVisibilityOff(); 

  xConeActor->SetMapper(xConeMapper); 
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  xConeActor->GetProperty()->SetColor(1, 0, 0); 

   

  vtkCylinderSource *xShaft = vtkCylinderSource::New(); 

  vtkPolyDataMapper *xShaftMapper = vtkPolyDataMapper::New(); 

  xShaftActor = vtkActor::New(); 

  xShaft->SetResolution(40); 

  xShaft->SetHeight(kShaftLength); 

  xShaft->SetRadius(0.1); 

  xShaftMapper->SetInputConnection(xShaft->GetOutputPort()); 

  xShaftMapper->ScalarVisibilityOff(); 

  xShaftActor->RotateZ(90); 

  xShaftActor->SetPosition(kShaftLength / 2.0, 0, 0); 

  xShaftActor->SetMapper(xShaftMapper); 

  xShaftActor->GetProperty()->SetColor(1, 0, 0); 

 

  vtkConeSource *yCone = vtkConeSource::New(); 

  vtkPolyDataMapper *yConeMapper = vtkPolyDataMapper::New(); 

  yConeActor = vtkActor::New(); 

  yCone->SetResolution(40); 

  yCone->SetHeight(2); 

  yCone->SetRadius(0.75); 

  yCone->SetDirection(0, 1, 0); 

  yConeMapper->SetInputConnection(yCone->GetOutputPort()); 
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  yConeActor->SetPosition(0, kShaftLength, 0); 

  yConeMapper->ScalarVisibilityOff(); 

  yConeActor->SetMapper(yConeMapper); 

  yConeActor->GetProperty()->SetColor(0, 1, 0); 

   

  vtkCylinderSource *yShaft = vtkCylinderSource::New(); 

  vtkPolyDataMapper *yShaftMapper = vtkPolyDataMapper::New(); 

  yShaftActor = vtkActor::New(); 

  yShaft->SetResolution(40); 

  yShaft->SetHeight(kShaftLength); 

  yShaft->SetRadius(0.1); 

  yShaftMapper->SetInputConnection(yShaft->GetOutputPort()); 

  yShaftMapper->ScalarVisibilityOff(); 

  yShaftActor->SetPosition(0, kShaftLength / 2.0, 0); 

  yShaftActor->SetMapper(yShaftMapper); 

  yShaftActor->GetProperty()->SetColor(0, 1, 0); 

 

  vtkConeSource *zCone = vtkConeSource::New(); 

  vtkPolyDataMapper *zConeMapper = vtkPolyDataMapper::New(); 

  zConeActor = vtkActor::New(); 

  zCone->SetResolution(40); 

  zCone->SetHeight(2); 

  zCone->SetRadius(0.75); 
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  zCone->SetDirection(0, 0, 1); 

  zConeMapper->SetInputConnection(zCone->GetOutputPort()); 

  zConeActor->SetPosition(0, 0, kShaftLength); 

  zConeMapper->ScalarVisibilityOff(); 

  zConeActor->SetMapper(zConeMapper); 

  zConeActor->GetProperty()->SetColor(0, 0, 1); 

   

  vtkCylinderSource *zShaft = vtkCylinderSource::New(); 

  vtkPolyDataMapper *zShaftMapper = vtkPolyDataMapper::New(); 

  zShaftActor = vtkActor::New(); 

  zShaft->SetResolution(40); 

  zShaft->SetHeight(kShaftLength); 

  zShaft->SetRadius(0.1); 

  zShaftMapper->SetInputConnection(zShaft->GetOutputPort()); 

  zShaftMapper->ScalarVisibilityOff(); 

  zShaftActor->RotateX(90); 

  zShaftActor->SetPosition(0, 0, kShaftLength / 2.0); 

  zShaftActor->SetMapper(zShaftMapper); 

  zShaftActor->GetProperty()->SetColor(0, 0, 1); 

   

  vtkCubeSource *origin = vtkCubeSource::New(); 

  vtkPolyDataMapper *oMapper = vtkPolyDataMapper::New(); 

  oActor = vtkActor::New(); 
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  origin->SetXLength(0.8); 

  origin->SetYLength(0.8); 

  origin->SetZLength(0.8); 

  oMapper->SetInputConnection(origin->GetOutputPort()); 

  oMapper->ScalarVisibilityOff(); 

  oActor->SetMapper(oMapper); 

  oActor->GetProperty()->SetColor(1, 1, 1); 

   

  AddOriginToRenWin(renderer); 

} 

 

///WindowInit////////////////////////////////////////////////////////////////// 

// 

// Set up the window and associated objects like the renderer, etc. 

// 

//////////////////////////////////////////////////////////////////////////////// 

void WindowInit(void) 

{ 

  renderer = vtkRenderer::New(); 

  renderer->SetBackground(0, 0, 0); // Black background 

 

  RendererCallback *callback = RendererCallback::New(); 

  renderer->AddObserver(vtkCommand::StartEvent, callback); 
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  callback->Delete(); 

 

  renWin = vtkRenderWindow::New(); 

  renWin->AddRenderer(renderer); 

  renWin->SetSize(kRenWinX, kRenWinY); 

 

  char s[kMaxChars]; 

  sprintf(s, "VV (Volume Viewer) version %d", 

          kVersion); 

  renWin->SetWindowName(s); 

 

  renderWindowInteractor = vtkRenderWindowInteractor::New(); 

  renderWindowInteractor->SetRenderWindow(renWin); 

} 

 

///TextInit///////////////////////////////////////////////////////////////////// 

// 

// Set text in the lower left hand corner of the window. 

// 

//////////////////////////////////////////////////////////////////////////////// 

void TextInit(void) 

{ 

  textActor = vtkTextActor::New(); 
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  textActor->SetHeight(0.09); 

  textActor->SetDisplayPosition(10, 3); 

 

  renderer->AddActor(textActor); 

} 

///CameraInit/////////////////////////////////////////////////////////////////// 

//  

// Set the camera to look down the -z axis at the center of the volume. 

// 

//////////////////////////////////////////////////////////////////////////////// 

void CameraInit(void) 

{ 

  renderer->GetActiveCamera()->SetPosition(volume[0] / 2.0, 

                                           volume[1] / 2.0, 

                                           1000); 

 

  renderer->GetActiveCamera()->SetFocalPoint(volume[0] / 2.0, 

                                             volume[1] / 2.0, 

                                             volume[2] / 2.0); 

  if (evalMode) 

  { 

    renderer->GetActiveCamera()->Zoom(1.8); // Empirically derived 

    renderer->GetActiveCamera()->ParallelProjectionOff(); 
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  } 

  else 

  { 

    renderer->GetActiveCamera()->ParallelProjectionOn(); 

    renderer->GetActiveCamera()->Zoom(0.009); // Empirically derived 

  } 

} 

//GlobalInit/////////////////////////////////////////////////////////////////// 

//  

// Call all the subsidiary Init functions. 

// 

//////////////////////////////////////////////////////////////////////////////// 

bool GlobalInit(void) 

{ 

  if (!GetExtrema()) 

  {  

    return false; 

  } 

  WindowInit(); 

  TextInit(); 

  CreateVolume(); 

  CameraInit(); 
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  return true; 

} 

///SphereSourceInit///////////////////////////////////////////////////////////// 

// 

// Allocate resources for the ith sphere. 

// 

//////////////////////////////////////////////////////////////////////////////// 

void SphereSourceInit(int i) 

{ 

  sphereSource[i] = vtkSphereSource::New(); 

  sphereSource[i]->SetThetaResolution(kPolygonalResolution); 

  sphereSource[i]->SetPhiResolution(kPolygonalResolution); 

 

  particleMapper[i] = vtkPolyDataMapper::New(); 

  particleActor[i] = vtkActor::New(); 

} 

///CylinderSourceInit///////////////////////////////////////////////////////////// 

// 

// Allocate resources for the ith cylinder. 

// 

//////////////////////////////////////////////////////////////////////////////// 

void CylinderSourceInit(int i) 

{ 
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  cylinderSource[i] = vtkCylinderSource::New(); 

  cylinderSource[i]->SetResolution(kPolygonalResolution); 

  particleMapper[i] = vtkPolyDataMapper::New(); 

  particleActor[i] = vtkActor::New(); 

} 

///UpdateExtrema//////////////////////////////////////////////////////////////// 

// 

// Assumes that all the mins and maxes have been initialized. 

// 

//////////////////////////////////////////////////////////////////////////////// 

void UpdateExtrema(double x, double y, double z, double d) 

{ 

static int i = 0; 

 

  if (x < minX) minX = x; 

  if (x > maxX) maxX = x; 

  if (y < minY) minY = y; 

  if (y > maxY) maxY = y; 

  if (z < minZ) minZ = z; 

  if (z > maxZ) maxZ = z; 

  if (d > maxD) maxD = d; 

  if (d < minD) minD = d; 

} 
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void CycleSetColor(int i, vtkActor *actor) 

{ 

  const int kCycleLength = 9; // Arbitrary: increase -> more colors, vice-versa 

 

  actor->GetProperty()->SetInterpolationToPhong(); 

//  actor->GetProperty()->SetOpacity(0.5); 

  actor->GetProperty()->SetSpecular(1); 

  actor->GetProperty()->SetSpecularColor(1, 1, 1); 

  actor->GetProperty()->SetSpecularPower(200); 

  actor->GetProperty()->BackfaceCullingOn(); 

 

  switch (i % kCycleLength) 

  { 

    case 1: 

      actor->GetProperty()->SetColor(1, 0, 0); break; 

    case 2: 

      actor->GetProperty()->SetColor(0, 1, 0); break; 

    case 3: 

      actor->GetProperty()->SetColor(0, 0, 1); break; 

    case 4: 

      actor->GetProperty()->SetColor(1, 1, 0); break; 

    case 5: 

      actor->GetProperty()->SetColor(0, 1, 1); break; 
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    case 6: 

      actor->GetProperty()->SetColor(1, 0, 1); break; 

    case 7: 

      actor->GetProperty()->SetColor(0, 0.3, 0.5); break; 

    case 8: 

      actor->GetProperty()->SetColor(1, 0.5, 0); break; 

    case 0: 

      actor->GetProperty()->SetColor(0.5, 0, 0.75); break; 

 

    default: 

      break; 

  } 

} 

///BuildSphereSource//////////////////////////////////////////////////////////// 

// 

// Build the ith sphereSource. 

// 

//////////////////////////////////////////////////////////////////////////////// 

void BuildSphereSource(int i, double x, double y, double z, double d) 

{ 

  SphereSourceInit(i); 
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  sphereSource[i]->SetRadius(d / 2.0); 

  sphereSource[i]->SetCenter(x, y, z); 

 

  particleMapper[i]->SetInputConnection(sphereSource[i]->GetOutputPort()); 

  particleMapper[i]->ScalarVisibilityOff(); 

  particleActor[i]->SetMapper(particleMapper[i]); 

  if (evalMode) CycleSetColor(i, particleActor[i]); 

  else particleActor[i]->GetProperty()->SetColor(1, 1, 1); 

  renderer->AddActor(particleActor[i]); 

} 

///BuildCylinderSource////////////////////////////////////////////////////////// 

// 

// Build the ith cylinderSource. 

// 

//////////////////////////////////////////////////////////////////////////////// 

void BuildCylinderSource(int i, double x, double y, double z, double d, 

                         double height, double xRot, double yRot, double zRot) 

{ 

  CylinderSourceInit(i); 

 

  cylinderSource[i]->SetRadius(d / 2.0); 

  cylinderSource[i]->SetHeight(height); 
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  particleMapper[i]->SetInputConnection(cylinderSource[i]->GetOutputPort()); 

  particleMapper[i]->ScalarVisibilityOff(); 

 

  particleActor[i]->SetMapper(particleMapper[i]); 

  particleActor[i]->RotateX(xRot); 

  particleActor[i]->RotateY(yRot); 

  particleActor[i]->RotateZ(zRot); 

  particleActor[i]->SetPosition(x, y, z); 

  if (evalMode) CycleSetColor(i, particleActor[i]); 

  else particleActor[i]->GetProperty()->SetColor(1, 1, 1); 

  renderer->AddActor(particleActor[i]); 

} 

///SkipLine///////////////////////////////////////////////////////////////////// 

// 

// Eat a line from the currently open file.  Assumes file is open and the file 

// pointer is in the right place. 

// 

//////////////////////////////////////////////////////////////////////////////// 

void SkipLine(fstream &fs) 

{ 

  char line[kMaxChars]; 

  fs.getline(line, kMaxChars);   

} 
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///GetExtrema/////////////////////////////////////////////////////////////////// 

// 

// Open the input file, read all the values (or nParticles lines' worth, if 

// nParticles < total number of data lines in the file), saving max and min for 

// each of x, y, z, and d (and generate an average value for d); then close 

// the file. 

// 

//////////////////////////////////////////////////////////////////////////////// 

bool GetExtrema(void) 

{ 

  fstream fs(dataInPath, ios_base::in); 

  if (!fs.is_open()) 

  { 

    cout << "Failed to open data file " << dataInPath << endl; 

    return false; 

  } 

  SkipLine(fs);  // Get rid of the line of volume header. 

  fs  >> volume[0] >> volume[1] >> volume[2]; 

  fs.ignore(kMaxChars, '\n'); 

  SkipLine(fs);  // Get rid of the line of column titles. 

  int id; 

  double x, y, z, d; 

  do 
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  { 

    fs >> id >> x >> y >> z >> d; 

    fs.ignore(kMaxChars, '\n'); 

    UpdateExtrema(x, y, z, d); 

  } 

  while ((!fs.eof()) && (id < nParticles)); 

 

  globalCenterX = (maxX-minX)/2.0; 

  globalCenterY = (maxY-minY)/2.0; 

  globalCenterZ = (maxZ-minZ)/2.0; 

  medD = (maxD + minD) / 2.0; 

  fs.close(); 

    return true; 

} 

///BuildParticles/////////////////////////////////////////////////////////////// 

// Open the data file; skip past the first three lines; build one particle  

// for each line after that (or nParticles lines' worth, if nParticles < total 

// number of data lines in the file); then close the file.   

//////////////////////////////////////////////////////////////////////////////// 

bool BuildParticles(void) 

{ 

  fstream fs(dataInPath, ios_base::in); 

  if (!fs.is_open()) 



 

288 

 

  { 

    cout << "Failed to open data file " << dataInPath << endl; 

    return false; 

  } 

  SkipLine(fs);  // Get rid of the line of volume titles. 

  SkipLine(fs);  // Get rid of the line of volume values. 

  fs.ignore(kMaxChars, '\n'); 

  SkipLine(fs);  // Get rid of the line of column titles. 

  int id; 

  double x, y, z, d; // Apply to spheres or cylinders 

  double height, xRot, yRot, zRot; // Specific to cylinders 

  do 

  { 

    switch (particleType) 

    { 

      case kSphere: 

        fs >> id >> x >> y >> z >> d; 

        BuildSphereSource(id, x, y, z, d); 

        break; 

      case kCylinder: 

        fs >> id >> x >> y >> z >> d >> height >> xRot >> yRot >> zRot; 

        BuildCylinderSource(id, x, y, z, d, height, xRot, yRot, zRot); 

        break; 
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      default: 

        return false; 

        break; 

    } 

    if (!evalMode) // turn off shading 

    { 

      particleActor[id]->GetProperty()->SetInterpolationToFlat(); 

      particleActor[id]->GetProperty()->SetSpecular(0); 

      particleActor[id]->GetProperty()->SetDiffuse(0); 

      particleActor[id]->GetProperty()->SetAmbient(1); 

    } 

  } 

  while ((!fs.eof()) && (id < nParticles)); 

  nParticles = id; 

  cout << id << " particles built."  << endl; 

  cout << minX << " <= x <= " << maxX << "; " 

       << minY << " <= y <= " << maxY << "; " 

       << minZ << " <= z <= " << maxZ << "; " 

       << minD << " <= d <= " << maxD << endl; 

  fs.close(); 

  return true; 

} 

///SetText////////////////////////////////////////////////////////////////////// 
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// 

// Add data source patyh name to output image. 

// 

// Assumes that textActor has been created and initialized. 

//  

//////////////////////////////////////////////////////////////////////////////// 

void SetText(void)  

{ 

  char s[kMaxChars]; 

  sprintf(s, "Data source: %s", dataInPath);  

  textActor->SetInput(s); 

} 

///InteractWithData///////////////////////////////////////////////////////////// 

// 

// ...as opposed to, or following, batch processing. 

// 

//////////////////////////////////////////////////////////////////////////////// 

void InteractWithData(void) 

{ 

  renWin->Render(); 

 

  renderWindowInteractor->Start(); 

} 
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///StripToCore////////////////////////////////////////////////////////////////// 

// 

// Get rid of junk in the input data file name and leave a core that can be 

// used as part of the output image file names.  Assumes that output parameter 

// core points to an allocated array of characters big enough to hold the part 

// we need. 

// 

//////////////////////////////////////////////////////////////////////////////// 

void StripToCore(char *core) 

{ 

  // First get rid of any path info at the front of the string: 

  char *start = strrchr(dataInPath, '/'); // Last occurrence of '/' 

  start = start ? (start + 1) : dataInPath; 

  // Now eliminate the extension: 

  char *end = strrchr(dataInPath, '.'); // Last occurrence of '.' 

  int coreLength = (end ? (end - start) : (strlen(start))); 

   

  strncpy(core, start, coreLength); 

  core[coreLength] = '\0'; 

} 

///ReportCameraPosition///////////////////////////////////////////////////////// 

// 

//////////////////////////////////////////////////////////////////////////////// 
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void ReportCameraPosition(vtkRenderer *renderer) 

{ 

  double pos[3], fp[3]; 

  renderer->GetActiveCamera()->GetPosition(pos); 

  renderer->GetActiveCamera()->GetFocalPoint(fp);   

 cout << "///Active Camera////////////////////////////////////" << endl; 

 cout << "position: (" << pos[0] << ", " << pos[1] << ", " << pos[2] << ")" 

      << endl; 

 cout << "focal point: (" << fp[0] << ", " << fp[1] << ", " << fp[2] << ")" 

      << endl; 

 cout << "////////////////////////////////////////////////////" << endl; 

} 

 

///WriteImageToFile///////////////////////////////////////////////////////////// 

// 

// Assumes pngWriter, windowToImageFilter, etc. have already been created/ 

// initialized. 

// 

//////////////////////////////////////////////////////////////////////////////// 

void WriteImageToFile(char *fileName, vtkRenderWindow *renderWindow) 

{ 

    pngWriter->SetFileName(fileName); 

    pngWriter->SetInput(windowToImageFilter->GetOutput()); 
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    windowToImageFilter->SetInput(renderWindow); 

    renderWindow->Render(); 

    pngWriter->Write(); // Locking assertion failure 

} 

///WriteBigImageToFile////////////////////////////////////////////////////////// 

// 

//////////////////////////////////////////////////////////////////////////////// 

/* 

void WriteBigImageToFile(char *fileNameBase) 

{ 

  char bigFileName[kMaxChars]; 

  sprintf(bigFileName, "%s%s", "BIG", fileNameBase); 

  vtkRenderLargeImage *bigRender = vtkRenderLargeImage::New(); 

  bigRender->SetMagnification(kMagnification); 

  bigRender->SetInput(renderer); 

  pngWriter->SetInputConnection(bigRender->GetOutputPort()); 

  pngWriter->SetFileName(bigFileName); 

  pngWriter->Write(); 

 

  bigRender->Delete(); 

} 

*/ 

///ComputeElapsedTime/////////////////////////////////////////////////////////// 
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// 

// Figure how long it's been since input parameter startTime and write the  

// result to standard output. 

// 

//////////////////////////////////////////////////////////////////////////////// 

/*void ComputeElapsedTime(struct timeval startTime, char *text) 

{ 

  struct timeval endTime; 

  gettimeofday(&endTime, NULL); 

  double sec = endTime.tv_sec - startTime.tv_sec; 

  double microsec = (endTime.tv_usec - startTime.tv_usec); 

  double timeElapsed = sec + (microsec / 1000000.0); 

  double timeElapsedMin = timeElapsed / 60.0; 

  cout << "\t" << text << ": " << timeElapsed << " sec = " << timeElapsedMin 

       << " min" << endl; 

 

} 

*/ 

 

///TakeAPicture///////////////////////////////////////////////////////////////// 

// 

// Assumes that GetExtrema() has already been called. 

//////////////////////////////////////////////////////////////////////////////// 
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void TakeAPicture(void) 

{ 

//S  struct timeval startTime; 

  char imageFileName[kMaxChars]; 

  char Time[] = "Time"; 

  pngWriter = vtkPNGWriter::New(); 

  windowToImageFilter = vtkWindowToImageFilter::New(); 

  StripToCore(dataInFileNameCore); 

  sprintf(imageFileName, "%s.bmp", dataInFileNameCore); 

  //gettimeofday(&startTime, NULL); 

  renWin->Render(); 

  WriteImageToFile(imageFileName, renWin); 

  //ComputeElapsedTime(startTime, Time); 

} 

///DeleteAll//////////////////////////////////////////////////////////////////// 

// 

//////////////////////////////////////////////////////////////////////////////// 

void DeleteAll(void) 

{ 

#if 0 // Seg fault for every approach to deleting these arrays I've tried. 

  for (int i = 0; i < nParticles; i++) 

  { 

    sphereSource[i]->Delete(); // or cylinderSource[i]->Delete(); 
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    particleMapper[i]->Delete(); 

    particleActor[i]->Delete(); 

  } 

#endif 

  renderer->Delete(); 

  renderWindowInteractor->Delete(); 

  renWin->Delete();  

  textActor->Delete(); 

  pngWriter->Delete(); 

  windowToImageFilter->Delete(); 

} 

///main///////////////////////////////////////////////////////////////////////// 

// 

//////////////////////////////////////////////////////////////////////////////// 

int main(int argc, char *argv[]) 

{ 

  cout << "\n\n************** Renci Volume Viewer source version " << kVersion  

       << " **************" << endl; 

 

  evalMode = ((argc > 1) && (!strncmp(argv[1], "e", 1))); 

 

  if (!ReadParametersFromFile()) 

  { 
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    return -1; 

  } 

  if ((!GlobalInit()) || (!BuildParticles())) 

  { 

    return -1; 

  } 

  BuildOrigin(); 

  SetText(); 

  TakeAPicture();   

  InteractWithData(); 

  DeleteAll(); 

  Sleep(10000); 

  return 0; 

}  
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Appendix B results of Atlas weatheromter 

Table B1 Maximum breaking load of the PBO braids before and after UV exposure 

Exposure 
Time (Day) 

Maximum Breaking Load (lbs) 

No 
Protection 

Unloaded PE PE/White PE/5% Nano 
PE/10% 
Nano 

No Exposure 13.97 13.59 13.91 13.33 14.81 

1 7.27 8.60 11.72 11.97 12.13 

2 6.20 7.80 10.04 10.34 11.83 

3 5.40 6.98 9.89 9.40 10.91 

4 4.84 6.57 9.33 8.87 10.93 

6 3.98 5.46 8.47 7.74 9.79 

 

 

Table B2 Minimum breaking load of the PBO braids before and after UV exposure 

Exposure 
Time (Day) 

Minimum Breaking Load (KN) 

No 
Protection 

Unloaded PE PE/White PE/5% Nano 
PE/10% 
Nano 

No Exposure 13.12 12.00 13.91 12.44 11.28 

1 6.58 7.81 11.08 10.96 11.04 

2 5.58 7.53 8.59 9.73 10.94 

3 4.35 6.61 8.84 8.77 9.78 

4 4.34 6.08 8.15 7.96 9.81 

6 3.34 5.09 7.80 7.27 9.01 
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Table B3 Tensile strength retention of the PBO braids before and after UV exposure 

Exposure 
Time (Day) 

Tensile Strength Retention (%) 

No 
Protection 

Unloaded PE PE/White PE/5% Nano PE/10% Nano 

No Exposure 100.00 100.00 100.00 100.00 100.00 

1 51.77 64.75 89.65 87.02 85.99 

2 43.12 59.84 73.21 77.35 84.75 

3 36.95 52.75 73.33 70.10 78.38 

4 34.14 49.59 70.18 63.63 77.19 

6 27.56 40.93 63.25 57.44 70.65 

 

 

Figure B1 Maximum breaking load of the PBO braids before and after UV exposure 

 

 

Figure B2 Minimum breaking load of the PBO braids before and after UV exposure 
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Figure B3 Tensile strength retention of the PBO braids before and after UV exposure 
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Appendix C Results of UVA 

Table C1 Breaking load of the Bare PBO braids after one‐day exposure at QUVA 

  
Maximum Load 
(N) 

Maximum Load 
(lbf) 

1 10229.751 2299.739 
2 11055.696 2485.419 
3  10984.018 2469.305 
4  11363.205 2554.55 
5  10501.546 2360.841 
Maximum 11363.205 2554.55 
Minimum 10229.751 2299.739 
Median  10984.018 2469.305 
Range 1133.454 254.811 
Standard Deviation 454.725 102.226 
Coefficient of 
Variation 

4.2 4.2 

Mean  10826.843 2433.971 
 

Table C2 Breaking load of the PBO braids/PE /0% nano after one‐day exposure at QUVA 

  Maximum Load Maximum Load 
(N) (lbf) 

1 10471.928 2354.183 
2 10773.849 2422.058 
3 11466.968 2577.877 
4 10611.379 2385.533 
5 11526.024 2591.153 
Maximum 11526.024 2591.153 
Minimum 10471.928 2354.183 
Median 10773.849 2422.058 
Range 1054.096 236.97 
Standard Deviation 492.773 110.78 
Coefficient of 
Variation 

4.492 4.492 

Mean 10970.0296   
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Table C3 Breaking load of the PBO braids/PE /5% nano after one‐day exposure at QUVA 

  Maximum Load Maximum 
Load 

(N) (lbf) 
1 > 12172.177 2736.414 
2 > 11874.348 2669.459 
3 > 12598.833 2832.33 
4 > 12233.937 2750.298 
5 > 11636.117 2615.903 
Maximum 12598.833 2832.33 
Minimum 11636.117 2615.903 
Median > 12172.177 2736.414 
Range 962.716 216.427 
Standard Deviation 366.757 82.45 
Coefficient of 
Variation 

3.03 3.03 

Mean > 12103.083 2720.881 
 

Table C4 Breaking load of the PBO braids/PE /10% nano after one-day exposure at QUVA 

 Maximum Load Maximum 
Load 

(N) (lbf) 
1 > 12326.175 2771.034 
2 > 11592.555 2606.11 
3 > 11991.331 2695.758 
4 > 12302.142 2765.631 
5 > 11507.058 2586.889 

Maximum 12326.175 2771.034 
Minimum 11507.058 2586.889 
Median > 11991.331 2695.758 
Range 819.117 184.145 

Standard Deviation 384.381 86.412 
Coefficient of 

Variation 
3.218 3.218 

Mean > 11943.852 2685.085 
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Table C5 Breaking load of the Bare PBO braids after two-day exposure at QUVA 

 Maximum 
Load 

Maximum 
Load 

(N) (lbf) 
1 > 10192.570 2291.381 
2 > 9380.430 2108.804 
3 > 9419.009 2117.477 
4 > 10391.590 2336.122 
5 > 10778.764 2423.162 

Maximum 10778.764 2423.162 
Minimum 9380.43 2108.804 
Median > 10192.570 2291.381 
Range 1398.334 314.358 

Standard 
Deviation 

615.029 138.264 

Coefficient of 
Variation 

6.13 6.13 

Mean > 10032.473 2255.389 
 

Table C6 Breaking load of the PBO braids/PE /0% nano after two-day exposure at QUVA 

 Maximum Load Maximum 
Load 

Break 
location 

(N) (lbf) 
1 > 9519.967 2140.174 EOB 
2 > 10499.817 2360.453 EOB 
3 > 10017.374 2251.995 EOB 
4 > 9961.110 2239.346 EOB 
5 > 10528.767 2366.961 EOB 

Maximum 10528.767 2366.961  
Minimum 9519.967 2140.174  
Median > 10017.374 2251.995  
Range 1008.8 226.787  

Standard 
Deviation 

420.15 94.453  

Coefficient of 
Variation 

4.158 4.158  

Mean > 10105.407 2271.786  
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Table C7 Breaking load of the PBO braids/PE /5% nano after two-day exposure at QUVA 

 Maximum Load Maximum 
Load 

(N) (lbf) 

1 > 12293.234 2763.629 

2 > 11668.032 2623.078 

3 > 12184.882 2739.27 

4 > 12187.189 2739.789 

5 > 11632.469 2615.083 

Maximum 12293.234 2763.629 

Minimum 11632.469 2615.083 

Median > 12184.882 2739.27 

Range 660.765 148.546 

Standard 
Deviation 

316.329 71.113 

Coefficient of 
Variation 

2.638 2.638 

Mean > 11993.161 2696.17 
Table C8 Breaking load of the PBO braids/PE /10% nano after two-day exposure at QUVA 

 Maximum Load Maximum 
Load 

(N) (lbf) 
1 > 11975.795 2692.266 
2 > 13030.627 2929.401 
3 > 12403.983 2788.526 
4 > 12754.893 2867.414 
5 > 11853.793 2664.839 

Maximum 13030.627 2929.401 
Minimum 11853.793 2664.839 
Median > 12403.983 2788.526 
Range 1176.834 264.563 

Standard 
Deviation 

500.468 112.51 

Coefficient of 
Variation 

4.035 4.035 

Mean > 12403.818 2788.489 
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Table C9 Breaking load of the Bare PBO braids after three-day exposure at QUVA 

 

Maximum 
Load 

Maximum Load 

(N) (lbf) 

1 > 9197.661 2067.716 

2 > 9037.977 2031.818 

3 > 9317.675 2094.697 

4 > 9671.551 2174.251 

5 > 9961.444 2239.422 

Maximum 9961.444 2239.422 

Minimum 9037.977 2031.818 

Median > 9317.675 2094.697 

Range 923.467 207.604 

Standard 
Deviation 

374.432 84.176 

Coefficient of 
Variation 

3.968 3.968 

Mean > 9437.262 2121.581 
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Table C10 Breaking load of the PBO braids/PE /0% nano after three-day exposure at QUVA 

 

Maximum Load Maximum Load 

(N) (lbf) 

1 > 9951.532 2237.193 

2 > 9353.095 2102.659 

3 > 9533.039 2143.112 

4 > 9725.496 2186.378 

5 > 9458.321 2126.315 

Maximum 9951.532 2237.193 

Minimum 9353.095 2102.659 

Median > 9533.039 2143.112 

Range 598.437 134.534 

Standard Deviation 237.039 53.289 

Coefficient of 
Variation 

2.468 2.468 

Mean > 9604.297 2159.132 

 
Table C11 Breaking load of the PBO braids/PE /5% nano after three-day exposure at QUVA 

 Maximum Load Maximum Load 

(N) (lbf) 

1 > 12449.172 2798.685 

2 > 12400.946 2787.843 

3 > 12140.325 2729.253 

4 > 11323.911 2545.716 

5 > 12943.268 2909.762 

Maximum 12943.268 2909.762 

Minimum 11323.911 2545.716 

Median > 12400.946 2787.843 

Range 1619.357 364.046 

Standard Deviation 594.292 133.602 

Coefficient of 
Variation 

4.851 4.851 

Mean > 12251.524 2754.252 
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Table C12 Breaking load of the PBO braids/PE /10% nano after three-day exposure at QUVA 

 Maximum Load Maximum Load 

(N) (lbf) 

1 > 12310.228 2767.449 

2 > 11967.695 2690.445 

3 > 11945.936 2685.553 

4 > 12121.111 2724.934 

5 > 12680.486 2850.686 

Maximum 12680.486 2850.686 

Minimum 11945.936 2685.553 

Median > 12121.111 2724.934 

Range 734.55 165.133 

Standard Deviation 303.16 68.153 

Coefficient of 
Variation 

2.484 2.484 

Mean > 12205.091 2743.813 

 

Table C13 Breaking load of the Bare PBO braid after four-day exposure at QUVA 

 Maximum Load Maximum Load 

(N) (lbf) 

1 > 9001.979 2023.725 

2 > 9229.183 2074.803 

3 > 8829.579 1984.968 

4 > 9293.637 2089.292 

5 > 9106.696 2047.266 

Maximum 9293.637 2089.292 

Minimum 8829.579 1984.968 

Median > 9106.696 2047.266 

Range 464.058 104.324 

Standard Deviation 184.838 41.553 

Coefficient of Variation 2.033 2.033 

Mean > 9092.215 2044.011 
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Table C14 Breaking load of the PBO braids/PE /0% nano after four-day exposure at QUVA 

 Maximum Load Maximum Load 

(N) (lbf) 

1 > 9653.381 2170.166 

2 > 8909.664 2002.972 

3 > 9142.634 2055.346 

4 > 9749.565 2191.789 

5 > 9107.727 2047.498 

Maximum 9749.565 2191.789 

Minimum 8909.664 2002.972 

Median > 9142.634 2055.346 

Range 839.901 188.817 

Standard Deviation 367.522 82.622 

Coefficient of Variation 3.947 3.947 

Mean > 9312.594 2093.554 

 

Table C15 Breaking load of the PBO braids/PE /5% nano after four-day exposure at QUVA 

 Maximum Load Maximum Load 

(N) (lbf) 

1 > 12408.319 2789.501 

2 > 10641.277 2392.254 

3 > 11792.600 2651.082 

4 > 11634.541 2615.549 

5 > 12606.627 2834.082 

Maximum 12606.627 2834.082 

Minimum 10641.277 2392.254 

Median > 11792.600 2651.082 

Range 1965.35 441.828 

Standard Deviation 772.881 173.751 

Coefficient of Variation 6.541 6.541 

Mean > 11816.673 2656.493 
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Table C16 Breaking load of the PBO braids/PE /10% nano after four-day exposure at QUVA 

 Maximum Load Maximum Load 

(N) (lbf) 

1 > 12761.956 2869.002 

2 > 13046.473 2932.964 

3 > 9680.605 2176.286 

4 > 12466.803 2802.649 

5 > 11310.720 2542.751 

Maximum 13046.473 2932.964 

Minimum 9680.605 2176.286 

Median > 12466.803 2802.649 

Range 3365.868 756.677 

Standard Deviation 1382.091 310.706 

Coefficient of Variation 11.66 11.66 

Mean > 11853.312 2664.73 

 

Table C17 Breaking load of the Bare PBO braid after six-day exposure at QUVA 

 Maximum Load Maximum Load 

(N) (lbf) 

1 > 8398.926 1888.154 

2 > 7929.552 1782.634 

3 > 8244.064 1853.339 

4 > 8294.174 1864.604 

5 > 8297.101 1865.262 

Maximum 8398.926 1888.154 

Minimum 7929.552 1782.634 

Median > 8294.174 1864.604 

Range 469.375 105.52 

Standard Deviation 178.596 40.15 

Coefficient of Variation 2.169 2.169 

Mean > 8232.763 1850.799 
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Table C18 Breaking load of the PBO braids/PE /0% nano after six-day exposure at QUVA 

 Maximum Load Maximum 
Load 

(N) (lbf) 

1 > 8423.463 1893.67 

2 > 8755.469 1968.308 

3 > 9169.489 2061.383 

4 > 9186.652 2065.241 

5 > 8395.535 1887.391 

Maximum 9186.652 2065.241 

Minimum 8395.535 1887.391 

Median > 8755.469 1968.308 

Range 791.118 177.85 

Standard Deviation 384.842 86.516 

Coefficient of Variation 4.38 4.38 

Mean > 8786.122 1975.199 

 

Table C19 Breaking load of the PBO braids/PE /5% nano after six-day exposure at QUVA 

 Maximum Load Maximum 
Load 

(N) (lbf) 

1 > 9726.572 2186.62 

2 > 11832.738 2660.105 

3 > 11352.760 2552.202 

4 > 10929.528 2457.055 

5 > 11534.983 2593.167 

Maximum 11832.738 2660.105 

Minimum 9726.572 2186.62 

Median > 11352.760 2552.202 

Range 2106.166 473.485 

Standard Deviation 821.937 184.779 

Coefficient of Variation 7.421 7.421 

Mean > 11075.316 2489.83 
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Table C20 Breaking load of the PBO braids/PE /10% nano after six-day exposure at QUVA 

 Maximum Load 
(N) 

Maximum Load 
(lbf) 

1 > 10681.269 2401.244 
2 > 11796.147 2651.879 
3 > 11508.000 2587.101 
4 > 11544.877 2595.391 
5 > 11641.967 2617.218 

Maximum 11796.147 2651.879 
Minimum 10681.269 2401.244 

Median > 11544.877 2595.391 
Range 1114.878 250.635 

Standard Deviation 435.538 97.913 
Coefficient of Variation 3.809 3.809 

Mean > 11434.452 2570.567 
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Appendix D Results of UVB 

Table D1 Breaking load of the Bare PBO braids after one-day exposure at QUVB 

 Maximum Load Maximum Load Break location 

(N) (lbf) 

1 10252.902 2304.944 EOB 

2 11459.106 2576.109 EOB 

3 9973.198 2242.064 EOB 

Maximum 11459.106 2576.109  

Minimum 9973.198 2242.064  

Median 10252.902 2304.944  

Range 1485.908 334.045  

Standard Deviation 789.629 177.516  

Coefficient of Variation 7.476 7.476  

Mean 10561.735 2374.372  

 

Table D Breaking load of the PBO braids/PE /0% nano after one-day exposure at QUVB 

 Maximum Load Maximum Load Break location 

(N) (lbf) 

1 12131.912 2727.362 EOB 

2 11780.366 2648.331 EOB 

3 12043.324 2707.447 EOB 

4 12819.91 2882.03 EOB 

5 11741.605 2639.618 EOB 

Maximum 12819.91 2882.03  

Minimum 11741.605 2639.618  

Median 12043.324 2707.447  

Range 1078.305 242.413  

Standard Deviation 433.894 97.543  

Coefficient of Variation 3.585 3.585  

Mean 12103.423 2720.958  
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Table D Breaking load of the PBO braids/PE /5% nano after one-day exposure at QUVB 

 Maximum Load Maximum Load 

(N) (lbf) 

1 12132.952 2727.596 

2 13248.521 2978.386 

3 13386.172 3009.331 

4 12843.436 2887.319 

5 12655.988 2845.179 

Maximum 13386.172 3009.331 

Minimum 12132.952 2727.596 

Median 12843.436 2887.319 

Range 1253.22 281.735 

Standard Deviation 499.521 112.297 

Coefficient of Variation 3.886 3.886 

Mean 12853.414 2889.562 

 

Table D Breaking load of the PBO braids/PE /10% nano after one-day exposure at QUVB 

 Maximum Load Maximum Load 

(N) (lbf) 

1 12231.714 2749.798 

2 12839.49 2886.432 

3 12772.766 2871.432 

Maximum 12839.49 2886.432 

Minimum 12231.714 2749.798 

Median 12772.766 2871.432 

Range 607.777 136.634 

Standard Deviation 333.312 74.932 

Coefficient of Variation 2.642 2.642 

Mean > 12614.656 2835.887 
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Table D Breaking load of the Bare PBO braids after two-day exposure at QUVB 

 Maximum Load Maximum Load 

(N) (lbf) 

1 > 10024.711 2253.645 

2 > 10224.614 2298.584 

3 > 9724.009 2186.044 

Maximum 10224.614 2298.584 

Minimum 9724.009 2186.044 

Median > 10024.711 2253.645 

Range 500.605 112.54 

Standard Deviation 251.988 56.649 

Coefficient of Variation 2.522 2.522 

Mean > 9991.111 2246.091 

 

 

 

Table D Breaking load of the PBO braids/PE /0% nano after two-day exposure at QUVB 

 Maximum Load Maximum Load 

(N) (lbf) 

1 > 10305.741 2316.823 

2 > 10183.010 2289.231 

3 > 10465.005 2352.627 

4 > 10019.833 2252.548 

5 > 9657.422 2171.075 

Maximum 10465.005 2352.627 

Minimum 9657.422 2171.075 

Median > 10183.010 2289.231 

Range 807.583 181.552 

Standard Deviation 308.755 69.411 

Coefficient of Variation 3.049 3.049 

Mean > 10126.202 2276.461 
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Table D Breaking load of the PBO braids/PE /5% nano after two-day exposure at QUVB 

 Maximum Load Maximum Load 

(N) (lbf) 

1 > 12169.358 2735.78 

2 > 12700.689 2855.228 

3 > 11917.758 2679.218 

4 > 13226.852 2973.514 

5 > 12422.696 2792.733 

Maximum 13226.852 2973.514 

Minimum 11917.758 2679.218 

Median > 12422.696 2792.733 

Range 1309.094 294.296 

Standard Deviation 505.497 113.64 

Coefficient of Variation 4.048 4.048 

Mean > 12487.471 2807.295 

 

Table D Breaking load of the PBO braids/PE /10% nano after two-day exposure at QUVB 

 Maximum Load Maximum Load 

(N) (lbf) 

1 11735.204 2638.179 

2 13312.873 2992.853 

3 12775.013 2871.937 

Maximum 13312.873 2992.853 

Minimum 11735.204 2638.179 

Median 12775.013 2871.937 

Range 1577.669 354.674 

Standard Deviation 802.033 180.304 

Coefficient of Variation 6.361 6.361 

Mean > 12607.697 2834.323 
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Table D Breaking load of the Bare PBO braids after three-day exposure at QUVB 

 Maximum Load Maximum Load 

(N) (lbf) 

1 > 8303.967 1866.806 

2 > 8765.188 1970.492 

3 > 9503.672 2136.51 

Maximum 9503.672 2136.51 

Minimum 8303.967 1866.806 

Median > 8765.188 1970.492 

Range 1199.704 269.704 

Standard Deviation 605.168 136.047 

Coefficient of Variation 6.832 6.832 

Mean > 8857.609 1991.27 

 

Table D Breaking load of the PBO braids/PE /0% nano after three-day exposure at QUVB 

 Maximum Load Maximum Load 

(N) (lbf) 

1 > 10105.512 2271.809 

2 > 10072.181 2264.316 

3 > 9997.985 2247.636 

4 > 10116.234 2274.22 

Maximum 10116.234 2274.22 

Minimum 9997.985 2247.636 

Median > 10088.846 2268.063 

Range 118.25 26.584 

Standard Deviation 53.398 12.004 

Coefficient of Variation 0.53 0.53 

Mean > 10072.978 2264.495 
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Table D Breaking load of the PBO braids/PE /5% nano after three-day exposure at QUVB 

 Maximum Load Maximum Load 

(N) (lbf) 

1 > 12477.723 2805.103 

2 > 12589.654 2830.267 

3 > 12173.995 2736.823 

4 > 11386.260 2559.733 

Maximum 12589.654 2830.267 

Minimum 11386.26 2559.733 

Median > 12325.859 2770.963 

Range 1203.394 270.534 

Standard Deviation 542.949 122.06 

Coefficient of Variation 4.466 4.466 

Mean > 12156.908 2732.981 

 

Table D Breaking load of the PBO braids/PE /10% nano after three-day exposure at QUVB 

 Maximum Load Maximum Load 

(N) (lbf) 

1 > 12222.269 2747.675 

2 > 12212.002 2745.367 

3 > 11196.849 2517.152 

Maximum 12222.269 2747.675 

Minimum 11196.849 2517.152 

Median > 12212.002 2745.367 

Range 1025.42 230.524 

Standard Deviation 589.085 132.432 

Coefficient of Variation 4.96 4.96 

Mean > 11877.040 2670.065 

 



 

318 

 

 

Table D Breaking load of the Bare PBO braids after four-day exposure at QUVB 

 Maximum Load Maximum Load 

(N) (lbf) 

1 > 8857.423 1991.228 

2 > 8532.006 1918.071 

3 > 9468.195 2128.535 

Maximum 9468.195 2128.535 

Minimum 8532.006 1918.071 

Median > 8857.423 1991.228 

Range 936.189 210.464 

Standard Deviation 475.287 106.849 

Coefficient of Variation 5.309 5.309 

Mean > 8952.541 2012.611 

 

Table D Breaking load of the PBO braids/PE /0% nano after four-day exposure at QUVB 

 Maximum Load Maximum Load 

(N) (lbf) 

1 > 9916.630 2229.347 

2 > 9239.212 2077.057 

3 > 9316.072 2094.336 

4 > 9517.598 2139.641 

5 > 8780.691 1973.978 

Maximum 9916.63 2229.347 

Minimum 8780.691 1973.978 

Median > 9316.072 2094.336 

Range 1135.939 255.369 

Standard Deviation 414.311 93.141 

Coefficient of Variation 4.429 4.429 

Mean > 9354.041 2102.872 
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Table D Breaking load of the PBO braids/PE /5% nano after four-day exposure at QUVB 

 Maximum Load Maximum Load 

(N) (lbf) 

1 > 11605.918 2609.114 

2 > 11638.632 2616.468 

3 > 11593.497 2606.322 

4 > 11156.067 2507.983 

5 > 11613.643 2610.851 

Maximum 11638.632 2616.468 

Minimum 11156.067 2507.983 

Median > 11605.918 2609.114 

Range 482.565 108.485 

Standard Deviation 204.976 46.081 

Coefficient of Variation 1.779 1.779 

Mean > 11521.552 2590.148 

 

Table D Breaking load of the PBO braids/PE /10% nano after four-day exposure at QUVB 

 Maximum Load Maximum Load 

(N) (lbf) 

1 > 12182.301 2738.69 

2 > 12406.492 2789.09 

3 > 11370.602 2556.213 

Maximum 12406.492 2789.09 

Minimum 11370.602 2556.213 

Median > 12182.301 2738.69 

Range 1035.89 232.877 

Standard Deviation 545.005 122.522 

Coefficient of Variation 4.547 4.547 

Mean > 11986.465 2694.664 

 



 

320 

 

 

Table D Breaking load of the Bare PBO braids after six-day exposure at QUVB 

 Maximum Load Maximum Load 

(N) (lbf) 

1 > 7964.739 1790.544 

2 > 8176.109 1838.062 

3 > 8299.950 1865.903 

Maximum 8299.95 1865.903 

Minimum 7964.739 1790.544 

Median > 8176.109 1838.062 

Range 335.211 75.358 

Standard Deviation 169.499 38.105 

Coefficient of Variation 2.081 2.081 

Mean > 8146.933 1831.503 

 

Table D Breaking load of the PBO braids/PE /0% nano after sixr-day exposure at QUVB 

 Maximum Load Maximum Load 

(N) (lbf) 

1 > 9027.669 2029.501 

2 > 8424.097 1893.812 

3 > 8229.193 1849.996 

4 > 7969.472 1791.608 

5 > 7271.603 1634.721 

Maximum 9027.669 2029.501 

Minimum 7271.603 1634.721 

Median > 8229.193 1849.996 

Range 1756.066 394.779 

Standard Deviation 642.253 144.384 

Coefficient of Variation 7.847 7.847 

Mean > 8184.407 1839.928 
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Table D Breaking load of the PBO braids/PE /5% nano after sixr-day exposure at QUVB 

 Maximum Load Maximum Load 

(N) (lbf) 

1 > 10976.776 2467.677 

2 > 11535.525 2593.289 

3 > 8017.236 1802.346 

4 > 11621.097 2612.526 

5 > 10453.025 2349.933 

Maximum 11621.097 2612.526 

Minimum 8017.236 1802.346 

Median > 10976.776 2467.677 

Range 3603.861 810.18 

Standard Deviation 1476.538 331.939 

Coefficient of Variation 14.035 14.035 

Mean > 10520.732 2365.154 

 

Table D Breaking load of the PBO braids/PE /10% nano after sixr-day exposure at QUVB 

 Maximum Load Maximum Load 

(N) (lbf) 

1 > 12012.818 2700.589 

2 > 10807.642 2429.654 

3 > 11878.878 2670.478 

Maximum 12012.818 2700.589 

Minimum 10807.642 2429.654 

Median > 11878.878 2670.478 

Range 1205.176 270.934 

Standard Deviation 660.547 148.497 

Coefficient of Variation 5.711 5.711 

Mean > 11566.446 2600.24 

 


