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Abstract

Improving the ballistic protection abilities of engineering materials has become
increasingly important given the continuous rise in threat levels. Two polymeric fibers heavily
used as ballistic materials for their high strength to weight ratio, impact resistance, energy
absorption, and wear and abrasion resistance are ultra-high molecule weight polyethylene
(UHMWPE) and aramid fibers. These fibers are used both as fiber reinforcement in polymer
matrix composites for hard body armor applications, such as helmets and military vehicle armor
panels, and as woven fabrics for soft body armor applications, such as bullet proof vests and
gloves. Yet, in the case of fiber-reinforced polymer composites (FRPCs), these polymer fibers are
known to suffer from poor adhesion to the matrix due to their smooth and chemically inert surfaces,
resulting in discontinuous interfaces that limit their FRPCs from reaching their use in structural
applications. In addition, when these polymer fibers are woven into a fabric, their resulting low
inter-yarn friction causes for easy slipping between neighboring yarns, which reduces structural
packing within the woven fabric and results in failure at lower velocity threats. Therefore, both the
fiber-matrix interface and the inter-yarn friction of UHMWPE and aramid fibers require
considerable improvements for furthering their use and their performance in ballistic and structural
applications. Research efforts aiming to improve these properties have mainly relied on the
development of fiber surface modification techniques. Particularly, nanoscale surface
modifications have gained attraction in recent years due to their ability to simultaneously introduce

bonding mechanisms that rely on chemical interactions and mechanical interlocking. However,

XV



current approaches are known to compromise the structural integrity of the fibers, its weight, or its
scalability to industrial level applications.

This dissertation explores the use of three nanomaterial-based surface modifications,
primarily aramid nanofibers (ANFs) and zinc oxide nanowires (ZnO NWs) on UHMWPE fibers
and laser induced graphene (LI1G) on aramid fibers, in order to improve the interfacial and inter-
yarn properties of UHMWPE and aramid fibers through simple, fast, and benign processes. The
adhesion between ANFs or ZnO NWs and the UHMWRPE fiber surface was initially improved
using a surface functionalization treatment that formed a well-adhered nanostructured interphase.
Single-fiber pullout was used to investigate and optimize the interfacial reinforcement effect the
ANF and ZnO NW interphases have in UHMPWE FRPCs. The ZnO NW interphase on woven
UHMWPE fabric was then studied through yarn pullout and impact testing where improvements
in the fabric’s inter-yarn friction, impact performance, and energy absorption were demonstrated.
Finally, the use of a LIG interphase in aramid FRPCs was shown to suppress delamination and
improve both interlaminar fracture toughness and impact resistance. Concurrently, the
piezoresistive LIG interphase was shown to be capable of enabling in-situ structural health
monitoring via electrical resistance measurements that correlate to impact damage and
delamination in aramid FRPCs. The work in this dissertation demonstrates effective methods to
modify the chemically inert and smooth surfaces of UHMWPE and aramid fibers through three
nanomaterial-based surface modifications that enable improved interfacial and inter-yarn
properties and further advances the integration of the FRPCs and woven fabric in high-

performance structural and ballistic applications.

XVi



Chapter 1. Introduction
1.1. Motivation

Advancements in technology and weaponry have demonstrated an increased demand in the
need for and application of ballistic materials, specifically polymer fibers. Two highly favorable
polymer fibers used in military and defense applications, among others, are ultra-high molecular
weight polyethylene (UHMWPE) and aramid fibers. As shown in Figure 1.1, the market for
UHMWPE and aramid fibers has increased and is expected to grow with a global compound annual
growth rate of 11.3% from 2018-2026 and 6.5% from 2018-2025, respectively. The market for
UHMWPE is driven by demand from the healthcare industry due to an increase in orthopedic
implants, such as joint replacements for knees and hips. The application of UHMWPE in the
shipping, aerospace and defense industries is the second largest market expected to grow over the
next five years (Figure 1.1A) due to an increase in demand for its use in personal protective
equipment and anti-ballistic applications (e.g., bulletproof vests, impact plates, helmets).
UHMWPE is used in other applications for its desired properties of superior impact strength, high
energy absorption, wear-resistance, non-toxic, corrosion-resistance and low water absorption [1].
For aramid fibers, the United States market is dominated by security and protection applications,
and its use in body armor fuels that market (Figure 1.1B). The use of aramid fibers has also been
increasing in industrial protective equipment for worker safety such as its use in headgear and
body gear. Due to its high strength-to-weight ratio, abrasion and impact resistance, and high energy
absorption properties aramid fibers are used in a wide range of other applications (e.g., tire and

rubber reinforcement, friction products, optical fibers) [2].
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Figure 1.1. (A) Global UHMWPE fiber market size, by region and application (USD Billion) [1].
(B) U.S para-aramid fiber market size, by application (USD Million) [2].

Although UHMWPE and aramid fibers are widely used, they suffer from poor interfacial
properties in both composites and fabrics. In fiber reinforced polymer composites (FRPCSs) and
woven fabric, there are multiple failure modes that occur that do not allow them to reach their
theoretical maximum properties. The failure modes in FRPCSs are shown in Figure 1.2A, and
includes matrix cracking, fiber breakage, delamination, and debonding [3]. The properties of
FRPCs are based on the properties of its two components and the interface between them. The
discontinuous interface between the fiber and the matrix, which lacks chemical interactions, and
the difference in stiffness between the fiber and matrix leads to poor load transfer and interfacial
stress concentrations that can cause interfacial failure.

To overcome the poor interface in FRPCs, the discrete fiber-matrix interface needs to be

replaced with a functional gradient that bridges the fiber and matrix components. A functional



gradient creates a gradual transition between the soft and stiff component instead of an abrupt
change between the two. The blending of material properties alleviates stress concentrations at the
fiber-matrix interface.  Figure 1.2B illustrates that the interfacial shear strength (IFSS) of
UHMWPE and aramid fibers are significantly lower compared to other reinforcing fibers due to a
lack of functional groups in the polymers that prevent them from sufficiently bonding to the matrix
(Figure 1.2B). While UHMWPE has a wide variety of properties and applications, the inert smooth
surface of the fibers result in this substantially low IFSS which limits its use as a reinforcement in
FRPCs for structural applications.
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Figure 1.2. (A) Failure modes in FRPCS [3]. (B) IFSS comparison for UHMWPE, Aramid, glass,
and carbon reinforcing fibers.

When the polymer fibers are woven into a fabric they exhibit different failure modes than
FRPCs, which include windowing, fiber pullout, and fiber breakage as shown in Figure 1.3 [4].
The inter-yarn friction between yarns has been studied and proven to be the most vital property for
the fabrics impact performance [5]. Low friction between yarns causes slippage between the
primary yarns, which reduces the structural packing of the fabric. When slippage happens, the
impact energy is solely on the primary yarns and not shared with the secondary yarns, which causes

fabric failure/fiber breakage to happen at lower impact speeds. Woven UHMWPE fabric has low



inter-yarn friction attributed to its inherently inert surface and low surface energy, limiting its use
in ballistic impact applications. When the friction between yarns of woven fabric is increased,
there is improved load transfer between yarns that allows for the fabric to be impacted at higher
velocities before failure. Therefore, to improve and advance the use of polymer fibers in high-
performing composites and ballistic impact applications, the fiber-matrix and inter-yarn

interactions need to be improved.
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Figure 1.3. Failure modes in woven fabric during impact [4].

In this dissertation, the interfacial and inter-yarn properties of UHMWPE and aramid fibers
are improved through the use of three nanomaterials-based surface modifications. Aramid
nanofibers, zinc oxide nanowires, and laser induced graphene nanomaterials applied to the
polymer fibers surface were used to improve the structural and ballistic performance measured
through single-fiber pullout, yarn pullout, ballistic impact and mode | fracture toughness tests.
Prior to the nanomaterial coatings, chemical functionalization was performed on the surface of the
fibers to improve bonding with the nanomaterials. The nanomaterial-based surface modifications
to the polymer fibers enabled enhanced chemical and mechanical interactions at the interface. The
failure modes of the modified polymer fibers from the nano-structured interphases were analyzed

to understand the reinforcement mechanism to improve the interfacial and inter-yarn properties.



This chapter summarizes a brief history and advancement of ballistic materials in vehicle
armor, helmets, and vests. The two ballistic materials UHMWPE and aramid fibers will then be
discussed in more detail in terms of their manufacturing, properties, and applications. This
discussion is followed by a literature review of the various methods to enhance UHMWPE and
aramid fibers interfacial property in FRPCs and the inter-yarn friction and impact performance of
woven fabric. The following section aims to establish the advantages of a nanostructure
reinforcement on the polymer fibers as a functional gradient in FRPCs and improve the inter-yarn
friction in woven fabrics.

1.2. History of Ballistic Materials

Ballistic materials are used in protection applications to keep an individual safe from many
levels of threats, including knives, hand-held weapons, and exploding munitions, by stopping
penetration and absorbing the shock of the threat. Ballistic protection comes in forms of nonwoven
and woven fabrics; compliant laminates; and composites for the use in vehicles, helmets, and vests
[6]. Military vehicles, including ground vehicles, boats, and aircraft, require armor protection that
varies depending on the type and level of threat the vehicle will encounter. Prior to the 21% century,
military vehicles had little armor protection and were designed to be lightweight given that most
protection would come from personal body armor. For example, Humvees were soft-skinned
vehicles, boats had fiberglass hulls and deckhouses, and helicopters had sheet metal floors. With
the increasing speed and lethality of modern threats, new vehicle armor and survivability
requirements were adopted, and the demand for lightweight armor increased due to its limited
restriction on maneuverability.

Military vehicles have a wide range of size and operational duties which require different

armor solutions. For military boats, large ships utilize composites placed behind the metal structure



to reduce weight to balance cost and performance. These ships do not typically prioritize light-
weight armor since they have sufficient capacity; however, faster and more agile boats may require
more lighter-weight and high-performance armor solutions. Relatedly, fixed- or rotary-wing
vehicles utilize light-weight armor for the weight reduction. High armor protection is needed for
attack helicopters; however, there is increased protection needed for utility and lift vehicles as
missions evolve with changes in the battlefield. During medical evacuation, helicopters may
encounter small arms fire, demonstrating the importance of adding auxiliary armor. Ground
vehicles add protection not in the form of the body structure, but by the supplemental armor that
is attached on the outside and the inside of the hull. Composite armor attached to the inside of the
hull, or spall liners, are used to catch break offs from the hard brittle hull after impact and reduce
lethality of penetrating overmatching threat. Additionally, add-on Kits, which consist of hybrid
construction of metal or ceramics and composites, can be added when extra protection is needed;
however, the vehicle is not burdened by the extra weight when it is not needed [7].

Helmets were designed to fully enclose the head to protect the brain and skull from a variety
of impacts and were originally made from metallic materials. During World War I, helmets were
made from steel and provided protection from fragmenting projectiles, although they could not
stop a rifle bullet [8,9]. During World War Il, a new grade of metal known as Hadfield steel was
used along with an inner-molded nylon fiber liner to create the M1 or “steel pot” helmet. The M1
was still unable to stop close range bullets or shrapnel, but it offered improved protection and was
used until the mid-1980s. After the invention of Kevlar in the 1960s, the helmet was then molded
out of Kevlar with phenolic resin, which provided greater protection and reliably stopped most
bullets, shrapnel, and pistil caliber bullets. The next major advancement in helmet design was the

use of UHMWPE fibers, which offer enhanced ballistic protection. While these fibers might not



be as good as Kevlar when it comes to creep resistance, the major advantage of UHMWPE fibers
is the weight savings over aramid for the same or advanced protection levels. There are also
advances in the energy-absorbing abilities of the helmets to provide better protection from
traumatic brain injuries, especially from explosives.

Various materials have been used as body armor since time immemorial as protection. For
example, leather was used in Grecian shields, layered silk in ancient Japan, and chain mail for
armored suits during the Middle Ages. Body armor made from metal significantly impeded the
mobility of the wearer to be practical. During World War 11, synthetic fiber-based ballistic
protection was first reported as the flak jacket made of nylon fabric; however, it did not protect
against bullets, only sharp objects and exploding fragments. When Kevlar was invented, it created
huge advancements in body armor and was revolutionary for having high tensile strength while
still being flexible and lightweight. Kevlar vests had the ability to protect against bullets, and by
the 1980s, up to 50% of law enforcement wore Kevlar vests on the job which saved many lives
[10]. Since Kevlar revolutionized body armor, research has been ongoing into several new fibers
and construction methods for bulletproof fabric. These new fibers and fabrics being researched
and produced, such as UHMWPE, offer enhanced penetration protection and impact resistance as
well as remaining lightweight and have promise to become the standard for body armor of the
future [10].

With the advancements in ballistic materials as well as the increasing need for improved
protection, the ballistic protection markets compound annual growth rate is 6.5% from 2020-2025
(Figure 1.4A) [11]. Manufacturers are focusing on improving ballistic performance through
making materials lighter, thinner, and more durable. The need for advanced protection also comes

with the advancement in technology and ballistic weapons. FRPCs have been the largest market



compared to ceramic and metal matrix composites and is expected to continue to grow and be the
largest market by value and volume, due to FRPCs light weight, temperature resistant, and high
friction properties [12]. As shown in Figure 1.4B, the increase in the armor material market is
driven by innovative products related to body armor such as vests, helmets, and gloves [13].
Advancement in textile materials allow for lightweight armor with improved ballistic protection.
Figure 1.4 demonstrates that the ballistic material market is expected to continue to grow and along

with that is the need for advanced and improved material systems.
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Figure 1.4. (A) Ballistic protection market, by region from 2018-2025 (USD Billion) [11]. (B)
Armor materials market, by application from 2019 to 2027 (USD Millions) [13].

Currently, ballistic materials are diversified based on their intended application as
previously discussed with the variations in materials used for vehicles, helmets, and body armor.
However, most ballistic materials look to (a) stop the penetration, (b) absorb the focused shock of
a projectile, (c) spread out the force, and (d) prevent the object from doing the damage for which
it was designed. Common ballistic materials are metals and alloys, composites, ceramics,
fiberglass, ballistic nylon, aramid fiber and UHMWPE fiber. Steel is the cheapest armor material
and can weather multiple hits without degrading like other armor materials. However, steel is
heavy and cannot conform to the wearer’s body easily, making it uncomfortable to wear. Ceramics

are used for their high armor protection, improved energy absorption and dispersion, as compared



to steel, and their excellent creep and stress rupture resistance. However, ceramics plates are often
heavy, restrict wearers’ mobility, and may be unable to withstand multiple hits, hindering its
applications and growth. Fiberglass is not used in flexible body armor as it has low ballistic
resistance against handgun bullets, however its used as molded armor with a combination of
phenolic/polyvinyl butyral (PVB) resin in ballistic panels, which can be used as spall liners in
military vehicles [7]. Ballistic nylon has high abrasion resistance and durability making it useful
in end-uses in gear, which endures constant repetitious use; however, it is no longer used for body
armor protection as it offers limited protection against bullets. Two of the most common ballistic
materials for body armor are UHMWPE and aramid fiber. These two material properties are
discussed in detail in the following sections.

1.2.1. Ultra-High Molecular Weight Polyethene Fabric (UHMWPE)

Low-density polyethylene fiber has been available since the 1930s and was
commercialized in the 1950s. Since then, it has been used in many applications including bottles,
caps, toys, housewares, agricultural mulch, pipes, trash bags, and grocery bags[14]. Regular
polyethylene molecules are not orientated and are easily torn apart, so to strengthen the fibers, the
molecular chains must be elongated, crystalized, and oriented in the direction of the fiber to allow
for sufficient interaction and load transfer. The discovery of the gel-spinning process in 1979
allowed for the production of ultra-high molecular weight polyethylene, which was produced on
the commercial scale beginning in 1990 [15]. The gel-spinning process has three main steps:
continuous extrusion of a UHMWRPE solution, spinning, gelation and crystallization of the
UHMWPE, and removal of the remaining solvent and super-hot drawing. A schematic
representation of the gel-spinning process is shown in Figure 1.5 [15]. UHMWRPE is first

suspended in a solvent and fed through a heated extruder to dissolve the UHMWPE powder. The



solution is spun and fed through a spinneret and extruded through spinning holes that allow for
fibers to form and for crystallization to be enforced by cooling. The solvent is removed from the
fiber and subjected to extensive hot drawing. Extremely high draw ratios can be achieved due to
the reduction of entailments per polymer chain due to the dissolution process. Low interaction
between polymer chains can also achieve high draw ratios, which then result in high molecular

orientation and high strength fibers [16].
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Figure 1.5. (A) Schematic of UHMWPE polymer fiber gel-spinning process and the (B)
macromolecular orientation of regular polyethylene and UHMWPE [15].

The chemical structure of UHMWPE is a simple repeating CH2 molecular unit. The fibers
make up extremely long chains (200,000 repeat units with a molecular weight of 6 million g/mol)
that are aligned in the same direction and bonded to each other with numerous van der Waals
bonds. These van der Waals bonds provide the superior load transfer between these chains
[7,15,17]. The UHMWRPE polymer chains are highly orientated and crystalline (>80%) compared
to regular polyethylene (Figure 1.5B). The primary property of UHMWPE is the high strength and
high modulus in combination with a low density. In fact, the tenacity is 10-15 times that of good
quality steel. The fibers have lower heat resistance due to the weak bonding between the olefin
molecules, which allows for thermal excitation to disrupt the crystalline structure. The UHMWPE

melting point is around 144-150 °C and they maintain performance below -50 °C. Due to the high
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crystallinity and simple molecular structure, which does not contain any other chemical groups,
UHMWPE (a) has low surface energy; (b) is resistant to chemicals, acids, and alkali environments,
ultraviolet (UV) radiation; and (c) is not sensitive to attachment by microorganisms [15].
Polyethylene is hydrophobic and has low porosity, and therefore, water absorption in UHWMPE
fibers is negligible. UHMWPE has a low coefficient of friction that results in good fiber-to-fiber
wear and abrasion resistance as well as excellent resistance against external abrasion. UHMWPE
fibers have the ability to absorb extremely high amounts of energy and have a high impact
resistance. However, UHWMPE is sensitive to creep, has low adhesion to other materials and low
compression yield strength, which limits its usage [17].

Due to the numerous desired properties of UHMWPE, it is used in a wide range of
applications. It is a suitable material in a wide range of industries including automotive, aerospace,
marine, forestry, medical and military applications. Some of the first products made with
UHMWPE were in the marine industry. The fibers are used in many heavy-duty rope, net, and sail
applications due to their high strength and low weight. The fibers also have excellent abrasion and
fatigue resistance, do not lose tenacity in water or UV, can float on water, and are flexible, which
make them easy to handle. UHMWPE is also used in nets in the aviation industry. In leisure and
sports applications, it is used for sporting goods such as archery bow strings and water skis, due to
its excellent impact resistance and vibration damping; and fabric for backpacks, tents and tarps as
it is lighter and stronger than other materials. In the medical community, UHMWPE is used in
many orthopedic implants in knee, shoulder, and hip surgeries due to its biocompatibility, abrasion
resistance, and toughness. Due to its high energy absorption, UHMWPE is used in “soft” and

“hard” ballistic protection where low weight and high protection is needed.
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UHMWPE woven fabric is extensively used as soft body armor in the form of vests to
protect against fragments and handguns. Woven UHMWPE is also used as net panels, which are
light weight and a highly effective armor solution for protecting vehicles against Rocket Propelled
Grenades. Helmets and lightweight panels are forms of hard armor UHMWPE is used to make.
The light-weight helmets can offer protection against bomb and grenade fragments and handgun
and rifle threats. UHMWPE armor panels are used in lightweight military vehicles and easily-
molded inserts into vests to protect against highly penetrating rifle ammunition. UHMWPE panels
are also used in military helicopter cockpit doors to provide ballistic protection and in naval ships
as the main armor material due to their water resistant property along with being lightweight and
strong [15].

1.2.2. Aramid Fabric

Aramid fibers are derived from aromatic acids and amines that have a long chain with
amide linkages directly attached to two aromatic rings. A para-aramid orientated polyamide called
Kevlar® was synthesized in 1965 by a DuPont research scientist, Stephanie Kwolek. Kevlar®
aramid fibers are based on poly (P-phenylene terephthalamide) and are spun through a process
called dry-jet wet spinning. An anisotropic solution of terephthalic acid and p-phenylene diamine
are extruded through an air gap and coagulated in a bath to generate a yarn that is then washed and
dried. The fibers are then drawn at a temperature higher than 300 °C to increase the modulus [7,18].
The para-aramid molecular structure is highly orientated and forms a crystalline structure that has
hydrogen bonds between the adjacent polar amide groups in the molecular structure as shown in
Figure 1.6.

The high strength and thermal resistance of para-aramids come from the stability of the

aromatic ring and the added strength of the amide linkage due to conjugation with the aromatic
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structures and the linear geometry of the para link, which offers greater chain orientation [7]. This
high crystallinity results in insignificant shrinkage at high temperature, low creep, and a high glass
transition temperature. Aramid yarns have a breaking tenacity more than 5 times than steel. The
structure exhibits anisotropic properties, with higher strength and modulus in the fiber longitudinal
direction than in the axial direction, meaning it has a poor compressive strength. Para-aramid fibers
also have a large capacity to absorb kinetic energy causing them to have high impact strength.
They also have high toughness and are cut and abrasion resistance. Aramid fibers are resistant to
many organic solvents and salts, but they have loss of strength when exposed to strong acids and
bases. The aromatic structure of the para-aramid is responsible for oxidative reactions when
exposed to UV light, which leads to a color change and loss of strength. Aramids also contain
amide links that are hydrophilic, which means the fibers absorb moisture, and this process can

lower their strength making them more environmentally sensitive.

Figure 1.6. Chemical structure of para-aramid fiber.

Due to the wide range of desired properties of aramid fibers, they are used in a variety of
applications from a range of industries. As friction materials in the automotive industry, aramid
fibers reinforce tires, brake pads, belts, linings, and clutch facings due to their thermal stability and
abrasion resistance. Due to the chemical, thermal, and high-pressure stability, aramid fibers help

make gaskets strong and durable. Aramid FRPCs are utilized in the aerospace, automotive, marine,
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and rail industries to build aircraft, cars, ships, and rail carriages. Aramid FRPCs can reduce the
weight without compromising strength and help to increase fuel efficiency while also being able
to manufacture complex shapes with minimal need for rivets and fasteners and decrease operating
and maintenance costs. In the sporting goods industry athletes, outdoor aficionados and anyone
looking for lighter, stronger, and safer sports products can use aramid fiber in sails, skies, tennis
strings and in protective apparel such as gloves, motorcycle and hunting protective clothing.
Aramid fibers can also strengthen ropes and cables in many applications due its cut, abrasion and
fatigue resistance, durability and being able to withstand temperature and environment extremes.
Aramid fibers are also used as a reinforcement for glass fiber optical cables for their high strength,
lightweight capability, and flexibility to help against mechanical stress and guarantee optimum
performance.

Due to aramid fibers having high strength to weight ratio, energy absorption capabilities
and impact resistance, they are employed in a variety of ballistic applications. Aramid fibers woven
into a fabric are used as soft body armor (ballistic vests), to help protect human lives against
ballistic and fragment threats. Aramid fiber laminates can be molded into helmets which provide
added protection from bullets and steel fragments from handheld weapons and exploding
munitions [19]. Aramid composites are an effective and lightweight armor solution on trucks as
spall liners, as well as other fragment protection applications on vehicles, planes, and ships that
provide protection from ballistic attacks when increased security is needed and weight is a critical
factor. Aramids thermal stability and high glass transition temperature also ensures the integrity of

ballistic armor structure at elevated temperatures during a ballistic event [17,20-22].
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1.3. Interfacial Modifications of UHMWPE Fabric and Fiber Reinforced Polymer
Composites

Failure in a woven fabric or FRPCs form can severely limit the performance and
applications of UHMWRPE fibers. The impact performance of woven fabric is affected by multiple
parameters such as yarn linear density, thread density, crimp, and number of crossovers [5].
However, one factor considered to be the most vital to the performance of woven fabrics is inter-
yarn friction [5]. Theoretical and experimental studies have found that increased inter-yarn friction
of woven fabrics can improve the ballistic performance [5,23-30]. As shown in a simulation in
Figure 1.7, the woven fabric with the lower friction coefficient, the yarns can easily slip past each
other and show significant yarn distortion and yarn pullout in the impact region and of the primary
yarns, or those yarns directly in contact with the projectile [29]. When the coefficient of friction
increases, the structural packing is maintained due to the friction of the yarns at the crossover
points restricting motion between the yarns. The increased friction between warp and weft yarns
reduces slippage between primary yarns and helps maintain the structural packing of the fabric
during impact, thus improving impact resistance [23,26,27].

Inter-yarn friction has also been shown to control the amount of energy released during
impact, which improves the energy absorption properties of woven fabrics [23,28-30]. As the
friction between the warp and weft yarns increases, more impact energy is shared by secondary
yarns, or yarns not in direct contact with the projectile [23]. This increased friction also reduces
the maximum load on the primary yarns and prolongs fabric failure at higher velocities [23].
Therefore, increasing the inter-yarn friction improves the impact resistance of woven fabrics. In
contrast, poor inter-yarn friction between weft and warp yarns is attributed to the inherently inert

and low surface energy of the UHMWRPE fiber [31,32]. To increase the impact performance of
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woven fabrics, the friction between yarns should be increased, which will improve the load transfer

between yarns and allow for the fabric to withstand higher velocity impacts.

Figure 1.7. Comparison of simulated woven fabric failure for different friction conditions of u=0
and p=0.5 [29].

The performance of composite materials is primarily dependent on the choice of fiber and
matrix, however its final properties are typically dictated by the interface between them [33].
Interfacial properties in composite materials are usually determined by chemical interactions,
mechanical interlocking, and the size of the surface area between both interface constituents
[34,35]. Due to the previously mentioned low surface energy, smooth, high crystallinity, and
chemical inertness of the fiber surface, UHMPWE composites exhibit in poor adhesion at the fiber-
matrix interface due to the absence of chemical bonding and a lack of mechanical interlocking.
The chemically inert surface of the UHMWPE fibers can also result in poor resin wetting of the
fibers during composite manufacturing, which can also lead to poor interfacial properties. As a
result, in interfacial debonding is a common failure mode observed in UHMWPE composites when
used in structural applications. In sum, it is important to enhance the UHMWPE fiber-matrix
interface so that the structural performance of composites can be improved, and their potential

applications expanded [33-36]. The literature review presented in this section is dedicated to the
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chemical and morphological modification techniques to the fiber surface used to improve the inter-
yarn friction and interfacial adhesion of UHMWPE woven fabric and FRPCs.
1.3.1. Ballistic Applications

It is vital that the materials used in military applications have high-impact resistance and
energy absorption properties for ballistic protection during combat, however UHMWPE suffers
from poor inter-yarn friction that limits its protection capabilities, thus to enhance its use in armor
applications the inter-yarn friction needs to be improved [5]. To overcome the inert and low surface
energy limitation of UHMWPE and enhance its use in soft body armor applications, researchers
have investigated the use of chemical treatments, films, and nanoparticle coatings to improve the
inter-yarn friction of UHMWPE woven fabric [19,23,37-42]. One major area of research for
improving the inter-yarn friction of woven UHMWRPE is the infusion of a shear thickening fluid
(STF) into the fabric [37-40,43]. Arora et al. infused a STF made from silica particles dispersed
in polyethylene glycol into the UHMWPE fabric. This process subsequently increased the inter-
yarn friction and impact energy by 427% and 55%, respectively, as shown in Figure 1.8 [37]. A
major drawback of STFs is that they can significantly increase the weight of the fabric, and with
exposure to moisture and natural aging, STFs can lose their unique rheological properties [19]. Li
et al. impregnated UHMWPE with a STF with a polyethylene glycol additive at different
concentrations and molecular chain lengths. This process (a) decreased the mobility of the yarns,
(b) accelerated the transverse response, and (c) increased the inter-yarn friction to improve the stab
response. Specifically for PEG10000/4% at a drop height of 0.6 m, there was a 27% increase in
peak force and a 33% increase in impact energy for a spike threat and for a knife threat there was

a 22% increase in load and 7% increase in impact energy [39].
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Figure 1.8. (A) SEM image of woven UHMWPE treated with STF. (B) Images of woven
UHMWPE fabric failure after impact for a), b) ,c) neat fabric and d), e), f) STF treated fabric [37].

Another method that modified the surface of the UHMWPE fabric to improve the inter-
yarn friction, documented by Firouzi et al., used nylon 6,6 and nylon 6,12 to coat the UHMWPE
fabric. These nylon coatings improved the puncture resistance of the fabric by 77% and 86%,
respectively [41]. The improved performance can be attributed to the fact that the nylon films on
the surface of the UHMWPE fibers shrink upon drying, which creates an interlocking mechanism
between the fibers [41]. Chu et al. showed that the inter-yarn friction of UHMWPE woven fabric
can be improved using a plasma-enhanced chemical vapor deposition (PCVP) treatment. A PCVP
treatment period of 2 min resulted in a 91% increase in the coefficient of static friction and a 70%
increase in the coefficient of kinetic friction [42]. This improved performance is due to an
increased amount of polar groups on the surface of the UHMWPE fibers [42]. It is important to
note that plasma treatments did not degrade the tensile properties of the fibers [44-51]. The inter-
yarn friction increased by 40% when the UHMWPE fabric was coated with a titanium dioxide/zinc
oxide hydrosol [52]. When coated in this manner, the fabric weight does not increase and the
tensile properties of the fibers are maintained. However, the energy absorption capabilities of the

fabric only increased by 8% [52]. Roy et al. dipped the UHMWPE fabric in different
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concentrations of natural rubber of 6% and 9%, where a maximum increase in yarn pullout and
tenacity was shown at 9% with an increase of 359% and 52%, respectively. This finding can be
attributed to the rubber binding the yarns together, which restricted their movement under loading
[53].

In addition to the surface treatment methods described above, grafting nanomaterials onto
the surface of the fabric has been employed to improve the inter-yarn friction and ballistic
properties of UHMWPE woven fabric. Yang et al. used an alternative approach and coated
UHMWPE fabric with hard boron carbide (B4C) particles to study the effect of different processing
and coating distributions. Through a sequence of experiments they found that the stab resistance
load and energy absorption performance increased by a maximum of 60% and 63%, respectively,
when the particle dimension was 5 microns, the coating thickness 100 microns, and the coating
temperature 64 °C, and a ratio of the particle to binder of 2:3 [54]. Firouzi et al. coated UHMWPE
fabric with a silicon carbide nanoparticle polyurethane mixture of 30 wt % and 50 wt % and
showed a penetration resistance increase of a single UHMWRPE ply increased by up to 218-229%.
When multiple coated fabrics were stacked, Firouzi et al. showed an increase in spike puncture
and hydro dermic needle resistance by 57% and 346%, respectively, relative to uncoated fabric
[55]. The discussed surface modification techniques that improve the fabric ballistic performance
through coatings and nanomaterial grafting confirms the important role of the inter-yarn properties
to the impact response and behavior of UHMWPE woven fabrics.

Woven fabrics are useful in soft body armor ballistic protection applications; however, they
are not a viable option where load-bearing abilities are also required. Thus, researchers have
investigated methods to improve UHMWPE composites for hard armor. Shanmugam et al. coated

the UHMWRPE fiber surface with a combination of polydopamine and .03 wt % MWCNTSs. The
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coated fiber structure was then put into a composite with a thermoplastic methyl methacrylate
(MMA)-based matrix and impacted at energies of 26 J, 32 J, and 50 J. Results demonstrated that
at all three energies, the treated composites demonstrated less structural damage and deflection
compared to the untreated composite due to the improved delamination resistance at the fiber and
matrix interface [56]. Liu et al. constructed a hybrid panel of UHMWPE and nano-porous
functionalized liquid consisting of three things: nano-porous zeolite particles, water, and cellular
energy absorption materials. The findings showed that the backface delamination was reduced for
the hybrid composite by up to 17% compared to pure UHMWPE fabric panel with the same area
density, and this decrease was attributed to the hybrid material being an energy transfer barrier that
absorbed a large amount of energy, which prevented localized deformation [57]. Khan et al. used
friction stir processing to reinforce UHMWPE composites with nano-hydroxyapatite particles.
This reinforcement process improved the impact strength, Rockwell hardness number, and
ultimate tensile strength by 27%, 6%, and 11%, respectively, compared to untreated UHMWPE
composite [58]. Zheng at al. showed a 7% increase in energy absorption of corona treated
UHMWPE fibers in a reinforced vinyl ester composite through increased surface roughness and
oxygen containing groups which improve adhesion to the vinyl ester matrix [59]. Hu et al. showed
that when UHMWPE fibers were woven into a carbon fabric, the penetration energy and damage
tolerance increased by 71% and 10% , respectively, when compared to pure carbon fiber composite
due to the excellent energy absorption and damping properties of UHMWPE fibers which restrict
the initiation and propagation of cracks and delamination [60]. The improved ballistic performance
obtained using the discussed surface modification techniques confirms the important role of the

interfacial properties to the UHWMPE composite impact response.
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1.3.2. Structural Applications

The inert fiber surface chemistry severely hinders the performance of UHMWPE fiber-
reinforced composites for its use in structural applications [61,62]. To improve the fiber-matrix
interface of UHMWPE FRPCs, researchers have primarily investigated fiber-surface treatments
[63]. Wet and dry chemical treatment methods introduce functional groups and roughness through
micro-pits to the UHMWRPE fiber surface to increase chemical bonding and mechanical
interlocking with the polymer matrix. Dry chemical treatment techniques include chromic acid
[64-67], corona discharge [68—73], ultraviolet-irradiation [74,75], and gamma irradiation [76].
Wet chemical treatment techniques include chemical grafting [77,78], oxidative acid etching
[79,80], and coating treatments [81-83]. Studies have also shown that plasma treatments can
improve the fiber-matrix interface of UHMWPE fiber-reinforced composites through increasing
fiber surface roughness and introducing polar functional groups, while preserving the tensile
properties [44-51]. Wang et al. found that using a tannic acid-Na* coating to introduce reactive
functional groups onto the surface of UHMWPE fibers improved the interfacial shear strength
(IFSS) of UHMWPE composites by 43%, compared to untreated UHMWPE [79]. Tang et al.
performed a 20 wt % sodium hydroxide alkali treatment on the UHMWPE fiber and put them into
a polyimide matrix and showed after a 3-min treatment time that the interlaminar shear strength
increased by 6%, and the composite tensile strength increased by 13% after a 5-min treatment time,
relative to untreated UHMWPE fiber composites. This finding was attributed to increased surface
roughness and increased surface oxygen containing functional groups which improve bond
between fiber and matrix; however, prolonged alkali treatment can have a negative effect on the

UHWMPE fiber mechanical properties [84].
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Multiscale fiber surface modifications are another surface treatment to improve the
interfacial properties which consists of the application of nanomaterial reinforcements, which add
enhanced surface area and mechanical interlocking interactions with the matrix.
Mohammadalipour et al. grafted glycidyl methacrylate (GMA) onto the UHMWPE fiber and
embedded the fibers into a nano-clay/epoxy resin. They found a 229% increase in IFSS measured
using micro-droplet testing [85]. Ahmadi et al. determined that the addition of multi-walled carbon
nanotubes to a GMA and amino-thiol chemical treated fiber can yield a 336% improvement in
IFSS [86]. Shanmugam et al. coated UHMWPE fibers with 0.03% of multi-walled carbon
nanotubes (MWCNTS) that were embedded in a dopamine solution as shown in Figure 1.9.
Through transverse fiber bundle testing, it was shown that the bonding between the UHMWPE
fibers and the matrix was improved by 43%, relative to untreated UHMWPE fibers [87].
Shanmugam et al. treated UHMWPE with polydopamine and then added .03% of MWCNTSs and
increased the mode 1 interlaminar fracture toughness and IFSS by 20% and 43%, respectively,
relative to untreated UHMWPE thermoplastic composite [88]. However, higher weight fractions
of MWCNTSs resulted in a heavily entangled uneven coating that led to poor resin wetting.

An alternative to MWCNTSs, Jin et al. coated plasma treated UHMWPE fibers with
polypyrrole and reported a 848% increase in compressive performance and a 54% increase in IFSS
[82], but the tedious coating process was shown to degrade the tensile properties of the fiber due
to the catalysis required to induce polymerization [63]. Zhang et al. trapped nano-silicon dioxide
(1%) on the surface and diffused them into the UHMWPE fibers during the gel spinning process.
The IFSS, measured through a single-fiber pullout test, increased by 148% relative to untreated
UHMWRPE fibers, but an increase in the nano-silicon dioxide concentration resulted in a decrease

in the fiber’s mechanical properties [89]. Li et al. performed a potassium permanganate surface
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treatment on UHMWPE fiber in an epoxy composite with 0.3 wt % UHWMPE fibers. They found
a 27% increase in the interlaminar shear strength and a 13% increase in bending strength which
was attributed to the potassium permanganate increasing the fiber surface roughness and oxygen
containing groups improving the interface interaction [90]. The fiber-surface treatments covered
in this section confirm their use and importance to improve the fiber-matrix interface and thus
improving the structural performance and application of UHMWPE composites. However, most
current methods to improve UHWMPE woven fabric and composites suffer from a compromised

structural integrity of the fiber, the addition of extra weight, and a reduction to fabric flexibility.
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Figure 1.9. Coating of UMWPE with (A) polydopamine and (B) polydopamine + MWCNT. SEM
images of UHMWPE fiber surface for (C) untreated, (D) polydopamine coated, (E) polydopamine
+0.03% MWCNTSs and (F) polydopamine + 0.1% MWCNTSs [87].

1.4. Interfacial Modifications of Aramid Fabric and Fiber-Reinforced Polymer Composites

As discussed in the previous section, the inter-yarn friction plays a vital part in the impact
performance and energy absorbing capabilities of woven fabric. Relatedly, the fiber-matrix
adhesion plays a crucial part in the overall performance of FRPCs. The literature review presented

in this section describes the improvement of the (a) inter-yarn friction, (b) the impact performance,
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and (c) the interfacial bonding between the fiber and matrix in aramid woven fabric and FRPCs
through chemical and morphological modification techniques to the fiber surface.
1.4.1. Ballistic Applications

Aramid fabric is used in a wide variety of ballistic applications, and because of this the
desire to improve the performance has gained interest from researchers to improve the aramid
fabric inter-yarn properties and its ballistic performance. One major area in aramid fabric, similar
to UHMWPE fabric, is the incorporation of STF to the fabric. There has also been the addition of
additives to the STF to further enhance to inter-yarn friction and impact of aramid fabric [91-99].
Mawklieng et al. showed that the addition of graphene nanoplates increased the yarn pullout-force
by 25% and led to a 20% increase in energy absorption compared to just STF-treated aramid fabric
[92]. Tan et al. showed that STF reinforced with graphene improved the viscosity by 40% and
improved the shear thickening efficiency by 32%. In addition, the graphene-reinforced STF
increased the yarn pull-out by 300% and ballistic limit by 7% relative to pure STF treated aramid
fabric. This increase was due to the coupling integration of the yarns from the graphene-STF which
enables more yarns to join together and increase inter-yarn friction and impact resistance [100].
Sun et al. used non-polymerizing reactive plasma gas N2 and dichlorodimethylsilane to modify the
aramid fabric surface for the application of ballistic impact material. Their results showed a 15%
and 300% increase in yarn pullout force, respectively, compared to untreated aramid fabric, and
they attributed this increase to enhanced surface chemistry and roughness that increased the inter-
yarn friction between the yarns due to the plasma polymer layer [101].

An alternative approach to STF and chemical treatments to improve the inter-yarn friction
has been through nanomaterial surface modifications to the aramid fabric. LaBarre et al. coated

aramid fabric with MWCNTs and found an increase in yarn pull by 230% and an increase in
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ballistic limit of 50% compared to untreated aramid fabric. Entanglement among the MWCNTS,
along with increased surface roughness and surface area, increased the resistance to motion and
improved the impact performance by increasing the energy required to pull-out yarns from the
textile and inhibited textile windowing [102]. Nasser et al. used a strong basic solution to generate
microscale-to-nanoscale fibrils on the aramid fabric surface, which induced mechanical
interlocking between the fibrilized fibers and yarns. This approach enhanced the pullout energy by
665%, pullout load by 550%, and the ballistic Vso by 12%, relative to untreated aramid fabric
[103]. Nayak et al. coated aramid fabric with boron carbide to bind the threads of the fabric
together and resist their movement which increased the knife, ball and pointed stab resistance by
119%, 211%, and 112%, respectively, from untreated aramid fabric [104]. The reported research
has demonstrated the efficiency and importance of woven aramid fabric surface modifications
through coatings and nanomaterials to improve the inter-yarn friction and thus the ballistic
performance.

Although woven aramid fabric is beneficial as soft body armor, it is not a suitable option
for hard armor where load-bearing structure in addition to impact performance is imperative.
Therefore, researchers have investigated methods to improve aramid FRPCs impact performance.
MWCNTSs as an epoxy filler has been studied to improve the impact response of aramid fabric
composites [105-108]. Taraghi showed that with 0.5% MWCNTs added to the matrix, the
penetration limit increased by 40% and the absorbed energy increased by 35% relative to untreated
composite, as shown in Figure 1.10, which illustrates a smaller size of damaged area at 0.5 wt%
MWCNTSs [107]. Mourad et al. showed that with the addition of 0.5% MWCNTSs to aramid FRPCs,
they had the smallest percentage of damaged area compared to untreated and other concentrations

of MWCNT additives [108]. Sharma et al. interleaved bucky paper into aramid fabric composite

25


https://www.sciencedirect.com/topics/engineering/bucky-paper

along with resin toughening with 0.3 wt % MWCNTSs and demonstrated a 31% increase in impact
force during low velocity impact and a 30% improvement in backface delamination during high
velocity impact [109]. The MWCNTSs in the epoxy improves the toughness, while the high surface
area bucky paper interleaves offers enhanced interlaminar adhesion and improved energy
absorption capabilities [109].

Alternatively to MWCNTSs, Majumdar et al. coated aramid fabric with zinc oxide
nanostructures and improved the impact energy of the coated aramid fabric composite by 35%
relative to untreated aramid fabric due to the zinc oxide nanostructure providing better interlocking
between the fiber and the matrix [110]. Rahman et al. added varying weight fractions of nano clay
to the epoxy matrix of aramid composite panels and found that 10 wt % nano clay epoxy filler
improved the ballistic impact load by 26% and energy absorption by 24% as well as improving the
UV degradation and water absorption relative to untreated aramid fabric [111]. These
improvements were due to the nano clay increasing the packing density and chemical bonding
with the base molecular chains, and reduced porosities of the epoxy matrix [111]. Simic et al.
showed that the addition of 0.3% tungsten disulfide inorganic nanotubes (INT-WS;) in the matrix
had an increase in impact toughness by 36%, reduced backface depths by 12%, and increased knife
stab energy absorption by 9% as compared to untreated aramid composite [112]. Xia et al. coated
aramid fabric with boron carbide in an epoxy resin and showed approximately a 900% increase in
the tearing load and a maximum increase in ultimate puncture load per weight of 428% compared
to untreated fabric [113]. The reported improved ballistic performance of aramid FRPCs
demonstrates the effectiveness of an aramid fiber surface and matrix modifications to improve the

fiber-matrix interphase.
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Figure 1.10. Effect of varying content of MWCNT on the damage development of aramid/epoxy
composites [107].

1.4.2. Structural Applications

The fiber-matrix interface plays a critical role in FRPCSs, and through fiber and matrix
modifications researchers have improved the structural performance of aramid composites. One
aramid fiber surface modification method is to chemically treat the fiber surface to improve
adhesion with the matrix. Yue et al. chemically treated aramid fibers with acetic anhydride and a
3-min methanol treatment and found a 60% increase in the aramid composite IFSS due to the
enhanced chemical and mechanical interlocking with the matrix from an oxygen rich and
roughened fiber surface [114]. Jia et al. grafted 3-aminopropyltriethoxysilane (APS) onto aramid
fibers through y-ray irradiation, which increased the IFSS by 51%, relative to untreated fibers. The

increase in IFSS was attributed to chemical crosslinking with resin and the induced grooves on the
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aramid fiber, which provided mechanical riveting between fiber and resin matrix to improve the
bonding between the fiber and the matrix [115].

A widespread modification method is the addition of nanomaterials to the aramid fiber
surface to improve the adhesion between the fiber and the matrix. Nasser et al. generated nanoscale
aramid fibrils on the surface of aramid fabric through treatment from a strongly basic solution.
This process, in turn, improved the IFSS by 128% and short beam strength by 62% relative to
untreated composites through enhanced mechanical interlocking between the fiber and the matrix,
and enhanced chemical interaction through an increase in oxygen-containing functional groups on
the fiber surface. [116]. Wang et al. grew titanium dioxide (TiOz) nanoparticles prepared without
and with PEG on the surface of aramid fibers and showed a 40% and 67% increase without and
with PEG, respectively. The addition of PEG (a) decreases the TiO2 NP size, as shown in Figure
1.11, (b) increased the interaction area between the fiber and the matrix, and (c) reduced the stress
concentration between the fiber and the matrix material [117]. Zhang et al. grew nano-silicon
dioxide (SiO.) on aramid fiber surface at varying pressures to change the size of the nano-SiO;
particles. As a result of this process, the IFSS increased by 64% for the fibers treated with nano-
SiO2 under 14 MPa pressure, which demonstrated a more densely packed morphology due to the
increased roughness of the fiber surface from the nanoparticles. This process, in turn, enhanced
the interfacial adhesion of the aramid fibers with the matrix [118].

Graphene oxide is a widely studied reinforcement for aramid fiber composites [119-121].
Tian et al. first coated aramid fibers with polydopamine (PDA) to improve the adhesion of
carboxylate and aminated graphene oxide (CGO and AGO) to the aramid fiber and
demonstrated the IFSS and ILSS of CGO-PDA-aramid fibers increased by 64% and 50%,

respectively. They also found that the IFSS and ILSS of AGO-PDA-aramid fibers increased by
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77% and 63%, respectively, relative to untreated aramid fiber. The graphene oxide improves the
mechanical interlocking between the fiber and the matrix and the enhanced improvement in the
AGO-PDA-aramid fibers is due to the abundant amino groups on the surface which enhances the
chemical interaction with the epoxy matrix [121].

Modifications to the matrix have also been demonstrated to improve the adhesion between
the fiber and the matrix in aramid composites. Suresha et al. incorporated MWCNTSs at 0.15%,
0.3%, and 0.5% by weight into aramid fiber-reinforced epoxy composites. They found the optimal
MWCNT addition percentage to be 0.3%, which increased the tensile strength by 46%, tensile
modulus by 22%, flexural strength by 74% and flexural modulus by 54%. These findings were
attributed to the MWCNTS increasing the interface area and bridging the fiber and the matrix,
which suppressed the growth and propagation of cracks in the matrix [122]. A larger percentage
of MWCNTSs leads to agglomerations and weakens the fiber-matrix interface, and by extension,
the mechanical properties. The interfacial reinforcement techniques detailed in this section
demonstrate the ability of aramid fiber surface and matrix modifications to improve the fiber-
matrix adhesion and thus improve the structural performance of aramid FRPCSs. However, some
current treatment methods have disadvantages, including that they damage the surface of the fiber
resulting in a reduction in tensile strength, are not scalable, and are cost and time inefficient—all

characteristics that limit their use in structural applications.
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Figure 1.11. (A) SEM images of untreated aramid fibers and aramid fibers with TiO2 nanoparticles
prepared with and without PEG on the surface. (B) IFSS values of untreated aramid fibers and
aramid fibers with TiO2 nanoparticles prepared with and without PEG on the surface [117].

1.5. Structural Health Monitoring of Ballistic and Structural Composite Materials

Aramid fiber-reinforced composites are prone to significant structural and ballistic damage
due to harsh operating environments, thus risking catastrophic failure in the employed structure.
The ability to detect such damage can help assess the health of the structure, monitor its state, and
most importantly avoid catastrophic failure by detecting damage while in its early stages. While
damage detection can be achieved in conductive fiber-reinforced composites (e.g., carbon) using
their innate piezoresistivity to correlate changes in electrical resistance to generated damage, this
remains a challenge in aramid composites due to their electrically insulating nature. Thus, new
techniques capable of monitoring damage in fiber-reinforced composites are needed to improve
their safety and reliability.

Researchers have monitored in-situ damage in fiber-reinforced polymer composites using
a wide variety of methodologies such as through optical fibers [123,124], acoustic emission testing
[125,126], and resistance-based sensing [127,128]. Early approaches to in-situ damage sensing of
carbon fiber-reinforced polymer composites took advantage of the inherent piezoresistivity of

carbon fibers by monitoring the electrical resistance of the fibers during loading [129-132]. This
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is commonly achieved using the four-probe resistance monitoring technique where a direct current
is applied through the area under investigation while the resultant voltage across the same area is
monitored. The impedance can then be calculated using Ohm’s law. As damage, such as fiber
fracture or delamination, occurs within the carbon fiber-based composite, the conductive pathways
along the fiber are disrupted resulting in a measurable increase in the electrical impedance [129-
132]. Moreover, different modes of damage are distinguishable by changing the direction of the
resistance measurements. As fiber breakage is more detectable using measurements along the fiber
axis, the detection of delamination is enhanced when performing measurements through the
thickness of the composite [132]. However, such damage sensing approaches are limited to
composites containing conductive fiber reinforcement, such as carbon.

To overcome this limitation, researchers have investigated carbon-based nanofillers, such
as carbon black [127], graphene nanoparticles [133] and sheets [134], carbon nanotubes (CNTSs)
[127,128,135-137], and CNT paste [138] as means to introduce conductivity into traditionally
insulating fiber-reinforced composites. For example, Alexopoulos et al. showed that adding CNT-
based fibers between glass fabric plies adds piezoresistivity to an otherwise insulating composite
[136]. The resultant modified glass fiber-reinforced composites were shown to exhibit a direct
correlation between the electrical impedance and the applied tensile strain without any degradation
of the mechanical performance when compared to the untreated composite [136]. However, CNTs
present dispersion challenges due to their tendency to agglomerate as a result of van der Waals
interaction, leading to non-uniform piezoresistivity and less than theoretical mechanical
performance [139,140]. Sanchez et al. dispersed doped graphene nanoparticles within the uncured
matrix of glass fiber-reinforced composites, which introduced conductive networks to detect

deformation and damage [133]. The reported results conclusively show a correlation between the
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resistance of the specimen and the crack length during Mode | and Mode Il interlaminar fracture
toughness testing [133].

In contrast to glass and carbon FRPCSs, multiple studies have focused on post-service
damage assessment of aramid FRPCs, using methods which include ultrasonic air C-scan [141],
micro computerized tomography [142], and laser Raman microprobe [143]. While these methods
are capable of successfully detecting impact damage in aramid composites, all require the removal
of the impacted area of the composite from the structure and additional sample preparation prior
to employing the damage detection technique.

To overcome the need to remove the composite from service for damage assessment,
researchers have developed methods using integrated sensors. Zivkovic et al. demonstrated in-situ
damage sensing in aramid fiber-reinforced laminates by monitoring changes in optical signals
through embedded fiber optic sensors [144]. However, integration of the fiber optic sensors within
the composite requires extensive sample preparation and can produce a defect, which reduces
material strength. Rosa et al. proposed another technique that used embedded polyvinylidene
fluoride (PVDF) acoustic emission sensors that were used for in-situ damage detection in aramid
fiber-reinforced composites [145]. Additionally, Groo et al. demonstrated the use of
hydrothermally grown zinc oxide nanowires on aramid fibers with carbon fiber electrodes to detect
multiple modes of damage by passively monitoring the voltage emission across a composite [146].
Dai et al. adopted a different approach, which modified the aramid FRPCs by coating the aramid
fabric with carbon nanotubes to generate isotropic electrical conductivity. The researchers then
measured the changes in electrical properties, which demonstrated a linearity in the piezoresistive
responses due to elastic tensile and compressive strains, and plastic deformation [147]. Dai et al.

also demonstrated the use of electrical impedance tomography, which was able to detect square
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holes, narrow cuts, and progressive impacts. However the size and shape of these varying damage
modes were not accurately represented [148]. Luo et al. used a spray coating method to fabricate
single-walled carbon nanotube film sensors on glass fiber, polyaramid fiber, nylon fiber, and PET
fiber and during the composite manufacturing process the SWCNT-FibSen provided real time
monitoring and information during the resin curing process [149]. Rodriguez-Uicab et al.
performed in-situ strain sensing on CNTSs incorporated only into the matrix and coated on the
aramid fibers along with dispersed in the matrix of aramid fiber-reinforced polypropylene
composites. The researchers demonstrated that the CNTs during quasi-static and cyclic loading
were capable of sensing tensile strain. It was also found that the composites containing CNTSs in
the matrix and on the fibers had higher piezoresistive sensitivity; however, the method to coat the
aramid fiber was designed for individual fibers that required separation of fibers from the yarns
and is not idea for larger scale production of woven aramid fabrics [150]. Nevertheless, these
methods mentioned typically require more intensive sample preparation to incorporate damage
detection capabilities that presents challenges in manufacturing and scale up for industrial use.
Despite the widespread research on resistance-based sensing for carbon and glass fiber-reinforced
polymer composites, similar efforts have not been widely used with aramid fiber-reinforced
polymer composites, especially during ballistic impact.
1.6. Choice of Nanomaterials

While there is a wide variety of nanomaterial reinforcements reported in the literature, this
dissertation focuses on the novel use of three nanomaterials: aramid nanofibers (ANFs), zinc oxide
nanowires (ZnO NWs) and laser induced graphene (LIG). These nanomaterials reinforcements are

used to improve the interfacial and inter-yarn properties of UHMWPE and aramid fibers with
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scalable and efficient approaches. The synthesis, properties, and uses of each material are
discussed below.
1.6.1. Aramid Nanofibers (ANFs)

Yang et al. proposed ANFs in 2011 as a polymeric nanoscale building block that could be
utilized in a wide range of applications [151-153]. To generate ANFs, bulk aramid fibers are added
to a basic DMSO/KOH solution and stirred to start the dissolution and deprotonation process. As
shown in Figure 1.12, this process breaks apart the hydrogen bonds between the chains. Hydrolysis
also takes place in the dissolution process and forms carboxylic acids and amines on the surface
of the ANFs. The resulting large aspect ratio ANFs have the same crystal structure as precursor
bulk aramid fibers and presumably, maintain the same (a) mechanical properties, (b) chemical
properties, and (c) thermal resistance as macroscale aramid fibers. Unlike bulk aramid fibers,
ANFs have increased surface reactivity with polar functional groups, such as carboxylic acids,
carbonyls, and hydroxyls (Figure 1.12) [151,154]. The thermal decomposition of ANFs does not
start until 536 °C and melting point is not detected until 300 °C, demonstrating the high thermal
stability of ANFs is preserved [155]. The ANFs display outstanding water repellency, and provide

high ultra-violet (UV) radiation protection [152] .
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Figure 1.12. Dissolution and deprotonation process to obtain ANFs.
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ANFs can form two-dimensional (2D) and three-dimensional (3D) nanoscale-based
structures, such as nanofiller, films/nanopaper, coatings, aerogel fiber, particles/beads, and
hydrogels. [152,153]. ANFs as nanofillers are used to blend and function as a network matrix
material in a variety of other materials including polyethylene glycol [156,157], polyurethane
[158], CNTs [159,160] graphene oxide [161-163], gold nanoparticles [164], and boron nitride
nanosheets [165,166]. In addition, ANFs and their composites have been used in applications
within many fields including, energy storage [167-170], battery separators [171,172], absorption
and filtration [173,174], biomedicine [175-178] electromagnetics [179,180], electrical insulation
[181], and infrared protection[182]. Taken together, ANFs are a widely-used nanomaterial with
the potential to be integrated into a variety of large-scale production and demonstrates its
multifunctional abilities.

ANFs have also been utilized as an interphase and as nanofillers in certain FRPCs to
provide mechanical reinforcement. Lin et al. isolated ANFs in the form of a powder, which was
then dispersed into an epoxy matrix to study the ANFs impact on the mechanical performance of
the resulting nanocomposites [183]. The reported results showed that the ANFs were highly
compatible with the epoxy matrix and yielded considerable improvements related to elastic
properties and fracture toughness of the nanocomposites [183]. When the ANF-reinforced epoxy
resin was used to fabricate aramid laminates using vacuum-assisted resin transfer molding
(VARTM), the short beam strength (SBS) improved by 43%, and Mode | fracture toughness
improved by 17% [184].

Nasser et al. used a dip-coating method instead to directly assemble ANFs onto the surface
of aramid fibers by means of physisorption and hydrogen bonding, which resulted in a 70% and

25% increase in IFSS and SBS, respectively [185]. A similar dip-coating process was used to
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directly assemble ANFs onto the surface of positively charged fiberglass through electrostatic
adsorption, resulting in an 83% and 36% improvement in IFSS and SBS, respectively [186]. In the
case of carbon fibers, Lee et al. used an electrophoretic deposition approach to assemble the ANFs
onto the surface of the carbon fibers, which resulted in a 35% increase in IFSS [187]. The reported
improvements in IFSS can be attributed to enhanced mechanical and chemical interactions
between the fiber and the matrix due to the ANFs ability to increase both the roughness and
chemical reactivity of the fiber surface.

1.6.2. Zinc Oxide Nanowires (ZnO NWs)

ZnO NWs have gained attention as a multifunctional material due to their attractive
piezoelectric and semiconducting properties as well as their enhancement of the mechanical
properties of the host composite [188]. ZnO NWs are a ceramic nanomaterial with a wurtzite
crystal structure that is synthesized in mainly two classifications: a vapor phase and a solution
phase. During the vapor phase, the ZnO NWs are synthesized at 500 to 2000 °C in a closed chamber
where vapor of a desired material is generated by evaporation or chemical reduction. The vapor is
then deposited on a solid surface substrate. The solution phase, on the other hand, is executed at
lower temperatures (<200 °C) in a growth solution of aqueous solution, organic solution or a
combination of an aqueous and organic solution, which offers enhanced flexibility for the use of
organic and inorganic substrate [189].

ZnO NWs are used in a wide variety of applications such as sensing [190-194], energy
harvesting [195-197], UV detection and shielding [198,199], field emission devices [200], solar
cells [201-203] and photocatalysis [204]. Researchers have also demonstrated the effectiveness of
ZnO NWs as a reinforcing material in fiber-reinforced composites [205-212], which is done by

growing the ZnO NWs directly onto the fibers using a benign hydrothermal growth solution. Lin
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et al. demonstrated that by providing enhanced mechanical interlocking abilities and increased
surface area interaction, a ZnO NW interphase can improve the IFSS of carbon fiber-reinforced
composites by 133% (Figure 1.13) [207]. ZnO NWs also reduce the stiffness gradient, resulting in
a reduction of stress concentrations at the interface between the varying fiber and matrix material
[213]. Galan et al. optimized the nanowire morphology and improved the IFSS of ZnO NW-
reinforced carbon fiber composites by 228% [208]. Previous research has also demonstrated that
the use of ZnO NWs can enhance the IFSS of aramid fiber-reinforced composites by 51% [210].
Swaminathan et al. reported that a ZnO NW interphase with a glass fiber reinforcement could
increase the IFSS by 430% [212]. Nasser et al. evaluated ZnO NW-coated carbon and glass fiber-
reinforced composites under varying strain rates during single-fiber pullout tests. This testing
showed that the IFSS increased at low strain rates (benefiting structural performance) and
decreased at high strain rates (beneficial under ballistic loading conditions), therefore
demonstrating the use of ZnO NWs as a multifunctional interphase [205,206]. Taken together,
these results highlight the use of a ZnO NW interphase to improve the IFSS of fiber-reinforced
composites and indicate a potential reinforcement for UHMWPE fiber composites.

For soft body armor applications, Hwang et al. determined that ZnO NWs grown on woven
aramid fabric can improve yarn pullout load by a factor of 23 and energy absorption capabilities
by a factor of 11 [214]. The improved aramid fabric performance was due to the interlocking
mechanism of the ZnO NWs and the buildup of the nanowires at the yarn crossover points
[214,215]. The improved inter-yarn performance of ZnO NW-coated aramid fabrics was also
explored by Malakooti et al., where a 66% improvement in the impact resistance of the fabric was
reported [216]. Arora et al. demonstrated that the energy absorption capability of loosely-woven

UHMWPE fabric can be improved with the use of ZnO nanorod grafting, and the energy
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absorption capability of tightly-woven UHMWPE fabric can deteriorate when altered by the
addition of these ZnO nanorods [217]. These studies demonstrate the potential of a ZnO NW

interphase to improve the inter-yarn friction and ballistic performance of woven textile fabrics.
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Figure 1.13. (A) SEM images of ZnO NWs grown on carbon fiber [207]. (B) Schematic of carbon
fiber coated with ZnO NWs being pullout out from epoxy matrix [209].

1.6.3. Laser Induced Graphene (LIG)

A 3D porous graphene structure called laser induced graphene (LIG) has recently gained
research traction due to the ease of production and inherent piezoresistivity [218]. The graphitic
structure is obtained through the photo-thermal conversion of sp®-carbon atoms in polyimide to
sp2-carbon using a commercial CO; infrared laser in an ambient environment, which results in a
highly conductive, flexible surface with excellent thermal and electrical properties [218]. LIG
films were characterize by X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS) and
Fourier-transform infrared spectroscopy (FTIR) which confirmed the presence of sp?-carbon and
Raman spectroscopy demonstrated a 2D band profile that is found in 2D graphene consisting of
randomly stacked graphene layers and a high degree of graphitization was indicated by XRD. High

resolution transmission electron microscopy (TEM) images showed an abundance of pentagon-
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heptagon pairs, thus representing the ultra-crystalline feature of the LIG. By tuning the laser
parameters such as power, speed and pulsing density, LIG with different morphology and
microstructure can be produced [219]. Since its initial discovery and its ease of production, the
potential applications of LIG have expanded to include joule heating [220], resistive memory
devices [220], biomedical applications [221,222], flexible sensors [219,223], and composite strain
sensors [220,224-226].

Although LIG is most commonly generated from polyimide films, Chyan etal.
demonstrated that LIG could be directly formed on a wide variety of polymeric and non-polymeric
surfaces, including aramid fibers, which can be exploited for the use in fiber-reinforced composites
[221]. Recently, Nasser et al. reported that LIG directly printed on aramid fabric and LIG transfer
printed onto carbon fiber prepregs exhibit an improved the fiber-reinforced composites short beam
strength and Mode | interlaminar fracture toughness due to an increased interlocking mechanism
and chemical interaction in the interlaminar region [227]. The application of LIG in structural
health monitoring applications was recently investigated by Groo et al. who utilized L1G-coated
aramid fabric as the reinforcement for self-sensing fiber-reinforced composites (Figure 1.14)
[226]. The modified aramid-based composites were shown to be capable of tracking both tensile
and flexural strain in addition to detecting tensile damage in-situ. Therefore, the combination of
the piezoresistive properties of LIG and the ease of application with aramid fabrics presents a
material with promising potential with regards to in-situ and resistance-based damage detection
for aramid fiber-reinforced composites. However, up to this point, the ballistic impact performance
and sensing capabilities of the L1G-coated aramid fabrics is yet to be investigated despite the

traditional ballistic applications of aramid-based composites.

39



Silver Paint y
Rin,
£ \\mm
| —
Voltage
Measurement

i T 0 1 2 3 4

Extension (mm)

Figure 1.14. Schematic of the four point probe method of tensile test sample and SEM image of
LIG-coated aramid composite along with the measured change in resistance and load under tension
[226].
1.7. Overview of Research

This section describes the research conducted in each of the subsequent chapters. Chapter
2 explores the use of an ANF interphase to improve the fiber matrix interface in UHWMPE
composites under quasi-static loading. The chapter starts with a review of the approaches to
measuring the interfacial properties of FRPCs through single-fiber testing methods. The simple
ANF dip-coating process for the assembly onto plasma functionalized UHMWPE fiber is then
explained. The chemistry, morphology, and roughness of the ANF-coated fiber is characterized by
Fourier-transform infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS),
scanning electron microscopy (SEM), and atomic force microscopy (AFM). The ANF-treated
UHMWPE fibers displayed an increase in surface roughness and polar functional groups, which
allowed for enhanced surface area interactions and chemical bonding with the epoxy matrix to

improve fiber-matrix interactions. The structural integrity of the treated fibers was maintained and
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assessed using single-fiber tensile testing, which demonstrated the benign nature of the treatment.
The interfacial properties due to the introduced ANF interphase were evaluated through single-
fiber pullout testing and a maximum increase of 173% in interfacial shear strength was measured
through a combination of enhanced chemical interaction and mechanical interlocking. The
findings in this chapter demonstrate that an ANF coating improves the interfacial properties of
UHMWPE composites to maximize the production of high-performance UHMWPE fiber-
reinforced composites.

In an effort to explore additional nanostructure interphases in UHWMPE composites,
Chapter 3 examines the use of a ZnO NW interphase under quasi-static loading to improve the
UHMWPE fiber-matrix interface. Prior to the hydrothermal growth of ZnO NWs on the
UHMWPE fiber, the fiber surface was subjected to varying oxygen-plasma treatment durations to
change the surface oxygen content to study the effect and improve ZnO NW adhesion. The post-
functionalized surface chemical structure was examined using FTIR and XPS. The morphology
and uniformity of the growth were characterized using a SEM. The benign nature of the surface
treatment and ZnO NW growth was confirmed through single-fiber tensile testing. Using single-
fiber pullout testing, the interfacial shear strength of UHMWPE composites with a 30-s oxygen-
plasma treatment prior to ZnO NWs showed a maximum increase in IFSS of 135% through
enhanced surface area interactions and mechanical interlocking between the fiber and the matrix.
The findings in this chapter demonstrate that a simple oxygen-plasma functionalization and
grafting of a ZnO NW interphase on the surface of UHMWPE fibers can significantly increase the
IFSS of UHMWPE composites, and therefore, expand the use of UHMWPE FRPCs in structural

applications.
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Building on the findings of Chapter 3, Chapter 4 utilizes an oxygen-plasma
functionalization and ZnO NW reinforcement in woven UHMWPE fabric to improve its inter-yarn
friction and ballistic performance. The woven UHMWPE fabric was first oxygen-plasma
functionalized to optimize the adhesion of the ZnO NWs to the surface of the fabric. Next, the
surface chemistry was examined through XPS. The ZnO NWs were then grown using a
hydrothermal growth process and the resulting nanowires were characterized using SEM and
thermogravimetric analysis (TGA). The inter-yarn friction and pullout energy of the treated
UHMWPE fabric were assessed using the yarn pullout method, which exhibited a maximum 664%
increase in pullout load, and the pullout energy increased by 823% for ZnO NW-coated UHMWPE
fabric that was treated with oxygen-plasma for 30 s. Due to the increase in inter-yarn friction, the
Vs ballistic limit and energy absorption increased by a 59% and 227%, respectively, measured
through projectile impact testing. The observed improved inter-yarn and impact performance can
be attributed to mechanical interlocking and increased surface area provided by the ZnO NWs
between neighboring yarns, which limits yarn movement during impact and improves resistance
to pullout and penetration of the projectile. The findings from this chapter demonstrate a simple
surface modification technique to yield-improved inter-yarn friction and ballistic performance of
woven UHMWPE fabrics, which allows for further advancement and performance of the fabrics
use in ballistic applications.

Chapter 5 investigates the use of LIG for improved ballistic and structural performance,
in-situ impact damage and delamination detection in aramid FRPCs. First, LIG was directly
generated on the aramid fabric using a laser printer before being fabricated into aramid laminates.
The morphology of the LIG on the aramid surface was characterized using SEM. The interlaminar

fracture toughness, evaluated using mode I interlaminar fracture toughness test and areal-density-
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specific Vso evaluated using impact tests of the LIG aramid composites, increased relative to
untreated aramid composites. This increase was due to the LIG providing an interlocking
mechanism and increased surface area interactions between the fabric and matrix from the fibrous
LIG microstructure that mechanically bridged the gap between adjacent plies. Using a four-point
probe resistance monitoring method during ballistic impact, percent change in electrical resistance
was found to correlate to the projectile impact velocity as s result of damage to the LIG interface
from fiber breakage and delamination. Monitoring change in resistance during Mode I interlaminar
fracture toughness testing, results showed strong correlation between change in resistance and
generated delamination length and rate of growth. It was demonstrated that the LIG exhibits
multifunctionality in both reinforcing the interface between plies while also enabling in-situ
structural health monitoring of this failure-prone area within fiber-reinforced composites. The
findings in this chapter demonstrate a simple and effective technique to generate a LIG interface
in aramid-based composites to improve structural performance and imbedded sensing of damage
and delamination.

The final chapter of this dissertation summarizes the key findings and results of the work
discussed throughout this dissertation. After the overview, the main contributions of this
dissertation are discussed and their influence on future research, advancing the use of
nanostructured-based surface modifications on the field of ballistic materials, and advancing the
use of UHMWPE composites in structural applications. Finally, suggestions for future work

building on findings in this dissertation are presented in the final section of this chapter.
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Chapter 2. Aramid Nanofiber Interphase for Enhanced Interfacial Shear Strength in
Ultra-High Molecular Weight Polyethylene/Epoxy Composites
2.1. Chapter Introduction

Applications of ultra-high molecular weight polyethylene (UHMWRPE) fiber in structural
composites are limited due to the fiber’s chemically inert and smooth surface, which results in
poor adhesion with matrix materials and ultimately affects the overall mechanical properties of the
composite. In order to combat the poor bonding of the UHMWPE to matrix materials, prior
research has shown that multi-scale modification of the fiber surface using nanomaterials is a
promising approach to improve the interfacial properties of composite materials, which uses a
combination of mechanical interlocking and chemical interactions. The focus of this chapter is the
use of an aramid-based nanomaterial interphase to improve the interfacial properties of UHMWPE
composites for structural applications.

In this work, the effectiveness of a simple dip-coating process for the assembly of an aramid
nanofiber (ANF) interphase onto the surface of plasma-treated UHMWPE fibers is demonstrated.
The ANF dip-coating treatment increases the surface roughness of UHMWPE fibers and populates
them with polar functional groups, which allows for enhanced chemical bonding with the epoxy
matrix. The chemical composition of post-treatment UHMWPE fiber surface was characterized
using Fourier-transform infrared spectroscopy (FTIR) and X-ray photoelectron spectroscopy
(XPS), and was found to exhibit an increase in polar functional groups. Through scanning electron
microscopy (SEM) and atomic force microscope (AFM), the UHMWRPE fiber surface was found

to have an increased roughness, which is desirable for a stronger interfacial interaction via
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mechanical interlocking between the fiber and the matrix. Through single-fiber pullout testing, the
interfacial shear strength (IFSS) was observed to increase when an ANF interphase was introduced
while maintaining the tensile strength of the treated UHMWPE fibers. The performance of the
interphase was enhanced by varying the ANF dip-coating treatment periods. These results
demonstrate a simple and cost-efficient technique to improve the interfacial properties of
UHMWPE composites through the introduction of an ANF fiber surface reinforcement.

2.2. Review on Micromechanical Interfacial Testing Methods

The interphase between the fiber and matrix is a highly important factor in the development
of fiber-reinforced polymer composites (FRPCs) since it has a critical impact on the overall
strength of the composites. For this reason, there has been a variety of methods to measure the
fiber-matrix adhesion, where some methods are for larger scale composites and others are for
single-fiber composites. However, for a more direct assessment of adhesion, specifically the IFSS,
it is generally accepted that the single-fiber composite test is the most suitable approach [228,229].
Although there is no set standard for measuring the IFSS, the four common methods used are
single-fiber fragmentation (SFF) [210], single-fiber pushout [230], micro-droplet [231-233], and
single-fiber pullout (SFP) [198].

In a SFF test, a single fiber is embedded into a polymer matrix and is loaded in tension, as
depicted in Figure 2.1A. As the specimen is loaded and elongated, stress is transferred to the fiber,
and once it reaches its tensile strength, the fiber begins to fracture until fiber fracture saturates
[234,235]. The IFSS is then calculated based a shear-lag analysis using the tensile strength of the
fiber at a critical length and the maximum number of fiber fractures [236]. The test is usually
performed under polarized light, which enables the operator to view brightly colored distributions

at the fiber fractures; however, when unusual fiber failure patterns occur, it can be difficult to
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determine, measure, and analyze the fiber fractures [237]. Thus, the SFF test is limited to
transparent matrix materials, and is not suitable for high failure strength fibers since the matrix
may Yyield prior to fiber fracture saturation [238,239].

Single-fiber pushout is another method and is shown in Figure 2.1B. By using a
nanoindenter, single fibers are pushed out of a flat matrix specimen, and the corresponding force
applied is measured [230,240]. This test has some advantages of being able to test multiple fibers
prepared in one specimen, which allows this to be a fast-testing method as well as a clear
demonstration of debonding failure. However, there can be non-uniform contact between the probe
and the fiber that causes destruction of the fiber from the concentrated compressive stress. Thus,
this method is not suitable for soft polymer fibers where the indenter can potentially damage the
soft fiber instead of pushing it out of the matrix [238].

The third technique is the micro-droplet test where a small droplet of polymer matrix is
deposited on a single fiber and then threaded between two jaws of a microvice as shown in Figure
2.1C. As the fiber is pulled, the droplet is caught and held by the microvice until the fiber debonds
and is pulled out from the matrix [232]. Great care must be taken for a variety of parameters during
sample preparation such as of the droplet length and shape, and dragging of the droplet which can
create an undesired film on the fiber which dictates loading conditions, leading to high variability
and inaccurate measurements of the collected data [233,238]. The small volume used for the
droplet changes the curing kinetics of the polymer matrix, which can affect the legitimacy of the

data collected [241,242].
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Figure 2.1. Schematics of singe fiber composite micromechanical tests to determine the interfacial
shear strength for (A) single-fiber fragmentation, (B) single-fiber pushout, (C) micro-droplet, and
(D) single-fiber pullout [228].

The final alternate method is SFP, where a single fiber is embedded into a polymer matrix
block at a predetermined length, and an external force is applied to the free end of the fiber to
achieve fiber pullout, as shown in Figure 2.1D [236,243,244]. The simple and easy design along
with the catastrophic nature of the failure at the fiber matrix interface makes SFP a good candidate
for the measurement of interfacial properties [229,245]. Therefore, in this research, SFP will be
used to measure the IFSS of the composites. The IFSS (t) of a specimen during SFP test is

expressed as [243]:
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T=— (2.1)

Where F is the peak load when pullout occurs, d is the diameter of the fiber, and [ is the embedded
fiber length. The embedded length is adjusted so that fiber pullout occurs instead of tensile failure

of the fiber. Using the applied load to calculate the tensile stress (a5) which can be expressed as:

where 7 is the radius of the fiber. The maximum possible embedded length of the fiber inside the

polymer matrix can be determined by combining Equations 2.1 and 2.2 and expressed as:

=22 (2.3)

2T

Therefore, considering the tensile strength (~ 3 GPa), diameter (~ 40 um) and the IFSS (~ 3 MPa)
of UHMWPE fibers, the maximum embedded length is calculated as ~ 10,000 um. However, to
ensure fiber pullout and accuracy of the test results, a safety factor of 10 is used so the actual
embedded length was kept shorter than 1000 um. To eliminate the possibility of cross-sectional
effects having an impact on the measurements, the embedded length should not be less than 50 um
[244]. Hence, the SFP interfacial testing method can yield clear debonding failure, which allows
for direct and accurate measurement of the IFSS of a composite.
2.3. Assembly of ANF onto UHMWPE Fiber Surface

UHMWPE plain-weave fabric (Spectra® fabric style 932 received from Saati) was cleaned
using successive sonication for 30 min in acetone and ethanol and then dried in an oven at 80°C
for 1 hour. Following cleaning, the fabric was oxygen-plasma treated inside a SPI Plasma Prep Il
with an oxygen atmosphere (99.6% purity) for 30 s to introduce oxygen functional groups.

Individual fibers were then removed from the woven fabric and partially attached to Teflon frames
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using 5-min epoxy, leaving one end of the fiber hanging free, as shown in Figure 2.2. A 0.2 wt%
ANF solution was prepared according to the dissolution and deprotonation method described by
Yang et al. [151]. Macroscale aramid fibers were dissolved in a DMSO/KOH solution and stirred
at 350 revolutions per min (rpm) at room temperature until the aramid fibers were completely
dissolved. The solution was then poured into a 500 ml beaker and the Teflon frame was submerged
in the beaker for treatment periods of 1, 3, 5, and 7 min (see Figure 2.2). Once the dip-coating
process was completed, the fibers were rinsed in water and dried in a vacuum oven at 60°C for 24

hours.

Negatively Charged ANFs in a DMSO Solution UHMVWVPE Dipped in ANF Solution

ANF Coated

Epoxy UHMWPE Fiber

+

UHMWPE Fibers

Teflon Frame

Figure 2.2. Schematic of the ANF dip-coating treatment process.

2.4. Surface Characterization

The chemical structure and composition of the ANF-coated fiber surface was characterized
by Fourier-transform infrared spectroscopy (FTIR) and X-ray photoelectron spectroscopy (XPS).
The UHMWPE surface morphology was characterized by scanning electron microscopy (SEM),
and the surface roughness was measured by atomic force microscopy (AFM).
2.4.1. FTIR Characterization of ANF on the UHMWPE Fiber Surface

Following the ANF dip-coating process, the surface chemistry and morphology of the
UHMWPE fibers were characterized using multiple techniques. To confirm the presence of ANFs

and characterize the chemical structure of the ANF interphase on the surface of the UHMWPE
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fibers, FTIR was performed using a Nicolet iS60 spectrometer (Thermo Scientific) witha SMART
diamond iTR accessory.

FTIR was used to investigate changes in the chemical structure of the UHMWPE fiber
surface post-plasma and ANF dip-coating treatments. FTIR was performed on the ANF-coated
UHMWPE fibers with various treatment periods of 1, 3, 5, and 7 min (see Figure 2.3A). As shown
in Figure 2.3B, the surface plasma treatment performed prior to the ANF coating yields new
oxygen-based functional groups at 1735 cm™ and 1110 cm, which correspond to C=0 and C-O-
C, respectively [246]. The addition of these oxygen groups on the originally inert UHMWPE fiber
surface can potentially enable a higher degree of chemical interaction between the fiber and polar
ANFs. Once an ANF interphase is introduced, the FTIR spectra of the treated fibers displayed
distinct ANF absorbance peaks which correspond to C=0 stretching (1648 cm™), C-N stretching
(1542 cm™), C=C stretching (1523 cm™), and Ph-N stretching (1316 cm™), irrespective of
treatment periods (see Figure 2.3A). In addition, all of the treated fibers displayed polyethylene
absorbance peaks, which correspond to C-H stretching (2914 cm, 2848 cm™, 1472 cm:, and 716
cm™). The results confirmed that the dip-coating process successfully produces an ANF coating
on the fiber surface. The results also confirmed the addition of polar functional groups on the
surface of the UHMWPE fiber due to the ANFs, which have been previously demonstrated to be
compatible with epoxy functional groups, therefore providing a mechanism to improve chemical
interactions at the fiber-matrix interface [183,184]. It should be noted that no significant
polyethylene absorbance peak shifts were observed, which confirms the fiber treatment does not
damage the fiber’s chemical structure. When comparing the ANF dip-coating treatment period
(see Figure 2.3C), the absorbance peaks corresponding to C=0 stretching, C-N stretching, C=C

stretching, and Ph-N stretching are found to increase with increased soaking. The increase in
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absorbance peaks signals a correlation between the amount of ANFs introduced onto the fiber

surfaces and treatment period.
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Figure 2.3. (A) FTIR spectra of untreated UHMWPE, isolated ANFs, and ANF-coated UHMWPE
fibers for various treatment periods. (B) FTIR spectra of untreated UHMWPE and 30 s plasma-
treated UHMWPE. (C) FTIR spectra of untreated UHMWPE, isolated ANF, and ANF-coated
UHMWPE fibers for various treatment periods with wavelengths ranging between 1715 cm™ and

1190 cm™,
2.4.2. XPS Characterization of ANF on the UHMWPE Fiber Surface

The changes to the chemical composition of the fiber surface due to the introduced ANFs were

characterized using XPS obtained from a Kratos axis ultra XPS. A broad spectra and C1s spectra
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were obtained and decomposed using CasaXPS software that utilized a Marquette regression
function to create deconvoluted peaks of 70-30% Gaussian-Lorentzian distributions with the full-
width, half max constrained to 0.8-1.7 eV and energy bands of 284.5-285.5, 285.5-287.0, 286.5-
288.0 and 288.0-290.0 eV were fitted. Each peak corresponds to a different moiety, for C-C
(carbon) , C-N (amine), C=0 (ketone), and COOH (carboxyl) bonds, respectively [247,248].

XPS analysis was used to further investigate the chemical composition of the UHMWPE
surface following the plasma and ANF dip-coating processes. The XPS broad spectra
concentrations of carbon, oxygen, and nitrogen of untreated, plasma-treated, and ANF-coated
fibers are shown in Table 2.1. Post-plasma treatment, the UHMWRPE fiber surface oxygen content
was increased considerably from 6.41% to 15.2%. Once ANFs were introduced, the fiber surface
was found to be enriched with up to 7.53% nitrogen when compared to the untreated and plasma-
treated samples, which both measured at 0% nitrogen. The addition of nitrogen is a result of
aramid’s amide bonds and confirms the presence of an ANF coating on the UHMWPE fiber
surface.

Table 2.1. Broad XPS survey concentrations of overall carbon, nitrogen, and oxygen contents of
untreated, oxygen-plasma treated, and ANF-coated UHMWPE fiber surfaces.

UHMWPE Fiber C% 0% N%
Untreated 9359 641 0.00
Plasma-treated 84.17 1520 0.00
ANF-coated 8256 991 753

The normalized C1s XPS spectra of untreated UHMWPE, ANF-coated UHMWPE fibers
for various treatment periods, and isolated ANF powder are shown in Figure 2.4. Figure 2.4 shows

that the ANF-coated UHMWRPE surface exhibits similar chemical composition peaks to that of the
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ANF powder, confirming the presence of ANFs on the fiber surface. The C-C (carbon) and C=0
(ketone) peaks decrease while the C-N (amine) and COOH (carboxyl) peaks increase with
increased treatment periods. After a 7-min treatment period, the C1s spectra is similar to the ANF
powder, which is likely caused by the ANF coating exceeding the interaction volume of XPS
during the longer soak times. The decomposed C1s energy state concentrations of the ANF-coated
fibers for various treatment periods are shown in Table 2.2. The presence of oxygen functional
groups on the fiber surface after the ANF treatment presents the potential to enhance the

chemically interaction at the fiber-matrix interface.
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Figure 2.4. C1s XPS spectra of untreated UHMWPE, ANF-coated UHMWPE fibers for various
treatment periods and ANF powder, deconvoluted by existing carbon states.
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Table 2.2. XPS decomposed C1s energy state concentrations for ANF-coated UHMWPE fibers
for various treatment periods compared to isolated ANF powder.

Treatment periods C-C% C-N% C=0% COOH%%
(min) (Carbon) (Amine) (Ketone)  (Carboxyl)

1 78.31 13.03 7.47 1.18

3 78.53 11.44 7.24 2.79

5 77.66 11.89 7.55 2.90

7 73.53 17.93 5.25 3.20

ANF Powder 71.51 20.00 4.68 3.82

2.4.3. SEM of ANF Coated UHMWPE Fiber Surface

The ANF-coated UHMWPE fiber-surface morphologies were SEM imaged using a JEOL
7800 FLV. SEM images were used to investigate the surface morphology of the UHMWRPE fibers
following ANF dip-coating. As shown in Figure 2.5A-B, the untreated fiber surface displayed a
smooth texture, which does not provide the opportunity for mechanical interlocking between the
matrix and fiber. As a result, the interfacial interaction was primarily dominated by chemical
bonding. However, UHMWPE has a naturally inert surface that does not offer opportunities for
chemical bonding between the fiber and matrix. Following a one-min ANF dip-coating treatment,
the fiber surface was found to display a rougher morphology due to adsorption of entangled ANFs
(see Figure 2.5C-D). As the treatment period was increased to 3 min, the ANF coating was found
to densify and completely cover the fiber surface, forming a complete ANF interphase. As shown
in Figure 2.5G-J, once the treatment period was increased to 5 min or longer, signs of ANF surface

agglomerations began to appear, yielding non-uniform and porous coatings.
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Figure 2.5. SEM images of untreated UHMWPE and ANF-coated UHMWPE fiber surfaces for
varying treatment periods. (A-B) Untreated UHMWRPE fiber surface. (C-D) 1-min treatment
period. (E-F) 3-min treatment period. (G-H) 5-min treatment period. (I-J) 7-min treatment period.
2.4.4. AFM of ANF Coated UHMWPE Fiber Surface

The surface roughness of the fiber was measured using a Park Systems XE-70 AFM in
non-contact mode. The ANF-induced changes in surface morphology were also quantified using
AFM characterization. In agreement with SEM imaging, Figure 2.6 displays a significant increase
in fiber surface roughness with increasing treatment periods. Both the root-mean square (RMS)
(Rg) and the average roughness (Ra) of the fiber surface were measured using XEI (PSIA
Corporation) analysis software (see Table 2.3). Both Rq and Ra of ANF-coated UHMWPE fibers
were found to increase with increasing treatment period, reaching a maximum increase of 267%
and 227% after a treatment period of 7 min, respectively. The roughened surface as shown in the

SEM images and AFM scans due to the ANF coating yields a larger interaction surface area

between the fiber and matrix and provides the opportunity for mechanical interlocking, which can
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contribute to strengthening the interfacial adhesion within UHMWPE composites. The large
increase in surface roughness shown after 5 and 7 min can signify the formation of agglomerations
and a non-uniform surface, which are expected to be undesirable since they can hinder the resin
from properly wetting the fiber surface, and ultimately cause interfacial defects and voids that have

the ability to reduce the interfacial strengthening effect of the proposed interphase.

Figure 2.6. Non-contact surface AFM scans of (A) untreated and ANF-coated UHMWPE fiber
surfaces at (B) 1-min, (C) 3-min, (D) 5-min, and (E) 7-min shows increased surface roughness
with increased treatment periods.
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Table 2.3. Measured RMS Rq and Ra of untreated UHMWPE and ANF-coated UHMWPE with
varying dip-coating treatment periods.

Treatment period (min) Rq (nm) Ra (nm)
Untreated 12 11
1 19 15
3 27 24
) 37 32
7 44 36

2.5. Mechanical Tests

The structural integrity of the treated fibers was assessed using single-fiber tensile testing,
while changes in interfacial properties due to the introduced ANF interphase were evaluated
through single-fiber pullout testing.
2.5.1. Fiber Tensile Strength Measurement
2.5.1.1. Single-fiber tensile test experimental setup

To ensure the structural integrity of the UHMWRPE fibers was not compromised during the
ANF dip-coating process, single-fiber tensile tests were performed according to ASTM C-1557
[249]. Due to the inert surface of the untreated fiber and the fiber’s tendency to slip through the
tabs during testing, a modified tensile testing method was used. The ends of individual UHMWPE
fibers were sandwiched between two 38 mm x 13 mm pieces of sandpaper using high shear
strength epoxy (Loctite® 9430™ Hysol®) cured at 82"C for 1 hour, such that a gauge length of
12.7 mm was attained (see Figure 2.7). The samples were then tested with a 5-N load cell on a
5982 Series Instron load frame at a rate of 0.05 mm/s. To avoid slippage during testing, alligator

clips were used to clamp the tabs into place.
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Figure 2.7. Schematic of a single UHMWPE fiber tensile test specimen.

2.5.1.2. Single-fiber tensile test results

A critical component of any proposed fiber surface treatment is to ensure that the structural
integrity of the fiber is not affected by the interfacial enhancement method. To confirm that the
ANF dip-coating process does not degrade the mechanical strength of the UHMWRPE fibers,
single-fiber tensile tests were performed, at least 10 samples per treatment period. As shown in
Figure 2.8, the tensile strength of the untreated and ANF-coated fibers was found to have no
statistical difference, regardless of treatment period. The lack of statistical difference is expected
since the short dip-coating treatment period used in this dissertation limits the exposure of the
polymeric fibers to the basic ANF/DMSO solution and avoids damaging the fibers due to chemical
exposure. The conservation of the tensile properties in the fibers following ANF dip treatment is

consistent with previously reported studies [155,185,186].
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Figure 2.8. Tensile strength of untreated and ANF-coated UHMWPE single fibers.
2.5.2. Interfacial Shear Strength Measurements
2.5.2.1. Single-fiber pullout test setup

To evaluate the IFSS of the ANF-coated UHMWPE fibers, single-fiber pullout tests were
performed. Individual treated fibers were inserted into a slit of a silicon mold, where the embedded
length was less than 300 pum, verified with an optical microscope [116,250]. The silicon molds
were filled with an Epon 862 and Epikure 3230 epoxy mixture at a weight ratio of 100:35 and
cured at 80°C for 8 hours. Following the curing process, the samples were removed from the silicon
molds and tabs were added to the free end of the fiber using the same Epon 862/Epikure 3230 resin
mixture. A schematic of the sample preparation process is shown in Figure 2.9A. After the resin
mixture was applied for the tabs, the fiber was cured at 80°C for 8 hours. Large epoxy tabs were
used so that the tabs could be sufficiently gripped and to ensure fiber pull out before slipping in

the tab could occur. The single-fiber pullout test was performed on a 5982 Series Instron frame

59



equipped with a 5-N load cell at a displacement rate of 0.016 mm/s. To avoid slippage during
testing, alligator clips were used to clamp the tabs into place (see Figure 2.9B). It should be noted

that if slipping was observed, the data was deemed invalid and excluded from the results.
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Figure 2.9. Single-fiber pullout (A) schematic of specimen fabrication process and (B)
experimental setup.

2.5.2.2. Single-fiber pullout test results

Given the importance of interfacial adhesion to the overall performance of composite
materials, single-fiber pullout testing was performed to evaluate the IFSS of the ANF-coated
UHMWPE fibers. Pullout testing allows the direct measurement of the interfacial debonding force
between an individual fiber and the matrix [244,245]. The measured IFSS of untreated and ANF-

coated fibers are shown in Figure 2.10 where at least 10 samples were tested for each treatment
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period, and after only a 1-min treatment, the ANF-coated fibers (6.97 MPa) displayed a 123%
increase in IFSS relative to untreated fibers (3.12 MPa). Interfacial adhesion was further improved
after a 3-min treatment, where an 173% increase in the IFSS of ANF-coated fibers (8.51 MPa) was
measured, relative to untreated fibers. The increased fiber surface roughness due to the ANFs
coating allows for the fiber to be firmly embedded into the epoxy matrix, increasing interfacial
surface area and enhancing the mechanical interlocking mechanism between the fiber and the
matrix. By hierarchically nano-structuring the fiber-matrix interface, the ANF interphase
contributed to a reduction in interfacial stress concentration and an improvement in load transfer
between the typically smooth fiber and epoxy matrix. As the treatment period was increased to 5
and 7-min, the IFSS of the ANF-coated fibers experienced a 11% and 20% decrease in IFSS,
respectively, relative to those samples treated for 3-min. This decrease can be attributed to a non-
uniform and porous coating, as well as the formation of ANF agglomerations on the fiber surface
(see Figure 2.5G-J).

Such fiber surface characteristics can increase the density of defects at the interface and act
as site for failure initiation, thus introducing discontinuity within the interfacial region and
ultimately yielding a lower IFSS in UHMWPE composites [186,187]. It should be noted that,
irrespective of the treatment period, the IFSS was substantially increased relative to untreated
fibers. The ANF interphase promoted a greater degree of chemical bonding between the typically
inert UHMWPE surface and the epoxy matrix. The chemical interaction between the ANFs polar
functional groups and the polar groups found in the epoxy matrix were enabled, which allowed for
improved surface wetting and chemical bonding between the ANF-coated fibers and the epoxy

matrix. These results show that the use of a dip-coating method to introduce an ANF interphase
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on the surface of UHMWRPE fibers is an effective method to improve interfacial adhesion in the

fiber’s corresponding epoxy matrix composites.
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Figure 2.10. Single-fiber pullout IFSS measurement of untreated and ANF-coated UHMWPE
fibers for various treatment periods.

2.5.2.3. Post-pullout SEM failure analysis

Post-pullout SEM imaging was performed to further understand the interfacial failure
mechanism where the UHMWPE fibers displayed a smooth, clean, and ANF-free surface (see
Figure 2.11). As shown in Figure 2.5A-D, the fiber surfaces were originally coated with an
entangled ANF interphase that provided a roughened surface morphology. Due to the larger
interaction area between the ANFs and the epoxy matrix when compared to the ANFs and the
fiber, the ANFs debonded from the fiber surface and remained embedded in the epoxy matrix, as
demonstrated in Figure 2.11E. Therefore, the resulting interfacial failure is observed at the ANF-

UHMWRPE fiber interphase.
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Figure 2.11. SEM images of debonded ANF-coated UHMWPE fiber surfaces after single-fiber
pullout testing. (A) 1-min treatment period. (B) 3-min treatment period. (C) 5-min treatment
period. (D) 7-min treatment period. (E) Schematic of interfacial failure.

2.6. Chapter Summary

This chapter presents a straightforward and rapid method to introduce ANFs onto the

surface of UHMWPE fibers, which improve the fiber’s interfacial adhesion to the epoxy matrix.
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Uniform and well-adhered ANF coatings were introduced on the surface of plasma-treated fibers
using a short dip-coating process. As the dip-coating treatment period increased, the concentration
of ANFs on the surface of the fiber also increased providing a nanostructured interphase with
greater polar functional groups to improved resin wetting and chemical interaction between the
fiber and epoxy matrix. The ANF interphases also yielded greater surface roughness, increasing
RMS roughness Rq by a minimum of 58% relative to untreated fibers, therefore providing a much-
needed mechanical interlocking mechanism between the originally smooth UHMWPE fiber
surface and epoxy matrix. The ANF coating was found to increase the interfacial shear strength by
more than 100%, irrespective of treatment period, with a maximum improvement of 173% after
soaking for 3-min. The process was shown to preserve the tensile strength of the fibers therefore
avoiding trade-offs between the interfacial improvement and the in-plane strength of UHMWPE
composite materials. This work has shown that an ANF coating has the potential to be integrated

into the continuous production of high-performance UHMWPE FRPCs.
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Chapter 3. Enhanced Interfacial Shear Strength in Ultra-High Molecular Weight

Polyethylene Epoxy Composites Through a Zinc Oxide Nanowire Interphase
3.1. Chapter Introduction

A well-adhered interface is typically desired when fiber-matrix interactions dictate the
mechanical properties of fiber-reinforced composites. Ultra-high molecular weight polyethylene
(UHMWPE) fibers, however, suffer from poor interfacial properties due to their smooth and inert
surface, which has limited their use to ballistic applications. Therefore, enhancing the interfacial
properties of such composites will effectively lead to an increased use in structural applications
where high modulus, high tenacity, low density, and high impact and abrasion resistance properties
are needed. Recent studies have shown that the introduction of nanomaterial reinforcements onto
the surface of the fiber can significantly improve the interfacial properties in composite materials,
and subsequently their mechanical performance in structural applications.

This chapter investigates an interfacial modification process, which consisted of an
oxygen-plasma surface functionalization followed by the grafting of zinc oxide nanowires (ZnO
NWs) onto the UHMWPE fiber surface to improve the fiber-matrix interaction in UHMWPE
polymer matrix composites. The UHMWPE fiber surface was subjected to varying oxygen-plasma
treatment durations to increase the surface oxygen content and improve the adhesion between ZnO
NWs and the fiber surface. Post-functionalization, surface chemistry was studied and quantified
using both Fourier-transform infrared spectroscopy (FTIR) and X-ray photoelectron spectroscopy
(XPS). The ZnO NWs grown on the UHMWPE fiber surface were characterized with scanning

electron microscopy (SEM) and the nanowires increased the surface area interaction and
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mechanical interlocking abilities between the fiber and matrix. The tensile strength of the
UHMWPE fibers was examined using single-fiber tensile tests and was shown to be preserved
irrespective of oxygen-plasma treatment durations and ZnO NW growth. Through single-fiber
pullout testing, the interfacial shear strength (IFSS) of oxygen-plasma functionalized and ZnO
NW-coated UHMWPE fibers was shown to increase. The results detailed in this chapter
demonstrate a benign, simple, and effective surface functionalization and nanowire coating to
significantly improve the interfacial properties of UHMWRPE fiber-reinforced composites.

3.2. Oxygen-Plasma Functionalization and Growth of ZnO NW on UHMWPE Surface

UHMWPE fibers were first cleaned to remove any contaminants through sonication in
acetone and then ethanol, followed by drying in an oven at 80°C for 1 hour. The fibers were then
functionalized through an oxygen plasma treatment to introduce oxygen functional groups onto
the UHMWPE surface. The fibers were treated for varying treatment durations (15 s, 30 s, 60 s
and 90 s) in an SPI Plasma Prep Il with an oxygen atmosphere of 99.6% purity.

Following the plasma treatment, single UHMWPE fibers were attached to a Teflon frame
using 5-min epoxy, with one end of the fiber left unbonded and free (Figure 3.1). The Teflon frame
was then dipped in a ZnO nanoparticle (NP) seeding solution [251]. The ZnO NP solution was
prepared by first dissolving 0.0125 M of zinc nitrate and 0.02 M of sodium hydroxide separately
in ethanol at 50 °C and 60 °C, respectively. Once both solutes were completely dissolved, the zinc
nitrate solution was diluted with ethanol to 0.0014 ™M and the sodium hydroxide solution was
diluted with ethanol to 0.0057 M. The zinc nitrate and sodium hydroxide solution were then mixed
at a ratio of 18:7 and stirred at 55 °C for 45 min. The Teflon frame with the fibers attached was
then dipped into the seeding solution 3 times with annealing at 85°C for 10 minutes in between

dipping. After dipping, the fibers were dried for 1 hour at 85°C. The ZnO NWs were then grown
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on the UHMWPE fibers using a hydrothermal growth method, where the hydrothermal growth
solution consisted of an aqueous solution 2 mM of zinc nitrate hexahydrate, 2 mM of
hexamethylenetetramine, and 2 mM of polyethyleneimine. The UHMWPE fibers on the Teflon
frame is placed inside a glass beaker that was filled with the ZnO NW hydrothermal growth
solution and placed into an oven at 85°C for 5 hours. After the growth, the fibers were rinsed with

deionized water and dried at 85°C for 2 hours. The full process schematic is shown in Figure 3.1.

ZnO NP Coated ZnO NW Coated
UHMWPE Fiber UHMWPE Fiber
Epoxy | | \
UHMWPE Fibers Seeding Solution Growth Solution
ZnO NPs —» ZnO NWs —»

Teflon Frame

Figure 3.1. Hydrothermal growth method schematic.

3.3. Surface Characterization

To understand the effect the oxygen-plasma treatment had on the UHMWPE chemical
structure, fibers with varying treatment durations were investigated via FTIR. XPS was used to
further characterize the chemical composition of the UHMWPE fiber surface after oxygen-plasma
treatment. The morphology, uniformity, and quality of the ZnO NW growth on the surface of the
UHMWPE fiber is imperative to ensure consistent interfacial properties and were characterized
using SEM.
3.3.1. FTIR of Functionalized UHMWPE Fiber Surface

The effect of the plasma functionalization treatment on the chemical structure of the

UHMWPE fiber surface was investigated through FTIR using a Nicolet iS50 spectrometer with a
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SMART diamond iTR attachment. Untreated UHMWPE has distinct absorbance peaks at 2914
cm?, 2848 cm, 1472 cm™, and 716 cm™ corresponding to C-H stretching. After plasma treatment,
the C-H peaks and the new oxygen-containing groups that occur at wavenumbers of 1736 cm™,
1644 cmt, 1353 cm™, and 1113 cm™ remained visible [246] (see Figure 3.2). It is important to
note that after the plasma treatment, there were no significant C-H peak shifts, which indicated
that the chemical structure of the UHMWPE fiber was not altered by the fiber surface treatment.
When comparing fibers that were plasma treated for various durations, the absorbance peaks
remained relatively the same which can be attributed to the differences among the varying
treatment durations are difficult to observe when compared to the large interaction volume
measured during FTIR. Nonetheless, oxygen functional groups have been reported to aid in the
adhesion between ZnO NWs and surface of fibers [209]. Therefore, the presence of these oxygen
functional groups on the surface of the UHMWPE fiber highlights the potential for enhanced

chemical bonding with the ZnO NWs.
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Figure 3.2. FTIR of the UHMWPE fiber surface with varying oxygen-plasma treatment durations
with oxygen functional group peaks labeled.
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3.3.2. XPS of Functionalized UHWMPE Fiber Surface

To investigate the presence and concentration of oxygen functional groups added to the
surface of the UHMWPE fiber after plasma functionalization, XPS was performed using a Kratos
Axis Ultra XPS with an X-ray neutralizer that compensated for any charge loss and an Al Ko (1486
eV) monochromatic X-ray source. All binding energy peaks were constrained to a full width-half
max of 1.1 eV to 1.7 eV and the curves were fitted using CASA XPS software with a Gaussian
70%-Lorentzian 30% curve mixture. The C1’s peaks were fitted at energy bands of 284.5-285.5
eV, 285.5-287.0 eV, 286.5-288.0 eV, and 288.0—290.0 eV, which corresponds to C-C (carbon),
C-OH (hydroxyl), C=0 (ketone), and COOH (carboxyl) functional groups, respectively [247,248].

The C1’s spectrum was obtained from fibers with varying oxygen-plasma treatment
durations and Figure 3.3 displays the peak fitting for each oxygen-plasma treatment duration, and
the corresponding concentration percentages are shown in Table 3.1. The carbon percentage (C-
C%) decreases drastically after a 15 s plasma treatment and introduces ketone and carboxyl
functional groups to the UHMWPE fiber surface. When treated with 30 s oxygen-plasma, the
ketone and carboxyl functional groups reach their peak concentrations of 12.45% and 8.52%,
respectively. When the plasma treatment was increased to a duration greater than 30 s, the
concentrations of the ketone and carboxyl functional groups decrease while the hydroxyl group
concentration increases.

Initially the weak UHMWPE surface layers are removed, as the highly active ionized O
in the oxygen plasma chamber reacts with the UHMWPE surface to introduce oxygen functional
groups. When the treatment period is short, the dominant role of the plasma is to introduce active
functional groups on the surface of the UHMWPE fiber [252-255]. With a 15 s treatment duration,

the C-OH is the dominate active functional group introduced onto the UHMWPE surface. When
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the treatment increases to 30 s, more active groups are introduced onto the surface, specifically
C=0 and COOH. However, when the treatment is prolonged, surface etching occurs, thus
removing a portion of the active functional groups introduced onto the UHMWPE surface in the
beginning stage of plasma treatment [252-255]. Thus, after a 30 s plasma treatment duration, the
recently grafted C=0 and COOH bonds are cleaved, causing a reduction in their concentrations
and an increase in C-OH concentration. The ketone functional group has been shown to have the
highest compatibility with ZnO NWs due to its lack of steric hindrance, which allows for the
highly-polar lone pair of electrons on the ketone oxygen atom to be accessible to the zinc ions
[209]. The 30 s plasma treated UHMWRPE fiber surface had the highest ketone concentration that

could potentially provide the strongest adhesion to the ZnO NWs.
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Figure 3.3. (A) Deconvoluted C1’s XPS spectrums for varying oxygen-plasma treatment durations
of UHMWPE fiber. (B) Comparison of COOH, C=0, and C-OH functional groups for the varying
oxygen-plasma treatment durations.
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Table 3.1. XPS C1’s concentrations of carbon, hydroxyl, ketone, and carboxyl functional groups
for varying oxygen-plasma treatment durations of UHMWPE fiber

Plasma-Treatment  C-C% C-OH% C=0% COOH%
Durations (s) (Carbon) (Hydroxyl) (Ketone) (Carboxyl)

0 88.40 16.60 0.00 0.00
15 66.24 17.34 9.85 6.57
30 65.54 13.49 12.45 8.52
60 65.09 14.32 12.15 8.44
920 64.80 16.60 10.96 7.64

3.3.3. SEM of ZnO NW Growth on Fiber Surface

The morphology, uniformity, and quality of the ZnO NWs grown on the UHMWPE fibers
were then examined through SEM using a JEOL JSM-7800FLV. As shown in Figure 3.4A-B, the
surface of untreated UHMWPE is initially smooth, which offers little opportunity for mechanical
interactions with the epoxy matrix. With no prior plasma treatment, the ZnO NWs do not adhere
well to the inert surface of the UHMWRPE, as highlighted by the non-uniform growth on the fiber
surface causing poorly adhered ZnO NW sheets to easily fall off (see Figure 3.4C-D). After the
oxygen plasma treatment, the UHMWRPE fiber surface is found to have an increased population of
oxygen functional groups (confirmed by FTIR and XPS), which aid in the adhesion of the ZnO
NWs to the surface and allow for a well-adhered uniform growth on the UHMWPE fiber surface
(Figure 3.4E-H). The morphology, uniformity and quality of growth of the ZnO NWs grown on
the surface of the UHMWPE fiber are observed to be unaffected by the varying oxygen plasma
treatment durations. As seen in Figure 3.4E-H, the nanowires for all varying oxygen plasma
treatment durations are measured to be approximately 1 um long with diameters ranging between

40-80 nm and rounded ends, thus demonstrating the uniformity in ZnO NW morphology across
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various treatment durations. At least 10 measurements were taken on each UHMWPE fiber with
ZnO NWs for the various plasma treatment periods. The nanowires are also well aligned and
radiating outward from the fiber surface and have similar growth densities between UHMWPE
fibers with varying oxygen plasma durations. Similar characteristic has been observed in prior
work where the ZnO NW growth morphology and uniformity was unaffected by surface
functionalization [209,214] The modified surface morphology offers a substantial increase in
surface area compared to the originally smooth surface and has the potential to improve the IFSS

by providing a larger bonding area and introducing mechanical interlocking with the epoxy matrix.
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Figure 3.4. SEM images of (A & B) untreated UHMWPE fibers. ZnO NWs grown on plasma
treated UHMWPE fibers with oxygen-plasma durations of (C & D) 0's, (E) 15s, (F) 30 s, (G) 60
s,and (H) 90 s.
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3.4. Mechanical Tests

The fiber mechanical properties were tested using single-fiber tensile tests, which
demonstrated property preservation post oxygen-plasma treatment. The IFSS of the ZnO NW-
coated UHMWPE fiber with various oxygen-plasma functionalization durations was measured
through the use of single-fiber pullout tests. Finally, SEM images of the surface following pullout
were taken to analyze the interfacial failure mechanism.

3.4.1. Single-Fiber Tensile Test Measurement

It is important to ensure that the mechanical properties of the UHMWPE fibers remain
intact after any surface functionalization. The tensile strength preservation of plasma
functionalized and ZnO NW-coated UHMWPE fibers were evaluated using single-fiber tensile
tests. A modified testing method was developed to prevent fiber slippage of the smooth inert
surface of the untreated UHMWPE fiber. The UHMWPE single fibers were placed between two
38 mm x 13 mm sandpaper tabs at gauge length of 12.7 mm and bonded using a high shear strength
epoxy (Loctite® 9430™ Hysol), cured at 82 °C for 1 hour. The samples were then loaded on a
5982 Series Instron load frame and clipped with alligator clips to ensure that no slipping occurred
during testing. The samples were tested with a 5 N load cell at a rate of 0.016 mm/s (see Figure
3.5A).

Through single-fiber tensile testing, the tensile strength for oxygen-plasma treated and ZnO
NW-coated UHMWPE fibers was observed to be unchanged, regardless of the treatment duration
(see Figure 3.5B). These results were expected as the short oxygen-plasma treatment durations
allow for functionalization of the surface without damaging the UHMWPE fiber surfaces. In
addition, these findings were consistent with other studies in literature demonstrating the benign

nature of the plasma treatment to the UHMWPE fiber [46,256-259]. Therefore, an oxygen-plasma
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treatment is an efficient method to introduce oxygen functional groups to the surface of the
UHMWPE fiber while also preserving the tensile properties Previous work has also shown that
the ZnO NW growth is benign when applied to polymer fibers, as it has been reported that the

hydrothermal growth method does not affect the tensile properties of the fiber [205-209,211,212]..
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Figure 3.5. (A) UHMWPE single-fiber tensile test setup. (B) Tensile strength of untreated and
ZnO NW-coated UHMWPE fiber with varying oxygen-plasma treatment durations.

3.4.2. Single-Fiber Pullout Test Measurements

Single-fiber pullout tests were performed to measure the effect of a ZnO NW interphase
and oxygen plasma surface functionalization on the interfacial properties of UHMWPE fiber-
reinforced composites. Fiber-matrix debonding is a common failure mode in fiber-reinforced
composites, and it can be studied using single fiber pullout tests which allow for direct load
measurement during debonding without external interference from the bulk material
characteristics [244,245]. The free end of the UHMWAPE fibers from the Teflon frame were
inserted into a slit in a silicon mold and the embedded length was modified using an optical
microscope. Epon 862 resin and Epikure 3230 curing agent, at a ratio 100:35, were added to the

silicon mold and cured at 80°C for 8 hours. Once the samples were cured, the epoxy block with
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the UHMWPE fiber embedded was removed from the silicon mold, and the same Epon 862 and
Epikure 3230 epoxy mixture (ratio 100:35) was used to create tabs on the free end of the fiber (see
Figure 3.6A). A large tab, a minimum of 33x larger than the fiber embedded length, was
constructed to ensure fiber pullout occurred instead of fiber slippage within the tab (see Figure
3.6A). The single-fiber pullout samples were mounted on a 5982 Series Instron frame, clipped
with an alligator clip and tested using a 5 N load cell at a rate of 0.016 mm/s, as shown in Figure
3.6A.

Single-fiber pullout tests were performed for untreated and oxygen plasma treated
UHMWPE fibers for durations of 15 s, 30 s, 60 s and 90 s with and without ZnO NWSs. Due to
the smooth inert surface of the UHMWPE fiber (see Figure 3.4A-B), untreated UHMWPE
specimens exhibited a IFSS of 3.13 MPa. When only the plasma treatment was applied to the
UHMWPE fiber, the IFSS was found to increase to 4.75 MPa after a 90 s oxygen plasma treatment.
This slight increase can be attributed to an increase in the chemical interaction between the
UHMWPE fiber and the epoxy matrix due to the addition of oxygen functional groups on the
surface of the UHMWPE fiber. Therefore, to increase the IFSS, ZnO NWSs were grown on the
oxygen plasma treated UHMWPE fiber. When a 30 s oxygen plasma surface treatment was applied
in combination with a ZnO NW interphase, the IFSS was found to increase to 7.35 MPa, which
corresponds to a 135% improvement, relative to untreated fibers. When the oxygen plasma
treatment was further increase to 60 s and 90 s, smaller IFSS improvements of 120% and 108%
were observed, respectively, relative to untreated fibers.

The increase in IFSS can be attributed to the mechanical interlocking and increased surface
area between the UHMWRPE fiber and the epoxy matrix, as the ZnO NWs coated on the fiber are

firmly embedded in the epoxy matrix. The ZnO NWs also improve the load transfer during fiber
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pullout by reducing the stiffness gradient between the fiber and the matrix. Due to the fact that the
morphology, uniformity and quality of the ZnO NW interphase on the UHMWPE fiber are
unaffected by the oxygen-plasma treatment, it can be concluded that the IFSS of the specimen is
dictated by the adhesion between the ZnO NWs and the UHMWPE fiber surface. Therefore, a
comparison between the oxygen functional groups’ concentrations and IFSS can provide further
inside into the performance of the ZnO NW interphase in UHWMPE composites.

Through experimental and molecular dynamics simulations it has been proven that the
ketone functional group has the strongest affinity to the ZnO NWs [209]. This is due to fact that
the ketone functional group has lone pair of electrons which are accessible to the zinc ions and are
not blocked by protons elsewhere on the molecule. Similar interactions between ZnO NWs and
ketone functional groups have also been demonstrated in previous work [205-207,209,212]
Therefore, the C=0% obtained using XPS was correlated to the IFSS measurements of ZnO NW
coated UHMWPE with various oxygen plasma treatment durations. Figure 3.6C shows that the
trend of IFSS is in agreement with the C=0% as a result of the plasma treatment, which confirms
that the performance of the ZnO NW interphase is significantly dependent on its adhesion and
chemical interaction with the fiber surface. It can be concluded that, to produce the strongest
adhesion between ZnO NWs and the UHMWPE fiber surface, the C=0 functional group should

be maximized on the surface of the fiber.
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Figure 3.6. (A) Single-fiber test setup and schematic of a single-fiber pullout test specimen. (B)
IFSS of UHMWPE fiber with varying oxygen-plasma treatment durations with and without ZnO

NWs. (C) Correlation between the IFSS of ZnO NW-coated UHMWPE fibers and C=0% for
varying oxygen-plasma treatment durations.

3.4.2.1. Post-pullout SEM failure analysis

To fully understand the reinforcing mechanism of the ZnO NW interphase in UHMWPE
composites, SEM images of the fiber surface were taken following pullout. The ZnO NWs act as
a hierarchically micro-structured interphase that bridges the discontinuities fiber-matrix interface
and introduces a functional gradient that reduced interfacial stress concentrations. This functional
gradient reduces shear strain concentrations and transition them away from the weaker fiber-matrix

interface and into the tougher, more crack resistant matrix [213]. Furthermore, the nanowire

79



interphase further increases the distance between the fiber and the matrix, which reduces the
overall shear stress experienced by the matrix according to the shear lag theory [260]. Initially, the
ZnO NWs are chemically bonded to the UHMWPE fiber surface through oxygen functional groups
and then embedded in an epoxy matrix once introduced in a composite, thus introducing a large
bonding area between the fiber and the matrix and providing a mechanical interlocking
mechanism. During fiber pullout, the sample fails at the weaker interface, which is between the
ZnO NWs and the UHMWPE fiber, causing the ZnO NWs to detach from the UHMWPE fiber
surface and remain embedded inside the epoxy matrix. This can be confirmed through SEM
imaging shown in Figure 7, where all fibers, regardless of oxygen plasma treatment duration,
display a ZnO NW-free, clean surface post pullout. This can be attributed to the interaction area
between the ZnO NWs and the fiber surface being significantly smaller than that between ZnO
NW and epoxy matrix, causing for interfacial failure to occur in the form of ZnO NWs debonding
from the fiber surface. This failure mechanism is consistent with previous studies reported in the
literature that study the interfacial properties of ZnO NW coated fibers [205-207,209,212].

To improve the IFSS of the UHMWPE composites, further improvements in the bonding
strength between the ZnO NWs and the UHMWPE fiber can be explored. For example, different
surface functionalization can be developed to enhance the ketone concentration on the surface of
the UHMWPE fiber to improve bonding with the ZnO NWs. Additionally, the morphology of the
ZnO NWs can be optimized to study the effect of bonding with the fiber and mechanical
interlocking between the nanowires and the [208]. For example, larger diameter ZnO NWs would
result in an increased surface area interaction between individual nanowires and the UHMWPE

fiber which can potentially improve ZnO NW-fiber surface bonding. Additionally, changing the
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aspect ratio of the ZnO NWs would provide further study into the interlocking mechanism and

ZnO NW-epoxy interface interaction to further optimize the IFSS of UHMWPE composites.

Interfacial failure
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Figure 3.7. SEM images of the UHMWPE fiber surface following single fiber pullout after a (A)
15 s plasma treatment, (B) 30 s plasma treatment, (C) 60 s plasma treatment and (D) 90 s plasma
treatment. (E) Schematic of interfacial failure.

3.5. Chapter Summary
This chapter demonstrated an improved IFSS of oxygen-plasma functionalized and ZnO

NW-coated UHMWPE fiber-reinforced composites. The ZnO NWSs grown on untreated
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UHMWPE fibers were shown to have poor adhesion to the fiber; therefore, oxygen-plasma
functionalization was applied to the UHMWPE fiber surface to overcome this weak interface. The
UHMWPE fibers were oxygen-plasma treated to populate the fiber surface with oxygen functional
groups, specifically the ketone functional group, which have been proven to provide enhanced
ZnO NW adhesion. XPS showed that the ketone functional group had a maximum concentration
of 12.45% after a 30 s plasma treatment duration. Single-fiber tensile tests showed that the tensile
strength of the UHMWPE fiber was preserved regardless of oxygen-plasma treatment duration
and ZnO NW growth. Through single-fiber pullout testing, the IFSS of UHMWPE composites
improved by over 86% for all oxygen-plasma treatment durations with ZnO NWs and exhibited a
maximum increase of 135% with a 30 s plasma treatment prior to the ZnO NW growth. This
increase in IFSS can be attributed to the enhanced surface area and mechanical interlocking
between the ZnO NWs and the matrix. The IFSS results correlated with the XPS data, and the 30
s plasma treatment had the highest ketone functional group concentration, which resulted in the
strongest adhesion between the UHMWPE fiber and the ZnO NWs. The process of a simple
oxygen-plasma functionalization and grafting of a ZnO NW interphase on the surface of
UHMWPE fibers significantly increased the IFSS of UHMWPE fiber-reinforced composites, and
therefore, has the potential to be implemented into industrial composite manufacturing and expand

the use of UHMWPE fiber-reinforced composites as a whole.
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Chapter 4. Improved Inter-Yarn Friction and Ballistic Impact Performance of Zinc Oxide
Nanowire Coated UHMWPE

4.1. Chapter Introduction

Ultra-high molecular weight polyethylene (UHMWPE) woven fabrics’ properties have
spurred an increase in the use of UHMWRPE fabric in ballistic protection applications. When
subjected to dynamic impact, the primary failure mode of UHMWPE woven fabric is yarn pullout,
which results from poor inter-yarn friction between the weft and warp yarns. To overcome yarn
pullout, this work investigates the use of zinc oxide nanowires (ZnO NWSs), which are grown on
plasma functionalized UHMWPE woven fabric, to improve the inter-yarn friction, energy
absorption, and impact response of the fabric. The fabric is first oxygen-plasma treated to optimize
the adhesion of the ZnO NWs to the UHMWRPE surface, and the resulting surface chemistry is
examined through X-ray photoelectron spectroscopy (XPS). Then, ZnO NWs are grown on the
UHMWPE fabric using a hydrothermal growth method. Once grown, the morphology of the
nanowires is characterized using a scanning electron microscope (SEM), and the weight
percentage is characterized with thermogravimetric analysis (TGA). Single-fiber tensile tests are
performed to ensure the preservation of the tensile strength post oxygen-plasma treatment and ZnO
NW growth on the UHMWRPE fabric. The inter-yarn friction and pullout energy of the treated
UHMWPE fabric is assessed using the yarn pullout method. Due to the direct correlation between
inter-yarn friction and ballistic performance, the Vso ballistic limit and energy absorption of the
oxygen-plasma-treated and ZnO NW-coated UHMWPE fabric are measured through projectile

impact testing. The results of this work demonstrate that the application of a simple surface
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modification technique to UHMWPE woven fabric is an effective technique to improve inter-yarn
friction, impact resistance, and ballistic energy absorption capabilities; thus, further improving the
fabric’s performance in ballistic applications.
4.2. Growth of ZnO NW on UHMWPE Fabric Surface
4.2.1. Fabric Surface Oxygen-Plasma Functionalization

Plain weave UHMWPE woven fabric (Spectra 1000) with a yarn linear density of 650
denier and weight of 165 g/m?was used in this chapter. This type of fabric is commonly used in
various soft body armor applications and component parts for military vehicles [261]. The
UHMWPE fabric was cleaned by sonication in acetone and ethanol for 10 min each, followed by
drying at 90 °C for 60 min to remove any contaminants followed by plasma treatment in an SPI
Plasma Prep Il with an oxygen atmosphere (99.6% purity) for varying periods of 15 s, 30 s, 60 s,
and 90 s.
4.2.2. ZnO Nanoparticle and Nanowire Synthesis on Fabric Surface

A zinc oxide nanoparticle solution was first synthesized as described by Hu et al. [251]. A
solution of zinc acetate dihydrate (0.0125 mol) in ethanol and a solution of sodium hydroxide (0.02
mol) in ethanol were heated separately to 60 °C in water baths. Once both solutions were dissolved
completely, 32 mL of the zinc acetate solution was diluted in 256 mL of ethanol, while 32 mL of
the sodium hydroxide solution was diluted in 80mL of ethanol followed by heating in water baths
under stirring to 55 °C. Once both solutions reached 55 °C, the sodium hydroxide solution was
added to the zinc acetate solution dropwise and stirred for 45 min at 55 °C. After 45 min, the final
solution was quenched in an ice-water bath to prevent further nucleation.
Using the previously synthesized nanoparticles as precursors, vertically aligned ZnO NWs were

grown on the surface of the UHMWPE fabric through a hydrothermal approach. The fabric was
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first dipped in the colloidal ZnO nanoparticle seeding solution to ensure a uniform coating,
followed by annealing at 80 °C for 10 min in a convection oven. Once removed from the oven, the
fabric was cooled at room temperature for 10 min. The described seeding process was repeated
two more times prior to ZnO NW growth. The ZnO NW growth solution was prepared as described
in Malakooti et al. [215]. A solution containing zinc nitrate hexahydrate (67 mmol),
hexamethylenetetramine (34 mmol), polyethyleneimine (9 mmol), and sodium hydroxide (48
mmol) was prepared in ultra-pure water (580 mL). After the reagents dissolved, the fabric was
immersed in the covered growth solution and remained in solution at 85 °C for 8 hours. After the
growth was completed, the fabric was rinsed with ultra-pure water and dried at 80 °C for an hour.
4.3. Surface Characterization

4.3.1. XPS of Functionalized UHMWPE Fabric Surface

The surface chemistry after plasma functionalization was analyzed using Kratos axis ultra
XPS with an Al Ka (1486 eV) monochromatic X-ray source and an X-ray neutralizer that
compensates for charge loss. The XPS curves were fit using CASA XPS software with Gaussian
70%-Lorentzian 30% curve mixture (GL30). All peaks were constrained to a full width half
maximum of 1.1eV-1.7eV and energy bands of 284.5-285.5, 285.5-287.0, 286.5-288.0, and 288.0-
290.0 eV were fitted. Each peak corresponds to a different moiety, for C-C (carbon), C-OH
(hydroxyl), C=0 (ketone), and COOH (carboxyl) bonds, respectively [247,248].

The UHMWPE woven fabric was functionalized using oxygen-plasma with varying
treatment periods of 15 s, 30 s, 60 s, and 90 s. The gas molecules in the chamber were ionized by
the plasma, which produces highly active species that bombard and react with the UHMWPE
surface to remove weak surface layers and introduce a variety of oxygen functional groups on the

UHMWPE fabric surface [252,253]. The surface chemistry of the neat and plasma treated
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UHMWPE fabric was investigated by XPS. To confirm the presence and measure the types and
concentration of oxygen functional groups, the C1s peaks were fitted primarily with C-C (carbon),
C-OH (hydroxyl), C=0O (ketone), and COOH (carboxyl) at energy bands of 284.5-285.5,
285.5-287.0, 286.5—288.0, and 288.0—290.0 ¢V, respectively. The peak fittings are shown in
Figure 4.1, while the corresponding concentrations of each are detailed in Table 4.1. The C-C
(carbon) concentration decreased and the C-OH (hydroxyl) concentration increased with increased
oxygen-plasma-treatment periods. The maximum C=0 (ketone) concentration was observed after
a 30 s oxygen-plasma-treatment period. Due to experimental error, low variability, and the
accuracy of the XPS at low percentages, all less than 5%, the COOH (carboxyl) energy band
concentrations for the varying oxygen-plasma-treatment periods have not been examined and
compared in depth. However, it is important to note that compared to neat UHMWPE fabric, which
had a concentration of 0%, the oxygen-plasma treatment induced some carboxylic acid functional
groups. Previous research has shown that a higher oxygen surface content results in better adhesion
of ZnO NWs to the fiber surfaces [209]. Specifically, the ketone functional group has been reported
to have the strongest affinity for zinc ions, due to the high polarity of the lone pair electrons on the
oxygen atom of the ketone group not being sterically hindered [209]. Previously reported results
suggest that due to an overall increase in surface oxygen content and specifically the ketone
functional group, plasma surface treatment has the potential to improve adhesion between ZnO

NWs and the surface of UHMWPE fabric.
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Figure 4.1. (A) C1s deconvoluted XPS spectrums for 0's, 15s, 30 s, 60 s, and 90 s oxygen-plasma-
treatment periods. (B) Comparison of COOH, C=0, and C-OH functional groups for the varying
oxygen-plasma treatment durations.
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Table 4.1. Carbon, hydroxyl, ketone, and carboxyl functional groups contents in0s, 15, 40 s, 60
s, and 90 s oxygen-plasma-treated UHMWPE fabric.

Plasma-Treated C-C% C-OH% C=0% COOH%
Durations (s) (Carbon) (Hydroxyl) (Ketone) (Carboxyl)

0 64.13 25.09 10.78 0.00
15 57.18 28.95 11.11 2.76
30 53.33 29.04 15.46 2.17
60 52.19 29.41 15.45 3.16
90 51.66 30.49 14.30 3.56

4.3.2. SEM of ZnO NW Growth on Fabric Surface

The morphology and uniformity of the ZnO NWs on the fabric were characterized by JEOL
JSM-7800FLYV field-emission SEM. Energy-Dispersive X-ray Spectrometry (EDS) was taken of
the coated fabric to confirm the presence of the ZnO NWs.

The hydrothermal growth of ZnO NWs on the UHMWPE fabric can be initially confirmed
through visual inspection, as the color of the fabric changes from glossy off-white to matte-white
(see Figure 4.2). The fabric was imaged using SEM to ensure uniform morphology and coating of
the ZnO NWs along the surface of the fabric (see Figure 4.3). EDS was performed on the ZnO
NW-coated UHMWPE fabric to confirm the growth of the ZnO NWs. As shown in Figure 4.3H,
zinc and oxygen were present, thus confirming the growth of ZnO NWs. It should be noted that
the gold identified in the EDS spectrum was due to the conductive coating applied to prevent
charging during SEM imaging. As shown in Figure 4.3C, the adhesion of the ZnO NWs to the as-
received UHMWPE fabric was poor, resulting in the nanowires failing to adhere to the inert
UHMWPE surface. To overcome poor adhesion, the oxygen-plasma functionalization was used to

alter the surface chemistry of the UHMWRPE fabric prior to the ZnO NW growth. Figure 4.3D-G
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shows SEM images of 15 s, 30 s, 60 s, and 90 s oxygen-plasma treated UHMWPE fabric with ZnO
NWs. These images demonstrate that following the plasma treatment, the ZnO NWs completely
and uniformly coated the fabric. The nanowires were well-aligned and displayed uniform lengths
ranging between 1-2 um and diameters ranging between 40-80 nm. The images confirm that the
ZnO NW morphology, uniformity, and quality of growth were unaffected by the various oxygen-
plasma treatment durations. At least 10 measurements were taken on each UHMWPE fiber with
ZnO NWs for the various plasma treatment periods. The addition of the ZnO NWs offered a
significant increase in the surface area of the traditionally smooth UHMWPE fabric (see Figure
4.3A-B), which provided a new interlocking mechanism that can increase the inter-yarn friction.

However, other factors, such as adhesion between the ZnO NWs and the fabric surface, can also

considerably affect the inter-yarn friction.
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Figure 4.2. (A) Neat UHMWPE fabric. (B) ZnO NWs grown on UHMWPE fabric.
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Figure 4.3. (A & B) Neat UHMWPE fabric. (C) 0 s plasma treated UHMWPE fabric with ZnO
NWs. Oxygen-plasma-treated UHMWPE fabric with ZnO NWs for (D) 15 s, (E) 30 s, (F) 60 s,
and (G) 90 s. (H) EDS of ZnO NW-coated UHMWPE fabric.
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4.3.3. TGA of ZnO NW Growth on UHMWPE Fabric Surface

Changes to the composition and overall weight of the UHMWRPE fabric due to the
introduced ZnO NWs were investigated using TGA. The decomposition temperature of UHMWPE
fabric and the weight percentage of the ZnO NWs coated onto the UHMWPE fabric surface were
measured by a DSC-TGA on an SDT-Q600, TA Instruments. The samples were tested under
nitrogen at a rate of 10 °C/min with a temperature range of 30 °C to 600 °C.

The decomposition and major weight loss in both the neat and ZnO NW-coated UHMWPE
samples were observed at a temperature range of 400 °C-500 °C (see Figure 4.4), which is
consistent with the thermal decomposition temperature of UHMWPE [262]. Given the ceramic
nature of ZnO, it did not decompose in this temperature range. As a result, the contribution of the
introduced interphase to the overall increase in UHMWPE fabric’s weight could be accurately
measured and characterized. Since the hydrothermal growth process can yield slight variations in
ZnO NW interphase density throughout the woven fabric, samples with various oxygen-plasma
treatment durations of 0's, 15, 30 s, 60 s, and 90 s were tested. The overall increase in the weight
of UHMWPE fabric due to the ZnO NWs was found to vary between 5-8% for all specimens and
therefore the weight was not found to correlate to the oxygen-plasma-treatment period. While an
increase in the weight of ballistic materials is undesirable, especially when used in ballistic
protection components such as military vests and shields where overall weight critically affects
maneuverability, the ZnO NW interphase is a considerably lighter and more flexible option when
compared to other surface modification techniques suggested for ballistic materials, such as nylon

coating and STF [37,41].
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Figure 4.4. TGA curves of neat and ZnO NW-coated UHMWPE fabric with various plasma
treatment times of 0s, 155,30, 60 s, and 90 s.

4.4. Tensile Test of Plasma Treated and ZnO NW Coated UHMWPE Fabric

To ensure that the tensile properties of the UHMWRPE fibers are maintained post-oxygen-
plasma treatment and ZnO NW growth, single-fiber tensile tests were performed on both neat and
treated fibers. At least 10 samples were tested for each sample set. The UHMWPE fibers were
removed from the fabric of each sample set and positioned between two sandpaper tabs (38 mm x
13 mm) at a gauge length of 12.7 mm and bonded together with high shear strength epoxy
(Loctite® 9430™ Hysol), which was cured for 1 hour at 82 °C. The samples were gripped with an
alligator clip on a 5982 series Instron load frame and tested at 0.016 mm/s on a 5 N load cell.

Single fibers were removed from the various oxygen-plasma-treated and ZnO NW-grown
fabrics for testing. The tensile strength of the UHMWPE fibers was found to be unaffected by
either the oxygen-plasma treatment or the ZnO NW growth, which resulted in the treated fibers'

tensile strength being maintained in relation to the untreated fibers (see Figure 4.5). This finding
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confirmed that the short duration of the oxygen-plasma-treatment periods is capable of sufficiently
functionalizing the fiber surface without inducing surface damage, which is consistent with other
studies reported in the literature [42,44-51]. The hydrothermal growth of the ZnO NWs was
carried out at a significantly lower temperature than the melting point of UHMWPE (145 °C) and
was, therefore, a benign approach compatible with UHMWPE fabric. This type of growth method
has been previously shown to preserve the tensile strength of various textiles and fabrics [205-

211,214-216,263,264].

3

Tensile Strength (GPa)

Neat Os 15s 30s 60s 90s
Plasma Treatment Periods

Figure 4.5. Tensile strength of neat and ZnO NW-coated UHMWPE fibers with various oxygen-
plasma treatment periods.

4.5. Tow Pullout Test
4.5.1. Tow Pullout Experimental Test Setup

Inter-yarn friction was determined using a yarn pullout method under controlled transverse
tension using a custom setup similar to the one described by Hwang et al. and is a commonly used
setup for inter-yarn friction measurements (Figure 4.6A) [103,214]. UHMWPE fabric with
dimensions of 18 cm x 15 cm was used for the neat and treated samples, where only 17 successive
transverse yarns were kept. Ten yarns evenly spaced out along the lateral direction were also kept

to be pulled out from the sample. These 10 yarns had an overhang of 114 mm and were separated

93



by a distance corresponding to 7 removed yarns (see Figure 4.6B). Tabs made of a combination of
5-minute epoxy and duct-tape were added to the free ends of the lateral 10 yarns to allow for an
adequate gripping area and to prevent slippage inside the grip during testing. The fabric was
clamped into a 90 mm wide custom frame with a fixed column at one end and an adjustable link
at the other end. The distance between the two clamping columns was adjusted by a lead screw to
keep a constant lateral tension of 100 N. The applied lateral load was measured using a 445 N (100
Ib) load cell placed between the lead screw and the other fixed column. The yarns were adequately
clamped at the tab and then vertically loaded on a 5982 Instron using a 100 kN load cell and were
pulled out with a constant crosshead speed of 50 mm/min. Sample dimensions and the testing setup
are shown in Figure 4.6A-B. The recorded load-displacement curves were then mathematically

integrated to calculate the amount of energy absorbed, known as pullout energy.

Figure 4.6. (A) Yarn pullout testing setup. (B) Yarn pullout sample and dimensions.

4.5.2. Tow pullout Test Results

Yarn pullout was performed to investigate what effect the ZnO NWs and plasma
functionalization has on the inter-yarn friction of UHMWPE woven fabrics. This method allows
assessment of the inter-yarn interaction by comparing the maximum load required to pull one yarn

from the woven fabric. The pulled yarn exhibits both static friction and kinetic friction during
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testing (see Figure 4.7A). Initially, the yarn exhibited static friction until it was completely pulled
across the first transverse yarn, resulting in a significant drop in load [26]. As the yarn continued
to be pulled from the fabric, it experienced kinetic friction while crossing the remaining 16
transverse yarns [26]. The mean peak load of 10 yarns pulled from the oxygen-plasma treated and
ZnO NW-coated UHMWPE fabric with varying oxygen-plasma-treatment periods is shown in
Figure 4.7B.

Due to the smooth and inert surface of the UHMWPE fiber (see Figure 4.3A-B), neat
UHMWPE fabric experienced a maximum pullout load of 0.93 N. When only the plasma treatment
was applied to the UHMWPE fabric, the pullout load was found to increase by 60% after a 90-s
oxygen-plasma treatment. This slight increase can be attributed to an increase in the chemical
interaction between the UHMWPE yarns due to the addition of oxygen functional groups on the
surface of the UHMWPE fiber. Therefore, to increase the pullout load, ZnO NWSs were grown on
the UHMWPE fiber. A maximum pullout load of 3.01 N was observed in the case of ZnO NW-
coated UHMWPE fabric with 0 s plasma treatment, corresponding to a 224% improvement relative
to the neat fabric. To quantify the amount of energy expended during pullout, the load vs.
displacement curves were numerically integrated, and the averaged pullout energy for each case is
shown in Figure 4.7C. The neat UHMWPE fabric displayed a pullout energy of 4.9 mJ, compared
to the ZnO NW-coated fabric with 0 s plasma treatment that had a pullout energy of 17.39 mJ and
correlated to a 255% increase. For greater understanding of the yarn pullout reinforcement
mechanism, the pullout load-displacement curves were investigated (see Figure 4.7A).

When the maximum load is experienced at the first peak, it has been concluded from
previous research that mechanical interlocking is the dominant effect for ZnO NW-coated fabric

[214,264]. The pullout load-displacement curves presented in Figure 4.7A show that for the ZnO
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NW-coated fabric, the load peak is the first initial peak, which indicated that mechanical
interlocking of the nanowires is the dominant effect for the increase in pullout force. Additionally,
the maximum peak load for the ZnO NW-coated fabric was experienced at a significantly larger
(>200%) extension than the neat fabric. This observed delay in the pullout failure of the treated
UHMWPE fabric confirmed the increased interlocking mechanism occurrence and interaction
between neighboring and intersecting yarns, thus further increasing the resistance to yarn pullout.
This yarn pullout behavior is consistent with other research of polymeric fabrics with nano-
structured coatings [103,214].

The oxygen-plasma treatment has the potential to improve the adhesion between ZnO NWs
and the surface of the UHMWPE fabric. Therefore, varying plasma treatment durations were
applied to the surface of the UHMWPE fabric prior to the ZnO NW growth in order to study the
effect on inter-yarn friction. UHMWPE fabrics treated for 15 s, 30 s, 60 s, and 90 s showed
maximum pullout loads of 3.54 N, 7.09 N, 6.97 N, and 4.68 N, corresponding to a 281%, 662%,
648%, and 403% increase relative to neat fabric (0.93 N), respectively (see Figure 4.7B). It should
be noted that the standard deviation in pullout energy of different yarns from the same fabric is
relatively small (< 3.4 mJ), thus confirming the absence of any dependencies between the inter-
yarn performance of successively pulled yarns. After calculating a one-way ANOVA with p <
0.01, there is no statistically significant difference between the 30 s and 60 s plasma-treated periods
(p-value = 0.37). When 30 s oxygen-plasma treatment was applied to the UHMWPE fabric prior
to ZnO NWs, a maximum pullout energy of 45.22 mJ was observed, which corresponded to an
823% increase relative to the neat fabric. Since the morphology of the ZnO NWs was unaffected

by the various oxygen-plasma treatment durations (see Figure 4.3), the improvements in inter-
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yarn-friction and pullout energy can be attributed to the improved adhesion between the ZnO NWs
and the UHMWPE fabric post-oxygen-plasma treatment.

When inspecting the load vs. displacement curves of the oxygen-plasma-treated specimens
(see Figure 4.7A), the maximum peak was the initial peak. This corresponds to mechanical
interlocking between the ZnO NWs of neighboring yarns as the primary contributor to the
improved yarn pullout performance. For all cases, a delay in pullout failure was observed relative
to the neat UHMWPE fabric. This increase in extension before sliding demonstrated the improved
resistance due to the increased interlocking mechanism between yarns as a result of the ZnO NW
interface. The larger extension at maximum load led to a greater pullout energy in the 30 s plasma-
treated sample compared to the 60 s plasma treated sample, even though they had insignificant

differences in maximum pullout load.
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Figure 4.7. Yarn pullout for neat and ZnO NW-coated UHMWPE with varying oxygen-plasma
treatment durations. (A) Representative load vs. extension plots. (B) Average peak loads. (C)
Average pullout energies.
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To further understand the effect oxygen-plasma treatment had on the adhesion between
ZnO NWs and UHMWPE fabric, a comparison between the surface XPS analysis and the yarn
pullout data was conducted (see Figure 4.8). Since the ZnO NW morphology and uniformity were
unaffected by the oxygen-plasma-treatment periods, the mechanical interlocking mechanism
between neighboring yarns within the fabric was the same during yarn-pullout. However, the
surface concentration of the ketone functional group was found to follow the same trend as that of
the UHMWPE yarn pullout load (15 s <90 s <60 s = 30 s), which confirmed that adhesion between
the ZnO NWs and the fabric surface is primarily dependent on surface chemistry. As shown in
Table 4.1, 30 s and 60 s plasma-treated samples had the two highest ketone concentrations, which
also corresponded to the highest pullout load and energy. This trend can be expected since previous
work has shown that the ketone functional group improves the adhesion between ZnO NWs and
the treated surface [209]. The adhesion of ZnO NWs to the surface of the UHMWPE fabric, which
is primarily dependent on ketone surface concentrations [209], is critical to the inter-yarn

reinforcing performance in UHMWPE woven fabrics.
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Figure 4.8. Correlation between the pullout load of ZnO NW-coated UHMWPE fabric and C=0%
for varying oxygen-plasma treatment durations.

98



4.6. Ballistic Impact Test
4.6.1. Ballistic Impact Experimental Test Setup

A customized gas gun setup was used to measure the impact load and ballistic limit of neat
and ZnO NW-coated UHMWPE fabric samples, where details of the setup can be found at Stenzler
et al. [265] and a schematic is shown in Figure 4.9. The UHMWPE fabric was clamped in a custom
loading plate, as shown in Figure 4.10A, to ensure no slipping of the fabric occurs during impact,
and then the plate was screwed to the gas gun clay trap box (see Figure 4.10B). A 29 g, 4130 alloy
steel projectile with an 11.4 mm diameter hemispherical face instrumented with a load cell and an
accelerometer (Kistler K-Shear® 8742A50) provided load measurements during impact (see
Figure 4.10C). The muzzle was placed 6.35 mm away from the sample and was pressurized with
argon to a predetermined level to produce a desired velocity. Two photoresistors at the end of the
barrel were used to calculate the velocity of the projectile immediately prior to impact. The Vso
ballistic limit was obtained by testing a minimum of 12 samples, where the outcome produced at
least 5 samples where the projectile penetrated the fabric, and 5 samples where the projectile did
not penetrate the fabric. Once all samples were tested, the average of the 3 highest velocities where
the projectile did not penetrate the fabric and the 3 lowest velocities where the projectile did

penetrate the fabric were used to calculate the Vso ballistic limit of the fabric.
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Figure 4.9. Schematic of the gas gun impact testing setup.
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Figure 4.10. (A) Fabric clamping. (B) Ballistic setup. (C) Projectile with mounted load cell and
shock accelerometer.

4.6.2. Ballistic Impact Test Results

Correlation between the inter-yarn friction and improved energy absorption with impact
resistance has been extensively reported [5,23-30], and therefore, the observed improvement in
the inter-yarn interaction of plasma treated and ZnO NW-coated UHMWPE fabric should yield an
enhanced impact performance. In addition, the Vso ballistic limit of the modified fabric is assessed
through ballistic impact tests. Substantial improvements in the pullout load and energy of woven
fabrics are needed in order to observe any significant enhancements to their ballistic limit and
impact energy [37,53,91,98,100,102,103,214,216,266]. For example, yarn pullout is one of many
contributing factors to the failure of woven fabrics under ballistic impact, in addition to other
failure modes such as fiber rupture. Therefore, it is typically necessary to achieve a significantly
large increase in inter-yarn friction when aiming to sufficiently improve ballistic limit and energy
in order to justify the integration of such surface modification techniques in the fabrication of

woven fabrics for commercial/military. Since 30 s plasma and 60 s plasma treatments yielded
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identical maximum yarn pullout load improvement, yet the 30 s plasma treatment resulted in a
slightly higher pullout energy, the UHMWPE woven fabric was plasma treated for only 30 s prior
to ZnO NW growth. To analyze the effect the ZnO NWs have on the impact performance of woven
UHMWPE fabric, the V5o and impact load of one ply of neat fabric were compared to one treated
ply.

The Vs ballistic limit is defined as the average value of the three highest velocities where
the bullet did not penetrate and the three lowest velocities where it did penetrate through the fabric.
To be considered penetrated, the bullet and sabot must pass completely through the fabric.
According to the results shown in Table 4.2, relative to neat fabric, the Vs of the ZnO NW-coated
UHMWPE fabric increased by 59%, from 23 m s to 36.6 m s, respectively. Similarly, the mean
impact load increased by 227%, from 388 N to 1271 N, respectively. It should be noted that the
load measurement was not collected for the treated sample impacted at 37.30 m s, thus the
average mean impact load was taken from the remaining 11 samples. The increase in the Vs
resulted from the interlocking mechanism and increased surface area interactions between
neighboring yarns with ZnO NWs, which limited the mobility of the individual fibers and yarns.

The increased friction between the yarns delayed their movement, which allowed the fabric
to stop the projectile delivered from higher velocities, improving its impact resistance. During the
impact of the projectile, multiple modes of failure such as yarn pullout, yarn rupture, fabric
bowing, or a combination of them can occur. In all the neat samples where the projectile penetrated
the fabric, the failure mode was primarily due to yarn slippage and pullout at the location where
the projectile impacted the fabric, which can be attributed to the low inter-yarn friction between
neat UHMWPE vyarns (see Figure 4.11B). However, in the ZnO NW-coated fabrics, where higher

velocity projectile penetration occurred, failure was dominated by fiber breakage instead of yarn
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pullout, which resulted in considerably smaller yarn slippage (see Figure 4.11D). This can be
attributed to the reduced ability of yarns to slide against each other due to the increased inter-yarn
friction.

As mentioned earlier, ballistic impact performance can be correlated to the increased inter-
yarn friction, as confirmed here. Due to the many factors in ballistic failure, the 662% improvement
in inter-yarn friction translates to a 59% increase in the fabric’s Vso. Similarly, the 822%
improvement in pullout energy translates to a 227% improvement in maximum impact load. The
discrepancy between the improvement in inter-yarn friction and ballistic performance of the
UHMWPE woven fabric was due to the fact that multiple failure modes occur during ballistic
impact, such as fiber rupture, that were not considered in yarn pullout. It should be noted that the
observed considerable improvements in the ballistic performance (227% increase in impact load)
of the UHMWPE woven fabric clearly outweigh the slight increase (5-8%) in the overall weight
of the fabric (see Figure 4.4), thus highlighting the advantage of the ZnO NW interphase and
justifying its introduction into such ballistic materials. Overall, the use of an oxygen-plasma
functionalization with a ZnO NW interphase design method is capable of increasing the impact
resistance of UHMWPE fabric through improving its inter-yarn properties, and providing an

overall improved ballistic performance.
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Table 4.2. Speeds, penetration status, load, and corresponding Vso for neat and plasma
functionalized, ZnO NW-coated UHMWPE fabric.

Neat UHMWPE Fabric Zn0O NW-Coated UHMWPE Fabric

Impact Speed Penetration Maximum Impact Speed Penetration  Maximum

(ms?) Load (N) (ms?) Load (N)
8.02 No 242 29.53 No 1090
14.65 No 459 30.19 No 1060
16.56 No 72 32.67 No 1150
19.53 No 418 34.90 No 1103
21.17 No 216 35.48 No 1079
23.09 Yes 478 35.74 No 1270
23.96 No 554 36.22 No 975
24.00 Yes 211 36.77 Yes 1100
26.27 Yes 445 37.30 Yes
28.01 Yes 502 38.10 Yes 2940
32.45 Yes 514 40.53 Yes 1150
33.87 Yes 548 45.35 Yes 1060
Vso=23ms* Vs0=36.6 ms!
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Figure 4.11. Comparison between neat UHMWPE fabrics and treated UHMWPE fabrics after
impact. (A) Neat sample that did not penetrate at velocity of 19.53 m s-1. (B) Neat sample that
penetrated at velocity of 26.27 m s-1. (C) Treated sample that did not penetrate at velocity of 35.48
m s, (D) Treated sample that penetrated at velocity of 37.30 m s™.

4.7. Chapter Summary

In summary, this chapter demonstrates improved inter-yarn friction, energy absorption, and
impact response of plasma treated and ZnO NW-coated UHMWPE woven fabric. The inert
UHMWPE fabric surface was oxygen-plasma treated to populate the surface with oxygen
functional groups, specifically ketone functional groups, which allows for enhanced ZnO NW
adhesion. Vertically aligned ZnO NWs were grown using a benign hydrothermal process that
preserves the fiber tensile strength. The ZnO NW-coated UHMWPE fabric exhibited a 224% and
255% increase in maximum pullout load and pullout energy, respectively, relative to neat fabrics.
When applying a 30 s plasma treatment to the UHMWPE fabric prior to ZnO NW growth, inter-

yarn properties can be further improved, yielding an overall 662% and 822.9% improvement in
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maximum pullout load and pullout energy, respectively. The improved inter-yarn performance can
be attributed to mechanical interlocking and increased surface area provided by the ZnO NWs
between neighboring yarns. Moreover, 30 s plasma treated and ZnO NW-coated UHMWPE
fabrics displayed an improved ballistic performance with a 59% and 227% improvement relative
to neat fabric in Vs ballistic limit and absorbed impact load, respectively. These improvements
can be attributed to the increased inter-yarn friction between yarns, which limits yarn movement
during impact and improves resistance to penetration of the projectile. The results presented here
show that an oxygen-plasma functionalization with a ZnO NW interphase is capable of
significantly increasing the inter-yarn friction and impact response of traditional UHMWPE woven
fabric, presenting a promising method that can be integrated in UHMWPE based equipment for

ballistic applications.
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Chapter 5. Laser-Induced Graphene for In-Situ Ballistic Impact Damage and
Delamination Detection in Aramid Fiber-Reinforced Composites

5.1. Chapter Introduction

Aramid fibers have been shown to exhibit impressive mechanical properties, including
high strength-to-weight ratio, excellent abrasion resistance, and exceptional ballistic performance.
For these reasons, aramid fiber-reinforced polymer composites (FRPCs) have been widely used in
high impact loading environments where ballistic properties are vital. In-situ damage monitoring
of aramid composites under dynamic loading conditions typically requires externally-bonded
sensors, which add bulk and are limited by size and space constraints. To overcome these
limitations, this chapter examined a piezoresistive laser-induced graphene (LIG) interface for
embedded impact sensing in aramid fiber-reinforced composites. The work presented here
investigates the potential of LIG for in-situ impact damage and delamination detection in aramid
fiber-reinforced polymer composites. To accomplish this, LIG was directly formed on the aramid
fabric using a laser printer, before infusing the treated fabric to form aramid laminates. The ability
of LIG to sense ballistic damage was evaluated by impacting the treated aramid laminates using a
gas gun, and the electrical resistance was simultaneously monitored using the four-point probe
technique. Through the monitoring of electrical resistance during ballistic impact, information
regarding time and severity of the impact was obtained. The impact velocity correlated with the
resistance change of the composites due to delamination between aramid plies and damage to the
LIG interface. Additionally, resistance measurements taken during Mode | interlaminar fracture

tests were used to investigate the correlation between the change in resistance and delamination
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between composite plies. The interlaminar fracture toughness and areal-density-specific Vs of the
LIG-treated aramid composites increased relative to untreated aramid composites. This work
demonstrates a methodology to form multifunctional aramid-based composites with an LIG
interface that provides both improved toughness and imbedded sensing of impact and damage
severity during ballistic impact.

5.2. LIG Process and Characterization on Aramid Fabric

LIG was generated on the surface of the aramid fabric using the method described by
Nasser et al. [227]. Prior to the laser treatment, the aramid fabric (Kevlar® KM2+ fabric plain-
weave, style 790, scoured CS-800, received from BGF Industries) was successively sonicated in
acetone and ethanol for 10 min to remove organic surface contaminants, and then dried in a
vacuum oven at 100 °C for 1 hour. The carbonization of only one side of the aramid fabric was
performed using a 40 W CO- laser printer (Epilog Zing 16) operated in raster mode, at a speed of
1 cm? s7%, pulsing density of 400 dots per inch (DPI), and output power of 20% (see Figure 5.2A).
The parameters used in this work have previously been found to maintain the specific strength of
the fabric [227]. Following the laser treatment, the morphology of the L1G-treated aramid fabric
surface was characterized using a JEOL JSM-7800FLV field-emission scanning electron
microscope (SEM).

To integrate a piezoresistive sensing element within traditionally insulating aramid fiber
composites, one surface of each aramid fabric ply was coated with conductive LIG. Notably, no
pre- or post-treatment of the aramid fibers was required prior to the conversion of the surface fibers
to LIG. Following the laser treatment, the surface morphology of the L1G-coated aramid fabric
was investigated using SEM imaging. As shown in Figure 5.1B, the exposed surface fibers of the

woven aramid fabric are drastically changed following the laser treatment relative to an untreated
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aramid fiber (see Figure 5.1A). Rather than displaying the smooth surface of untreated aramid
fibers, the surface of the laser treated fibers possess a three-dimensional (3D) microporous fibrous
structure. Previous studies have investigated the effect of the laser output power, pulsing density,
and focusing density on the resultant LIG microstructure on the aramid surface and the
corresponding mechanical properties [221,227]. In this work, a pulse density of 400 DPI,
defocusing distance of 0.3 mm, and output power of 20% were chosen to generate a uniform
coating on the surface of the exposed aramid fibers [227]. According to Figure 5.1C, the thickness
of the aramid fabric was ~400 um and the LIG layer was measured to be ~25 pum, which is
equivalent to the diameters of 2 individual aramid fibers. It should be noted that the laser-induction
parameters used in this dissertation resulted in the complete conversion of the top aramid surface
to a textured graphitic layer while simultaneously limiting the laser penetration depth, thus leaving
the majority of the aramid fibers intact and preserving the specific strength of the fabric as shown
in Figure 5.1C [227].

The converted amorphous carbon atoms created a continuous conductive top surface;
however, the untreated portion of the fabric remained insulating through its thickness, which
confirmed that the LIG remained on the surface and did not completely penetrate the fabric (Figure
5.1). The fibrous structure of the LIG coating has previously been shown to result in improved
mechanical interlocking and increased surface area interaction between the reinforcing fibers and
the matrix, therefore, strengthening the interlaminar region in the aramid laminate [227,267]. The
porous nature of LIG also permitted for easy infusion and resin wetting during the composite
fabrication process. Furthermore, a small portion of the LIG remained exposed at the surface of

the laminate, which allowed for direct contact between the LIG and the measurement probes
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without the need to remove any of the matrix at the surface. The final resistance values of the

ballistic composites ranged between ~40 — 100 Q measured using the four-point probe method.
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Figure 5.1. SEM image of (A) untreated aramid fibers, and (B) L1G microstructure on aramid fiber.
(C) LIG conversion of the top aramid fibers with the rest of the aramid fibers within the fabric
intact.

5.3. Ballistic Impact Test
5.3.1. Ballistic Sample Preparation and Experimental Test Setup

After LIG was generated on the aramid fabric surface (see Figure 5.2A), three 3 by 3-inch
plies of aramid fabric were combined into a laminate using vacuum assisted resin transfer molding
(VARTM,; see Figure 5.2B). Epon 862 and Curing Agent W (100:26.4) resin were used as the
matrix, and the laminates were cured under vacuum at 100 psi and 177 °C for 3 hours in a hot
press. After the laminate was fabricated, two silver paint rings were added to each side of the LIG-

treated composites to enable electrical resistance measurements during ballistic testing using the

109



four-point probe method. Next, 33-gauge copper wires were attached to the surface of each silver
paint ring using additional silver paint and electrical tape. In order to monitor the average resistance
of the entire composite during ballistic impact, the silver paint rings shown in Figure 5.2A and
Figure 5.2B were designed to connect the three plies of the composite around the perimeter. As
such, the final measured resistance values represented an average value for the entire composite
specimen. For clarity, a schematic of the four-point probe resistance monitoring schematic is

shown in Figure 5.3A-B.
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Figure 5.2. Flow chart schematic of (A) the LIG generation on aramid fabric to the (B) vacuum
assisted resin transfer molding of the LIG-treated aramid laminate.

Following sample preparation, the composite laminates were impacted using the same
customized gas gun as described and shown in section 4.6.1. The samples were placed between
two steel plates with a 2.5-inch diameter target region to constrain any undesired motion of the
laminate during testing. Once the composite was securely fixed, the barrel of the gas gun was
placed 0.25 inches away from the center of the composite (Figure 5.3C). The projectile, comprised
of 4130 alloy steel with a mass of 29 g and an 11.4 diameter hemispherical face, was propelled
down the barrel by releasing a predetermined gas pressure. Two photogates, placed 19.5 mm apart

at the end of the barrel, were used to measure the amount of time needed for the projectile to pass
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between them, thus allowing for the calculation of the projectile velocity at the point of impact.
To quantify the ballistic performance of each sample set, the Vsg is considered as the figure of
merit. The Vsp ballistic limit is calculated by averaging the three lowest speeds at which the bullet
penetrated and the three highest speeds at which the bullet did not penetrate the composite
specimen. During ballistic testing, the copper wires attached to the outermost silver paint rings
were used to apply 4 mA direct current through the sample using a BK Precision® model 9130
triple output programmable DC power supply, while the voltage was simultaneously measured
across the copper wires attached to the two innermost silver paint rings using a National

Instruments 4431 data acquisition system (DAQ) (see Figure 5.3A-B).
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Figure 5.3. (A) Front view schematic of four-point probe resistance monitoring adopted on an
aramid composite with LIG. (B) Side view schematic of four-point probe resistance monitoring
adopted on an aramid composite with LIG. (C) Image of ballistic setup.

5.3.2. Ballistic Impact Test Results

The Vso ballistic limit, or the ballistic performance, of a composite can assist in both
understanding the limits of the material for specific applications and aiding in the prediction of the
extent of damage experienced by the composite based on the ballistic impact velocity. In this work,

the Vso of the LIG-treated aramid fiber composites were compared to untreated aramid fiber
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composites to ensure that the LIG treatment did not negatively affect the ballistic performance of
the composites. A total of 12 untreated samples and 12 LIG-treated samples were prepared, of
which at least 5 samples were penetrated by the projectile and at least 5 samples successfully
stopped the projectile from penetrating. In order to qualify as penetrating the composite, 100% of
the projectile was required to pass through the composite and impact the clay trap located 2 inches
behind the composite. The projectile velocities for each sample set along with the penetration
status and the resulting Vso values for untreated and L1G-treated samples are shown in Table 5.1.
It can be noted that the larger range in impact speed for the LIG-treated composites was used to
collect a wider and more complete range of data points as the authors investigated a relationship
between the impact velocity and percent change in resistance, as shown Figure 5.1B. For this
reason, additional impact speeds were reported for LIG-treated aramid composites relative to the
untreated composites (see Table 5.1). With regards to ballistic limit, the 6 speeds used to calculate
the Vso for the untreated samples ranged between 22.1 m/s and 26.6 m/s for a span of 4.5 m/s,
while the LIG-treated samples ranged between 19.1 m/s and 23.5 m/s for a range of 4.4 m/s.
Therefore, the Vso for both the untreated and LIG-treated samples were obtained over a similar

range, which allowed for an accurate comparison of their ballistic limit.
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Table 5.1. Projectile speed and penetration status of each ballistic test used to calculate the Vsg of
untreated and LIG-treated aramid fiber-reinforced composites.

Untreated Aramid Composite LIG-Treated Aramid Composite
Impact Speed Penetration Impact Speed Penetration
(m/s) (m/s)
18.2 No 6.9 No
20.2 No 10.0 No
21.0 No 19.1 No
22.1 No 20.0 No
23.4 No 21.3 Yes
254 No 23.0 No
25.6 Yes 23.1 Yes
26.0 Yes 23.5 Yes
26.6 Yes 25.0 Yes
28.2 Yes 26.0 Yes
29.8 Yes 38.0 Yes
30.5 Yes 48.0 Yes
81.6 Yes
Vs0=24.6 m/s Vs0=21.7 m/s

Although a knowledge of the ballistic limit of LIG-treated aramid composites is important
when predicting the amount of damage experienced by the composite, a direct comparison between
the Vso of the untreated and LIG-coated aramid composites does not provide an accurate
representation of the relative ballistic performance of each sample set. The weight of the aramid
fabric is reduced during the irradiation process as the exterior fibers, which are exposed to the
laser, are converted to a porous graphene interface. This conversion results in lower areal density
aramid composites. Given that the areal density of a fabric is important to the ballistic performance,
the areal-density-specific Vsg presents a more reliable parameter for comparison. Therefore, for

accuracy, the areal-density-specific Vso was calculated for each sample set by dividing the raw Vs
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value by the respective areal density. Specifically, the weight of the three untreated and three LI1G-
treated plies were measured and divided by the area of the sample (7.62 cm x 7.62 cm), resulting
in areal-densities of 0.073 g/cm? for the untreated aramid fabric plies, and 0.062 g/cm? for the LI1G-
treated plies. When normalized, the areal-density-specific Vso was found to be 0.033 m®/s/g and
0.035 m®/s/g for the untreated and LIG-treated fabric, respectively. Based on the normalized Vso,
the ballistic performance of the LIG-treated composite was improved relative to that of the
untreated aramid composite. This finding can be attributed to the increased friction between the
LIG-treated aramid fabric surface and the surrounding matrix, as the LIG provides an interlocking
mechanism and increases surface area interactions. Therefore, the ability of the projectile to
penetrate the composite was reduced, and the ballistic energy absorption performance of the
aramid laminates increased.
5.3.3. In-situ Impact Damage Detection of LIG-Coated Aramid Composites

To investigate this relationship, varying projectile velocities were tested and the correlation
between the percent change in resistance and the projectile velocity was evaluated (see Figure
5.4B). The velocity was increased from approximately 7 m/s to 81 m/s and the corresponding
change in electrical resistance increased from less than 1% to over 55%. As the velocity increased,
the amount of damage and change in resistance also increased while the laminate absorbed some
portion of the impact energy. This resulted in significant fiber fracture and delamination. A
quadratic fit was applied to the resistance percent change vs impact velocity (see Figure 5.4B), and
with a nonlinear least squares regression analysis, the quadratic fit predicted the trend of the
resistance percent change and velocity with a coefficient of determination (R?) value of 0.72. The
relationship between the velocity and the percent change in resistance thus followed a quadratic

trend through the range investigated, which was attributed to the similarly quadratic relationship
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between velocity and kinetic energy. Therefore, it can be concluded that the energy absorbed by
the composite was loosely related to the kinetic energy of the projectile. Although additional
factors such as friction were expected to have an effect, this assumption allowed for the

approximate prediction of the velocity using the percent change in resistance.
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Figure 5.4. (A) Representative change in resistance of one ballistic impact sample. (B) Change in
resistance percent change vs. velocity of impact for LIG-treated aramid fiber composites.

To further investigate the method of energy absorption and thus gain greater understanding
of the previously observed trend between electrical resistance change and ballistic impact velocity,
the impacted laminates were visually examined and compared. It is shown through macroscopic
visual inspection that the plies comprising each laminate delaminated during impact, which
introduced air pockets between the plies. This delamination was expected to further damage the
LIG, thus increasing the electrical resistance of the sample. Moreover, from visual inspection the
inter-ply delamination was more prominent as projectile velocity increased, which reduced carbon-
carbon contact area in each LIG layer and resulted in a larger percent increase in the electrical
resistance of the sample. For reference, Figure 5.5 shows four representative samples which are
damaged with increasing impact velocities (see Figure 5.5A-H) and their corresponding percent
change in resistance (see Figure 5.51). As the velocity increased, the delaminated area—which is

visible as the lighter portion of the composite from the top surface approximated by dashed black
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contours—and the laminates cross section grew larger. Additionally, the fibers surrounding the
impact hole in the composite, resulting from the penetration of the projectile, also show increased
damage in the form of fiber failure. Therefore, the increase in resistance is dictated by the size of
the damage due to penetration in addition to the delamination area which are both shown to

increase with increasing impact velocities.
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Figure 5.5. Images of impacted laminates with increased delamination between the composite plies
imaged from the top surface at speeds of (A) 10 m/s, (C) 26 m/s, (E) 59 m/s, (G) 75 m/s and cross-
section images at speeds of (B) 10 m/s, (D) 26 m/s, (F) 59 m/s, and (H) 75 m/s. (I) Corresponding
percent change in resistance for each sample.
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5.4. Mode I Interlaminar Fracture Toughness Test
5.4.1. Mode I Interlaminar Fracture Toughness Sample Preparation and Test Setup

The Mode | interlaminar fracture toughness of the LIG-treated aramid FRPCs were
assessed as recommended per ASTM D5528-13. Specifically, each laminate was fabricated by
VARTM (see Figure 5.2B) and consisted of 16 plies of aramid fabric with an EPON 862/Curing
Agent W resin system. In order to form a pre-crack within the laminate, a 50 mm Teflon sheet was
inserted between the two center plies. It should be noted that in order to enable in-situ resistance
measurements, the two center plies were treated with LIG and the LIG interfaces were placed
facing each other (see Figure 5.6A). The composite plate was then cut using a diamond saw to
specimens which were 14 cm long, 23 mm wide, and 3 mm thick as recommended in the ASTM
standard. Loading hinges were attached to the outer surfaces of each sample using a high shear
strength epoxy (Loctite® 9430™ Hysol®) which was cured in an oven at 83 °C for 1 hour.

The completed samples were tested using an Instron model 5982 load frame with a 100 kN
load cell at a crosshead extension rate of 2 mm/min (Figure 5.6B). After the crack was allowed to
propagate to the length of the Teflon pre-crack, the Teflon insert was removed and copper wires
were attached to each LIG surface using silver paint and electrical tape. Throughout the duration
of the test, the electrical resistance between the two copper wires, and thus the two LIG plies, was
measured as the delamination extended along the length of the specimen using a Wheatstone
bridge with a constant voltage input provided by a Hewlett Packard model 6217A DC power

supply. A schematic of the resistance monitoring method is shown in Figure 5.6A.
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Figure 5.6. (A) Schematic of resistance monitoring method with increasing crack length during
Mode | testing. (B) Mode I interlaminar fracture toughness setup.

5.4.2. Mode | Interlaminar Fracture Toughness Test Results

Given that the interlaminar region of composites are typically prone to failure, it is
important that the Mode | interlaminar fracture toughness of the composite is not compromised
when LIG is added to the interlaminar region. At least 5 samples of both untreated aramid
composites and LIG-treated aramid composites were tested to calculate the Mode | interlaminar
fracture toughness. Figure 5.7 shows the average fracture toughness (see Figure 5.7A) and a
representative fracture toughness vs extension curve (see Figure 5.7B) for an untreated and a LIG-
treated sample. As shown in Figure 5.7, the interlaminar fracture toughness of the untreated aramid
composite was 437 J/m?, and the LIG-treated composites exhibited an increased interlaminar

fracture toughness at 476 J/m?.
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Figure 5.7. Mode I interlaminar fracture toughness of untreated aramid composite and LIG-treated
aramid composite. (A) Average fracture toughness. (B) Representative fracture toughness vs.
extension plots.

The improved fracture toughness can be attributed to an interlocking mechanism from the
fibrous LIG microstructure mechanically bridging the gap between adjacent plies. The mechanism
required more energy to drive crack propagation in the double cantilever beams. A similar
mechanism has been previously reported in the literature, and is often termed as “nanostitching”
[227,268,269]. The fracture surface images of the LIG-treated aramid Mode | samples are shown
in Figure 5.8. While stick slip behavior is shown in Figure 5.8A-B, the interlaminar failure mode
is a cohesive one, allowing the L1G-aramid fiber composites to withstand higher loads as the crack
propagates within the interlaminar region. Figure 5.8C and D demonstrate this strong adhesion
between the LIG and epoxy resin as there is a substantial amount of epoxy blocks remaining on
the fracture surface. These findings are in agreement with other studies that report cohesive failure
in LI1G coated aramid fiber Mode | interlaminar fracture toughness samples [227]. Taken together,
the added LIG interface appears to improve the fracture toughness of the aramid FRPCs and

contributes to piezoresistance.
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Figure 5.8. (A, B, C, D) Mode I interlaminar fracture toughness fracture surfaces of LIG-treated
aramid fiber-reinforced composite.

5.4.3. Damage Detection Monitoring During Mode I Interlaminar Fracture Toughness Test

In addition to investigating the interfacial reinforcing capabilities of the LIG, the ability of
the L1G to detect delamination between LIG interfaces was also simultaneously evaluated during
Mode | interlaminar fracture toughness testing. The applied load and change in resistance with
increasing crosshead extension of a representative Mode | sample is shown in Figure 5.9A. It is
immediately clear from the figure that there is a strong correlation between the load and change in
resistance with crosshead extension. As the extension increased and the double cantilever beam
sample was delaminated, the crack length increased while the load required to pull apart the
specimen and propagate the crack decreased. When the decreasing trend in the load was observed,

the rate of change in the double cantilever beams resistance increased, thus showing a correlation
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between delamination and electrical resistance. When the extension reached 22 mm, the load
decreased dramatically, indicating rapid crack propagation within the interlaminar region. The
dramatic load decrease was accompanied by a significant increase in specimen resistance, which
resulted in a confirmed direct correlation between crack growth and change in resistance. This
finding suggests that the piezoresistive LIG not only detects delamination, but it can also provide
insight into the rate at which the delamination grows. For additional analysis, the relationship
between the change in the resistance of the double cantilever beam and the crack length is shown
in Figure 5.9B. Overall, the percent change in resistance increased with increasing crack length,
which correlated with an increase in inter-ply delamination. As the crack propagated through the
interlaminar region, the conductive contacts between the LIG surfaces decreased, therefore,
restricting current pathways and causing a measured increase in resistance. Thus, the LIG exhibited
multifunctionality in both reinforcing the interface between plies and enabling structural health

monitoring of a failure-prone area within fiber-reinforced composites.
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Figure 5.9. (A) Applied load and percent change in resistance versus extension during Mode |
interlaminar fracture toughness test. (B) Percent change in resistance versus crack length during
Mode | interlaminar fracture toughness test.
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5.5. Chapter Summary

This chapter presented a method for in-situ impact and delamination damage detection for
aramid FRPCs using an integrated piezoresistive LIG interphase. There are several benefits of this
approach that make it a viable alternative to existing approaches. First, the addition of the LIG
does not add extra weight or interlaminar thickness to the sample and does not require external
bonding given that the LIG is generated using the aramid fibers as a precursor. Furthermore, the
LIG process does not require extreme processing conditions and can be completed at room
temperature and atmospheric pressure using a commercial CO- laser printer which contributes to
the scalability of the method.

The LIG-treated aramid FRPCs were successfully shown to detect ballistic damage in-situ
using a four-point probe resistance monitoring method and the percent change in electrical
resistance was found to directly correlate to the projectile impact velocity. Therefore, a prediction
of failure, damage extent, and projectile impact velocity can be made through correlation of
resistance change and projectile velocity. Mode | interlaminar fracture toughness testing also
evaluated the relation between change in resistance and generated delamination; a common form
of damage experienced by ballistic composites. Results indicate that the addition of LIG within
the aramid composite was shown to improve both the areal-density-specific Vso and the Mode |
interlaminar fracture toughness. Thus, the results of this work demonstrate the multifunctionality
of LIG-treated aramid composites and shows that the LIG piezoresistivity can be exploited to
predict impact velocity and delamination extent, providing an estimate of the scope of damage

sustained by the composites during ballistic impact.
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Chapter 6. Conclusion

Ballistic materials have made great strides throughout history to improve protection from
a wide variety of threats; however, as these threats continue to increase, the protection ballistic
materials offer needs to be enhanced while remaining lightweight. Two popular ballistic materials
are ultra-high molecule weight polyethylene (UHMWPE) and aramid fibers for their unique
properties such as high strength-to-weight ratio, impact resistance, energy absorption, and wear
and abrasion resistance. These fibers are used in a wide range of industries that require structural
components, such as automotive, aerospace, marine, medical, and sporting goods.

In ballistic applications, these fibers are used in the form of fiber-reinforced polymer
composites (FRPCs) and woven fabrics as hard and soft body armor, respectively. One major
limitation of such FRPCs is that the fiber-matrix interface is prone to failure due to weak adhesion
between the two components. A lack of chemical bonding and mechanical interlocking at the
interface as well as a difference in stiffness between the fiber and the matrix often leads to stress
concentrations that are prone to failure during loading conditions. Specifically, when UHMWPE
and aramid fibers are used in FRPCs, this interface is substantially weaker than other reinforcing
fibers due to the fact that they lack functional groups on their surface, which results weak adhesion
with the matrix. In addition, when UHMWPE and aramid fibers are woven into a fabric, they
exhibit low friction between the yarns. This low inter-yarn friction causes yarn slippage and yarn
pullout that reduces the structural packing of the fabric. As a result, the impact energy is not shared
with secondary yarns, and the load is solely absorbed by the primary yarns, which causes fabric

failure to happen at lower impact speeds.
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Research efforts aiming to improve the UHMWPE and aramid fiber interfacial properties
in FRPCs and inter-yarn friction in woven fabrics have resulted in the development of chemical
and nanoscale surface modifications. Yet, these surface treatments have some disadvantages,
including that they (a) compromise the structural integrity of the fiber, (b) are not scalable, and (c)
and can be cost- and time-inefficient. This dissertation sought to improve the interfacial and inter-
yarn properties of UHMWPE and aramid fibers through the use of three nanomaterials-based
surface modifications: aramid nanofibers (ANFs), zinc oxide nanowires (ZnO NWs), and laser
induced graphene (LIG). These fibers were selected because they all have been shown to be simple,
benign, and scalable interphase design methods [186,210,227]

Chapter 2 explored the use of an ANF interphase to improve the interfacial properties of
UHWMPE composites under quasi-static loading. The UHMWPE fiber surface was first
functionalized using an oxygen plasma treatment to improve adhesion with the ANF interphase.
The ANF was then grafted to the UHWMPE fiber surface through a simple dip-coating process
for various treatment periods. Through Fourier-transform infrared spectroscopy (FTIR) and X-ray
photoelectron spectroscopy (XPS) analysis, it was determined that the ANF interphase increased
the polar functional group concentrations on the UHMWPE fiber surfaces. Through scanning
electron microscopy (SEM) and atomic force microscopy (AFM), it was shown that the UHMWPE
fiber surface roughness was increased with the introduction of the ANFs. Single-fiber tensile
testing demonstrated the benign nature of the treatment through preserved tensile strength of the
treated UHMWPE fibers. Due to the enhanced surface area interactions and chemical bonding
between the ANF-coated UHWMPE fiber and the epoxy matrix, the interfacial shear strength

(IFSS) was found to increase by 173% after a 3 min ANF dip-coating treatment as assessed through
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single-fiber pullout. Thus, it was shown that the ANF interphase was capably of reinforcing the
UHMWPE fiber to improve the interfacial properties of UHMWPE composites.

Expanding on the use of a nanostructure interphase in UHWMPE composites, ZnO NWs
were used to improve interfacial properties (Chapter 3). The UHMWPE fibers were first oxygen
plasma-treated for various durations to study and optimize the adhesion of the ZnO NWs to the
surface of the fibers. Post-functionalization, the UHMWPE surface chemical structure was
examined using FTIR and XPS analysis and demonstrated an increase in oxygen functional groups
with increased plasma treatment duration. Through SEM imaging, the morphology and uniformity
of the growth on the UHMWPE fiber were characterized, and the grown ZnO NWs were shown
to be consistent between the varying oxygen plasma treatment durations. The benign nature of the
oxygen plasma treatment and subsequent ZnO NW growth were also confirmed through the
preservation of the tensile strength. Using single-fiber pullout testing, the interfacial shear strength
of ZnO NW-coated UHMWPE composites showed a maximum increase in IFSS of 135%. The
ZnO NW interphase was capable of reinforcing the UHMWPE composite through enhanced
surface area interactions and mechanical interlocking between the fiber and the matrix. It was also
revealed that the performance of the ZnO NW interphase was found to correlate with the amount
of the C=0 (ketone) functional group on the fiber surface. Therefore, it was demonstrated that the
IFSS of UHMWPE FRPCs can be significantly increased with a simple surface modification
consisting of an oxygen plasma functionalization and the grafting of a ZnO NW interphase.

Building on the previously discuss surface treatment, ZnO interphase was also exploited to
improve inter-yarn friction and ballistic performance of UHMWPE fabrics (Chapter 4). Oxygen
plasma functionalization was performed on the UHWMPE fabric surface prior to the ZnO NW

growth to enhance the adhesion of the ZnO NWs to the surface. Through XPS, the surface
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chemistry was examined, and results showed that the oxygen functional group concentration
increased as plasma treatment durations increased. The ZnO NWs were grown by means of a
hydrothermal growth process and the morphology, uniformity, and quality of growth was
characterized by SEM imaging. The ZnO NW reinforcement on woven UHMWPE fabric was
found to improve the pullout load and pullout energy by a maximum of 663.5% and 822.9%,
respectively. In addition, projectile impact testing confirmed that the Vso ballistic limit and energy
absorption of the ZnO NW-coated fabric is increased by a 59.13% and 227%, respectively. The
improvement in inter-yarn friction and impact performance are the result of the ZnO NWs
providing enhanced mechanical interlocking and increased surface area interactions between
neighboring yarns, which limits their movement. Taken together, these results demonstrate the
effectiveness of a ZnO NW interphase in improving inter-yarn friction, impact performance, and
the energy absorption of woven UHMWPE fabrics.

The use of a nanostructured and piezoresistive LIG interphase was also studied in aramid
FRPC for improving ballistic and structural performance, as well as in-situ impact damage and
delamination detection (Chapter 5). A commercial laser printer was used to directly generate LIG
on the aramid fabric surface before being fabricated into aramid composites. SEM was used to
characterize the morphology and penetration depth of the LIG interphase, which was shown to
completely cover and create a conductive top surface. The LIG-treated aramid composites’
interlaminar fracture toughness and areal-density-specific Vso increased relative to untreated
aramid composites. This experienced increase was due to the LIG microstructure mechanically
bridging between adjacent plies and providing an interlocking mechanism between the fabric and
matrix. The percent change in electrical resistance was monitored during ballistic impact and was

found to correlate with the projectile impact velocity due to fiber breakage and delamination
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damaging the LIG interface. A relationship between change in electrical resistance and generated
delamination length and rate of growth was also established by measuring electrical resistance
during Mode | interlaminar fracture toughness testing. In sum, these findings demonstrate an
effective method to generate an LIG interlayer in aramid-based composites to provide
multifunctionality in both improving the structural and ballistic aramid composite performance
and with in-situ sensing of damage and delamination.

6.1 Contribution

The main contribution of this dissertation is the novel design methods that were shown to
improve the interfacial and inter-yarn properties of UHMWPE and aramid fibers This was done
by modifying the originally inert surface of the UHMWPE and aramid fibers with nanomaterial-
based surface modifications that significantly improve the weak interfacial adhesion in FRPCs and
fiber-fiber interactions in woven fabric. Dissertation findings support the use of these fibers in
ballistic protection applications and as high-performance composites in structural applications.
The methodological and empirical contributions made in this dissertation are detailed in the
following paragraphs.

The first contribution of this dissertation is the establishment of a simple and fast method
to adhere ANFs onto the originally smooth and inert surface of UHMPWE fibers. The ANF
interphase was well-adhered through enhanced chemical interactions by means of an oxygen
plasma surface functionalization, followed by a short dip-coating process. The nanostructured
ANF interphase considerably roughens the UHMWAPE surface and populates it with polar
functional groups that improve the chemical interactions and induce mechanical interlocking at

the fiber matrix interface which significantly improve the IFSS of UHMWPE composites. This
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ANF interphase design technique is scalable and can be integrated in UHMWPE composites to
advance their use in structural applications.

The second contribution of this work is development of the technique for adhering ZnO
NWs to UHWMPE fiber surfaces, which are originally smooth and non-reactive. By studying
different oxygen plasma functionalization durations on the UHWMPE fiber surface to add ketone
functional groups, the ZnO NW adhesion was optimized after only a 30 s plasma treatment. The
ZnO NW interphase offers a substantially increased surface area interactions and mechanical
interlocking mechanism between the fiber and the epoxy matrix which considerably improve the
IFSS of the UHWMPE composite. The simple, fast, and effective nature of a ZnO NW interphase
makes it easy to integrate into structural applications of UHMWPE composites and allow for
expanding their use.

Another contribution of this dissertation is revealing the use of a ZnO NW interphase in
UHWMPE fabric for soft body armor applications. Oxygen functional groups, specifically the
ketone functional group, were introduced to the UHMWPE fabric surface using varying oxygen
plasma treatment durations to improve the ZnO NW adhesion, where an optimal treatment duration
of 30 s was determined. The ZnO NWs improve the yarn pullout load, ballistic limit, and energy
absorption of the fabric through increased mechanical interlocking between the yarns. The quick,
benign, and effect nature of this process significantly improves inter-yarn friction, which enhances
the ballistic performance of woven UHWMPE and can advance its use in ballistic protection
applications without compromising weight limitations.

The last contribution of this work is the introduction of an LIG interlayer in aramid fiber
composites to add multifunctionality. The L1G was generated directly on the aramid surface using

a COy laser printer, which photo-thermally converts the top aramid surface into a textured
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conductive graphitic layer while limiting the penetration depth, leaving the majority of the aramid
fibers intact. The LIG-treated aramid composites demonstrated improved interlaminar fracture
toughness and areal-density-specific Vso properties. Using the LIG interphase for in-situ structural
health monitoring (SHM), failure prediction, damage extent, and projectile impact velocity can be
made through establishing a correlation between the change in electrical resistance and projectile
velocity. The LIG interphase also was shown to provide a relationship between change in electrical
resistance and both generated delamination length and rate of growth in the L1G-treated aramid
composites under Mode | loading conditions. These results demonstrate the multifunctional ability
of the LIG interphase in aramid composites for a reinforcing material in structural and ballistic
applications while also enabling in-situ SHM of failure-prone areas within FRPCs, which has
direct use in military applications in vehicles and armor.
6.2 Recommendations for Future Work

This dissertation describes research to improve interfacial adhesion and inter-yarn friction
in UHMWPE and aramid woven fabric, and FRPCs. The findings and results in this work
demonstrate the use of the three benign, simple, and scalable nano-material based surface
modifications to improve the interfacial adhesion and inter-yarn friction. This research has led to
significant scientific contributions that can be used to further advance the use of polymer fibers in
structural and ballistic applications as woven fabrics and composites through the integration of
nanomaterials. However, additional tasks and further studies can be done to expand the knowledge
of these nanomaterial reinforcements and their potential applications.

In this dissertation, the varying dip-coating treatment periods of ANF were assessed on a
30 s oxygen-plasma functionalized UHMWRPE fiber surface for improved IFSS of UHWMPE

composites. However, future studies should examine whether varying the surface oxygen-plasma
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functionalization time and including different surface functionalization treatments improves the
ANF adhesion through enhanced chemical interactions to the UHMWPE fiber surface and thus,
further improve the IFSS of UHWMPE composites. Also, future studies can aim to exploit
different ANF morphologies and study their effect on the interfacial properties of the composite
to further optimize the ANF interphase on the UHWMPE fiber. The ANF aspect ratio and
geometry can be modified by changing parameters related to the dissolution and deprotonation
process used for synthesis. The type and concentration of the base used for the ANF solution can
be varied, resulting ANFs with larger aspect ratios that have the potential to further improve the
interphase performance.

While it has been proven that an ANF and ZnO NW reinforcement improve the interfacial
properties of single-fiber UHMWPE composites, the macro-scale properties of reinforced
UHMWPE FRPCs have yet to be explored. The next step would be to fabricate UHMWPE
composite laminates with ANF and ZnO NW reinforcement on the surface of the woven
UHWMPE fabric and examine macro-scale composites properties, such as short beam strength
and interlaminar fracture toughness. Although UHMWPE already has a high wear and abrasion
resistant property, the effect the nano-material reinforcements could be an interesting area of study
to reveal any potential contributions to an improved high wear and abrasion performance.

The improved impact performance of a ZnO NW reinforcement on woven UHMWPE
fabric has been demonstrated; however, the stab performance has yet to be explored. It has been
proven that through increased surface area interactions and mechanical interlocking that the ZnO
NWs increase the inter-yarn friction between the UHMWPE yarns, reduce yarn pullout, and limit
windowing failure during impact. These results are expected to translate to an improved stab

resistance performance in ZnO NW-coated UHMWPE woven fabric. In addition, the potential of
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ANFs as a reinforcement in woven fabrics has yet to be explored, along with their effect on impact
and stab performance. Since aramid fibers are known to exhibit excellent ballistic properties, it
would be an interesting to investigate if their ballistic performance translates to ANFs and use an
ANF reinforcement on UHMWPE woven fabric for the potential improvement of inter-yarn
friction, ballistic limit, and energy absorption. Studying the impact performance of UHMWPE
composites with nano-scale reinforcements is also recommended as future work due to the fact
that ANFs and ZnO NWs have been investigated and proven to improve the interfacial property
of single-fiber UHMWPE composites.

The LIG-treated aramid composites in this dissertation were shown to exhibit improved
ballistic performance and were capable of detecting damage during impact tests and delamination
through the mode | fracture toughness testing. A next step would be to assess the ability for
performing in-situ damage localization during impact tests, both along the 2D plane and through
the thickness of the composite. The ability of the LIG to improve the multifunctionality of aramid
composites through its piezoresistivity would also be an interesting topic to be further investigated,
for example, using joule heating to perform out-of-autoclave curing, in-situ bonding/repair of L1G-
treated aramid composite, and thermal damage and delamination detection using an IR-camera.
Because aramids are known to suffer greatly in structural applications due to their moisture
sensitivity, an important parameter to look at is how environmental factors would affect the LIG
interphase, and therefore, its ballistic performance along and in-situ damage and delamination

detection properties.
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