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DEDICATION

In 2014, I suffered a traumatic brain injury (TBI) after a series of sports-related
concussions. This TBI left me with loss of vision, memory, and precision of language. Every
moment felt like I was stuck in a thick fog. I was disoriented, lost all motivation, and no longer
knew who I was. As time went on, I began to grow accustomed to the fog, and dare I say,
even began to like the fog. It was somehow easier; I could shift all blame and responsibility.
My diagnosis seemed to remove all hope and dreams for the future. But my story does not
end here; the way of the fog is through it. Through numerous surgeries and challenging
diagnoses, I have learned to find purpose in my pain. This TBI drove me to overcome it. I
will not be defined by the limitations and challenges it gave me. Yes, it takes me more effort
to learn than it did before, but this adversity has instilled in me a relentless work ethic.
This injury has taught me accountability, steering me away from blaming my circumstances.
Moreover, my experiences have profoundly shaped my identity. Without these trials, I would
not be who I am today. My journey underscores that there is a path forward through the
cloudy mist of suffering. The way out is through the fog of pain and loss.

As I reflect on my path out of the fog of physical injuries, my life has shifted from:

Ease to difficulty.

Comparison to celebration of others’ blessings.

Momentary to eternal.

Control to deference.

Being the main character to being a part of the bigger story.
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But here I am, a decade later. Broken? Yes, but it is through these cracks and
imperfections where the mystery and beauty of God is revealed. Like the gold inlay in a
piece of pottery mended through kintsugi, there is more beauty and strength because of the
flaws. No pain that is given to Him is wasted. I am walking proof that God can still heal
miraculously and redeem the pain you may be in.

The mere fact that I am writing my story here, in this doctoral dissertation, is
a testament to the miraculous healing and redemption that God brought into my life.
Therefore, I dedicate this dissertation to all those who have had TBI’s, may my story inspire
you to be resilient through your pain and find the way through the fog of despair and loss.
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ABSTRACT

Ultra High Molecular Weight Polyethylene (UHMWPE) fiber reinforced composites
have a high strength-to-weight ratio and are gaining attention as a material of choice
for specialized applications subjected to extreme environmental conditions. Users value
the water-repellent, lightweight, and flexible nature of the material for applications where
weight is crucial. Marine, aerospace, and alternative energy sectors are exploring UHMWPE
fiber reinforced composites for specialized applications in demanding environments where
strength, flexibility, and weight efficiency are important design criteria. The viscoelastic
and hydrophobic nature of UHMWPE makes it an attractive replacement for Kevlar® in
ballistics protection shields and other industrial applications, providing similar performance
while achieving upwards of 40% reduction in weight. However, the durability of UHMWPE
composites under real-world aging conditions remains insufficiently examined.

This research investigates how the viscoelastic properties of UHMWPE fiber reinforced
composites, created through various manufacturing techniques, are altered after exposure to
harsh conditions including immersion in water, temperature variations, humidity, and UV
exposure. Additionally, the composites were irradiated with: X-rays, y-rays, and neutrons.
After exposure to adverse environments, the thermomechanical viscoelastic response was
characterized through Dynamic Mechanical Analysis (DMA). Surface morphology was
evaluated using a field emission scanning electron microscope. DMA revealed an increase
in the storage modulus with aging; however, elevated temperature creep tests showed that
UV and hygrothermal aging had a higher creep compliance and decreased the ability of
the composite to recover strain after unloading. Both single layer and pressed UHMWPE
panels showed an increase in weight after submersion in water. Distilled water resulted in
a faster rate of hydrolysis in the matrix than did salt water. The UV, ~-ray, and neutron
environments caused the composites to become brittle and yellow through chain scission
and crosslinking, whereas the X-ray radiation exposure did not cause a measurable effect.
Analysis on the surface of these composites after aging suggested the matrix protects these
fibers from damage in harsh environments. Synthetic rubber matrix materials aged at a faster
rate than the polyurethane rubber matrix materials. Increasing the strain rate showed an
increase in moduli response during tensile DMA. These results quantify the limitations and
strengths of this material for future models to accurately predict the lifespan and expand
the application of this performance material in extreme environments to ensure safety for
applications ranging from extreme sports to aerospace.
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INTRODUCTION

This work attempts to bridge the gap between mechanical properties and ballis-
tic protection performance through the characterization of ultra high molecular weight
polyethylene (UHMWPE) fiber reinforced composites after multi-physics aging in simulated
extreme environments.The data presented herein will contribute to the understanding of how
UHMWPE fiber reinforced composites respond viscoelastically to thermomechanical loading
and how various environments alter that response.

Chapter 2 provides insights into the polymer science and aging mechanisms these
composites experience, as well as a brief narrative on the history of production and the
dynamic manufacturing industry. Some common applications and manufactures of this
UHMWPE fiber reinforced composites are described in Chapter 2 as well. Chapter 3 details
the experimental methods used to age and characterize the UHMWPE composites after
aging, with additional learning opportunities for sample preparation. Chapter 4 reports the
strength of unaged single layer UHMWPE fiber reinforced composites through tensile testing.
Chapter 5 shows how UHMWPE fiber reinforced composites respond to water submersion.
Chapter 6 details how the UV aging, hygrothermal, and dry temperature cycling alters the
mechanical response of UHMWPE composites. Chapter 7 shows the viscoelastic response
of UHMWPE fiber reinforced composites after aging in ionizing radiation environments.
Chapter 8 reports a brief summary and highlights a few key takeaways of this study. Chapter
9 details the areas for more scientific exploration. Finally, Appendix A is the MIL-STD-810H

fungal test results conducted by an outside testing service NTS.
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BACKGROUND

Polymer Science

Polyethylene is formed from the base hydrocarbon monomer, ethylene, and has an
asymptotic molecular weight melting point near 145°C [4]. The chemical monomer structure
for the repeating unit of polyethylene is (—CHy—CHsy—),,.

The durable nature of polyethylene stems from the ability of this polymer to form long
symmetric and densely packed molecular chains. These chains are capable of connecting
multiple sections of the polymer within a lamellar crystalline site via chain folding [4]. A
lamellae is an area where chains are folded together into an ordered higher density region,
which can be unfolded into a longer continuous chain through a drawing process.

This shift from the shorter polymer chains, such as in a wax, to the longer chains in
the polyethylene also changes the primary bonding between chains from the weaker van der
Waals forces to the stronger covalent bonding as shown in Figure 2.1 [4, 5]. Polyethylene
is dual phase at room temperature, crystalline and amorphous. The crystalline phase gives
it structure and rigidity, where the amorphous phase which makes it pliable. Polyethylene’s
pliability or compliance increases with temperature [4].

Polyethylene is classified as a semi-crystalline polymer at room temperature, and has
a directionality in mechanical strength corresponding to how the polymer chains are formed
and orientated [4]. Figure 2.1 contrasts the morphology of paraffin wax and polyethylene,

depicting the chain folding, amorphous entanglements, and ordered crystalline lamellae.
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Figure 2.1: Chain structure of paraffin wax compared to polyethylene [4].
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As polyethylene chains lengthen, the molecular weight (MW) increases resulting in
a higher modulus and tensile strength [4]. Lengthening the polymer chains is commonly
done through stretching the polymer along sets of rollers in a process called drawing. The
stretching of the polymer can be inhibited by entanglements between the individual chains;
the more entanglements, the more knots preventing them from stretching out to the normal

length as shown in Figure 2.2.

oo S -

"“/‘v Ny

(a) (b)
Figure 2.2: Polymer chain with (a) no entanglements (b) random coiling of amorphous chains
causing entanglements [4].

Solvents are used in the gel-spinning process to increase the viscosity of chains during
polymerization which decreases the number of entanglements to allow for a higher drawing
ratio (DR). The natural DR of polyethylene is 5:1 due to the natural entanglements,
preventing the chains from further orientation [5]. Just like Christmas lights need to be
untangled before stretching it out, the polymer has the potential to be lubricated using a
solvent such as decalin or a paraffin oil/wax, to increase the ability for those entanglements
to untangle in conjunction with drawing. By the addition of the solvent with the stretching
process, the drawing ratio can increase up to 240:1 [5, 12]. This high drawing ratio can
increase the longitudinal modulus of polyethylene from 1 GPa to 172 GPa. This increase

in strength and modulus causes a corresponding decrease in ductility and creates weaker
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transverse properties. The strain at failure for UHMWPE decreases as shown in Table 2.1.
Tensile strength and modulus increase with drawing ratio, however there appears to be an

asymptotic material limit around a DR > 200 [12, 13].

Table 2.1: Longitudinal Tensile Properties of Various Polymers. Adapted from [1].

Modulus Strength

Polymer Strain (%) T¢ (°C)
(GPa) (GPa)
Polystyrene 4 0.08 2 100, T,
Polyethylene
1 0.05 50 140
(PE)
Drawn PE 172 3.5 ) 149
Rayon 3 0.3 20 180 decomp.
Polyamide 3.8 0.8 25 250
Poly(1,4-
benzamide) 100 3.0 6 500 decomp.
(Kevlar®)

Molecular weights are distributed throughout the polymer, with the lower molecular
weight chains acting as a plasticizer along with the amorphous regions, which give the
polymer compliance. The higher molecular weights, together with the crystalline phases
contribute to the strength and modulus of the polymer [4]. The polyethylene has a
distribution of properties throughout a given sample which can be a source of variability
in mechanical testing. During this research, this error is mitigated by using a large number
of samples during testing involving a random sampling of areas from the unidirectional
composite fabric rolls.

Due to the dense packing of the long molecular chains, the structure of the polyethylene
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fibers are ideal for high strength-to-weight ratios and for dissipating strain energy at high
strain rates. The fibers also have a high toughness, as defined by the area under the tensile
stress-strain curve. Figure 2.3 compares the tensile stress-strain curves for several common
fibers used in composites, depicting a higher toughness for an UHMWPE fiber compared
to aramids, which have be the gold standard for ballistic protection, due to their higher

strength and higher elongations to failure.

4
UHMWPE Fiber

27| High-strength |
A
< High-modulus Carbon
< Carbon
Ei Aramid (Kevlar®)
g 2 |
: E-glass
5
= 1 |

0

Tensile strain (%)

Figure 2.3: Relationship between tensile strain and tensile strength for various fiber materials.
Adapted from [5].

Manufacturing and Synthesis

Ultra High Molecular Weight Polyethylene (UHMWPE) fibers were invented by Dutch
State Mines (DSM) in the 1960’s [6, 14]. The fibers became commercially available in the

1970’s and were renowned for their high strength to weight ratio [6, 14]. Due to the dense
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packing of the long molecular chains, this form of polyethylene is designated Ultra High
Molecular Weight Polyethylene, as it has a molecular weight greater than 10° g/mole [5].
UHMWPE is synthesized in powder form before molding into a final shape or billet
for machining. This dissertation only covers how UHMWPE fibers and films are made
through two different processes: gel-spinning and powder compaction [7, 12, 13, 15]. These
fibers are then combined with a thermoplastic or thermoset matrix to make a layer of
composite material. This advancement in the composite form of UHMWPE has spurred the

development of stronger UHMWPE fibers through refinements in the gel-spinning process.

Gel-Spinning

The process is broken up into four steps: (1) dissolution using a solvent and elevated
temperatures to reduce chain entanglements (2) extrusion and spinning into a cooling bath
to crystallize the disentangled polymer chains (3) solvent removal using an extractant and /or
drying to stabilize the polymer (4) drawing/stretching to align the chains [6, 13]. This process

is summarized in Figure 2.4.

Mixing UHMWPE
with solvent

Cooling bath with extractant | Winding onto bobbin
to remove solvent | — .

Drawing‘and drying

Figure 2.4: Gel-spinning process. Adapted from [6].

To achieve gel-spinning, 5%-10% polyethylene is dissolved into a solvent with an
antioxidant. This mixture is held near the melting temperature of polyethylene around

145°C allowing the polymer chains to relax and untangle [5, 13]. After annealing in an
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inert environment, the mixture is slightly cooled just under the melting temperature (135°C),
where it forms a gel as it is extruded onto the spinneret [13]. At this stage, the gel-spun fibers
are submerged in a cooling bath (120°C) of either an alkaline or fluorocarbon to crystallize
the polymer and remove the remaining solvent and antioxidant [5, 13]. The polyethylene
fibers are then drawn and dried to align the polymer chains before being wound onto a
bobbin. These diameter of these UHMWPE fibers have a range throughout manufacturing,
but the average is approximately 12 pm [3].

The fiber-matrix interface can be improved through cold plasma etching of the surface
[5]. The gel-spinning process produces highly anisotropic fibers, with the majority of the
strength in the axial direction [16]. These fibers are often used in composites for ballistic

protection applications.

Powder Compaction

A more economical and environmentally friendly method of manufacturing high
strength UHMWPE compared to gel-spinning is by the process of filming. This continuous
filming process goes by many names: powder compaction, ultra-drawn compression molding,
or solid state processing (SSP) [17]. This manufacturing method does not require harsh
solvents for production, which eliminates a great deal of hazardous waste. The SSP method
encompasses these three primary steps: (1) compressing the initially highly dispersed loose
(UHMWPE) nascent Reactor Powder (RP) to create a compacted material puck with
adequate density; (2) using heat to transform the compacted material into a monolithic form
with sufficient strength for further processing; (3) performing additional chain orientation
through stretching the monolithic material to produce high tensile strength polyethylene
[17].

This manufacturing concept was developed by Professor T. Kanamoto at Tokyo

University in 1987. Nippon Oil (Japan) patented this process in 1989, followed by patents
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from Integrated Textile Systems (USA) in 1999, and Teijin Aramid (Netherlands) in 2010
leading to commercialization and large scale production [7].

This powder compaction/SSP method is used to create high tensile strength UHMWPE
films/tapes which can replace the gel-spun fibers in many applications. The SSP films or tapes
can be slit into thinner strips and then wound or braided into ropes, slings, nets etc [3, 18].

This form of UHMWPE has all the advantages of the high strength-to-weight gel-spun
fiber products without the weak fiber-matrix interface or issues with fiber kinking or breaking
[19].

The SSP process, similar to gel-spinning, requires a certain amount of tradecraft and
science to produce a quality product, which are explored further in [7, 17, 19-26]. This
method is used to produce material which has been used in a variety of industries such as
aquaculture nets, tethers, stratospheric air ships, radomes, and ballistic shields.

Development and improvements of UHMWPE manufacturing processes has led to

increasing the strength and modulus over the decades as shown in Figure 2.5.

200 |
= 150 solid state
ol
< 100 gel-spinning processing
3]
50 |
melt-spinning
| | |
1960 1980 2000 2020
Year

Figure 2.5: Longitudinal Young’s Modulus (E) increasing over the decades due to manufac-
turing improvements. Reproduced from [7].
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Main UHMWPE Manufactures

UHMWPE manufacturing has shifted over the decades. The most recent acquisition
of technology brought two of the larger manufactures of UHMWPE from the Netherlands,

DSM and Teijin’s products to the USA.

DSM

The UHMWPE fibers produced by DSM are trademarked Dyneema®, which comes
from the Greek words “dyne” meaning strong or powerful and “ina” for fiber, translating
to “Strong Fiber” [27]. The tensile strength of these Dyneema® fibers can reach 4.1 GPa,
with a tensile modulus of 155 GPa, according to DSM datasheets [28]. Additionally, the
UHMWPE fibers are known to not absorb water, exhibit low friction, be visually opaque,
and act as an electrical insulator [28]. These UHMWPE fibers are reported to have a sonic
velocity that can reach up to 12000 m/s in the axial direction [28].

In more recent years, these fibers have been combined with a matrix to form a
lightweight and waterproof fabric adopted by endurance athletes for jackets, tents, and other
applications in which lightweight and watertight are desirable traits. The Dyneema® Project
highlights a few of these collaborations with other brands to showcase the advantages of
using UHMWPE fabrics [29], especially in extreme sports. Another large market segment
for Dyneema® is their protective materials applications, in which the unidirectional (UD)
armor arrived on shelves in 1993, and has been dominating a large market segment since

[30].

Avient Corporation

In April of 2022, Avient Corporation announced that they bought the protective
materials division from DSM for $1.45 billion [31]. Avient Corporation is a US based

materials conglomerate. This includes the technology for the Dyneema® UHMWPE fibers.
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The author conducted interviews with representatives of Avient Corporation at trade shows
and conferences in the fall of 2022 and early 2023. They had no information about when
Avient would begin producing and selling Dyneema® in the USA again. On January 16,
2024, Avient launched the new Dyneema website, claiming the manufacturing plants are
still located in Arizona, North Carolina, and the Netherlands just as they were under DSM

ownership [27, 32].

In 2010, Teijin Aramid in the Netherlands filed a patent for continuous processing of
UHMWPE tapes from a powder [7]. During a phone interview, the author conducted with
an engineer at Teijin Aramid, the engineer stated that Teijin had discontinued Endumax®
production in late 2022 [3]. The reason given was that Teijin was trying to increase
their Environmental, Society, and Governance (ESG) Score by moving their manufacturing
portfolio to completely recyclable materials over the next decade. Endumax® was one of
the earlier products to be discontinued because of a downturn in demand from two market
areas. In the aquaculture, or oceanic fish farming industry, where the nets are made from
UHMWPE, Teijin was being undercut by production of lower quality material made in China.
Manufactures in Asia were able to make a cheaper, albeit inferior version of the nets, but
at an attractive cost point to the fishing industry, removing this large market segment from
Teijin [3]. The other large market of protective materials was unsteady due to the supply
chain crisis from the COVID-19 lockdowns, which led Teijin to cease production at that
time [3]. Endumax® has a few smaller markets as a material in automotive manufacturing,
radomes, speak cone materials [33], and air shipping containers [3]. However, in July 2023,

Barrday announced the purchase of Endumax® and plans to start production in 2025 [34].
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Other Overseas Manufacturing

The gel-spinning technology was replicated by Yimin Wang at Donghua University,
which was formerly known as China Textile University [15]. In a collaboration with Guo
Zixian, Wang and a fiber equipment manufacturer Jiangsu Shenshe Technology Development
Company copied the gel-spinning process created by Honeywell using paraffin oil as a solvent
for the UHMWPE. The fiber rests in this paraffin oil after spinning for 1-2 days in a porous
container for the solvent to ’sweat out’ before drawing the fiber [15, 35]. As of writing
this, the UHMWPE fibers produced in China have a tensile strength and modulus that are
inferior compared to USA-based manufacturing, most likely due to the impure UHMWPE
feed stock used. However, Sinopec, another fiber manufacturer in China, uses the same
solvent as Dyneema®, decalin, but dry-spin rather than gel-spin the fibers in a factory
located in Yizheng [15, 36], suggesting that they might reach or exceed material properties
manufactured in the West.

Recently, the powder compaction/(SSP) has also been replicated and is in production
throughout China. The material quality may increase in the coming years as the UHMWPE
industry in China has been organizing symposiums and annual meetings as early as
September of 2022. They report focused attention on improving the UHMWPE supply
chain to meet both military and civilian needs [35]. The “Ultra High Molecular Weight
Polyethylene Fiber Branch of China Chemical Fiber Industry Association” and “High-
Quality Development Seminar” annual meetings are attended by the president of the
Materials Science and Engineering School at Donghua University, the president of the China
Chemical Fiber Association, Vice Mayor of the Yancheng City, and other entrepreneurs,
experts, scholars in the UHMWPE industry [35]. Companies like Shenhe Technology
Development Co/Holy Crane sell UHMWPE processing and manufacturing lines, and
approximately 40 other Chinese companies have or are currently producing material, driving

the commodity price of UHMWPE down to $10 USD/kg [15, 37].
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Barrday

The headquarters of Barrday is located in Ontario, Canada and has another office and
warehouses in the Netherlands. But, the manufacturing and R&D facilities are located in
the USA. They focus on creating composite materials to support the aerospace and defense
industry. Barrday is an industry leader in research and development (R&D) into protective
materials. Barrday claims to create their own composite layups with UHMWPE fibers and
new matrix combinations involving thermoplastics, thermosets like phenolics and neoprenes,
and UD tapes. In late 2023, Barrday acquired the Endumax® brand from Teijin [34]. They
plan to move the manufacturing line to North Carolina and predict that production will

occur in 2025.

Honeywell

Honeywell and Allied Signal merged in 1999, and trademark their UHMWPE fiber
Spectra® [38]. This UHMWPE fiber is made from the gel-spinning process but uses a
paraffin oil as the solvent. They continue to be one of the leaders for defense contracts.
Despite multiple attempts to acquire information on their fiber strength and matrix
properties/constituent parts, they will not disclose any information as most of their material

distribution is defense related.

DuPont

DuPont manufactures a UHMWPE tape from powder compaction called Tensylon®.
This technology was started by Integrated Textile Systems in the 1990’s which sold to BAE
Systems in 2000, and then merged with Armor Holdings in 2007 [7, 39]. In 2012, DuPont
purchased BAE Systems/Armor Holdings and has been producing Tensylon® exclusively for

defense customers [40].



14

Table 2.2: Advertised Axial Material Properties of UHMWPE Composites and Tapes [2, 3].

Areal Ply
Material Modulus Strength Strain
Density  Thickness Matrix
Type (GPa) (GPa) (%)
(g/m?) (1m)
Dyneema®
60 14* 136 133 2.82 PUR
HB-210
Dyneema® Kraton®
60 14* 136 120 3.03
HB-212 Rubber
Honeywell
Spectra 124 2-3 167 ~180 3-4 PUR
Shield® 5241
Teijin
Endumax® 182 2.11 198 60 1.7 PE
XF23

*converted to a stress based on 80mm wide strip. Tconverted to a stress based on 2mm wide strip.



15

UHMWPE Uses

UHMWPE fibers and tapes are used in a variety of industries looking to elevate
performance. A common commercial use is creating cut resistant gloves for the meat packing
industry [41]. It has also found many uses in marine applications such as lightweight creep
resistant sails for racing boats, tethers and mooring lines for commercial shipping, and
as ropes for hoisting the large offshore wind energy turbine blades. Due to UHMWPE’s
resistance to salt water corrosion and high tensile strength, this material is desirable for
fishing and aquaculture applications. It has also proven useful in nuclear power plants as a

mesh filter to keep the intake for cooling water clean [10].

Recreation

Due to the lightweight, high strength, and waterproof nature of UHMWPE, this
material has found a niche within performance recreation. Many ultralight gear companies
have made use of UHMWPE for tents, shoes, outer layer apparel, and climbing slings
27, 29, 42]. A notable extreme use case was in 2016 when the world record was set for
the highest skydive without a parachute into a net made from UHMWPE [43]. This safety
net made use of the strength and dampening ability in UHMWPE to withstand the impact

of a man jumping from 25,000 ft and safely catch him.

Radomes

For critical applications, such as defense, these antennas and communication electronics
require protection from kinetic attacks. UHMWPE is a choice performance material for
allowing the signal in/out, while providing ballistic protection for the electronics inside [44].
The material UHMWPE has a low dielectric constant and loss tangent properties, allowing
microwave, Ku, and Ka band transmission at high efficiencies compared to other ballistic

protection materials [3, 5, 44, 45].
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Neutron Moderator

Bulk UHMWPE material is commonly used in implantable medical devices due to the
material’s bio-compatibility and low friction properties [46]. As medical implants need to be
sterilized prior to being used in an operation, gamma radiation is the preferred method over
an autoclave, due to the low melting point of UHMWPE. This has led to some studies being
performed on the aging effects that gamma radiation has on UHMWPE. Open source studies
focus on gamma radiation aging as the implant needs to be sterilized before the operation.

Current methods of radiation shielding are heavy and inflexible. Materials that can
absorb high energy particles typically need to be high-Z elements, or have large masses
such as concrete walls or oil filled vessels. Some methods have potential health risks such as
lead-lined curtains. Interest has increased over UHMWPE as a potential lightweight flexible
barrier for ionizing radiation. In theory, neutron shielding/moderating is most effective when
using elements with a lower atomic number. For example, boron carbide (B,C') control rods
in nuclear reactor cores are used to absorb neutrons. Materials rich in hydrogen atoms are also
used to moderate or thermalize neutrons [47]. Through the addition of other materials with a
high neutron absorption cross-section, these hydrogen-rich materials can remain lightweight
while increasing moderation and absorption. Bulk UHMWPE with 5 mass% molybdenum
trioxide particles (MoOs3) has shown the ability to absorb up to 25% of a 241Am/Be fast
neutron source doses [48]. Other studies have shown that doping UHMWPE with samarium
oxide (Smy0s3), boron oxide (B0j3), and boron nitride (BN) can also be effective in
absorbing both neutron and gamma radiation [47]. These additives can be included into
future developments to increase the moderation ability of the composite.

Since 2019, international interest has grown around the use of UHMWPE for dual
purpose radiation and ballistic shielding. Particularly, one university in Algeria has published
and presented on this topic multiple times. Two individuals are at the center of this research,

Mehdi Derradji, and Oussama Mehelli, who are affiliated with both the Ecole Militaire
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Polytechnique University and the Polytechnic School of Algiers. Their research began by
looking at the radiation shielding properties of carbon glass and basalt fibers, before moving
onto Kevlar® and UHMWPE fiber reinforced composites [49-52]. However, why is Algeria
interested in this material for defense applications now? The first is because of the rising
tensions on their border with Morocco. Year over year, Morocco and Algeria spend the most
on arms compared to the rest of the continent, and have been locked into an arms race for
the better part of the past decade [53, 54].

In July of 2023, China announced a $36 billion USD investment into Algeria for
manufacturing, increased security and sovereignty, further ‘Belt and Road’ construction,
and mining/energy exports. President Xi said in a press statement that both sides will
cooperate in “aerospace, infrastructure, nuclear energy, and petrochemicals” [55, 56]. As
Algeria is interested in join BRICS group (Brazil, Russia, India, China, and South Africa),
the scientific and knowledge economy between the two countries is also increasing. As of

August 2023, Algeria was not admitted.

High Altitude Wind Energy

Basic fluid mechanics principles say that the further away from the boundary layer, the
higher the velocity of a fluid. The same holds true for the earth’s atmosphere [57]. Airborne
Wind Energy (AWE) is the generation of power by devices either tethered to the ground
or freely flying compared to traditional turbines which are set on top of a tower either on
land or offshore. This prototype technology seeks to increase the consistency and decrease
the cost of wind power by accessing the jet streams at higher altitudes where the potential
wind energy is greater and more reliable. Two categories of AWE exist: ground-based and
airborne power generation. The first is where mechanical energy is transferred from the air
to the ground where it is then converted into electricity. The second is where generators in

the air produce the electricity and transmit the power to the ground through a tether [58].
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The mechanical energy transmission concept is prototyped by companies such as
KiteGen where the concept arose from looking at increasing the efficiency of wind turbines,
where the outer third of the blades generates more than half the power [59]. KiteGen'’s
design takes that same principle and harnesses the high velocity at the tip by replacing the
blades with a kite or sail made from UHMWPE. This reduction in weight eliminates the
need for a large tower to support the weight of long blades which are now in excess of 80 m.
The KiteGen design takes two kites tethered to a drum where both kites travel in a figure
eight shaped path. These two kites work in concert with each other; one is in drag mode
while the other is in lift mode, creating continuous movement and winding the drum in one
direction before reversing and winding the drum in the opposite direction, generating power
through the movement of the drum. This two-kite design is modular and can be combined
into a carousel-type system that can generate 100 MW in an area of approximately 0.8
km? [60]. Another design by a German company, X-Wind, could place these tethers onto
a linear track and pull vehicles which have onboard alternators [61]. Creating these kites
from UHMWPE fiber reinforced composites is advantageous to the designer because of the
material’s lack of moisture absorption, performance in low temperature experienced in upper
altitudes, and great abrasion resistance from particulate traveling through the atmosphere.
The current aramid-based tethers will benefit by upgrading to UHMWPE tethers, increasing
the lifespan and durability of the cords through strength improvements in wet environments
and reduction in the creep under prolonged tensions [62].

This same process can be applied to create airborne power generation. UHMWPE in-
flatables are a proven technology that can transport AWE turbines to the operating altitude,
making it more lightweight and durable than typical ‘weather balloons’. Additionally, the
UHMWPE tethers can be used without risk of creep or shrinkage in cold temperatures as
polyethylene has a negative Coefficient of Thermal Expansion (CTE), meaning it expands

as the temperature decreases. AWE potentially has a lower cost per unit of usable power
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compared to traditional renewable energy sources, making this a candidate for large-scale
deployment as an energy source with a lower capital barrier to entry [59]. A potential
niche market for AWE is in areas recently affected by natural disasters, where other power
generation sources have become damaged. AWE may be deployed to quickly restore power
due to the lightweight and small-scale nature of these systems.

Advancement in the understanding of how UHMWPE ages in harsh environmental
conditions will benefit the renewable energy sector through the implementation of UHMWPE
for lightweight and durable kites, tethers, and balloons to help meet the growing energy

demands.

Tethers

Additionally, high-altitude kites also have the potential to realize the concept of space
tethers and elevators, and provide a way to get objects such as satellites into space while
reducing the use of fossil fuels. UHMWPE fiber reinforced composites have been shown to
function as tethers in space. An article by Michel van Pelt claims that the tether expanded
once it got exposed to sunlight and caused a disruption in the orientation due to a slackening
in the line. This does not seem logical as UHMWPE fibers have a negative CTE, meaning
they would shrink in the sunlight and not expand and slacken as the study claimed [63, 64].
This study needs to be investigated and repeated to understand what phenomena was being
observed. Bulk UHMWPE can also be used as a performance material in space flight systems
[46]. In addition to high-strength tethers, UHMWPE composites can be used as high-altitude
sails to keep the tether system aloft during operation. Characterizing how this material
responds to radiation and the extreme environments experienced at high altitudes will be
a crucial step in determining material lifespan and viability in the upper regions of the
atmosphere and space. Other projects have used UHMWPE composites to make high altitude

balloons as seen in the Stratos Project by Red Bull that took Felix Baumgartner on his
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famous skydiving jump from space in 2012 [65].

Stratospheric Balloons and Airships

Polyethylene films have been used for stratospheric balloons for several decades, mostly
in the national security industry [66]. In recent years, there has been a renewed focus on high
altitude balloons in the commercial sphere, beginning with Project Loon, by Google X. The
goal of this Google X venture, was to provide internet to the globe through constellations of
stratospheric balloons. Project Loon was discontinued in 2021 [67]. Shortly after this project
ended, much of the technology was made available in open source. There was a race in
industry to secure the talent and technology developed through Project Loon. These high
altitude balloons are made from thin polyethylene films and filled with helium or hydrogen
gas and launched into the stratosphere. Due to the negative CTE and high UV and radiation
tolerance, these balloons can maintain a uniform altitude for months at a time. As in the
skies over the USA and in the news during March 2023, China used UHMWPE balloons to
provide surveillance and reconnaissance over long distances [68].

Aerostar, a USA based defense contractor has several patents involving the construction
of of these airships using UHMWPE [69-71]. Aerostar was acquired by a defense conglom-
erate, TCOM holdings, in 2022 [72]. TCOM manufactures airships in more complex blimp

shapes and uses UHMWPE as tethers and as reinforcements.

Battery Membrane

A recent development in the safety of batteries is using UHMWPE films as a membrane
in rechargeable batteries [73, 74]. This material has an advantage over polypropylene, as
UHMWPE has a higher toughness, lower shutdown temperature, and lower glass transition

temperature, all of which improve the low temperature performance of batteries [74].
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Ballistic Shields

Woven UHMWPE is not often used for ballistic protection due to the lower performance
in stopping power. This decrease in ballistic protection performance is potentially attributed
to the low coefficient of friction between fibers, allowing the fibers to move laterally and not
engage the projectile to absorb and dissipate the energy as the UHMWPE fibers do when
confined in a matrix [6, 75-77].

UHMWPE fiber reinforced composites are divided into two main classes by manu-
factures: soft and hard ballistics. Soft ballistics are manufactured by taking a unidirectional
crossply, [0/90], and coating both sides with a thin flexible polymer film such as polyurethane,
creating a semi-preg UD fabric [6]. Hard ballistics use a layup of [0/90],, without the extra
laminate every other layer, resulting in these sheets being less flexible than the soft ballistics.
Both composite plys are referred to as unidirectional (UD) sheets throughout the ballistics
protection industry, despite being bi-directional, and have a fiber volume fraction around
Vi = 80% [6]. Figure 2.6 depicts the layup structure for a unidirectional sheet of (a) soft
ballistics fabric and (b) hard ballistics fabric.
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(b)

Figure 2.6: Comparison of pre-preg sheets layup for (a) soft ballistics [0/90] and (b) hard
ballistics [0/90]y layups [6].

These UD sheets are then layered up to a given thickness to handle the required threat
level and then hot pressed to form panels. These panels can be cut out to form personal
protective equipment like helmets, vests, or vehicle armor. However, for larger threats or
armor piercing rounds, multi-layer armor is required. UHMWPE is currently used in the
outer layer of space suits and is undergoing studies as a hyper-velocity impact shield for
space craft called a Whipple Shield [78, 79].

Figure 2.7 depicts a simplified multi-layer polymeric based armor. The first layer
designed to break up the projectile, the second layer is the polymer to absorb and dissipate
energy from the impact, and the third layer is to catch any spall or fragmentation that
may have penetrated the first two layers. Each layer is engineered to exhibit a significant
impedance mismatch, reducing the transfer of momentum between the layers.

The first layer (Strike Face) is typically made from hard ceramic like alumina oxide
or boron carbide. The primary function of this layer is to deform the incoming projectile

and to eliminate any sabots. In scenarios requiring protection against multiple hits, modular
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tiles are employed to halt the propagation of cracks caused by the impact. These modular
tiles also facilitate repair work, thereby prolonging the durability of the armor package. The
second layer is designed to absorb and dissipate energy. Aramids, like Kevlar® and polymers
such as UHMWPE are used in this layer for their ability decelerate and halt a penetrator.
The last layer (Fragment Catch Plate) is designed to catch any fragmentation or
penetrator that has made it through the first two layers and reduce back face deformation.

Typical materials for this fragment catch plate are alloyed toughened metals.

Penetrator

» Strike Face

Figure 2.7: Diagram showing the different layers of ballistic armor.

Energy Absorbing Fragment Catch

Layer Plate

Viscoelasticity

Polymers are viscoelastic, meaning the material simultaneously exhibits a combination
of elastic and viscous behavior. The mechanical response is dependent on both time and
temperature [4]. Figure 2.8 depicts the five general regions of viscoelastic behavior for

amorphous, semi-crystalline and cross-linked polymers.
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Figure 2.8: Five general regions of viscoelastic behavior with respect to temperature for
polymers [8].

In its glassy state, the material exhibits its maximum bulk modulus and demonstrates
the most elastic behavior. As the temperature rises, the modulus correspondingly decreases.
The glass transition region is characterized by a drastic drop in the modulus, approximately
by a factor of 1000, within a temperature range of 20°C to 30°C. In this region, the polymer
exhibits characteristics similar to that of leather [4]. The rubbery plateau region inhabits
the temperature range where the polymer can be stretched several hundred percent and
still return back to the original position, assuming it is an amorphous polymer. The higher
the molecular weight, the longer this plateau region extends [4]. If the polymer is semi-
crystalline, the height and length of the plateau in the rubbery region changes with degree
of crystallization until the melting temperature. As the temperature increases beyond the
rubbery state, the physical chain entanglements relax and the polymer behaves similar to
high viscosity fluids like SillyPutty® [4]. The final phase before melting is the viscous flow
region where the material behaves like molasses [4]. All throughout the temperature ranges,

polyethylene exhibits rate dependent properties.
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Dynamic Mechanical Analysis (DMA) utilizes small cyclical deformations to charac-
terize the viscoelasticity of materials. This process is also known as dynamic mechanical
spectroscopy (DMS) [4]. DMA measures stiffness and dampening of a material by inducing

a sinusoidal displacement and measuring the resulting stress as shown in Figure 2.9.

§ 0=0,sin(wt+§)

=54 s Y=Y, Sin wt

t

Ev

Figure 2.9: Dynamic Mechanical Analysis of the applied strain (represented as shear strain
v) and lagging stress w [9].

The following derivation is adapted from [9].

Driving a sinusoidal shear strain of ¢ and an angular frequency of w into a sample:

€ = €osin(wt) (2.1)

A linear viscoelastic material will have a sinusoidal stress response with a phase shift

of ¢ as the stress will lag behind the strain.

o = ogsin(wt + 0) (2.2)

The resulting stress vector from expanding Equation 2.2
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0 = (0¢cosd)sinwt + (ogsind) coswt (2.3)

Therefore, the strain and stress can be related to each other with the strain in phase

represented as g cosd and the 90° out of phase represented by o sin §:
o = ¢|E sin(wt) + E" cos(wt)] (2.4)
Where the storage modulus (E£’) in Equation 2.4 is shown in Equation 2.5

E =2 coss (2.5)
€0

and the loss modulus (E”) in Equation 2.4 is shown in Equation 2.6

E" = 2%ins (2.6)
€0
The E’¢ is the stress component which is in phase with the sinusoidal strain, and E”¢ is the
out of phase stress component.
The complex modulus is expressed as, which is the sum of the in and out of phase
components.
E* = Z—: = Derpis = @(cosé +isind) = E' +iE" (2.7)

€0 €0

The tangent of the phase angle is:

1

- 9.
tan 0 T (2.8)

Purely elastic solids have a tand = 0, where the response has no viscous component. But

polymers can have a high dampening ratio in specific temperature ranges. The loss modulus,
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E” is the ability of a material to dampen and dissipate energy, typically as heat, which can
be modeled as a dash-pot. The storage modulus, E’ is the elastic portion of the response

and can be modeled as a spring [9)].

Polymer Aging

Despite polyethylene’s high durability, the performance will decrease with exposure
to harsh environments. As the polymer ages on the shelf it will oxidize and generate free
radicals, decreasing the mechanical performance [80]. While bulk UHMWPE is known to
have a high wear resistance and bio-compatibility, the material ages over time, which can
cause cytotoxity from leaching. This reduces the overall lifespan of an implant, such as in
an artificial hip [80]. The medical industry utilizes y-ray’s to increase the wear resistance of
bulk UHMWPE implants. Exposing UHMWPE to v-ray’s creates crosslinks in the polymer,
which reduces the chain mobility and slows the formations of fibrils on the surface [81]. The
following are different mechanisms that age UHMWPE fiber reinforced composites depending

on the environment faced.

Hydrolysis

Voids in the composite can trap water, which leads to increased weight, matrix
dissolution and eventually cracking of the material. The hydrolysis reaction results in two
products: one product with an extra hydrogen atom with a negative charge and the other
product with a hydroxyl group. If the reaction is ionized, the first molecule will have a
positive charge with two extra hydrogen atoms and the second product will be an oxygen
atom containing a negative charge [82]. For a deeper understanding of hydrolysis, refer to
[83].

The addition of salt or sea water can catalyze the oxidation and hydrolysis, accelerating

the rate at which the polymer degrades [10].
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The presence of both UV and water can promote cracking and cause pores to form
in both the matrix and fibers as shown in Figure 2.10 [10]. Hydrolysis will embrittle the
composite and cause the matrix and potentially the sizing on the surface of the fibers to

erode.

seawater

0, Cl

H* NaCl

K—— channel

UHMWEPE fiber

Figure 2.10: Sea water aging of UHMWPE creates channels and cracks where hydrolysis can
occur within the composite [10].

Chain Scission

Chain scission is a process where the polymer chain breaks, lowering the average
molecular weight [84]. This can occur from radiation such as high energy photons colliding
with the polymer backbone which breaks the bond between the carbon-hydrogen or carbon-
carbon in the polyethylene chain. Figure 2.11 depicts this scission process. Oxidation and
hydrolysis can speed up the chain breakage. These new chains can recombine, or react with
another molecular group like oxygen, water, free radicals, etc [84]. After scission the polymer

can also form crosslinks with other polyethylene chains. However, it is likely that most of
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the free radicals formed from the chain scission end up trapped and accelerate the oxidation
process [81]. As the polyethylene is irradiated with X-rays, y-rays, or electrons, the hydrogen
can be released as a gas, along with any other paraffin’s that remained in the matrix or in the
fibers from manufacturing. Additionally, as UHMWPE ages with radiation, the crystallinity
decreases and the polymer becomes more amorphous with new crosslinking [85]. At first,
the polymer becomes a bit more flexible and transparent, potentially due to the heating
effects from the radiation, but then shifts to become more brittle as the crosslinking density
increases [85]. Eventually the aging turns this normally white UHMWPE to a yellow or

brown colored material from the crosslinking.

Chain scission

Figure 2.11: Polymer chain scission [11].

Crosslinking

Crosslinking forms networks between chains which increases the stiffness of the
UHMWPE while decreasing the strain to failure. Figure 2.12 depicts this scission process via
UV exposure. In bulk form UHMWPE, the crosslinking from radiation appears to saturate
around 100 kGy [81]. Radiation also induces energy which can be absorbed as localized
heating. This heat can turn a crystalline location into an amorphous state even after re-

cooling [81].
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Figure 2.12: Polymer crosslinking [11].

Theoretically pure UHMWPE should not be affected by UV because polyethylene
does not absorb radiation wavelengths longer than 190 nm. The shortest wavelength of
UV is 290 nm. Studies of UHMWPE fibers after UV exposure prove otherwise [86]. UV
testing on UHMWPE fibers has shown embrittlement, with a slight increase in modulus
and hardening, marked by a sharp drop in toughness and tenacity [86]. This will lead to
a decrease in tan with UV as chain scission and crosslinking occurs. After UV exposure
the fibers lose crystallinity [86]. Finally, UV damage occurs on the outside first and moves
inward as observed by the transition of ductile failure to brittle failures in [86].

In summary, UV degradation triggers the movement of electrons to elevated energy
levels, leading to the disruption of bonding mechanisms within the material. This process
activates impurities, hastening other forms of aging like oxidation and hydrolysis. Conse-
quently, these alterations in the material’s physical structure affect its micro-structure and
possibly its chemical composition, thereby influencing its mechanical properties.

All of these multi-physics aging mechanisms influence the mechanical properties of
polymers, corresponding to a change in performance. For ballistics protection applications,
aging has a large impact on the performance and reliability. The current method of

determining the acceptable lifespan of body armor packages is typically done through
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surveillance. Where several units are taken out of service and tested, if the armor stops
a bullet, this age passes and wait another year to retest. This is contrast to a science-
based approach of predicting the strength of materials and determining an acceptable
lifespan. Much of the ballistics protection industry relies on empirical data for critical design

parameters such as age or thickness.

Ballistic Standards

There are two leading governing bodies that draft industry standards when it comes to
ballistics protection systems classifications. The National Institutes for Justice (N1J) from the
USA, and Home Office in the UK. Both are similar, but for brevity, only the NIJ standards
will be covered in this document. The NIJ adopted a new standard for Ballistic Resistance
of Body Armor Standard 0101.07, in October 2023, which changed how armors are rated
from II-IV+ with other designations like (A), simplified into two categories based on threat:
Rifle (RF) 1-3 and Handgun (HG) 1-2.

These ratings serve as indicators of the armor’s protection levels, taking into consid-
eration the potential for spall penetration and the maximum deformation at the rear of
the armor. The Vs is defined as the velocity at which 50% of the impacts of the specified
threat penetrate the armor. The nomenclature extends to V{), which represents the maximum
velocity where 0% of the shots will penetrate the target. These velocity values combined with
the back face deformation (BFD) are used to determine the protection level. BFD is the
material deformation out of plane from the impact. According to NIJ 0101.07, BFD must
not exceed 44 mm, or statistically prove that there is a “95% confidence that 80% of all BFD
depths will be 44 mm or less” [87]. This new standard includes guidance for submerging
the armor in various substances for a period before removing to shoot. These substances are
simulated environments that may be experienced in the field which new to this version of NI1.J

standards. Designers and end users are beginning to show interest in how the environment
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alters the performance of the armor.

Ballistic Modeling

Determining the cross-sectional area of UHMWPE fibers and films to calculate the
strength and modulus is experimentally challenging. Assuming a constant fiber volume
fraction and material density, the form of specific strength and modulus are advantageous,
as the mass per length of the composite or fiber can be found by a ruler and scale much

easier than the microscopy needed to determine the cross-sectional area of a fiber.

Specific Strength and Modulus

Typically, the tensile strength of a fiber is measured in Newtons per square meter
(N/m?) and is calculated as the breaking force Fy, (N) divided by the fiber cross-sectional

area, A (m?) as seen in Equation 2.9 [6].

F
Tensile Strength = Zb (2.9)

Specific tensile strength incorporates the density of the fiber in the tensile strength as

seen in Equation 2.10.

Tensile Strength  F,
Density Ap

Specific Tensile Strength = (2.10)

Assuming that the gel-spun fibers are cylinders with the length L(m) and p (kg/m?),
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then the density of the cylinder is calculated in Equation 2.11.

Mass m m
Density =p= —m = — = —— 2.11
eIty = P Volume V. A.L ( )

By rearranging Equation 2.11 into Equation 2.12 and combining with Equation 2.10,
results in Equation 2.13. Where the force, mass and length of the coupon are all easily

determined experimentally to determine the specific tensile strength of the fiber [6].

p-A:% (2.12)

F :
Specific Tensile Strength = = (2.13)
A-p m

Units for mass per length are commonly referred as tex = 1 g/km, or adtex = 1 g/10 km
[6, 88]. Since a Pascal (Pa) has the units of N/m? the conversion from conventional to
fabric units is straightforward. For example, given an UHMWPE fiber with a density of
970 kg/m3, and a tensile strength of 3.5 GPa, a modulus of 172 GPa would have a specific
tensile strength of 36 ¢cN/dtex with a specific modulus of 1800 cN/dtex using the values of
Ultra-drawn UHMWPE from Table 2.1 and [5, 6]. Specific strength is a common way to

measure and compare the strength to weight ratio pf materials as seen in Figure 2.13.
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Figure 2.13: Comparison of specific strength vs specific modulus, where Spectra® is the
UHMWPE fiber. Reproduced from [5].
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Another important material property for understanding how UHMWPE responds to

ballistic threats is the speed at which a strain wave travels through the fiber.

Speed of Sound

The speed of sound, (', in a material governs the strain wave propagation after an
impact

c=Z
p

(2.14)

The material is moving behind this wave front at speed U, which causes an additional
strain of ¢; = % [89]. Wave theory is still being developed for viscoelastic materials, and
much of the science behind determining the appropriate thickness of materials for ballistics

protection is empirical.

Engineering Models

Critical velocity is the relation of mechanical properties to ballistic performance, which
theorizes that the strain generated in the system from the projectile impact at or above the
critical velocity will break the fiber. Therefore, the critical velocity is defined in Equation

2.15 [89).

V:\/E-<gi—\/2ec-(1+s)—52> (2.15)

p
However, for Dyneema® SK-76 fibers, this equation over predicts the velocity at which
the fibers break by almost double. with Equation 2.15 V' = 1033 m/s, where ballistic studies
have found the UHMWPE fibers fail at V' = 518 m/s [89]. Part of this error is by assuming
there is only axial stress [89, 90]. The other gap in prediction could be filled from using a
viscoelastic model.
In 1999, a dimensionless parameter, {2 in Equation 2.17, was developed to compare

various fiber reinforced composites for ballistics protection as seen in Equation 2.17 [91].
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This parameter incorporates mechanical properties of the ballistics protection material and
projectile. Assuming the fibers are linearly elastic, this parameter takes the specific toughness
and velocity of the strain wave in the fiber along with the projectile’s mass and area to
compare the effectiveness of various armors [91].

With the assumption of a linear stress-strain curve, this model is designed with the

function, f, which is for all combinations of fiber and projectile types, and AD is the areal

density [89].
‘/50 ( ADtarget )
— = _— 2.16
\‘75 ADprojectile ( )

Where © (m?/s?) is calculated from Equation 2.17, where stress is represented by o, &

is the strain, p is the density, and £ is the modulus [89].

0=_—-
2-p

. E

N el (2.17)
p

While these models are great for back of the envelope calculations, they have limitations,

mainly that they assume the fibers behave linear elastically and do not account for multi-

axial strain.

Analytical Models

Finite Element Analysis (FEA) models and hydrocodes have been developed to predict
the ballistic performance of UHMWPE composites with higher fidelity than the engineering
models. Many of these FEA models use an energy absorption approach and some have even
incorporated viscoelastic effects with three element models [92]. Often times these models
only account for the fiber strength and stiffness and ignore the matrix material properties
93, 94]. Other models have looked at orthogonal layers or lumped filament bundles to predict
the mechanisms of failure [95].

More accurate models come from hydrocodes. These account for impacts where the



37

energy exceeds the materials’ strength by an order of magnitude and as such assumes the
material is in hydrodynamic behavior. See [96] for more explanation on the development and
distinction of hydrocodes from FEA.

UHMWPE in both fiber and bulk form have been studied relatively well. However, the
composite form of UHMWPE is relied on for safety in many applications. The science of
how these composites behaves is underdeveloped and not fully understood. Unfortunately,
the assessed values of the UHMWPE fibers in lab often greatly over perform the units found
in the field [6]. Understanding the response of these materials after aging is essential to
designing safe systems for the future. The work presented here seeks to aid and assist those
developing both analytical and engineering models by providing them with viscoelastic and
thermo-mechanical properties after multi-physics aging of these UHMWPE fiber reinforced

composites.
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EXPERIMENTAL METHODS

This chapter details the plans, procedures, and methodologies for the experiments

herein.

Specimen Manufacturing and Preparation

When UHMWPE fibers are integrated with a matrix, typically a soft thermoplastic, the
resulting structure exhibits low interlaminar shear strength. This characteristic tends to skew
the outcomes of tensile testing conducted on multiple plies [2, 89, 97]. With a thicker sample,
the fibers on the inner plys are loaded less from this phenomenon. As the coupon thickness
increases, the reported tensile strength decreases with traditionally gripped tensile coupons.
To accurately characterize the composites, a different testing approach was developed and is
recorded in this chapter. These composites are distributed as a consolidated sheet of [0/90],
in a roll 162 cm wide. For clarity sake, one layer is defined as [0/90],, rather than describing

it as one ply.

Material Selection

Rolls of 162 cm wide single layer Dyneema® HB-210, HB-212, and Honeywell Spectra
Shield® 5241 (SR-5241) were acquired through material distributors. A 95 layer consolidated
HB-212 panel was purchased from ITEN Defense in Ohio. HB-210 is made with SK-99
Dyneema® fibers, and a polyurethane rubber matrix (PUR). HB-212 is also made with the

same SK-99 fibers and consolidated with a synthetic rubber matrix made by Kraton® [98].

Sample Preparation

Several methods for preparing test coupons were evaluated to identify the most

effective technique for producing samples for subsequent testing. Considering the material is
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engineered to halt bullets and guard against stab wounds, it is not surprising that cutting

it into testable sample sizes presents a significant challenge.

Cutting A laser cutter, waterjet, hot knife, die punches, rotary cutter, scissors, serrated
scissors, band saws, miter saws, tile saws, razor blade, and medical grade scalpels were all
explored as methods to cut the UHMWPE, each with varying degrees of success.

The laser cutter successfully made it through all single layer materials, but struggled
with multiple plys. The thermoplastic polyethylene and matrix would melt and flow down
into the cut. The quality of the single ply cuts varied. Optimization of power, travel speed,
and the number of passes was conducted to minimize the effects of melted edges. Scanning
Electron Microscope (SEM) imaging revealed a heat-affected zone measuring approximately

350 pm, as shown by the SEM image in Figure 3.1.

Figure 3.1: Heat affected zone of laser cut HB-210 (a) enlarged section (b) melted edge of
HB-210 layer.

Additionally, the quality control of the coupon size was not reliable when using the
laser cutter in batched cuts. An even grid of rectangles 25 mm by 10 mm with 5 mm spacing
was loaded into the laser cutter program to cut out multiple coupons at a time. Issues arose
as a fan inside the laser cutter would cause the composite to move during cutting. To solve

this, a frame was built, and the fabric was stretched over the frame, similar to a canvas for
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painting. However, since this material is unidirectional, it did not stretch evenly and fibers
became misaligned. Laser cutting multiple coupons for dynamic mechanical analysis proved
less than optimal. Laser cutting was ultimately discontinued as the edge effects of the melted
region dominated the DMA tests.

The waterjet at Montana State University was not large enough to cut the HB-212 95
layer plate; therefore, the waterjet at Slabworks of Montana was utilized to cut 2.54 cm by
26.6 cm rectangles from the plate, and 2.54 cm by 162 cm strips from the single layer roll.
This waterjet is traditionally used to cut: granite, quartz and other stones for commercial and
residential use. The abrasive solution was not changed or cleaned before cutting. For pressed
panels of multiple plys, waterjetting has an advantage for cutting over other methods, but
the abrasive may result in interlaminar deposits between the plys, contaminating the test
samples. Others have had success in cutting with a femptosecond laser or a small waterjet
95, 99].

A hot knife was used to cut larger strips off the rolls of single ply material, but this
required the edges to be cleaned up before testing. The hot knife method did not successfully
cut the thinner (<25 layers) pressed panels. Die punches and leather punches were tested
to make DMA shaped coupons. This required a large amount of force to cut through even
a single ply. G10, rubber mats, and wood sheets were used as backing material to allow
the punch to shear the UHMWPE sheet. This method is not recommended based on the
ergonomic strain and lack of consistency.

Rotary cutters, scissors, serrated scissors, and paper/fabric shear all failed to cut the
UHMWPE composites. The use of the fine-toothed blade band saw and miter saw caused
fiber pullout and fraying, rendering the samples unusable. Using a diamond blade ceramic tile
saw is not recommended for cutting due to fraying and edge effects from localized heating.

The most effective method for cutting coupons was by using a medical scalpel with

disposable blades. Aluminum templates and fixtures were designed and manufactured to
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ensure coupon uniformity between testing series.

Pressing Plates (Ply Consolidation) Single semi-preg [0/90]z, sheets were cut using both

a hot knife and scalpel into 30 cm squares and placed between two pieces of Teflon film. These
sheets were stacked with 15 and 25 layers and pressed at 500 kPa (the maximum this machine
could produce) and held at 130°C for 1.5 hours. Figure 3.2 shows the preparation to make a

smooth finish planar consolidated plate in the heat press.

(b)

Figure 3.2: Square HB-210 (a) without Teflon paper cover (b) with Teflon paper ready to
hot press.

Round plates were also produced as seen in Figure 3.3.
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Figure 3.3: Round HB-210 plate of 25 layers.

These pressed sheets were cut into 2.54 cm wide strips to test in three point bending.
Additionally, these coupons were tabbed for tensile testing. Since these are continuous fiber
composites, the tensile coupons are not dog-bone shaped, but rectangular.

Another method attempted for consolidation of the plys was using a vacuum bag on
an aluminum plate in an oven at 130°C for 12 hours under a 10 kPa vacuum. This method
was not utilized as the top surface had imperfections and wrinkles from the vacuum bag.
A comparison of the surface produced by each consolidation method is illustrated in Figure

3.4. The left side of the image depicts the top face within the vacuum bag, while the right
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side displays the top face of the heat-pressed HB-210 panel.

Figure 3.4: Surface finish comparison of plate consolidation manufacturing methods.

Benchmark Testing

Attempts at three point bending tests of the 95 layer 2.54 cm by 26.6 cm pressed panels
at a quasi-static rate were conducted. These tests failed from ply delamination at 225 N
or 50 1b-f, which is much lower than the strength of the material. Additional tensile tests
were attempted in tension on the 95 ply samples but failed at the grips. Figure 3.5 from top
to bottom shows an untested 95 layer HB-212 coupon, failure from delamination at 175 N
during a three-point bending test, another three-point bending test delamination at 225 N,

and the bottom picture is a grip slip failure in tension.
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Figure 3.5: Initial testing rhethodology of UHMWPE composites.

In order to conduct accurate quasi-static tests a new griping procedure was developed.
With the assistance of Dan Samborsky, Tom Jungst, and several undergraduate students,
custom capstan grips were manufactured for tensile testing.

Figure 3.6 shows the relative size and layout of the grips. The bottom of grips, has an
offset tab, the tangent of the roller is co-linear with the load cell, making the coupon also

co-linear with the load cell, so that there is no bending during testing.



45

Y
B
=
|
-
&
3
(8
?
|
i

Figure 3.6: Bottom and side view of custom capstan grips manufactured for tensile testing
of UHMWPE composites.
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5 cm wide strips of single layer UHMWPE composites were cut using a scalpel on a
jig. Each end of the strip was wound once in the other direction around a piece of G10 used
as an anchor in the slit inside the roller on the capstan to best prevent the composite from
slipping on the clamp. After inserting the G10 end into the roller, these coupons were wound
twice around the capstan. A series of tests were conducted with a single wind around the
rollers in the grips, these experiments showed that two windings were necessary to prevent
grip slippage.

The rate of displacement for these tests was: 25.4 mm per minute with a preload of 45
N. Optical strain and crosshead travel were recorded in lieu of an extensometer and strain
gauge as both failed adhesion to the composite. The gauge section for all tests was 30.48 cm.
To prevent delamination of the 90° plys, the coupons were mounted with the 0° fibers along
the roller. The temperature in the room was 20°C to 21°C with a relative humidity between

20% and 36% during the tests.

Tabbing
Due to the low coefficient of friction of UHMWPE composites, grip slippage occurs
during tensile tests. To mitigate this issue, single layer, five-layer, and ten-layer UHMWPE

fiber reinforced composites were tabbed with G10 and two-part epoxy for tensile testing.

Differential Scanning Calorimetry

Differential Scanning Calorimetry (DSC) was used to characterize the UHMWPE
fiber reinforced composite’s response to temperature shifts. The goal of this experiment
was to determine the glass transition temperature, melting temperature, and relaxation

temperatures to characterize the UHMWPE thermoanalytical response.
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Figure 3.7: TA Differential Scanning Calorimetry Machine (DSC 25).

Figure 3.8 shows the sample size of UHMWPE fiber reinforced composites cut to fit
inside a DSC cup. From left to right is a piece of UHMWPE composites, the DSC cup lid,
the DSC cup, and a sealed DSC cup after loading with 25 mg of UHMWPE composite.
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Figure 3.8: DSC sample preparation.

e

Multiple experimental series of five tests on each type of UHMWPE fiber reinforced
composites were conducted varying the temperature range and rate. The temperature was
increase at rates of 5°C/min, 10°C/min, and 20°C/min with a temperature range was from
-150°C to 200°C. Since this is a composite, there were no discernible transitions through DSC
compared to single material testing. The non-conclusive results are not included in this body
of work. If the constituent parts of this composite were able to be obtained, DSC would yield

useful insights into how this composite responds to thermal aging.

Dynamic Mechanical Analysis

A TA Instruments Q-800 Dynamic Mechanical Analyzer was used to characterize the
viscoelastic response of the composites. The single layer coupons were loaded in the same
orientation for all test, as this composite is not symmetric. The 0° face was placed towards the
back of the clamp and the 90° was towards the front of the clamp to prevent delamination,
with the exception of the [£45],. Partway through this research the DMA tensile clamp was
changed.

After the original equipment manufacturer tensile clamp was deemed defective, a

secondary clamp was designed and fabricated. This new clamp improved on the previous
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design by allowing the clamping force to be applied in compression through a screw rather
than through the screw and a hinge. Two different sizes of samples were used to accommodate
the two different tensile clamps, ensuring that all the fibers were loaded in tension during
the test. The width of the second clamp was slightly smaller than the original, resulting in
a change in sample dimensions from 25 mm by 10 mm to 25 mm by 7.5 mm. The width
changed to ensure that the mass was balanced over the dovetail and centered on the axis.

All tested coupons were made of single layer UHMWPE fiber reinforced composites.

Figure 3.9: TA Q800 Dynamic Mechanical Analysis machine.

Temperature Ramp

During dynamic mechanical analysis, the temperature of the UHMWPE fiber reinforced
composites was varied to characterize the viscoelastic response across the working temper-
ature range. The coupons were cooled using liquid nitrogen-cooled nitrogen gas purge. A
preload of 0.1 N was applied before subjecting the samples to a sinusoidal frequency of 1

Hz at 5 MPa stress. The temperature was then increased from -50°C to 100°C at a rate of
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3°C/min, all within a nitrogen gas environment.

Creep

Creep tests were conducted to characterize the strain response and susceptibility to
creep after aging. The procedure involved initially holding the temperature at 35°C for 10
minutes without applying a load, ensuring uniform temperature throughout the thickness of
the single layer [0/90], UHMWPE composite. A preload of 0.1 N was then applied before
maintaining a 5 MPa stress for 10 minutes, followed by unloading the stress and recording the
strain for 20 minutes. Five samples of single layer HB-210 for each aging group were tested. To
ensure precision, DMA tests were carried out at a constant temperature of 35°C, maintained
for five minutes before and throughout the test duration, ensuring uniform temperature

distribution within the composite for accurate polymer analysis.

Strain Rate Ramp

To characterize the complex modulus across various strain rates, samples of UHMWPE
fiber reinforced composites were held at a constant temperature of 30°C for five minutes to
achieve thermal equilibrium. A preload of 0.1 N was applied before subjecting the samples
to a sinusoidal strain rate, gradually increased up to the maximum parameters of the DMA
machine. Due to machine limitations, a strain of 0.03% was applied to each sample across
a frequency range of 1 Hz to 200 Hz, which fell within the linear portion of the elastic
region of all UHMWPE fiber reinforced composites tested. A minimum of five DMA tests
were conducted for each aging condition to characterize the behavior, with the mean average

material property reported along with the error bars representing the 95% confidence interval.
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Soaking

Both single layer and pressed panel UHMWPE composites were aged in simulated sea
water and distilled water for nearly two years at room temperature, ranging between 18 °C
and 23 °C.

Two types of environments were prepared according to ASTM D-1141-52 Formula A, as
outlined in Table 1, Section 4. Each clean container was filled with 3 liters of distilled water,
and 125.85 g of “Sea Salt”, as specified in the ASTM standard was added. The mixture
was vigorously shaken with a lid until the salt dissolved. The pH of the solution was not
monitored; therefore, no sodium hydroxide or hydrochloric acid was introduced, nor were
heavy metals. Separate containers were utilized for each type of matrix. The waterjet cut 95
layer HB-212 pressed panels were placed in separate containers, each filled with 3 liters of
distilled water and the simulated sea water mixture, for aging.

The 2.54 cm by 26.6 cm waterjet cut consolidated HB-212 95 layer pressed panel coupons
were placed in both the salt water and distilled water to age. The pressed panel coupons
are buoyant, therefore, stainless steel mesh with an extra piece of stainless steel was used to
weigh it down. The mesh was placed around the coupons to allow the water to contact all
sides of the coupon for diffusion and hydrolysis to occur.

Both single ply HB-210 and HB-212 samples were precisely cut using a scalpel and
positioned inside the stainless steel mesh and submerged in the water filled containers. Three
smaller DMA shaped coupons were left floating in a separate glass jars to observe when
buoyancy was lost.

The weight of each coupon was measured and recorded before soaking. Periodic
measurements of the weight of each sample were taken throughout the 669 day aging process.
In order to measure water uptake, the 95 layer coupons were removed from soaking and left

to air dry for 1 hour in order for the excess surface water to evaporate before measuring
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the weight. The single layer samples were left out for 30 minutes to let the excess surface
water evaporate before measuring the weight and replacing inside the jars. After 49 days,
the stainless steel mesh began to show signs of corrosion in the single layer containers. A
second round of jars with distilled water and salt water were created using the same ASTM
standard and the samples of HB-210 and HB-212 were soaked without the stainless steel
mesh. A separate container with just the stainless mesh was placed in a container without

any UHMWPE to monitor corrosion and precipitate in the water.

Hygrothermal

The hygrothermal aging combined temperature and humidity cycling following ASTM
G154, cycle 4, without the UV irradiance to isolate the effects of UV from hygrothermal

aging, which are summarized in Table 3.1.

Table 3.1: Hygrothermal Aging Exposure Cycle

Condition Duration Temperature

Evaporation 8 hours 70 (£3)°C
Condensation 4 hours 50 (£3)°C

Single ply Dyneema® HB-210 and HB-212 samples were held for 8 hours at 70°C
before turning off the UV bulbs and reducing the temperature to 50°C for 4 hours and then
repeating the cycle for the specified time with the humidity and water being present in the

test chamber.
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Oven Aging
Single ply Dyneema® HB-210 and HB-212 samples were placed into an oven and
held at 70°C for 8 hours before reducing to 50°C for 4 hours and cycling between the two

temperatures in an oven without added humidity. Table 3.2 summarizes the aging conditions.

The relative humidity inside the building was on average 20% for the duration of the aging.

Table 3.2: Oven Aging (Dry) Exposure Cycle

Duration Temperature

8 hours 70 (£3)°C
4 hours 50 (£3)°C

Isothermal aging of single layer HB-210 was done at 70°C and at 50°C in these same

ovens for 25, 50 and 100 hours.

Radiation Sources

Ultra-Violet (UV), X-ray, y-ray, and neutron sources were used to age the UHMWPE

fiber reinforced composites.

UV Source

Single ply samples of HB-210 were cut into 75 mm by 150 mm rectangles and mounted
inside the Q-Labs QUV Accelerated Weathering Tester, which simultaneously simulated dew,
temperature fluctuations, and exposed the samples to UV radiation. One side of the ply was
exposed to UV and the humidity/dew simulator, while the other side was held up against

the aluminum fixture.
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Table 3.3: ASTM G154 UV Exposure Cycle 4 (modified)

Lamp Typical Approximate  Exposure Cycle
Irradiance Wavelength
UVA-340 1.2 W/(m? nm) 340 nm 8 hours UV at 70
(£3)°C

4 hours Condensation

at 50 (£3)°C

This accelerated aging was based on ASTM G154 and ASTM G151, the standard
practice for exposing nonmetallic materials in accelerated test devices that use laboratory
light sources. The UVA-340 nm bulbs were set to an irradiance of 1.2 W/(mm? - nm) for 8
hours and held at a temperature of 70°C before turning off the UV bulbs and reducing the
temperature to 50°C for 4 hours.

This cycle repeated until samples were removed after 100 hours, 200 hours, 400 hours,
and 800 hours of UV exposure, and evaluated by Dynamic Mechanical Analysis (DMA) and
a Scanning Electron Microscope (SEM). 100 hours is approximately one year of average
irradiance in the Northern New Mexico. The samples were repositioned according to ASTM

G151 during testing to ensure uniform UV exposure.

X-Ray Source

An X-RAD320 cabinet was used to irradiate single layer HB-210, HB-212 and SR-5241.
Samples were placed within viewing window of the collimator and irradiated one at a time.
Table 3.4 shows the total measured dose, time exposed, and calculated average dose rate for

the X-ray aging.
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Table 3.4: X-ray Exposure for HB-210, HB-212, and SR-5241

Measured Dose (Gy) Exposure Time (s) Average Dose Rate (Gy/min)

1 12240 0.49
) 621+£3 0.48
10 127248 0.47
20 2595+£11 0.46

Gamma-Ray Source

A Gammacell 220 at Oregon State University used a °Co to irradiate single layer
HB-210, HB-212, and SR-5241 UHMWPE composites.

These samples were cut using a scalpel into 12.7 cm squares, and placed in separate
zippered top plastic bags and loaded together in the Gammacell 220 for each dose. Table

3.5 contains the total dose detected, time exposed and calculated average dose rate for the

v-ray aging.

Table 3.5: y-ray Exposure for HB-210, HB-212, and SR-5241, Dose Rate = 42 Gy/min

Measured Dose (kGy) Exposure Time (min)

0.1 2.3
1 23.7
10 237

100 2370
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Neutron Source

The thermal column in the research reactor at the Oregon State University Radiation
Center was used to irradiate single layers of HB-210, HB-212, and SR-5241 with neutrons.
Samples were cut using a scalpel into 10 ¢m squares and mounted on the stringer inside

plastic bags before insertion into the thermal column.

Scanning Electron Microscope

UHMWPE is not a good conductor of electricity. Polyethylene is commonly used to
insulate many types of residential and commercial wires. Before using the field emission
scanning electron microscope (SEM), the coupons were placed onto a conductive carbon tape
on the SEM slide. The samples were coated with iridium to conduct the electrons during
imaging. The iridium target was turned on for 60 seconds at 2 mA with the UHMWPE
mounted on the slide. The SEM used for all imaging in this work was a Zeiss SUPRA
55VP located in the Imaging and Chemical Analysis Laboratory (ICAL) at Montana State
University.

Figure 3.10 is an example of a polished resin puck with UHMWPE fiber reinforced
composites cross-sections to optically determine the axial fiber area. These cast resin pucks
were polished through a series of increasing sandpaper grit sizes before imaging on an optical
microscope. The soft thermoplastic fiber surface smeared during polishing preventing a clear
view of the fiber cross section. A high grit polish was used on a final pass of one puck.
Because the composite is softer than the resin puck, the polish contaminated the sample
surface. Through multiple polishing procedures and mounting techniques, the fiber cross

sectional area was not able to be determined either through an optical microscope or SEM.
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Figure 3.10: Resin puck prepped with carbon tape ad coated with iridium for SEM imaging.

Figure 3.11 is an example of the surface of a [0/90], cross sectional area of UHMWPE
composites after polishing in the SEM. The 90° fiber direction in the center of the photo,
where the two 0° fiber plys are on the top and bottom of the image respectively. Although,
the 0° fiber layer appears as a solid section due to the localized heating and melting during

the polishing process.
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Figure 3.11: SEM image of a cross-sectional area of [0/90] UHMWPE composite after
polishing.
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QUASI-STATIC TESTING

Tensile Testing

Single layer UHMWPE fiber reinforced composites were mounted into the custom
capstan grips.
Figure 4.1 is an unaged coupon of UHMWPE fiber reinforced composite 5 cm wide

mounted in a 8562 Instron servo-electric test machine.

Figure 4.1: Unaged tensile coupon mounted on capstan grips, 30 cm center to center length.

Figure 4.2 illustrates the failure process of a single layer of UHMWPE fiber reinforced

composite captured in a time-stop photo during testing. From left to right, the images show
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the initial condition, the onset of fiber failure, and the conclusion of the test. The camera

angle presents the 90° face towards the viewer, while the 0° ply faces away. Notably, all

samples failed at the center of the gauge section.
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Figure 4.2: Typical tensile test failure progression in capstan grips.

The temperature and relative humidity in the room during the tensile test series

recorded in Table 4.1.

Table 4.1: Ambient Conditions During Tensile Testing

Material Temperature (°C) Relative Humidity (%)

HB-210 20.5 22
HB-212 20.8 22
SR-5241 20.6 37

Twelve samples were tested for each type of UHMWPE fiber reinforced composites. The

results are summarized in Table 4.2, where the strain is reported from the value recorded at
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max load, and the tensile strength is calculated from the entire layup [0/90], and not the
fiber cross-section area in the 0° direction.

HB-210 has the highest average tensile strength and strain at maximum load from
the testing series, while HB-212 and SR-5241 have a similar tensile strength and strain at
maximum failure. However, the HB-212 strain at maximum load is on average a percent less
and has a standard deviation three times higher than HB-210. HB-212 and HB-210 have the
same fiber type, but different matrix material. The variance between the values of load and
strain is most likely due to fiber misalignment in sample preparation. The synthetic rubber
matrix of the HB-212 has a tacky feel and is more soft compared to the PUR matrix of HB-
210 and SR-5241. Even though the same jig and sample preparation procedure was used, the
softness and deformability of the single layer HB-212 prevented the alignment of the fibers
during cutting compared to the SR-5241 and HB-210. The SR-5241 has a similar fiber volume
fraction to HB-210 and HB-212 and has the same type of PUR matrix as the HB-210. These
fibers are made from a gel-spinning process with paraffin wax rather than decalin, ultimately
producing a fiber with a lower strength as observed in Table 4.2. Additionally, the relative
humidity was higher during the SR-5241 series than the other series which contributes to a
decrease in performance of the UHMWPE fibers.

Table 4.2: Tensile Strength of Single Layer UHMWPE

Strength (MPa) Std. Dev. Strain (%) Std. Dev.

HB-210 1280 145 2.7 0.3
HB-212 895 195 1.5 1.0
SR-5241 875 158 1.3 0.2

Due to the long length, and flexible nature of the composite some warpage occurred

in cutting. This led to fiber misalignment in the tensile tests, where one side of the sample
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would fail first and tear across as seen in Figure 4.3.

Figure 4.3: Fiber misalignment in tensile coupon evidenced by tearing in a rejected HB-212
test.

In Figure 4.4 (a), a coupon is incorrectly mounted, presenting the 90° face to the grips,
which leads to ply delamination and grip slippage. To mitigate grip slippage, all samples

were correctly oriented with the 0° face inward, as demonstrated in Figure 4.4 (b).
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(b)

Figure 4.4: Post tensile test view of mounting (a) 90° face inwards (b) 0° face inwards.

Fiber Angle Effects on Dynamic Mechanical Analysis

Since acquisition of the composite’s constituent parts of matrix and fibers or single ply
layups was not possible, the fiber angle of coupons was varied to characterize the tensile
properties of the matrix. A tensile test with a continuous fiber layup of [+45]5, none of the
fibers are undergoing tension and a simulated shearing test is created. This test is designed
to characterize the viscoelastic response of matrix and fiber-matrix interface.

Figure 4.5 depicts the failure of a quasi-static tensile test of Spectra 5241 [£45], under
a displacement rate of 0.1% strain per minute. The [+45], coupons begin to neck in the
center before failing in shear of the matrix along fiber angle. Necking of the [£45]s coupon
occurs at 22% +1% strain and ultimate failure through delamination occurs at 44% +2%

strain.
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Figure 4.6 shows the effect of fiber angle on the storage modulus for temperatures
between -50°C to 100°C. The [0/90], configuration has a storage modulus four times higher
than the [£45], at -50°C, as is expected since the fibers are axially loaded in the former
layup, but not the latter. The 95% confidence interval is plotted in the shaded area around
each line. The storage modulus (E’) for both fiber orientations decreases as the temperature
rises, which follows convention. As the polymer approaches melting temperatures, it behaves
more rubbery and the storage modulus continues to decrease. There is an exception to
this behavior for a small window between 18°C and 28°C where the [0/90]2 storage modulus
increases by 1 GPa before returning to the downward trend as temperature rises. This testing
perturbation could have resulted from the polymer chains and fibers not being fully seated
in temperatures below 18°C, and before uniform loading the fibers, which occurred between
18°C to 28°C. The [+45]; samples demonstrated a consistent decrease in storage modulus
for the entire temperature range. The shaded area around both the gold line and blue line
are 95% confidence interval for the tests. The gold line represents the [0/90]s coupons, and
the solid blue line represents the [£45], samples. The confidence interval of [0/90]5, sample
is larger than that of the [+45]; likely from the variation in the fiber strengths along the

composite compared to the variation in the matrix.
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SR-5241 Unaged Storage Modulus
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Figure 4.6: Comparison of fiber angle on SR-5241’s loss modulus at strain rate of 3x10! (s).
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Figure 4.7 depicts the loss modulus (E") versus temperature for both fiber angles. The
[0/90]2 has an inflection point at -2°C where the loss modulus increases up to 60°C, before
decreasing as temperatures approach 100°C. The [£45], coupons exhibit a slight increase in
loss modulus for temperatures between -50°C to -30°C, before following the decreasing trend
as temperatures increase to 100°C. This suggests the optimal temperatures for dissipating
energy for [0/90], are between 35°C and 100°C. While the [£45], performs best for dissipating
energy around -30°C, the magnitude of the loss modulus is lower than the [0/90], orientation
for all temperatures. There is also a slight increase in the loss modulus at -30°C for the
[0/90]5 layup, suggesting that this increase is due to the PUR matrix. As these UHMWPE
fibers are stretched during the gel spinning process, molecular weights of chains are formed
in a spectrum as well as natural flaws in the fibers which leads to a greater spread in the

modulus compared to the [£45], test which is dominated by the homogeneous matrix.
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SR-5241 Unaged Loss Modulus
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Figure 4.7: Comparison of fiber angle on SR-5241’s loss modulus at strain rate of 3x10! (s1).
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Figure 4.8 shows the tan ¢ for both fiber angles over temperature. While the [+45],
tan ¢ is greater than the [0/90]; tan § for all temperatures reported in Figure 4.8, this
does not mean that the [£45], is stronger, only that the relative ability for the material
to dampen energy is greater than the [0/90]y layup. The ability for both fiber orientations
to dampen energy increases with temperature, except for the [+45]5, which peaks at 28°C

before decreasing slightly as temperatures increase to 100°C.

SR-5241 Unaged Tan ¢
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Figure 4.8: Comparison of fiber angle on the tan ¢ response of SR-5241.

Table 4.3 shows the effect of strain rate on the viscoelastic response of [0/90], and

[£45]5 layups. As strain rate increases, the storage and loss moduli also increase.
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Table 4.3: SR-5241 Viscoelastic Tensile Properties at 30°C

Strain Rate (s!) Storage Modulus (GPa) Loss Modulus (GPa)

[0/90], [445], [0/90], [445],
2x1072 12 9x1072 2.6 4x1072
4x107* 19 1.5x10" 3.3 7x1072
1x10° 20 2x107" 3.7 8x1072

A viscoelastic material parameter characterization of two fiber angles [0/90], and [£45],
of a single prepreg laminate of SR-5241 was conducted while remaining in the linear elastic
zone of the material. This study demonstrated that the majority of the dampening and
dissipation of energy comes from the UHMWPE fibers for the operational temperatures and

not the matrix. However, the matrix is still crucial to functionality of the composite.
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WATER AGING RESULTS AND DISCUSSION

Water has a deleterious effect on polymer composites, however the manufactures of
these UHMWPE materials claim this material does not absorb water. As these composites
are used in areas that experience high humidity or even total submersion it is important to
understand how these composites age with water. This chapter details the results of water
aging from experiments introduced in Chapter 3, and provides a commentary on how these
composites responded to aging.

UHMWPE composites both as single layer and in 95 layer pressed panel form were
aged at room temperature by soaking in simulated sea water, herein referred to as salt
water, and distilled water according to ASTM D-1141-52. The weight increase from water
absorption was measured periodically over the 669 day test. Single layer UHMWPE samples
were observed under a scanning electron microscope for changes in surface morphology after
water submersion. The single layer samples that survived the water aging were interrogated

via dynamic mechanical analysis.

Pressed Panel Aging

95 layer pressed panel HB-212 coupons were soaked in jars filled with salt water and
distilled water for 669 days. After 129 days, the pressed panels began to show biological
growth in the form of black splotches between plys. Figure 5.1 shows the beginning stages

of fungal growth on the consolidated coupons in the salt water aging study.
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(a) (b)

Figure 5.1: Beginning stages of fungal growth on HB-212 salt water pressed panels.

The fungal growth continued throughout the aging as shown in Figure 5.2, which
warranted further investigation. A study on fungal growth was conducted by NTS labs to

investigate the susceptibility of these composites to biological growth.

Figure 5.2: Interlaminar fungal growth after 669 days in salt water.

Figure 5.3 shows the distilled water aged samples had an orange tint from the stainless

steel cage corroding during the 669 day submersion. This is not likely due to biological
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growth.

Figure 5.3: 95 layer pressed panel HB-212 samples from top to bottom: salt water, distilled
water, and unaged.

This fungal growth only appeared in the pressed panels that were waterjet cut and
aged in salt water. There are two main theories for the growth. One is contamination from
manufacturing like oil from fingerprints during layup at ITEN defense. The second form of
contamination is from the waterjetting processes where the abrasive and other contaminates
can travel between plys, creating gaps, which led to fungal growth areas. This growth
occurred despite manufactures claiming that this material is not susceptible to fungus.

NTS was contracted to expose the UHMWPE composites to fungal growth. These tests
were conducted according to MIL-STD 810G and MIL-STD 810H, which give the fungus
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the most ideal conditions to grow. There appeared to be a small amount of fungal growth

on the ends of a few delaminated fibers as seen in Figure 5.4.

— -

Figure 5.4: Trace growth on frayed edge likely due to confamination from cutting, 28 days
after fungal inoculation.

This amount of growth is next to nothing compared to the control samples after 7 days

as seen in Figure 5.5.
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Figure 5.5: NTS control samples 7 days after inoculation.

Figure 5.6 depicts those same control samples after 28 days.



According to evaluation criteria in MIL-STD-810H there is no growth on any of the
UHMWPE samples after 28 days on the 95 layer pressed panel.

The weight was periodically measured to determine the diffusion of water into the
samples over time. The average weight increase from water uptake for the 95 layer pressed
panel samples of HB-212 is shown in Figure 5.7. Both the salt water and distilled water

soaked 95 layer HB-212 pressed panel coupons remained buoyant after 669 days.
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HB-212 Pressed Panel Water Uptake
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Figure 5.7: Average water uptake for 95 layer HB-212 water jet cut panels at 20°C.

The distilled water uptake increased the average weight of five coupons by 12%, while
the salt water aged coupons increased by only 7% over the 669 day test. While the salt water
can deposit salt crystals on the surface of the composite, potentially adding to the weight,
the distilled water creates an environment that ages the matrix faster. As the distilled water
has less total dissolved solids, the water has a higher ability to leach synthetic rubber matrix
from the composite. The degradation of the matrix creates voids for the water to fill which

increases the weight of the composite through this hydrolysis reaction faster than salt water.
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Single Layer Aging

Single layer HB-210, HB-212, and SR-5241 were aged in separate jars of salt water and
distilled water. At 37 days, both the HB-210 and HB-212 distilled water samples sank to the
bottom of the jar. After 49 days, the HB-212 single layer samples in the salt water appeared
neutrally buoyant, while the HB-210 in the salt water remained buoyant. There was a white
powder precipitate that collected on the bottom the jars. The distilled water jars had a
slightly thicker layer than the salt water jar. The stainless mesh had a thin mucus-looking
deposit that formed in both salt water and distilled water containers. Figure 5.8 shows the
(a) unaged and (b) 50 day aged HB-210 in distilled water. At the end of the 669 day test

the HB-210 salt water aged samples still floated.

(a) (b)

Figure 5.8: Aging in distilled water: (a) day 1 (b) day 50 with matrix collecting at base of
jar.

The distilled water collected more white sediment at the bottom of soaking aging jars
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compared to the salt water aged samples. Figure 5.10 shows corrosion products depositing
onto the surface of the HB-212 distilled water samples, along with a large amount of white
sediment on the bottom of the jar. This sediment is evidence of hydrolysis of the matrix.
As the distilled water has less total dissolved solids compared to the salt water, there is a
higher potential for matrix dissolution. The distilled water has fewer ions and therefore a
lower state of entropy, which accelerated the aging process. While the presence of salt water
can accelerate the corrosion process as the salt ions facilitate the movement of electrons,
the higher solvency power of distilled water causes the corrosion of the matrix to occur at a
faster rate.

At the end of the 669 days, the HB-210 salt water samples were the only single layer
samples floating. This is likely due to the slower rate of matrix dissolution and the higher
density of the salt water combined with the PUR matrix being less reactive with the water
compared to the Kraton® rubber.

Single layer HB-210 and HB-212 were aged in distilled water for 669 days. The average

increase in weight for the single layer HB-210 and HB-212 is shown in Figure 5.9.
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Single Layer UHMWPE Water Uptake
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Figure 5.9: Average water uptake for single layer UHMWPE composites at 20°C.

The single HB-212 samples soaked in saltwater exhibit a higher average percentage
increase in weight breaking from the trend established in the pressed ply’s. This is attributed
to the corrosion of the stainless steel cage within the solution, which subsequently deposited

some of this oxidation onto the samples, as depicted in Figure 5.10.
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Figure 5.10: Oxidation of stainless steel cage on HB-212 in distilled water with matrix
material covering bottom of jar.

The single layer samples were also tested for fungal growth at NTS according to MIL-
STD 810H. Figure 5.11 is a sample of SR-5241 at 28 days with a bit of fungal growth on the
edge fibrils, likely from contamination after cutting. The single layer HB-210 and HB-212
samples showed no growth after 28 days. The full report following MIL-STD 810H for fungal

testing conducted by NTS is in Appendix A.
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Figure 5.11: Trace fungal growth, 28 days after fungal inoculation on single layer SR-5241.

The single layer HB-212 aged samples appeared delaminated and had significant fraying
and fiber pull out as the matrix appeared to have significant hydrolysis and dissolution into
both the salt water and distilled water. As such, these samples were unable to evaluated
using dynamic mechanical analysis. Only the HB-210 single layer samples were able to be
tested through dynamic mechanical analysis.

Figure 5.12 illustrates a slight decrease in storage modulus over temperature for the
single layer HB-210 coupons after 669 days of water submersion. The error bars, representing
the 95% confidence interval for the tests, are displayed every 40°C for clarity and readability.
Comparatively, the salt water aged samples demonstrate a slightly higher storage modulus
across the temperature range compared to those aged in distilled water.

The impact of distilled water on the storage modulus of the single-layer composite is

attributed to matrix dissolution and potential chain scission of the fibers, occurring at a
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higher rate than in salt water. Notably, the salt water aged samples exhibit a slight increase
in storage modulus from 5°C to 40°C, possibly due to an averaging error from a small sample
set. It is expected that as the number of tested coupons increases, this error will decrease.
However, as the polymers approach the melting temperature, the ability of this composite

to respond elastically is anticipated to decrease.

HB-210 Water Submersion Storage Modulus
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Figure 5.12: HB-210 storage modulus from DMA with a temperature ramp and single strain
rate 4x107 (s71).

Figure 5.13 depicts the slight increase in loss modulus over temperature of the water
submerged HB-210 single layer samples. The confidence interval for the unaged samples is
higher for the storage modulus compared to the salt water and distilled water aged samples,
due to the small sample size. With more testing, the average unaged loss modulus is expected
to increase. The salt water aged samples outperform the distilled water through a higher loss

modulus, meaning the composite retains more ability to dissipate energy.
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HB-210 Water Submersion Loss Modulus
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Figure 5.13: HB-210 loss modulus from DMA with a temperature ramp and single strain
rate = 4x107 (s1).

The trend continues at 30°C as the strain rate increases. Figure 5.14 is the storage
modulus over strain rate for HB-210 with the number of tests ‘n’ in the legend. The storage
modulus is reduced by half with submersion. The distilled water reduces the storage modulus

response slightly more than the salt water aging.



84

HB-210 Water Submersion Storage Modulus at 30°C
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Figure 5.14: Storage modulus of HB-210 during isothermal (30°C) strain rate ramp .

Figure 5.15 is the loss modulus response of HB-210. Similar to the storage modulus, the
viscous component also decreases with soaking age. The distilled water decreased the loss
modulus greater than the salt water. As strain rate increases, both the viscous and elastic

component of the modulus increases.
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HB-210 Water Submersion Loss Modulus at 30°C
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Figure 5.15: Loss modulus of HB-210 during isothermal 30°C strain rate ramp.

The single layer UHMWPE fiber reinforced composites were imaged using a field
emission scanning election microscope (SEM). The surface morphology of these samples
changed during submersion, lending insight into how the composite aged in salt water and
distilled water. The SEM images of unaged HB-210 and HB-212 samples are shown in Figure
5.16. Figure 5.16 (a) shows the unaged HB-210 with a thick layer of polyurethane matrix
covering the fibers with a few visible holes in the matrix where UHMWPE fibers are exposed.
These holes are from manufacturing defects and are potential sites for hydrolysis reactions to
concentrate. Figure 5.16 (b) is the unaged HB-212 which has on average less matrix covering

on compared to the HB-210.
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(a) o (b)

Figure 5.16: SEM image of unaged (a) HB-210 and (b) HB-212.

Figure 5.17 shows the distilled water aged samples for (a) HB-210 and (b) HB-212,
exhibiting a few holes in the center of the matrix. The matrix coverage appears to be reduced
compared to the unaged sample, from matrix dissolution into water as evidenced by the white
power collecting at the bottom of the jars. The surface of the matrix appears rougher than

the unaged sample.

Figure 5.17: SEM image of (a) HB-210 and (b) HB-212 aged in distilled water.

Figure 5.18 presents the UHMWPE fiber reinforced composites (a) HB-210 and (b)
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HB-212 after aging in salt water. Both types of UHMWPE composites have small amounts
of salt crystals deposited on the surface. The HB-212 has less matrix coverage than the

HB-210 as seen in both the SEM images and optically after submersion.

Figure 5.18: SEM image of (a) HB-210 and (b) HB-212 aged in salt water.

Comparing Figure 5.17 and Figure 5.18, there is less overall matrix coverage on the
surface of the distilled water compared to the salt water aged samples.

Figure 5.19 provides an enlarged SEM image of the unaged HB-210 matrix void. It
shows two full fibers and the top portion of a third fiber in a horizontal configuration, with
the matrix surrounding them on the superior aspect and right side of the image. Striations
on the fiber, potentially from the gel-spinning process, are visible. The smaller aggregates

on the fibers are iridium residues from the SEM imaging process.
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Figure 5.19: Enlarged SEM view of unaged HB-210 with matrix voids exposing fibers on the
surface.

Figure 5.20 presents an enlarged SEM image of a HB-210 sample aged in distilled
water. The surface morphology reveals contaminants resembling tiny fibers visible on the

upper surface of the remaining matrix between fibers.
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Figure 5.20: Enlarged view of a SEM image of HB-210 aged in distilled Wate.

Figure 5.21 provides a closer view of the HB-210 salt water aged sample, showing salt
crystal growth on the surface, confirmed by EDX. The SEM image also reveals slight matrix
cracking due to saltwater exposure, indicating a potential hydrolysis process. Several groups
of highly crystalline objects are distinguishable, which are absent in the unaged and distilled
water aged HB-210 samples. The small circular and elliptical drops on top of the matrix are

iridium sputtering residues apparent throughout the image.
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Figure 5.21: Enlarged SEM view of HB-210 aged in salt water showing crystal deposits on
surface.

These experiments show that water aging, particularly in distilled water, significantly
impacts the physical and mechanical properties of UHMWPE composites. Despite manu-
facturer claims, these materials are susceptible to hydrolysis, fungal growth under certain
conditions, and mechanical property changes over prolonged exposure to water. The findings
highlight the importance of considering environmental aging factors in the application and

development of UHMWPE fiber reinforced composites.



91

ULTRA-VIOLET AGING RESULTS AND DISCUSSION

UHMWPE fiber reinforced composites were aged according to the procedure in Chapter
3. To understand the effect of Ultra Violet (UV) aging on UHMWPE composites, optical and
dynamic mechanical analysis observations are presented in this chapter. As the UV aging
involves the presence of both humidity and temperature cycling, studies on these separate

effects are detailed in Chapter 3 as well.

Optical and Kinetic Observations

The UV aging test created optical and kinetic changes in the UHMWPE composites
after aging. The effect of UV caused these composites to become brittle with time. The
rubber matrix was altered to a greater degree than the PUR matrix.

Figure 6.1 shows how UV changes the rubber matrix in HB-212’s color from white to
yellow to brown. The 400 hour and 600 hour samples have the laser scoring marks for DMA
samples. As stated earlier these were not used due to the edge effects dominating the DMA
tests. The HB-210’s PUR matrix did not have the same yellowing effect, but rather changed
opacity ever so slightly. The camera was not able to detect the changes in the HB-210 and

as such is not pictured here.
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HOURS OF UV: 100 200 400 600

Figure 6.1: Color change from UV exposure in HB-212.

However, Figure 6.2 is the HB-210 and HB-212 after 800 hours of the UV test where
the color is back to white because the matrix has fully disintegrated in the window exposed
to UV-A light. The result is bare fibers in the UV bulb exposure window highlighted with
black in Figure 6.3.
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Figure 6.3: Bare fibers exposed in the UV window highlighted black after 800 hours exposure.
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SEM

Scanning electron microscopy (SEM) gives more insight into the optical changes of this
material. Figure 6.4 contrasts the unaged (a) HB-210 with the PUR matrix to (b) HB-212
with the synthetic rubber based matrix. In Figure 6.4 (a) shows the uniform and thick
coverage of the PUR matrix on the surface of the composite. Figure 6.4 (b) shows a section
of the UHMWPE fiber reinforced composite with a 0° fiber bundle missing in the center,

revealing the 90° ply beneath.

(a) (b)
Figure 6.4: Comparison of unaged (a) HB-210 (b) HB-212.

After 100 hours of UV aging the matrix material’s in both composite systems began
to degrade. Figure 6.5 (a) shows the PUR matrix appearing to flow down like it is melting.
The PUR matrix coverage is similar to the unaged still. After 100 hours the HB-212 matrix
became brittle and began to yellow as shown in Figure 6.1, which weakens the matrix-fiber
interface. During mounting of the sample onto the carbon tape for SEM imaging, the fibers
pulled out, leaving behind a brittle matrix as seen in Figure 6.5 (b). The embrittlement is

likely from chain scission and crosslinking in the matrix.
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(a) (b)
Figure 6.5: Comparison of 100 hour UV aged (a) HB-210 (b) HB-212.

Figure 6.6 depicts the HB-210 and HB-212 after 200 hours of aging. The HB-210 still
has a small amount of matrix visible on the surface of the composite seen in Figure 6.6 (a).
The HB-212’s matrix has almost completely disappeared in Figure 6.6 (b), where there is a
small amount remaining in the center of the SEM image after 200 hours of UV exposure.

This matrix degraded through hydrolysis and collected in the base of the QUV machine.

Figure 6.6: Comparison of 200 hour UV aged (a) HB-210 (b) HB-212.
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Figure 6.7 shows the SEM image of (a) HB-210 and (b) HB-212 after 600 hours of UV.
Both samples have lost all matrix at this point as the Figure 6.7 shows bare UHMWPE

fibers without the matrix materials. The fibers felt brittle in hand when mounting to the

SEM slide.

(a) (b)
Figure 6.7: Comparison of 600 hour UV aged (a) HB-210 (b) HB-212.

UV DMA

Dynamic mechanical analysis was performed on HB-210 to characterize how the
material viscoelastically responds changes in temperature after UV aging. Comparing the
unaged HB-210’s storage modulus to that of 100 hours of UV exposure 4x102 (s!) shows
that the elastic response of the material is not affected.

Figure 6.8 shows how the storage modulus for the unaged and 100 hour UV fall along the
same line within the 95% confidence interval. This reaction suggests the storage modulus is

not altered at this level of UV radiation. However, Figure 6.5 (a) shows how the PUR matrix



97

is beginning to change on the surface of the composite, even though this is not measured
by this DMA technique. As the temperature of the composite increases towards the melting

temperature of polyethylene the storage modulus decreases.

HB-210 UV Storage Modulus

Unaged
100 Hour

Storage Modulus (GPa)

0 T T T T T T
40 60 80 100 120 140

Temperature (°C)

Figure 6.8: Storage modulus of HB-210 during a temperature ramp at 3°C/min with a strain
rate of 4x1072 (s1).

The UV aging causes on the viscous component of the modulus of HB-210 to increase as
shown in Figure 6.9. This increase in loss modulus can be explained by the DMA recording the
maximum loss modulus for the sinusoidal period. As this material is non-linear viscoelastic,
as the stress strain curve moves up and to the left, the loss modulus will increase. This
increase in loss modulus is at a reduction of the strain to failure. The confidence interval
for these loss results is much higher for the UV aged loss modulus compared to the unaged
and the storage modulus of the UV. This variability may be due to stochastic error in the

DMA during these tests. As the samples felt more brittle, it was expected that the loss
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modulus would decrease. However, at this strain rate, the unaged test may be dominated by

matrix effects. Only after this matrix degraded through UV exposure, the fibers are able to

be loaded and dominate the loss modulus response of the composite.

HB-210 UV Loss Modulus
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Figure 6.9: Loss modulus of HB-210 during a temperature ramp at 3°C/min with a strain

rate of 4x1072 (sh).

Hygrothermal DMA

To isolate the effects of UV-A photons from the temperature cycling and humidity

present in the standard UV aging tests, the UHMWPE fiber reinforced composites were aged

in a hygrothermal environment. The storage modulus response increases with hygrothermal

aging. Figure 6.10 is the storage modulus response at a strain rate of 4x1072 (s!) with a

temperature ramp of 3°C/min. While the hygrothermal aging increases the initial elastic

component of the modulus, as the temperature approaches the melting temperature of
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polyethylene (~150°C) the elastic component of the modulus decreases to the same level

as the unaged.

HB-210 Hygrothermal Storage Modulus
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Figure 6.10: Storage modulus response of HB-210 after hygrothermal cyclical aging.

Figure 6.11 depicts the viscous component of the modulus of HB-210 at a strain rate
of 4x1072 (s!) across temperatures approaching the melting temperature of polyethylene. As

hygrothermal aging increases, the loss modulus response also increases.
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Figure 6.11: Loss modulus response of HB-210 after hygrothermal cyclical aging.
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Temperature Cycling

As mentioned in Chapter 2, a common use case for this material is ballistics protection.
These composite system can sit in cases or inside vehicle panels for an extended duration
before use. These composites were subjected to accelerated aging from temperature cycling
based on this use environment scenario. Over time, this temperature cycling can cause the
composite material to deform slowly under constant stress, a phenomenon known as creep,
and may even lead to material flow. To examine how temperature cycling influences creep
behavior, DMA was used to characterize the composite during the creep tests. These creep
tests compare how the UHMWPE composite responds to aging in UV, hygrothermal, and
dry temperature cycling (oven).

Figure 6.12 is the maximum strain recovery (%) after a creep test of HB-210. The
control for this test is at Hours = 0. Strain recovery is ratio of recovered strain, which is
the amount of strain the material recovers after the stress is removed, divided by the total
strain UHMWPE composites experience. This recovery phase is essential in characterizing
the viscous and elastic response. Figure 6.12 shows that UV and hygrothermal aging have
a deleterious influence on the ability for HB-210 to recover from strain, confirming that
the UHMWPE material is undergoing increasing viscous behavior with age, as shown by
the loss modulus increase in Figure 6.9 and Figure 6.11. Even though the storage modulus
increased with hygrothermal aging in Figure 6.10, the material is still susceptible to plastic

deformation under the same stress.
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Strain Recovery of HB-210 at 35 °C
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Figure 6.12: Maximum strain recovery of aged HB-210 after creep test at 35°C.
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Figure 6.13 is the ratio of the creep compliance to the recovery compliance. This
relationship confirms that as the composite is aged in UV and hygrothermal environments,
the material has a higher tendency to not only deform, but also less ability to recover after
that deformation. The dry temperature cycling inside an oven has nearly no effect. The
UV and hygrothermal aging cause material changes through chain scission and crosslinking
resulting in a more brittle composite. The hydrolysis of the matrix occurs faster in the

synthetic rubber matrix in HB-212 faster than HB-210 preventing measurements via DMA.

Creep Recovery Compliance Ratio of HB-210 at 35 °C
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Figure 6.13: Ratio of creep compliance to recovery compliance after creep testing at 35°C.

During cyclical UV and hygrothermal aging, the magnitude of the complex modulus
is increasing. This is likely at the cost of ductility as the material become more brittle. In
classical elastic mechanics, the stress-strain curve is shifting up and to the left, decreasing
the toughness of the material. As shown through the comparison of the dry oven temperature

cycling compared to the UV and hygrothermal, the presence of water alters the fiber-matrix
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bond and can cause this composite to age quicker. The SEM images confirm that observation
and showcase how the rubber matrix in HB-212 is more vulnerable to aging than the PUR

matrix in HB-210.
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RADIATION AGING RESULTS AND DISCUSSION

UHMWPE fiber reinforced composites were aged in radiation environments of X-rays,
~-rays, and neutrons. After aging, these single layer composite samples were interrogated for
changes in the viscoelastic response characterized by Dynamic Mechanical Analysis (DMA).
These DMA tests followed a standard procedure described in Chapter 3. The results and
discussion of how these UHMWPE fiber reinforced composites responded to DMA after
ionizing radiation exposure are stated in this chapter.

Figure 7.1 shows the storage modulus response of unaged UHMWPE composites from
strain rates 1x10" (s) to 3x10' (s). The unaged HB-210 and HB-212 have a higher storage
modulus compared to the SR-5241 due to the choice of gel-spinning solvent resulting in a

higher drawing ratio.

Unaged Storage Modulus at 30°C
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Figure 7.1: Comparison of unaged [0/90], UHMWPE composite’s storage modulus over
isothermal strain rates.
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Figure 7.2 is the loss modulus response of these same unaged UHMWPE composites.
This shows that with an increasing strain rate, the composites have a higher viscous response,

which is advantageous for dissipating energy.

Unaged Loss Modulus at 30°C
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Figure 7.2: Comparison of unaged [0/90]; UHMWPE composite’s loss modulus over
isothermal strain rates.

X-ray Aging

X-rays are a type of ionizing radiation that have a lower energy than ~-rays. Each aging
level was conducted on a separate sample of UHMWRPE fiber reinforced composite. These
plots are the average with the number of tests represented by ‘n’ in the legend. The error

bars are the 95% confidence interval.
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HB-210 X-ray Exposure

Figure 7.3 depicts the average tan ¢ response of HB-210 after X-ray exposure. The
unaged HB-210 has the lowest tan 0 compared to the X-ray aging. The 50 Gy dose, created
a large degree of uncertainty at 1.9x10' (s!), where the tan § nearly tripled from the strain
rate of 1.9x10° (s!). This is likely an error in testing methodology as the DMA machine
began to resonate at this strain rate. The storage modulus increases with strain rate which

is expected for this viscoelastic material.

HB-210 X-ray Tan 6
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Figure 7.3: Mean tan ¢ over strain rate of HB-210 [0/90], after X-ray exposure.

The storage modulus response of HB-210 to X-ray exposure is presented in Figure 7.4.
As the strain rate increases, the storage modulus response also increases linearly across the
log scale. However, the 10 Gy aging has the highest storage modulus for all strain rates tested.
The 50 Gy and 200 Gy are statistically identical over the strain rates. While the unaged has

the lowest storage modulus response compared to the X-ray aging, which is expected as the
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ionizing radiation has the potential to increase the storage modulus through crosslinking.

HB-210 X-ray Storage Modulus at 30°C
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Figure 7.4: Mean storage modulus over strain rate of HB-210 [0/90], after X-ray exposure.

Figure 7.5 is the loss modulus response of HB-210 after X-ray aging. The loss modulus
of the X-ray aged samples decreases from 1.9x10° (s) to 3.8x10' (s!), while the unaged HB-
210 increases over that same interval. As X-ray dose increases, the HB-210’s loss modulus
response also decreases which is expected as the ionizing radiation causes chain scission,
which will reduce the dampening potential for this material. However, in the case of HB-210,
the unaged coupons have a lower loss modulus response compared to the X-ray exposed
samples. This response is from the overall complex modulus increasing as the material
becomes less tough but more brittle. Another part of this error could have arisen from
stochastic error potentially from selection of a weaker sample area from the composite to for

the DMA coupons.



109

HB-210 X-ray Loss Modulus at 30°C
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Figure 7.5: Mean loss modulus over strain rate of HB-210 [0/90], after X-ray exposure.
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HB-212 X-ray Exposure

The tan 0 response of the HB-212 material is presented in Figure 7.3. The 50 Gy and
200 Gy X-ray aged samples are nearly identical in the tan ¢ response. The 10 Gy tan ¢
has a higher degree of uncertainty at the higher strain rates, likely from the lower number
of samples tested via DMA. The unaged HB-212 tan § has an increasing trend with strain
rate, meaning that the ratio of the loss modulus increases at a faster rate than the storage

modulus.
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Figure 7.6: Mean tan ¢ over strain rate of HB-212 [0/90], after X-ray exposure.

Figure 7.7 is the average HB-212 storage modulus at 30°C after X-ray aging. The unaged
and 50 Gy samples have an identical storage modulus response, within the confidence interval.
The 200 Gy sample has the highest storage modulus response and follows the same trend
as the unaged and 50 Gy tests. This follows the theory that ionizing radiation increases the

storage modulus through crosslinking. Deviating from theoretical expectations, the sample
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exposed to 10 Gy exhibits a lower storage modulus response than its unaged counterpart.
This anomaly could be attributed to the smaller sample size, potentially influencing the

unexpected response.

HB-212 X-ray Storage Modulus at 30°C
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Figure 7.7: Mean storage modulus over strain rate of HB-212 [0/90], after X-ray exposure.

The average loss modulus response at 30°C for the X-ray aged HB-212 is shown in
Figure 7.8. The 200 Gy samples have a higher average loss modulus than the rest. The
unaged and 50 Gy samples have nearly identical loss moduli values except for at 1.9x10*
(s1) where the 50 Gy doubles that of the unaged. This could be from a stochastic resonance
in the DMA that occurs at this driving frequency /strain rate. The unaged and 10 Gy follow
the same trend over the strain rates, while the 200 Gy and 50 Gy follow the same spike trend

at 1.9x10" (s1).
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HB-212 X-ray Loss Modulus at 30°C
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Figure 7.8: Mean loss modulus over strain rate of HB-212 [0/90], after X-ray exposure.



113

SR-5241 X-ray Exposure

Figure 7.9 is the average tan 0 response to X-ray exposure of SR-5241. The tan ¢
remains nearly constant across the strain rate and through the X-ray doses, except for the
200 Gy samples at the strain rate of 1.9x10' (s'), where it doubles from 0.2 to 0.4. This
jump in tan 0 is also accompanied by a large increase in the error bars. This is likely from
resonance in the dynamic mechanical analysis machine during these test at the sinusoidal
100 Hz displacement, as evidenced by a vibration noise during this frequency testing, and

not a reflection of the material properties.
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Figure 7.9: Mean tan ¢ over strain rate of SR-5241 [0/90], after X-ray exposure.

Unpacking the tan ¢, the storage modulus of the SR-5241 after X-ray exposure is
presented in Figure 7.10. The unaged SR-5241 has the lowest storage modulus over the
strain rate of any of the samples. As the material is exposed to higher doses of ionizing

radiation, chain scission and crosslinking is more likely to occur, which will increase the
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storage modulus response as the material becomes more brittle.

SR-5241 X-ray Storage Modulus at 30°C
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Figure 7.10: Mean storage modulus over strain rate of SR-5241 [0/90], after X-ray exposure.

The average loss modulus for the SR-5241 is reported in 7.11. The X-ray aging does not
seem to have a large effect on the dampening response of this composite. There is a slight
increase in loss modulus with X-ray aging, but is difficult to discern at these total doses. As
the strain rate increases both the unaged and various X-ray dosed samples have a higher loss
modulus response. This response is expected for this material to have a higher dampening

ability as the strain rate increases.
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SR-5241 X-ray Loss Modulus at 30°C
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Figure 7.11: Mean loss modulus over strain rate of SR-5241 [0/90], after X-ray exposure.
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~v-ray Aging

To increase the amount of ionizing radiation exposure of these composites, a y-ray source
was used to age the UHMWPE fiber reinforced single layer composites. The viscoelastic
response was characterized using dynamic mechanical analysis. Each total dose level was
conducted on a separate sample of the UHMWPE fiber reinforced composite. These plots
are the mean average, with the number of tests represented by ‘n’ in the legend. The error

bars are the 95% confidence interval of the plotted mean.

HB-210 ~-ray Exposure

Figure 7.12 is the average tan o response of HB-210 after exposure to a 7-ray source.
For strain rates between 1x107 (s!) and 1x10° (s!), the tan § response is identical. However,
at 1x10' (s), the 0.1 kGy, 10 kGy, and 100 kGy have a higher response than the unaged.
The 1 kGy has a spike at that strain rate but is likely from stochastic resonance in the DMA
at that strain rate as evidenced by the higher confidence interval and the downward trend

at the higher strain rates.
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0.6
—&— Unaged (n=75)
054 —®— 0.1 kGy (n=77)
—— 1 kGy (n=75)
044 —®— 10KkGy (n=60)
100 kGy (n=60
o y (n=60)
5 0.3
F
0.2 1
0.1 1
0 -1 0 8 '
10 10 10 10

Strain Rate (s™")

Figure 7.12: Mean tan § over strain rate of HB-210 [0/90], after y-ray exposure.
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The storage modulus for the y-ray aged composites is shown in Figure 7.13. The unaged
storage modulus is less compared to the y-ray exposed composites, which is expected as the
ionizing radiation causes chain scission and crosslinking. The increasing strain rate results
in a average increase in storage modulus across the experiment, which known for these

UHMWPE fiber reinforced composites.

HB-210 y-ray Storage Modulus at 30°C
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Figure 7.13: Mean storage modulus over strain rate of HB-210 [0/90], after v-ray exposure.

Figure 7.14 depicts the average isothermal loss modulus at 30°C for the HB-210
UHMWPE fiber reinforced composite. The ~-ray aged samples exhibit a similar pattern
over the stain rate range, while the unaged remains nearly constant until strain rates above
1.9x10° (s') where it increases to 5 GPa. The 0.1 kGy coupons have a higher loss modulus
across all strain rates, which does not follow the theory that increasing radiation will decrease
the dampening ability of the material through crosslinking. This deviation could be in part

due to stochastic error during sample selection and preparation. The coupons cut from the
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composite roll used for the 0.1 kGy aging could have contained higher molecular weight fibers

than the other samples used in this experiment.

HB-210 y-ray Loss Modulus at 30°C
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Figure 7.14: Mean loss modulus over strain rate of HB-210 [0/90], after +-ray exposure.

HB-212 ~-ray Exposure

Figure 7.15 is the average tan ¢ response after y-ray aging. This shows that the y-ray
aging increases the proportion of viscous component of the complex modulus over the strain

rates compared to the unaged.
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Figure 7.15: Mean tan § over strain rate of HB-212 [0/90], after y-ray exposure.
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Figure 7.16 depicts the isothermal storage modulus response of single layer HB-212 after
~-ray radiation. The y-rays interact with the polymer to cause chain scission, but at the same
time can impart heat into the sample creating more crosslinks within the chain structure.
As strain rate increases, the storage modulus response increases, with the exception of 1x10!
(s1), which is due to the DMA recording the resonance as the material’s storage modulus.
The storage modulus nearly doubles from the unaged to the 100 kGy aged samples across
the strain rates. This trend holds true except for the 0.1 kGy which ranges between the
100 kGy storage modulus and the 1 kGy storage modulus over the strain rates tested. This
error could be from manufacturing as the molecular weight of the gel-spun polymers is not
uniform throughout the material and since these DMA coupons are small, they could have
been selected from a portion of the HB-212 roll that has a higher molecular weight leading

to a higher storage modulus.
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Figure 7.16: Mean storage modulus over strain rate of HB-212 [0/90], after v-ray exposure.
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The loss modulus response of HB-212 after exposure to y-rays is shown in Figure 7.17.
The unaged HB-212 shows a typical response of increasing loss modulus as the strain rate
increases. However, the 1 kGy and 0.1 kGy have a spike at 1.9x10' (s!). The general trend
of y-ray irradiated HB-212 is a slight decrease, under 15% decrease from strain rates 1.9x10!
(sh) to 1.9x10° (s!), and increasing from 1.9x10° (s!) to 1.9x10" (s!), and slightly decreasing
as the strain rate approaches 10% (s!). However, the viscoelastic nature of this material would
suggest that the higher the strain rate in this realm would lead to a higher loss modulus
response. There has been a stochastic resonance in the DMA at strain rates around 1.9x10!

(s1), which explains this spike.
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Figure 7.17: Mean loss modulus over strain rate of HB-212 [0/90], after v-ray exposure.
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SR-5241 y-ray Exposure

Figure 7.18 depicts the average tan 0 vs strain rates for SR-5241 single layer composites
after y-ray radiation. For strain rates less than 1.9x10" (s!) the 100 kGy aged coupons have

a highest tan 0.

SR-5241 y-ray Tan O at 30°C
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Figure 7.18: Mean tan § over strain rate of SR-5241 [0/90], after -ray exposure.

The storage modulus response of the composite made from gel-spun fibers dissolved in
decalin consolidated with a polyurethane rubber matrix is plotted in Figure 7.19. As the
strain rate increases on the logarithmic scale the storage modulus increases linearly. As the
samples were left in the y-ray radiation longer the storage modulus increased as the ionizing
radiation causes chain scission and forms crosslinks in the polymer. The interesting response
is that the 0.1 kGy and 1 kGy samples have a closely paired response, as does the 10 kGy
and the 100 kGy ~-ray aged SR-5241. The 100 kGy ~-ray aged sample begins to deviate
from the 10 kGy at 3.8x10' (s!).
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SR-5241 y-ray Storage Modulus at 30°C
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Figure 7.19: Mean storage modulus over strain rate of SR-5241 [0/90], after y-ray exposure.
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Figure 7.20 shows the loss modulus response over increasing strain rates of SR-5241
[0/90]5 after y-ray radiation. With aging, the loss modulus increases uniformly from unaged
to 100 kGy across the strain rates. This response shows the radiation aging causes the
composite to become brittle which shifts the stress strain curve up and to the left which can

increase the maximum loss modulus response recorded by the DMA.

SR-5241 y-ray Loss Modulus at 30°C
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Figure 7.20: Mean loss modulus over strain rate of SR-5241 [0/90], after -ray exposure.

Figure 7.21 depicts the color change after 100 kGy ~-ray exposure. The SR-5241’s
appearance was altered to an almond-beige color, while the color of HB-210 only turned to
a light straw color, despite both of these composites having a matrix made from PUR. The
SR-5241 appeared to be affected by radiation to a higher degree. The HB-212’s synthetic

rubber matrix was in the middle of the other two in terms of discoloration. There was no
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noticeable color change for lower doses of y-rays or X-rays.

HB-210 HB-212 SR-5241

Figure 7.21: Darkening of the composites after 100 kGy v-ray exposure.

Thermal Neutron Aging

The UHMWPE fiber reinforced composites were exposed to thermal neutrons before

evaluating the viscoelastic response through dynamic mechanical analysis.

HB-210 Neutron Exposure

Figure 7.22 is the tan § response after exposing a single layer of HB-210 to thermal

neutrons. As the strain rate increases the unaged loss modulus increases at a higher
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proportion to the storage modulus. The neutron aged samples have an inverse relationship,

due to chain scission and crosslinking of coupons from the radiation.

HB-210 Tan 6
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Figure 7.22: Mean tan ¢ over strain rate of HB-210 [0/90]; after exposure to thermal neutrons.

The storage modulus of HB-210 after exposure to thermal neutron aging is shown in
Figure 7.23. The HB-210 follows the trend of an increasing storage modulus over the strain
rates presented, in a linear fashion. The neutron aging appears to double the storage modulus
response at 30°C over strain rates 1.9x107" (s!) to 3.8x10' (s!). The neutron aged samples
felt less flexible and more brittle after removing from the reactor. The opacity of the matrix
deepened from the neutron aging as well. Unfortunately, this deepening in color was not able
to be detected on camera due to the reflection. The color change was not as pronounced as the
100 kGy v aged samples, suggesting less crosslinking. The crystallinity and molecular weight
was not tested to confirm this hypothesis. These visual and kinetic cues are indicators that

verify the storage modulus is higher likely from crosslinking in both the fibers and matrix.
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In addition to the neutrons, this experiment had an elevated temperature, which has the
potential to relax the chains and form more entanglements that can contribute to a higher

storage modulus.

HB-210 Storage Modulus at 30°C
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Figure 7.23: Mean storage modulus over strain rate of HB-210 [0/90]; after exposure to
thermal neutrons.

The loss modulus after neutron aging of HB-210 is shown in Figure 7.24. It is important
to note, that the neutron source also had an elevated temperature that could have increased
the amount of amorphous phases in the UHMWPE, explaining the increase in loss modulus
at the lower strain rates. However, the unaged and neutron aged HB-210 loss modulus
converges in strain rates above 1.9x10! (s!), which is expected as the strain rate increases

for the unaged to have a higher loss modulus response.
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HB-210 Loss Modulus at 30°C
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Figure 7.24: Mean loss modulus over strain rate of HB-210 [0/90], after exposure to thermal
neutrons.
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HB-212 Neutron Exposure

Figure 7.25 is the average tan ¢ response of HB-212 to thermal neutron aging. As the
neutron line has a higher tan J response for strain rates below 1.9x10' (s!), the neutron

aging causes HB-212 to have a higher viscous response.

HB-212 Tan 6
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Figure 7.25: Mean tan § over strain rate of HB-212 [0/90]; after exposure to thermal neutrons.

Figure 7.26 shows the average storage modulus response of HB-212 after neutron aging.
Both the unaged and neutron aged composites follow the same trend across the strain rates.
The HB-212’s storage modulus after neutron aging is on average 30% higher which is likely

due to crosslinking and increasing the number of chain entanglements.
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HB-212 Storage Modulus at 30°C
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Figure 7.26: Mean storage modulus over strain rate of HB-212 [0/90], after exposure to
thermal neutrons.



132

The loss modulus response of HB-212 after neutron aging is shown in Figure 7.27. The
neutron aged samples have a higher loss modulus response compared to the unaged HB-212.
They appear to be trending towards an intersection at higher strain rates like the HB-210
did, however the DMA began to experience a stochastic resonance at a strain rate of 1.9x10!
(s!) during the neutron tests which is reflected in the loss modulus spike and increased range

of the 95% confidence interval.

HB-212 Loss Modulus at 30°C

257 —o— Unaged (n=50)
—#— Neutron (n=36)
20 A
s
&
e
E 15 1
5
s
» 10
S
—
5 ]
’;
10 10" 10' 107

Strain Rate (s™)

Figure 7.27: Mean loss modulus over strain rate of HB-212 [0/90], after exposure to thermal
neutrons.

SR-5241 Neutron Exposure

The tan 0 response of SR-5241 after neutron aging is shown in Figure 7.28. For strain

rates below 1x10° (s!), both the unaged and neutron aged SR-5241 coupons have the same
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proportion of viscous to elastic response. Both sets of coupons follow the same trend of tan
0 response at the higher strain rates, however the neutron aged SR-5241 has twice the tan
§ response at a strain rate of 1.9x10' (s!), before decreasing below the unaged at a strain

rate of 3.8x10! (s!).
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Figure 7.28: Mean tan d over strain rate of SR-5241 [0/90]; after exposure to thermal
neutrons.

Figure 7.29 is the isothermal storage modulus response of SR-5241 after exposure to
neutrons. The neutron aged SR-5241 has on average twice the storage modulus response
compared to the unaged. This increased storage modulus is due to the neutrons causing

chain scission in the polymer leading to increased formation of crosslinks.
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SR-5241 Storage Modulus at 30°C
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Figure 7.29: Mean storage modulus over strain rate of SR-5241 [0/90], after exposure to
thermal neutrons.
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The loss modulus of SR-5241 after neutron aging is shown in Figure 7.30. The neutron
aged SR-5241 loss modulus is on average 110% higher than the unaged for strain rates up
to 1.9x10! (s). The increase in the loss modulus after neutron aging is in part due to the
embrittling of the UHMWPE composite. As the polymer forms more crosslinks, the strain
to failure decreases as the modulus increases. This increase in modulus can also result in not
only a higher loss modulus but also an increased storage modulus. Additionally, this increase
in the loss modulus could be from the increased temperature during neutron aging that led

to more amorphous phases after cooling back to room temperature.
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Figure 7.30: Mean loss modulus over strain rate of SR-5241 [0/90], after exposure to thermal
neutrons.
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Neutron Aging Comparison

The HB-210 and HB-212 UHMWPE composites have the same fiber type, Dyneema®
SK-99, which is a gel-spun fiber dissolved in decalin to allow for a higher DR. They differ in
the consolidation material, HB-210 has a polyurethane rubber (PUR) matrix and HB-212
has a Kraton® synthetic rubber. The SR-5241, has a similar PUR matrix as the HB-210),
but a different type of gel-spinning fiber process by dissolving the UHMWPE in a paraffin
before spinning, resulting in a lower DR. A comparison of the storage modulus response of
HB-210, HB-212, and SR-5241 after exposure to neutrons is shown in Figure 7.31. The PUR
matrix composites have a larger storage modulus response to neutron aging compared to
the synthetic rubber matrix UHMWPE composite, with the exception of strain rates around
1.9x10" (s!'). However, as discussed previously the DMA has a stochastic resonance that
appears around this strain rate impacting the tests. The composites are expected to increase

in storage modulus along the linear trend presented across the strain rates.
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Neutron Storage Modulus at 30°C
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Figure 7.31: Comparison of the mean storage modulus over strain rate after exposure to
thermal neutrons.



138

Comparison of the viscous component of the modulus response of single layer UHMWPE
composites after neutron aging is shown in Figure 7.32. The synthetic rubber matrix
composite, HB-212, has a higher loss modulus response compared to the PUR matrix
composites. This translates to a lower back face deformation (BFD) at higher strain rates.

The matrix selection has trade-offs on how the material ages and performs after neutron
radiation exposure as seen by the inverse relationship between the storage and loss modulus
aging response in Figure 7.31 and Figure 7.32, where the HB-212 has the lowest storage
modulus response but the highest loss modulus response over the strain rates presented.
Conversely, the HB-210, which has the same fiber but different matrix has a higher storage

modulus and lower loss modulus after neutron aging.
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Figure 7.32: Comparison of the mean loss modulus over strain rate after exposure to thermal
neutrons.
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CONCLUSIONS

This study characterized the thermomechanical viscoelastic response of UHMWPE fiber
reinforced composites after exposure to extreme environments. These environmental condi-
tions were informed by previous use cases and predicted use cases through collaborations with
suppliers, end users, scientists, and other government agencies. The findings indicated that
the degradation of the matrix material after aging has a significant effect on the viscoelastic
performance of the composite.

As UHMWPE fiber reinforced composites are often used in marine applications,
submersion in both simulated sea water (ASTM salt water) and distilled water lead to
an increase in the weight of the composites as the matrix degraded and absorbed water
through hydrolysis. Distilled water aged samples exhibited reduced matrix coverage and
contaminants on the matrix surface, while salt water aged samples showed salt crystal
deposits on the surface. The 95 layer pressed panel, cut by a waterjet and aged in
salt water, displayed interlaminar fungal growth stemming from contamination during
manufacturing. However, single layer UHMWPE fiber reinforced composites appeared
resilient to fungal growth according to MIL-STD 810H requirements. The susceptibility of
the matrix material to hydrolysis diminishes the material’s lifespan by affecting the fiber-
matrix bond. Scanning Electron Microscopy (SEM) analysis corroborates this phenomenon,
revealing more pronounced degradation in surface morphology the rubber matrix of HB-212
than in the PUR matrix of HB-210.

UV aging significantly affects the mechanical and optical properties of UHMWPE
composites, causing them to become brittle and yellow over time through chain scission and
crosslinking. The extent of alteration varies among different matrix materials, with synthetic
rubber more affected than PUR. Evidence of this includes a color change in the rubber

matrix from white to yellow to brown, ultimately leading to the matrix’s disintegration under
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prolonged UV exposure. The synthetic rubber matrix aged faster than the PUR during the
combined UV, hygrothermal, and temperature cycling tests.

Isolating the effects of UV-A photons from temperature cycling and humidity indicates
that hygrothermal aging can initially increase the elastic component of the modulus.
However, as the temperature approaches the melting point of polyethylene, the elastic
component decreases to levels similar to the unaged material. UV and hygrothermal aging
negatively affect the material’s ability to recover from strain, suggesting an increase in viscous
behavior with age. Dry temperature cycling appears to have a less detrimental effect on the
material’s creep and recovery compliance.

During both the hygrothermal cyclical aging and the combined UV cycling exposure, the
complex modulus increases. This rise in modulus comes at the cost of a decreased toughness
as the material becomes more brittle. This combined UV cycling aging eventually leads to
matrix dissolution and the fibers are left bare. X-ray aging slightly increased the complex
modulus over the doses tested, but did not result in a color change of the matrix. The 100
kGy ~-ray dose induces brittleness and yellowing in both PUR and rubber matrix fiber
reinforced composites. While the magnitude of the loss and storage modulus response after
radiation aging varies, the trend of ionizing radiation increases both the loss and storage
modulus response. This increased moduli response does arise from the material behaving
non-linear viscoelastically and decreasing the toughness as stiffness increases for the strain
rates investigated.

This work directly assists in the development of both engineering and analytical models
for design of ballistic protection systems through collaborations with Los Alamos National
Laboratory (LANL) and Pennsylvania State University. The strain rates tested fit the gaps
between work conducted at Pennsylvania State with a miniature Kolsky Bar and the rates
tested at LANL. The characterization methodology on both the dynamic and quasi-static

rates will assist the future work by standardizing this testing methodology. The aging studies
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on the UHMWPE fiber reinforced composites provide valuable insights to determine the

strengths and vulnerabilities of this composite to various use environments.
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FUTURE WORK

As science is a process with no end, there are numerous experiments that will
assist the characterization of both aged and unaged mechanical properties of UHMWPE
fiber reinforced composites. The lowest hanging fruit begins with basic polymer science.
Characterization of the molecular weight and the crystallization will also be of great value
to determine the degree these material properties influence the viscoelastic response after
aging.

Applying composite theory will provide great insights into how to improve the
performance of these UHMWPE fiber reinforced composites, such as conducting studies
on various fiber layups for creating better body armor. In personal body armor protection,
these plates are often formed with a die press to have a radius of curvature through a large die
press. Creating non-symmetric layups could both eliminate this costly manufacturing step
and reduce back face deformation. Determining the fiber and matrix material properties
after aging will be a great next step in this research.

Additional aging studies of these composites is necessary to ensure the safety and
reliability in the field of ballistics protection. For example, soaking in various fuel blends,
diesel, unleaded, and jet fuel, before characterizing the composite integrity would be a
logical next step. Determining the concentration and duration of the life of these composites
after soaking will determine how long and where these composites can be used in vehicle
reinforcement. Moreover, evaluating additional temperature ranges that correspond to the
UHMWPE fiber-reinforced polyethylene’s temperature sensitivities, including cycles above
the melting temperature and subsequent cooling to inform the recrystallization. Increasing
the scope of radiation dose levels will delineate the material’s limits post-exposure. It
is also critical to study radiation transmission through the composite to determine the

absorbed dose, which will be instrumental in defining safe thicknesses for radiation shielding.
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Incorporating ceramic particles, such as boron carbide, into the matrix may serve a dual
purpose: enhancing radiation absorption and impeding penetrators. Exploring the integration
of additional materials to increase the impedance mismatch between layers could further
improve performance. As mentioned in Chapter 2, UHMWPE can be made from powder
compaction. This manufacturing methodology eliminates the weak fiber-matrix bond. This
material warrants further study for aging and viscoelastic performance, as this study proved
the matrix is most vulnerable to aging.

Broadening these experiments to encompass multiple layers will benefit the scientific
community at large. Future research should also include modeling efforts to reduce testing
costs, offering substantial value to designers and end-users of UHMWPE composites. Lastly,
it is crucial to test the aged material under ballistic strain rates to assess the performance

of aged composites in real-world applications.
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- www.nts.com

National Technical Systems - Baltimore Main: 410-584-9099
5 North Park Drive Fax: 410-584-9117
Hunt Valley, MD 21030

Date In: March 24, 2023

Customer:

Montana State University

Mechanical and Industrial Engineering
220 Roberts Hall

Boseman, MT 59717

Purchase Order Number: MIE-RB-421

A. TEST OBJECTIVE:
Determine fungus resistance of submitted samples

B. TEST ITEM(S):

Composite Fabrics Material with Polyethylene Fibers

C. SPECIFICATIONS / METHODS / TECHNIQUES:
1. Fungus Resistance per MIL-STD-810H, Method 508.8

D. RESULTS:
Trace growth observed on Spectra 5241. Trace growth likely due to contamination was
observed on Dyneema HB-212. See details starting on Page 5.

TESTING PERFORMED BY:
Kaddnomo C %{(}QQA \ f U A

NA L —

Katherine C. Higgs David Hillis N
Dept. Manager, Special Projects Materials Technician Il

TECHNICAL/QUALITY APPROVALS:

Dol O Ik

Daniel D. Phillips
Dept. Manager, FA/Analytical

This report and the information contained herein represents the results of testing of only those articles/products identified in this document and selected
by the client. The tests were performed to specifications and/or procedures approved by the client. National Technical Systems (“NTS”) makes no
representations expressed or implied that such testing fully demonstrates efficiency, performance, reliability, or any other characteristic of the articles
being tested, or similar products. This report should not be relied upon as an endorsement or certification by NTS of the equipment tested, nor does it
present any statement whatsoever as to the merchantability or fitness of the test article or similar products for a particular purpose. This document shall
not be reproduced except in full without written approval from NTS.
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TEST ITEM IDENTIFICATION

SAMPLE TYPE | Composite Fabrics with Polyethylene Fibers

NUMBER OF SAMPLES SUBMITTED | Four (4)

SAMPLE IDENTIFICATION | 1. Dyneema HB-210

2. Dyneema HB-212 (Cloth)
3. Dyneema HB-212

4. Spectra 5241

SAMPLE DISPOSITION | Pending return to client after decontamination

The following images provide an overview of the sample submission:

Dyneema HB-212 | Spectra 5241
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FUNGUS RESISTANCE

REFERENCE

MIL-STD-810H, Method 508.8

TEST SPECIMENS

Four (4) composite fabrics

REQUIREMENT

e Any fungal growth on the test item must be analyzed to
determine the species.

e Any fungal growth on the test item material(s), whether from
the inoculums or other sources, must be evaluated by a
qualified personnel for:

1) The extent of growth on susceptible components of
materials, using Table 508.8-1l as a guide.

2) The immediate effect that the growth has on the
physical characteristics of the materiel.

3) The long-range effect that the growth could have on
the material.

e Evaluate human factors effects (including health risks)

e Cleaning solution used if other than water

SUMMARY

Trace growth observed on Spectra 5241. Trace growth likely
due to contamination was observed on Dyneema HB-212.
See following pages for details.

SAMPLE PREPARATION
DETAILS

All specimens were placed within a suitable fixture within the test
chamber, which had been preconditioned at 30°C and 90-99%
relative humidity for at least four (4) hours. The specimens and
control were then sprayed with the prepared spore suspension.

SAMPLE PREPARATION
PERFORMED BY

KH/DH

PREPARATION DATE

May 25 — June 1, 2023

CONTROL GROWTH
VERIFICATION
PERFORMED BY

KH/DH

CONTROL GROWTH
VERIFICATION DATE

June 8, 2023

TEST MODIFICATIONS

Samples were inspected after 7 days of incubation per customer
request

TEST CONDITIONS

30°C and 90-99% RH

TEST PERFORMED BY

KH/DH

TEST DATE

June 1-29, 2023

FUNGUS IDENTIFICATION
PERFORMED BY

NTS-Tinton Falls
36 Gilbert St S, Tinton Falls, NJ 07724

IDENTIFICATION DATE

July 5, 2023

EQUIPMENT USED

WC051523, WC051524, WC051628, WC051668, WC051692,
WC051740, WC051863, WC051901, WC051902, WC051928,
WC051957, WC051961, WC051962, WC052090, WC059253,
WC059338, WC059408, WC059409, WC059411, WC061951,
WC051500, WC051625
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FUNGAL EFFECTS:

Fungi breakdown carbon based molecules to use as a source of nutrients. This molecular
degradation can lead to material deterioration which can affect the physical properties. The
fungal growth can also act as an electrical bridge over insulating materials resulting in electrical
failures. In addition, the fungal growth can restrict movement of small parts or introduce
moisture to non-wetting surfaces.

The following table summarizes the fungus used in test and known susceptible materials:

Fungus Materials Affected
T. virens (TV) Adhesives, cork, automotive components, electrical insulation, packing
’ materials, plastics, polymers
A. brasiliensis (AB) Textiles, vinyl, conformal coatings, insulation, leather, etc.
Leathers, textiles, rubber.
A. flavus (AF) Electrical insulation, varnish, wax, packing materials, etc.
. . Textiles, plastics, cotton fabric, polymers, gaskets, distributors, cables,
T. pinophilus (TP) hoses, PVC, airborne equipment (breakers, solenoids, switches, etc).
C. globosum (CG) Cellulose and any components containing paper and paper products

The fungi specified for this test are not normally considered a serious hazard for human
handling. However, it is possible for an individual to be allergic to one of the species, which is
why samples are decontaminated prior to relinquishment.

RESULTS:

The samples were evaluated per MIL-STD-810, which assigns a fungal growth rating based on
visual observations after fungal exposure. A summary of the rating system is provided below.

Growth Amount | Rating Observation
None 0 Substrate is devoid of microbial growth.
Trace 1 Scattered, sparse, or very restricted microbial growth.
Intermittent infestations or loosely spread microbial colonies on
Light 5 substrgte surface. Inc!udes continuous filamgntous growth
extending over the entire surface, but underlying surfaces are
still visible.
. Substantial amount of microbial growth. Substrate may exhibit
Medium L
visible structural change.
Heavy 4 Massive microbial growth.

All fungal species identification is performed as a “best effort” by NTS-Tinton Falls through
microscopy images obtained by NTS-Baltimore.
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The following table summarizes the growth ratings for each sample after 7 days:

Visual Results

Sample ID , :
Rating Observations

) No apparent fungal growth observed under microscopy.
Dyneema HB-210 0 "Minimal" debris noted.

Dyneema HB-212 0 No apparent fungal growth observed under microscopy.
(Cloth) "Moderate" debris noted.

Dyneema HB-212 0 No apparent fung"aI grom{'th obs_erved under microscopy.
Heavy" debris noted.

Sporadic fruiting body growth along edge and slightly inward.
"Moderate" debris noted.

Spectra 5241 1

The following table summarizes the growth ratings for each sample after 28 days:

Visual Results Species
Sample ID - - Identified
Rating Observations (Best Effort)
No apparent fungal growth observed under
Dyneema HB-210 0 microscopy . "Moderate" debris noted. N/A
Dyneema HB-212 0 No apparent fungal growth observed under N/A
(Cloth) microscopy. "Heavy" debris noted.
*Localized active growth observed on frayed cut
Dyneema HB-212 o* edges. These areas were omitted from the *AB, *AF

rating due to likely contamination. "Heavy"
debris noted.

Sporadic fruiting body growth along edge and
Spectra 5241 1 inward . Growth appears to have spread more AB, TP, TV
from 7 day evaluation. "Moderate" debris noted.

*This sample would be rated as a “1” if the frayed edges were included with the assessment.
The species are provided for informational purposes since they are likely a result of
contamination due to sample preparation prior to receipt at NTS.

Representative images post-exposure is provided on the following pages.
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Overview of Dyneema HB-210, Post 28 Days — 7x Magnification
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Overview of Dyneema HB-212 (Cloth), Post 28 Days — 7x Magnification




162

Test Report No. PR170930

Overview of Dyneema HB-212, Post 28 Days — 8x Magnification
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Overview of Dyneema HB-212, Post 28 Days — 50x Magnification
Fungal growth observed on frayed edge




164

Test Report No. PR170930

i

" } w’?{;;?k- 'wwn,t : 4 ? 'ﬂ.yfu(l'?n w g

"o L !
!"

Overview of Spectra 5241, Post 7 Days — 40x Magnification |
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Overview of Spectra 5241, Post 28 Days — 25x Magnification
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Overview of the Control Samples (Post 7 Days)
The white control cloths were inoculated with fungal spores and allowed to incubate for 7
days adjacent to the submitted samples. Growth is visible without microscopy.
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Overview of the Control Samples (Post 28 Days)
The white control cloths were inoculated with fungal spores and allowed to incubate for 28
days adjacent to the submitted samples. Growth is visible without microscopy.
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EQUIPMENT LIST
sl Manufacturer Description M/N SIN Last Calibration Cal Due
Number P
WC051500 | Market Forge Autoclave STM-E 41333 07/05/2022 07/31/2023
Stereomicroscope with
WC051523 Olympus Pax-It2 Version 1.7.3.0 SZX16 0L40214 12/13/2021 06/30/2023
(installed 6/4/2021)
) BINOCULAR
WC051524 Microstar MICROSCOPE AO BE318023 NCR NCR
ENVIRONMENTAL
WC051625 Espec CHAMBER ESX-3CA 112232 07/05/2022 07/31/2023
WC051626 Yokogawa RECORDER FX106-4-2 S5N308885 07/05/2022 07/31/2023
_ MULTI-PURPOSE
WC051668 | Thermo Scientfic | ¢ raTOR (SHAKER) 2345 1666090807904 NCR NCR
. ipr150.xx1.1/sg93
WC051692 Gallenkamp incubator 102/304 NCR NCR
Tuttnauer AUTOCLAVE/STEAM
WC051740 By STERILIZER 3870EA 14081496 09/13/2022 09/30/2023
WC051863 Sartorius Digital Balance ENTRIS5201-1S | 0035807306 03/22/2023 03/31/2024
WC051901 | Control Company | Traceable Digital Bottle 06-664-257 181757154 05/16/2022 02/29/2024
WC051902 | Control Company | Traceable Digital Bottle 06-664-257 181721460 05/16/2022 02/29/2024
WC051928 Hausser Counting Chamber 1492 522956 NCR NCR
Scientific
WC051957 Esco BioHood LA2-4A2-E 2019-141243 04/10/2023 04/30/2024
WC051961 VWR Refrigerator/Freezer EU 620-0919 D182548 05/18/2023 05/18/2024
International Thermometer
VWR Refrigerator/Freezer
WC051962 Intemational e ot EU 620-0919 D182543 05/18/2023 05/18/2024
WC052072 DeVilbiss Glass A'°$;Zper wiMetal 163-RD NCR NCR
WC052090 Benchmark Hotplate/Stirrer H4000-HS 202104081602 NCR NCR
Scientific
WC059338 | General Tools Digital Anemometer DCFM 8906 9962457 09/15/2022 11/30/2023
WC059408 Fisherbrand Glass Thermometer 1-030-1SR 18127 10/13/2021 08/31/2023
Ertco /Incubator Bottle
WCos9409 | Fisherbrand Glass Thermometer/ 030-1SR 12880 10/13/2021 08/31/2023
Ertco Incubator Bottle
WC059411 Fisherbrand Glass Thermometer/ 1007-3 19721 10/13/2021 08/31/2023

Ertco

Incubator Bottle
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TEST METHOD
FUNGUS RESISTANCE

The cultures of each microorganism were maintained separately on potato dextrose agar medium,
except for the Chaetomium globosum which was inoculated on strips of filter paper on the surface
of mineral salts agar.

A spore suspension was prepared two weeks after inoculation and incubation of the
microorganisms by pouring into one subculture of each fungus, a 10-ml portion of a sterile solution
containing 0.05 g per liter of a non-toxic wetting agent such as sodium dioctyl sulfosuccinate.
Using a sterile inoculating loop the surface growth of each culture was gently scraped to remove
it from the agar. The spore charge was poured into a sterile 125 ml glass-stopped Erlenmeyer
flask containing 45 ml of sterile water and 10 - 15 solid glass beads (5 mm in diameter). The flask
was vigorously shaken in order to liberate the spores from the fruiting bodies and to break up the
spore clumps. The dispersed fungal spore suspension was filtered through a 6 mm layer of glass
wool contained in a glass funnel, into a sterile test tube.

This process removed large mycelial fragments and clumps of agar, which could interfere with
the spraying process.

The test tubes containing the filtered spore suspension were placed in a centrifuge for 20 minutes.
The supernatant liquid was discarded. The residue was resuspended with sterile water and again
placed in the centrifuge. The spores were washed in this manner three times. The final washed
residue was resuspended with sterile mineral salts solution in such a manner that the resultant
spore suspension contained 1,000,000 + 200,000 spores per ml as determined with a counting
chamber.

This operation was repeated for each organism used in the test and equal volumes of the resultant
spore suspension was blended to obtain the final mixed spore suspension. The spore suspension
was prepared fresh or previously held at 6° + 4°C for not more than 14 days.

With each test specimen group, three pieces of sterilized filter paper, one inch square, were
placed on hardened mineral salts agar in separate Petri dishes. They were inoculated with the
spore suspension by spraying from a sterilized atomizer until initiation of droplet coalescence. In
addition to the viability of inoculum control, a known susceptible substrate (a sterile cotton strip)
was inoculated along with the test item to ensure that proper conditions were present in the
incubation chamber to promote fungus growth. The control strip was dipped in a solution
containing 10% glycerol, 0.1% potassium dihydrogen orthophosphate, 0.1% ammonium nitrate,
0.025% magnesium sulfate, and 0.05% yeast extract (pH 5.3). The excess liquid was removed
prior to inoculation.
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FUNGUS RESISTANCE (CONTINUED)

The test samples and controls were inoculated with a spore suspension consisting of the following
organisms:

Aspergillus brasiliensis (formerly known as Aspergillus niger)
Aspergillus flavus

Trichoderma virens

Chaetomium globosum

Talaromyces pinophilus (formerly known as Penicillium funiculosum)

The test specimen(s) and controls were placed in the test chamber and held at 30°C with 97% +
2% relative humidity for four (4) hours prior to inoculation. After inoculation, the chamber was held
at the same constant temperature and humidity conditions for the test duration.

The control specimens were examined after seven (7) days to insure appropriate fungal growth
(90% of the surface area should be covered). The cotton strips showed satisfactory growth, and
the test was continued for the appropriate duration time. After the 28-day exposure, the test
specimen(s) and controls were immediately examined for fungus growth and assigned a growth
rating based on the table below.

MIL-STD-810 Table 508.8-lI: Evaluation Scheme for Visible Effects
Growth Amount Rating Observation
None 0 Substrate is devoid of microbial growth.
Trace 1 Scattered, sparse, or very restricted microbial growth.
Intermittent infestations or loosely spread microbial colonies on
Light 2 substrgte surface. Inc[udes continuous filamgntous growth
extending over the entire surface, but underlying surfaces are
still visible.
Medi Substantial amount of microbial growth. Substrate may exhibit
edium L
visible structural change.
Heavy 4 Massive microbial growth.

After the visual inspection, the samples were decontaminated.

16
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Form 36 APPLICABLE TEST METHODS: Mil-STD-810H
Revision 0
Page1of1 EQUIPMENT USED: See Below
FUNGUS RESISTANCE PREPARATION
MINERAL SALTS SOLUTION PREPARATION: Date Prepared: ~ 4/26/2023 Prepared By: DH
Compounds Used: Date Expires:  7/25/2023
Potassium dihydrogen orthophosphate ID: 13820 Sodium chloride ID: 13587
Potassium monohydrogen orthophosphate ID: 13356 Ferrous sulfate heptahydrate ID: 13838
Magnesium sulfate heptahydrate ID: 13367 Zinc sulfate heptahydrate ID: 13378
Ammonium Nitrate ID: 13353 Manganous sulfate monohydrate ID: 13357
Sterilization: Start Date / Time: 4/26/23 1:00 PM Duration (mins): 30
(20 minimum)
pH: 60 (6.065) Adjusted pH, if needed: N/A
Sodium hydroxide ID: N/A
MINERAL SALTS AGAR PREPARATION: Date Plated: ~ 3/6/2023 Prepared By: DH
Compounds Used: Date Expires: ~ 9/2/2023
Potassium dihydrogen orthophosphate ID: 13820 Sodium chloride ID: 13587
Potassium monohydrogen orthophosphate ID: 13356 Ferrous sulfate heptahydrate ID: 13838
Magnesium sulfate heptahydrate ID: 13367 Zinc sulfate heptahydrate ID: 13378
Ammonium Nitrate ID: 13353 Manganous sulfate monohydrate ID: 13357
AgariD: 13713
Sterilization: Start Date / Time: 3/6/2023 12:45pm Duration (mins):
pH: 60 (6.065) Adjusted pH, if needed: N/A
Sodium hydroxide ID: N/A
SPORE Prepared By:  DH/KH
*A. brasiliensis (ATCC #9642) ID: 12830 A. pullulans (ATCC#15233)ID: 13234 A. versicolor (ATCC#11730)ID: 13231
C.globosum (ATCC#6205) ID: 13227 *T. virens (ATCC#9645) ID: 13229 A flavus (ATCC#9643)ID: 13228
*P. funiculosum (ATCC#11797)ID: 13233
Wetting agent: Agent used: Lauryl Sulfate ID: 13886
Date Prepared: Colony Count (within 1 mm?) Calculated Count Date Expires:
5/26/2023 A. brasiliensis : 18 900,000 (1 000,000+ 200,000) 6/9/2023
5/26/2023 €. globosum : 20 1,000,000 (1 000,000+ 200,000) 6/9/2023
| e | —_—
5/26/2023 P. funiculosum : 21 1,050,000 (1 600,000+ 200,000) 6/9/2023
5/26/2023 A. pullulans : N/A HVALUE! (1 600,000 + 200,000) 6/9/2023
| o= | —_—
5/26/2023 . virens: 2 1,200,000 (1 600,000+ 200,000) 6/9/2023
5/26/2023 A. veriscolor: 18 900,000 (1 000,000+ 200,000) 6/9/2023
| o= | —_—
5/26/2023 A flavus : 19 950,000 (1 000,000+ 200,000) 6/9/2023
*Previously known as a different species.
NOTES:
Equipment Used:
WC051523, WC051524, WC051628, WC051668, WC051692, WC051740, WC051863, WC051901, WC051902, WC051928, WC051957,
WC051961, WC051962, WC052090, WC059253, WC059338, WC059408, WC059409, WC059411, WC061951, WC051500, WC051625
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Form 39 CUSTOMER NAME: Montana State University
Revision 0 PROJECT 170930
Pagelof1 EQUIPMENT USED: See Form 36
REVISION:

TEST INFORMATION - Fungus Resistance, MIL-STD-810, method 508

SAMPLE IDENTIFICATION:
[1. Dyneema HB-210
2. Dyneema HB-212 (Cloth)
3. Dyneema HB-212

4. Spectra 5241
MIXED SPORE SUSPENSION PREPARATION: Date Prepared:  6/1/2023  Prepared By: DH
Spores Used: Date Expires:  6/15/2023
*A. brasiliensis ID: 12830 A. versicolor 1D: 13231
C. globosum 1D: 13227 A. flavus 1D: 13228
*P. funiculosum 1D: 13233
Please see Test for form
PRECONDITIONING INFORMATION:
Start Date/Time: 6/1/2023 10:30am Duration (Hours): 4.00
End Date/Time: 6/1/2023 14:30pm (4minimum)
Chamber Conditions:
Temperature: 300 (zoszq) Humidity: 95 (90-99%)

Airflow across wet bulb sensor: 1122 (2%00ft/min)  Sample airflow: 217 (98-335ft/min)

EXPOSURE INFORMATION:

Start Date: 6/1/2023 Duration (Days): 7
End Date: 6/8/2023 8)
Chamber Conditions:
Temperature: 300  (zoe2) Humidity: 95 (90-99%)

Airflow across wet bulb sensor: 1072 (200ft/min)  Sample airflow: 198 (98-335ft/min)

CONTROL INFORMATION:
#1- Viability of Spore Suspension: Date Prepared: __6/1/2023 _ Prepared By: __DH
#2- Control Strips:  Date Prepared: __6/1/2023 _ Prepared By: ___DH

#3 Individiual Spore Viability: ~Date Prepared: _5/26/2023 _ Prepared By: __ DH

Washing Solution Compound:

Glycerol D:___ 13919 Magnesium sulfate ID: 13367
Potassium dihydrogen orthophosphate ID: 13820 Yeastextract ID: 13306
Ammonium nitrate ID: _ 13353 Sodium lauryl sulfate ID: 13886
#1-Day 7Evaluation Rating: 4 Performed By; OH OK to Proceed? (¥/N): Y
= (sstisfactory fungus growth must be wsibie)
#2-Day 7 Evaluation Rating: 4 Performed By: OH OKto Proceed? (Y/N):___ Y
=) (satisfactory ungus growth must be visible)
#3-Individual Spore Viability: __ACC __ Performed By: __ DH/KH OK to Proceed? (Y/N): Y
(7-10 days postinoculation)  GECTRO) (satsfactony fungus growth must be wsible)
VISUAL EXAMINATION RESULTS: Ratings: 0 - None, 1 - Trace, 2 - Light, 3 - Medium, 4- Heavy
Sample ID Date Initials Rating (0-4) Comments / Description
Dyneema HB-210 6/8/2023 KH o B e
Dyneema HB-212 (Cloth) | 6/8/2023 KH ) §
DT e p S T e o e e e
SpechaB2al ) o a e b o oo e T
Date/Time Out of Chamber 6/8/232:45PM Date/Time of Inspection: ___6/8/23 3:01 PM
ihror-oate it
CHAMBER DECONTAMINATION:
Before Testing: Date Performed: __5/1/2023 Performed By: L]
After Testing: Date Performed: T8D Performed By: T8D

NOTES:

The labeled portions and frayed cut edges were not assessed for fungal growth.
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Form 39 CUSTOMER NAME: Montana State Uni
Revision 0 PROJECT #: 170930
Pagelof1 EQUIPMENT USED: See Form 36
REVISION:

TEST INFORMATION - Fungus Resistance, MIL-STD-810, method 508
SAMPLE IDENTIFICATION:

[T Dyneema H8-210

2. Dyneema HB-212 (Cloth)

3. Dyneema HB-212

la. Spectra 5241

MIXED SPORE SUSPENSION PREPARATION: Date Prepared: _6/1/2023 _ Prepared By: ___DH
Spores Used: Date Expires: _6/15/2023

“A. brasiliensis ID:

12830 A versicolor 1D: __13231
€ globosum 1D:__13227 A flavus 1D:_13228
“P. funiculosum 1D:_13233__ -
Please see
PRECONDITIONING INFORMATION:
Start Date/Time: ___6/1/2023 10:30am Duration (Hours): 400
End Date/Time: __6/1/2023 14:30pm T@minimum)
Chamber Conditions:
Temperature: ___30. (0:2°C) Humidity: ___ 95 (90:99%)
Airflow across wet bulbsensor: ___ 1122 (>000ft/min)  Sample airflow:__ 217 __(98-335 ft/min)
EXPOSURE INFORMATION:
Start Date: 6/1/2023 Duration (Days): 23
End Date 6/29/2023 28)
Chamber Conditions:
Temperature: ___300___(30:2°) Humidity: __ 95 (90:99%)
Airflow across wet bulb sensor: ___ 1072 (:000ft/min)  Sample airflow: __ 198 (98-335 ft/min)
CONTROL INFORMATION:

#1- Viability of Spore Suspension:  Date Prepared: __6/1/2023

Date Prepared: __6/1/2023
Date Prepared: _5/26/2023

PreparedBy: __ DH

#2 - Control Strips: PreparedBy: __DH

#3 Individiual Spore Viability: Prepared By: __DH/KH
Washing Solution Compound:
Glycerol ID: __13919

Magnesium sulfate ID: __ 13367
Potassium dihydrogen orthophosphate ID:

13820 Yeast extract ID: _13306
Ammonium nitrate ID: __13353 Sodium lauryl sulfate ID: __ 13886
#1- Day 7 Evaluation Rating; 4 Performed By: OH OKto Proceed? (¥/N): v
=] (satstactoryfungus growth must be wsible)
#2-Day 7 Evaluation Rating: 4 Performed By: OH OKto Proceed? (¥/N): Y
©4 (satstactonyfungus growth must be waible)
#3- Individual Spore Viability: Performed By: ___ DH/KH
(7-10 days postinoculation) | PECTRET

OKto Proceed? (Y/N): Y

(satstactoryfungus growth mustbe wsible)
VISUAL EXAMINATION RESULI

Ratings: 0 None, 1- Trace, 2 - Light, 3 - Medium, 4- Heavy
sample ID Date initals Rating (04) Comments Description
o apparent fungal growth observed under
Dyneema H8-210 | 6/29/2023 |  KH/DH o microscopy afer 28 days. ‘Moderate”debis
noted
o apparent fungalgrowth bserved under
Dyneema HB-212 (Cloth) | 6/29/2023 | KkH/DH o o e
Localzed active growth observed on frayed cut
Dyneema HB-212 [ 6/29/2023 | KH/DH o Lot
cuting "Heawy”debris noted
Sporadic ruing body growth along edgeand
inward after 28 days. Growth appears to have
Srestb 2 CEED L] 8 spread more rom doy ealuaton. "Moderate”
e
DateTime Out of Chamber: __6/29/23 1:00 PM Date/Time of Inspection: ___6/29/23 1:10 PM
(Perfom within 1hof ‘Dot Time Outof hamber’, f no, consult method)
CHAMBER DECONTAMINATION:

Before Testing: Date Performed: __5/1/2023

After Testing: Date Performed: ____TBD

Performed By:__KH

Performed By:___TBD
NOTES:

*The labeled portions and frayed cut edges were omitted from the fungus growth rating.
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0 11-Jul-2023 Initial release
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