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The purpose of this research is to examine theepoesof a thermal phase change
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CHAPTER ONE: INTRODUCTION

The purpose of this study is to provide an empligcelysis of energy dissipation
as a physical phenomenon in fiber structures. hgsical phenomenon is used to
explain the circumstances under which a multi-fibenwoven material in combination
with woven layers is able to more efficiently stagprojectile than the current woven
ballistic standard or a single fiber nonwoven matefThe suspected reason for this
superiority is the presence of a phase change glumpact which contributes to the
energy dissipation of the material.

A literature review of this area yields multipleidtes focusing on the reactions of
fibers, yarns, and projectiles to the ballistic iemwment. The fiber reactions have been
studied as both cut energy and breakage, while yawstreactions are studied as pull-out
phenomena. Projectile reaction studies focus andbsnass and deformation as they are
affected by impact with soft body armor.

The methods used to investigate the presence loéranal phase change in the
multi-fiber nonwoven sample aiifferential Scanning Calorimetry (DSC), observation
and recording of photographic evidence with Optidatroscopy, standardized ballistic
resistance testing, and a mathematical formuld@fstructure’s residual kinetic energy.
The DSC data was gathered using a heat flux TAUnmstnts 2920 Modulated DSC, and
the photographic images were gathered using an @lgnBH-12® with an Olympus

DP10® camera and FlashPath® software. Both pietegjapment were provided by
1



and used in the Auburn University Polymer and FiBegineering laboratories. The
ballistic resistance data were gathered based bramyispecifications from H. P. White

Laboratories, an independent source approved byD#martment of Defense and the
National Institute of Justice.

The DSC testing was performed on impact and noraghgamples from each
fiber variety used in thBlonwoven Enhanced Structures (NES) structures. The DSC plots
did not provide conclusive evidence of a phase gbdout discrepancies between the
impact and non-impact samples were consistentlgdoEurther testing and investigation
would be required in order for these discrepanttdse adequately interpreted.

The microscope images showed that the needlepunchiocess did not
significantly damage the NES and that the fibenseelenced the same impact reactions
in the blended NES that they do in their woven t¢erparts. The use of polarized light
microscopy showed that melting did occur in thiétra High Molecular Weight
Polyethylene (UHMWPE) and Vectran® samples. This melting isdevice of a phase
change; however, the testing was not performedeterthine the significance that this
phase change has on the NES energy dissipativBeshil

Ballistic Vs testing results show that most of the NES sampbess NIJ and
military standards and that the best performancebawation is a 50/50 blend of K129®
and any UHMWPE. It was also observed that Vectraie®reased the 5y limits when
combined with aramids and UHMWPE and was not a fi@akaddition to the blend for
the purposes of this research.

The determination of residual kinetic energy preddapproximations on the
various NES samples’ ballistic performance. Basedh@se approximations the highest

2



residual energy, and therefore poorest performanoecurred in a 50/50
Twaron®/Dyneema® blend. The lowest residual eneagyl, therefore best performance,
occurred in a 50/50 Spectra® 2.2/Twaron® blend.

The main conclusions drawn from this research bhe¢ NES are superior to
traditional woven armor on a mass basis and tlatetls evidence of a phase change in
the NES. What cannot be concluded from this reseiarthe magnitude and significance
of the energy dissipated by the phase change ahdsitlissipation is an explanation for

the superior performance.



CHAPTER TWO: LITERATURE REVIEW

Over the entire span of recorded history, texthese played a major role in
protecting humans from many different hazards, sagtanimals, insects, and climate.
During the evolution of these "protective" textjltsere have also been many attempts to
use them for protecting humans from other humamsceSthe work of Carothers at
DuPont in the early 1930s, protective textiles hs@en a rebirth in the area of soft armor
in both military and civilian applications (Laiblel980). This field has changed
dynamically with the invention of new high strendiibers. It is toward the optimization
of these fibers, through fabric forming and bleylithat the present research is directed.

The purpose of this chapter is to highlight keyowattions in the area of soft body
armor pertaining to this thesis. The chapter dbssrthe fibers, yarns, and fabrics used in
this research, and explores their past uses irr @tmor applications. Mechanisms of
fiber, yarn, and fabric failure are discussed alaity the effect of impact upon them and
the projectile.

2.1 Standards

An agreed upon standard of ballistic armor pertoroe is essential to the
acceptance of body armor as a trusted means otghiami. Standards have been
established by various organizations and counktugghe benchmark standards are those

established by the United States. The most comiaoa,most relevant to this research



are the military standard MIL-STD-662F and stand@iD1.04 from theNational
Institute of Justice (NI1J).

2.1.1 Military Standard

The military standard MIL-STD-662F establishes Yhg of a ballistic material as
a determinate of its ballistic limit. Thesyis calculated by taking the average velocity of
an equal number of partial and complete penetraitisithin a predetermined velocity
range. This standard also specifies the equipmeomditions, and procedure for
conducting \ tests on a material (Bhatnagar, pp128-9, 2006¢. Standard developed
for the testing of NES is found in Appendix A, FigB5.

2.1.2 NIJ Standard

The National Institute of Justice is the governmakftody responsible for the
approval of soft body armor. The NIJ stated purpes®e “Advance scientific research,
development, and evaluation to enhance the admati@mt of justice and public safety
(NIJ, 2006).” In order to evaluate the public sgfef soft body armor, the NIJ has
established parameters to approve armor at levelaccordance with their impact
resistance to various projectiles. The most widelgd NIJ standard is number 0101.04,
was first issued in the year 2000. In this standtrel test methods and requirements are
established for body armor protection against siflend handguns. This standard
categorizes munitions threats into levels I, 1A, WA, 1, IV, and specifies the
minimum Vs values required to protect against each layer tfigtugar, pp128-136,2006).
The testing set up, and the shot patterns are fouAghpendix A, Figure 33 and Figure

34.



2.2 Textile Structures

An understanding of fiber, yarn, and fabric stawes is necessary in order
to evaluate the properties of various soft bodyaarmaterials. The NES tested for this
research shared similar constructions but are ceatof varying fiber combinations.
The basic construction from face to back consistdwom needlepunched nonwoven
layers, followed by a minimum of thirty woven lageiand ending with two additional
needlepunched nonwoven layers. The nonwoven lagerseven blends in varying
combinations of aramid, UHMWPE andquid Crystal Polymer (LCP) fibers. Although
most ballistic materials are not blended, a fibgrid effect has been shown to benefit
impact response in fabrics. The different fibeesgths can be utilized together to defeat
a projectile in multiple ways. One method is tdizgi the high frictional properties of
aramid fibers in order to strip the metal jackeinira projectile, and then the non-linear
visco-elastic polyethylene properties in order éfedt the deformed soft metal fragments
(Bhatnagar, pp. 69, 2006).

2.2.1 Fiber

A polymer can be simply defined as a high molecwarght group of smaller
molecular weight monomers joined together througlymperization (Brown, 2000). The
materials used in soft body armor are synthetigmels with properties, such as high
tensile strength and low fiber elongation, whichkendhem able to withstand certain
ballistic impact conditions. The fiber propertiesgnate from the polymer morphology,
chain linearity, and from the orientation achiewedpinning. The controlled property of
fiber denier (g/9,000m) has also proven to deteemfiber ballistic performance.

Although higher denier fibers lead to faster anthmer production, they tend to
6



experience a "bundle effect” in which fibers do stead evenly. This ultimately causes
uneven engagement of the ballistic impact. Lowenatefibers are known to excel over
high denier fibers in ballistic resistance and heoveer weights (Bhatnagar, pp. 2-3, 68,
2006). The synthetic polymers relevant to this ytade aramid, UHMWPE and LCP

fibers. A chart of the tensile properties of vasgoanti-ballistic yarns can be seen in
Appendix B, Figure 38.

2.2.1.1 Aramid

Aramid fibers are defined by thEederal Trade Commission (FTC) as “a
manufactured fiber in which the fiber forming maéris a long chain synthetic
polyamide having at least 85% of its amide linkagt#ached directly to two aromatic
rings (Man Made Fiber and Textile Dictionary, 1978 ramid fibers used in ballistic
protection are known chemically as poly (p-phengleterephthalamide) and more
commonly by the trade names, Kevlar® (DuPont) andron® (Akzo). The molecular
structure of para-aramid can be found in AppendikiBure 36.

The non-thermoplastic aramid polymer has an apprate density of 1.48
gm/cnt and a tensile modulus ranging from 6,000-160,00@aMpoly (p-phenylene
terephthalamide), 2006). The polymers high strertgtiweight ratio stems from the
aromatic ring structure which encourages crystdilin. This is the reason for para-
aramids impressive ability to deter projectile gest@on (Billmeyer, pp. 410-11, 1984).
Para-aramid fibers are also well suited for badlispplications because of their thermal
properties. Kevlar® and Twaron® fibers reach tlygdiss transition temperature between
307-347°C, and begin melting at approximately 4979e polymers upper use

temperature is approximately 250°C, with decompmsibeginning at 460°C, although
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temporary use at 300°C has been recorded. Thekdhagnal values allow the polymer
to endure substantial impact temperatures withoelting or decay, reinforcing their
ability to be used for anti-ballistic purposes. &aramids also possess other fiber
properties less directly related to their ballistigilities; these properties include good
biological stability, high electrical resistancew flammability, and chemical stability to
formaldehyde, gasoline, fluorocarbons, and phosphacids (poly (p-phenylene
terephthalamide), 2006).

It has been established that para-aramid fiberpores to projectile impact
through axial splitting or fibrillation (Hearle, p890, 1989). This fibrillation has been
shown to result from both transmitted stress waikure, and in shear failure modes
(Carr, 1999). Axial splitting occurs in aramid fisedue to a lack of fiber uniformity and
pure tension. Stresses on the fiber, like thoseceésted with impact, travel parallel to the
fiber axis and therefore produce fibrillation. Thestresses are able to increase shear
stress at fiber defects to a point where an axiitl is formed. While a small shear force
will break only the intermolecular forces betweamds, a high tensile stress will break
the covalent bonds within the polymer chain (Heapfe 54-56, 1989).

2.2.1.2 Polyethylene

Polyethylene (PE) is an olefin fiber which is defihas an ethylene-based semi-
crystalline polymer which is capable of being bizeat or liner. PE's versatile structure
allows for many varieties of the polymer with digent characteristics. A PE fiber
variety useful in anti-ballistic applications itra High Molecular Weight Polyethylene
(UHMWPE), also known by the trade names Spectra®n@ywell) or Dyneema®

(DSM). This fiber is gel spun to optimize crystaity and orientation and to produce a
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fiber strong enough to withstand ballistic impadthe density of UHMWPE is
approximately 0.93 g/cfn with a tensile modulus ranging from 650-150,000Pav
depending on the degree of orientation and spinmeghods (“UHMWPE”, 2006).
These properties allow Spectra® and Dyneema® te lmgh strength-to-weight ratios
which, as with para-aramids, allows a high levebalfistic protection for a relatively low
weight of material. While the strength-to-weighisatesembles that of aramid fibers, the
thermal properties of UHMWPE are very differentegpa® and Dyneema® fibers melt
at approximately 125-145°C, depending on the degfeeystallinity and the heat history
of the particular sample (“UHMWPE”, 2006). UHMWPEghits excellent impact
toughness, even under extremely cold temperatuard, has the highest abrasion
resistance of all thermoplastics. This polymer asgbibits better chemical stability than
other polyethylene fibers (“"UHMWPE”, 2006).

It is clear that the high tensile strengths and tamsities make UHMWPE fibers
well suited for use in soft body armor. Prevorstkal. (1988) attribute Spectra®’s
ability to dissipate energy to the fibers tensii@is wave velocities. The velocities are
approximated to be 12,300 m/s, making them thedsigknown for any fiber (Prevorsek,
1988). In a previously mentioned study, Carr ()9lored the effects of UHMWPE's
relatively low melting temperatures as they aftbet fiber's impact response. The results
of the study showed that UHMWPE fibers absorb enengder impact by both fiber
melting and fiber shearing (Carr, 1999).

2.2.1.3 Liquid Crystal Polymer

In the early 1970s, research into liquid crystad ko the development of

thermotropic polymers. These polymers are able rdyce high strength and high
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modulus fibers when subjected to a lengthy headtritent just below their melting
temperatures (Plate, pp 399-401. 1993). Vectranthasonly melt spun Liquid Crystal
Polymer (LCP) on the market and is most often siptm high strength multi-filament
yarns. The density of Vectran® is approximately g/dnt with an elongation at break
around 3.5%. The high strength characteristicssamvn in the fiber's optimum tensile
strength ranging from 2840-3210 MPa. The fibersitermodulus ranges form 64.8-72.4
GPa. Vectran® exhibits relatively high thermal prdpes with a melting point of 330°C.
These LCP are able to maintain their propertiessubth hot and cold temperatures,
and have a low thermal expansion coefficient. Iditawh to the density, strength, and
thermal properties, Vectran® fibers are also rasistto creep, abrasion, moisture
absorption, and chemical degradation. The modeatatesity, high strength, and high
thermal properties combine to make a fiber whichk é&ecellent impact resistance and is
well suited for anti-ballistic applications (“Veatn® LCP Fiber”, 2006). An image of
LCP molecular structure can be viewed in Appendi¥igure 37.

2.2.2Yarn

Staple yarns are most common in natural fiber ssuend are defined as fibers
that are short in length (1-10cm) and require twisirder to bind the fibers together and
form a yarn structure of useful strength. The twidtls strength to the yarn by increasing
the amount of fiber to fiber friction within thergtture (Laible, 1980).

Filament yarns are made with a slight twisting @intcm) of filament fibers.
These yarns have tensile strengths that are eeuoivé the tensile strengths of each

individual fiber (Laible, 1980). The only naturaltyccurring filament yarn is silk and
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therefore the majority of filament yarns are madsrf synthetic fibers (Bhatnagar, pp.
252, 20086).

The majority of yarns used to weave bullet resistafrics are made from
filament fibers. Filament yarns are preferable tapke yarns because they outperform
them in ballistic resistance testing (Laible, 1980arns made from filament fibers are
more suitable for body armor than those made frtaple fibers because the filament
fibers have higher strength values than the sthipées (Hearle, 1989). Filament yarns
are able to absorb impact along the entire lenfitheoyarn whereas a staple yarn is held
together with friction and has unavoidable weakcefa which interrupt absorption
(Bhatnagar, pp. 254, 2006).

2.2.3 Fabrics
2.2.3.1 Woven

Woven fabrics can be either two or three dimengjowéh two dimensional
being plain, basket, twill, or satin weaves, ande¢hdimensional being similar in
structure to a braided fabric (Bhatnagar, pp. 2822D06). Two dimensional fabrics are
made by interlacing yarns at 90° angles to eachradth order to form a thin structure
with a large surface area (Adanur, 2001). Thrawedsional fabrics are created by
interlacing with the introduction of a third fabgitane. Composites of 3-D fabrics show
good impact resistance but are not able to abdodiik energy as well as the lightweight
2-D woven structures (Bhatnagar, pp. 214-15, 208&implified flow chart of the fiber

to woven fabric process is shown in Figure 1.
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Figure 1. Woven Fiber-to-Fabric Process

Although the use of fabrics and textiles in praieztarmor has been documented
throughout history, the relevant use of syntheiiers to replace metals began with
military flak jackets in the 1940’s. Early flak jests were 32 layers of five ply, 207
denier (23 tex), 34 filament nylon yarns in a 2x@ket weave. The use of this vest
spawned new research and testing of fibers forkallistic applications, and lead to the
development of soft body armor as a substantild € military research (Laible, 1980).
The flak jacket replacement vest is known as thierteptor®, and weighs 7.5 kg (16.4

Ibs), considerably less than the PASGT flak jacke¢sght of 11.4 kg (25.1 Ibs). The
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Interceptor® is composed of two sections:cater tactical vest (OTV) andsmall arms
protective inserts (SAPI). The OTV is composed of densely woven KMa2®@l weights
3.8 kg (8.4 Ibs). The SAPI are protective panedd tan be inserted into the jacket in the
front and back in an attempt to further protecalvitirgans (Interceptor Body Armor,
2006). The Interceptor® armor is designed to prevpdotection from fragments, multi-
hit handguns, and full metal jacket projectiles éBtagar, pp366, 2006).

All soft body armor defeats projectiles through theethod of strain wave
propagation and by the penetration strength ofmtlagerial (Hearle, 1974). Strain wave

velocity is described as:

v=yFlu 1)
where:

v = strain wave velocity

F= force applied to fiber

u = linear density (kg/m)
This equation can also be described as:

v=,E/p (2)
where:

E= Young’s modulus of material
p=material specific gravity
These two equations can be combined to determipeirtipact energy dissipation

optimum of the material (Bhatnagar, pp. 263, 2006).

- [E @
0
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Fabric strength is primarily determined by theimdic strength of its fibers and
yarns, but is also affected by its weave designa(Ad, 2001). Tensile strength is the
amount of force a linear structure can resist l@eloeaking and multiple tests have been
established to determine this property in textil@enals. Some commonly used ASTM
tests for tensile strength are: D5035, D4595, adé48. Under normal uni-axial load, a
woven fabric experiences a series of events bagynwith the crimp exchange. When
the yarns have been stretched out, they begin gagenthe load. Next, the warp and
filling yarns begin to deform from exchanged for¢éslanur, 2001). When the yarns
reach their tensile limits, they begin to breakrapausing fabric failure. While the above
tests give insight into potential ballistic perfante, specific tests have been designed to
imitate forces perpendicular to the fabric facee ®8TM standardized tests for the burst
resistance of fabrics are the Mullen Burst Test MSID3786 and the Ball Burst Test
ASTM D3787 (Adanur, 2001).

An analysis of a woven fabric’s response to impaas performed by Phillip
Cunniff (1992) at the U.S. Army Natick research teenIn this study, the steps of
ballistic impact are traced based on photograpkidemce, and show how single and
multi ply woven structures are able to defeat hsgleed projectiles. Upon impact, the
fabric forms a conical shaped, transverse defoonatiith the bullet forming the apex of
the cone. Simultaneous with the transverse wavendtion is the development of
longitudinal (strain) waves at the point of impa€he strain waves spread from the
impact point out into the yarns at the speed ohdoWhen the longitudinal waves are
propagating along the yarns, they are also fortiegmaterial to flow back toward the
impact point where they feed the energy of the fogrent. Crossovers, or orthogonal
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yarns, are involved in the system when the straawearansfers energy to them. This
energy is then sent along their yarn axis, furtigerenergy dissipation away from the
impact site (Cunniff, 1992).

The most prevalent soft body armor is made of fdatnyarns in a plain weave
construction. The reason for this structure’s danae lies in the woven fabrics ability to
dissipate energy along each yarn axis and throwgih arn crossover point. Since
balanced weave fabrics contain the highest numberossover points, they have made
up the majority of soft body armor (Adanur, 1998)balanced weave is ideal because it
provides the maximum engagement of both warp aritiyaens in the energy absorption.
This density allows the fabric to most efficienigread the impact energy over a greater
area of the armor structure (Adanur, 2001).

In a recent study, Kirkwood, et al. (October 206#ted that a fabric’s ability to
defeat a projectile depends on: yarn uncrimpinggtating, breaking, and pull-out.
Although many of these properties depend on thength of the materials used,
Kirkwood suggests that increased yarn contact pombvide increased yarn to yarn
friction and therefore more uncrimping and higheillistic performance (Kirkwood,
October 2004). This study reinforces the conceait ith order to achieve optimum fabric
impact resistance the number of yarn crossovertpaimust be maximized. In the study
by Cunniff, the role of transverse and longitudinalve propagation was considered in
reference to an unbalanced weave design. Basedsoowm investigation and that of
Prosser (Part 1, 1985), Cunniff concludes that tovedues of yarn to yarn friction in an

unbalanced weave results in more yarn slippage uppact. When slippage occurs the
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projectile has contact with fewer yarns allowingsdematerial to propagate the
longitudinal and transverse forces away from thatpaf impact (Cunniff, 1992).

Freeston, et al. (1973) investigates the role éiked end (representative of a
crossover point) in a strain wave’s propagatiomfithe point of impact. It is understood
that a stain wave traveling along a yarn will beiirupted by the crossover and some of
the wave’s energy will be reflected while some wdhtinue to spread. Freeston attempts
to develop a model for determining the amount oérgn reflected by the crossover
points. From this model, he determines that yaterlacing disrupts the strain wave
minimally (Freeston, 1973). This study shows thanhaority of the energy from the
ballistic impact is absorbed via strain wave pra@tam along the yarn axis. Very little
energy is absorbed by the crossover points. Thigates that the density of warp and
weft yarns do more to spread out the energy oveglaer number of yarns and that this,
not the increased number of crossover points, spamesible for the higher impact
performance of balanced weave fabrics. In eitheec is well established that balanced
weaves have better anti-ballistic properties thhemweave designs.

2.2.3.2 Nonwoven

Nonwoven fabrics are fibrous assemblies fixed togetby entanglement,
bonding, or heat fusion (Man Made Fiber and Texblietionary, 1978). Nonwoven
fabrics are unlike conventional woven fabrics beeathe fibers are not oriented into a
yarn before being made into a fabric. One main dhvaof nonwovens, needlepunched
nonwovens, are made from staple fibers which arented and formed into a mat
structure which is then bound together by needlepung (Bhatnagar, pp. 256-262,

2006). A flow chart of the process is given in FigQ.
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Military studies were first to introduce needlepbed nonwovens to soft body
armor applications. These felts tend to have higéngth-to-weight ratios along with
good drape making them ideal for soft body armgaliagtions. While most of the early
studies were limited to nylon and polypropyleneefib they did help to establish the
potential of felt body armor.

In his book, “Ballistic Materials and Penetratioreséhanics,” R.C. Laible (1980)
describes some early army tests and explores tlwhansms that make felt armor an
anti-ballistic option. Laible states that the prisnaneans of projectile deflection in felts
is the presence of intra-fiber friction. Laible 8 divides the properties of ballistic
resistance of felts into two categories: fiber &adatication.

In the fiber category, Laible describes the impuecta of molecular type and
weight, along with tenacity, elongation, and thigefi surface. At the time of Laible’s

study polyamides had superior ballistic resistateepolypropylenes, and nonwoven
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aramids had not yet been studied in detail. Mokaculeight affects a materials ballistic
performance because higher weight yields betterhar@cal properties and better
ballistic resistance. Tenacity is the value ofteefis strength to a fiber’s linear density. A
material with higher tenacity typically exhibitscieased ballistic resistance.

In the fabrication category, Laible addresses tile of needling type, needling
angle, felt thickness and ply angle but emphasiies length and felt density. Fiber
length is a determinant of armor quality becausgédo fibers have typically proven to
produce a more ballistic resistant felt structuBased on his own research, Laible
determines that multi-layered lightly needled nykeits have superior 3§ values to a
heavily needled nylon felt (Laible, 1980).

A felt fabric’s impact response is very differeian that of a woven fabric.
Woven fabrics absorb impact by uncrimping, eloratiand eventual breakage. Felt
response to impact was studied by Wittrock anddpd®66) using photographic data.
This study concluded that felt fabrics are ablecoointeract only small forces from a
projectile but can do this over such a large dnaathey are useful in armor applications.
The study concluded that felts were useful onlgrdielow the materials ballistic limit.

In another military report, Hearle and Purdy (197dyestigate the ballistic
penetration of felt materials by taking high sppldtographic images of layered felts. In
order to determine how the layers interacted wabkheother, each layer was dyed a
different color. The resulting impact revealed tarious colored fibers around the
impact point. The purpose of this study was to fidgrmvhich layers were involved in the

impact and how the projectile carried the layersulgh the material while being stopped.

18



Hearle and Purdy observed that, rather than pughnoggh the multiple layers of
felt individually, the projectile compressed alkthayers together as it pushes into the
material. Based on these results, the authors wded! that multiple layers of
needlepunched felt are more effective than ona thick layer.

The study also introduced the concept of an optimesdling density. Their tests
show that high needing density leads to restridibdr movement, which, in turn,
increase the force of resistance. This remainssitip® relationship until the needling
density becomes so high that the fabric does rforetherefore robbing the material of
a primary energy dissipation mechanism. Converstlyeedling density is too low the
fiber friction is not adequate to prevent slipp#uges decreasing the ballistic resistance of
the felt (Hearle, 1971).

In Laible’s experiments on nylon needlepunchedsfettwas found that felts are
able to stop a projectile by spreading the energyower a large impact area rather than
by a high degree of fabric displacement. These fglire able to dissipate more energy
over a long period of time while the woven samplese able to dissipate energy quickly
over a short period of time. For this reason, laibncludes, that nylon felts are more
effective in stopping low-velocity projectiles, vidniwovens are more effective in high-
velocity applications (Laible, 1980).

There are three major disadvantages when usingurfglts in soft body armor.
As discussed in the preceding paragraph, at higgtiies, the short impact time hinders
nylon felt's ability to dissipate a projectile’srigtic energy. Another disadvantage of any
felt is that the fabric can absorb up to seven giite weight in water, even if composed
of hydrophobic fibers. Felts must therefore be grtad with water resistant coverings if
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they are to be trusted for ballistic resistancethid disadvantage is that, in the past,
ballistic felts have required high bulk in orderrteet body armor specifications. This
causes limited mobility and increased discomforthi® wearer of nylon needlepunched
felt armor (Laible, 1980).

2.3 Textile Failure Mechanisms

In past research, three primary methods have bsed to determine energy
dissipation in soft body armor: yarn pull-out, fitkghearing, and projectile deformation.
Each of these methods defeats the projectile trdahg absorption, and dissipation of
kinetic energy (KE). In yarn pull-out and fiber shearing, tensteaining and breakage of
fibers are major sources of KE absorption by a bolly armor structure. Projectile
deformation allows the structure to more easilgigiste the KE throughout the armor by
increasing the surface are of the projectile angsic more fiber-projectile interaction
(Bhatnagar, pp. 221, 53-70, 2006).

2.3.1 Yarn Pull-Out

Yarn pull-out is a method of energy absorption iaven ballistic structures. A
pull-out test is performed by applying a force teimagle fiber in a woven structure and
measuring the load force versus the displacemenhadiber is pulled out from the
fabric. Kirkwood et al. (2004) define yarn pullioas a two part process based on a
force-displacement curve. The first part involMes initial stretching of the yarn up to its
peak load point and is referred to as “yarn uncimgg The second part involves the
effects of the yarn after the peak load has beachex and is referred to as “yarn

translation.” The total area under the force-disptaent curve created by these two
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processes represents the total amount of energssay for yarn pull-out (Kirkwood,
2004).

Martinez, et al. (1993) performed friction and yaurl-out tests on Kevlar Ht®,
Kevlar 29®, and Kevlar 49® woven fabrics. The fioct testing involved an estimation
of the static mutual friction based on ASTM D49115.09) and dynamic wear tests
utilizing a TE-77 hi-frequency Cameron-Plint® fiant tester. The yarn pull-out test was
performed using a weighted string attached to siiyglrns in each of the three fabrics.
The overall results from the yarn pull-out testwhd the Kevlar 29® to be the most
ballistic resistant fabric. This high performancasaue to the increased number of yarns
per unit length in this fabric. The conclusion frahis study is that more energy is
required for yarn pull-out when there are a largenber of yarns per unit length
(Martinez, 1993).

In 1997, Bazhenov (1997) published the resultstiiertesting he completed on
five, 10mm x 10mm woven aramid structures, of eith@0 or 530 denier, with varying
yarn densities. The pull-out method involved fixithg fabric at one end with a C-shaped
clamp and applying force to one yarn from withie tmbound center of the clamp until
complete pull-out occurred. The results lead Baakieto conclude that there is a
proportional relationship between sample length thiedamount of energy transfer in the
fibers. He also observed that increases in fabeiosiy resulted in higher forces of
friction. This coincides with the results of Masin et al. (1993) in the previous
paragraph.

In a another study, Shockey, et al. (2001) usedagnpesting to compare the
response of high performance fibersfitagment simulating particles (FSP) in order to
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develop a method for minimizing the damage caugediwlian airplane engine bursts.
They tested samples of woven Zylon® (PBO), Kevlge®amid), and Spectra® (PE)
with stitch densities ranging from 12 x 12 yarnstonl8 x18yarns/cm (30 x 30 yarns/in
to 45 x 45 yarns/in). The fabric’s areal densiti@sged from 0.013g/crto 0.166g/cm
Three different fragment simulating particles wased: a large blunt edge FSP, a small
blunt edge FSP, and a sharp edge FSP. Each hadgness than 1.94grams. The quasi-
static penetration testing was performed at boivape and military test sites, with both
producing similar results. Apart from the initiaperiority of PBO, the most notable
result from this study was that, in yarn pull oesting, fabrics with two clamped edges
absorbed 25-60% more energy than fabrics withoailt €dges clamped.

Kirkwood et al. (2004) performed pull-out testing 600 denier Kevlar® KM2
yarns in plain weave structures containing 13.386y per centimeter. The test method
used an Instron 4206® universal testing machine. fabric was clamped from the top
and bottom edges. Pull-out testing was done omowuarlengths of the KM2® fabric
targeting single warp yarns, multiple warp yarnsg adjacent warp yarns. The single
yarn tests showed that the peak load is propoitionsample length while sample width
had no affect on the pull-out energy. The test alsowed that fabric tension and yarn
pull-out energy were proportional. The multiple rygoull-out tests revealed that “initial
pull-out energy increased as a power law of the bamof yarns” (Kirkwood, 2004).
Multiple pull-out testing also showed that pull-aurtergy is higher when pulling multiple
adjacent yarns rather than multiple isolated yakKiskwood et al. (2004) determined
that, in the case of these particular yarns, tHe qui energy is affected by the fabric
length, transverse tension, quantity of yarns bealled simultaneously, the pattern of
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the pull and the distance pulled. Kirkwood et 8D@4) also developed a semi-empirical
model to find the correlation between the energpired to pull out a yarn and the pull-
out distance (Kirkwood, 2004).

2.3.2 Fiber Cut Energy

When a projectile impacts a bullet resistance mnatefibers are often cut or
sheared. The energy that dissipates into the fatriccture is referred to as fiber cut
energy. This is a heavily studied area of soft bahgor.

In one study, Hearle et al. (1974) try to gain sibanderstanding of fiber impact
by examining the energy absorption of various fabm a controlled environment. The
study involvedscanning electron microscopy (SEM) of the fractured fibers in an attempt
to better understand the way individual fibers igs®e energy. The study used a Webley
Mark 3® air rifle which fired 0.88 gram, 0.22 cadibwaisted lead pellet projectiles, at
346 meters per second. Velocity was measured usmgmethods; photographic and
photo-cell. A variety of materials were tested:yetthylene film, woven steel fabric, spun
bonded nonwoven polyester filaments, bonded nonw@ayester fibers, spun bonded
nonwoven polypropylene filaments, bonded nonwoveglom woven cotton,
needlepunched nylon, warp knitted nylon, and wa¥eular®. The actual impact testing
varied by changing target weight while maintaincwnstant velocity and by changing
impact velocity. The materials were also subjedieda slow speed penetration test,
tensile testing, and dynamic modulus testing. Testilts showed that fiber fracture is a
means of energy dissipation in the cotton, warg kiylon, steel, and woven nylon
fabrics. Plastic deformation absorbs energy in pagylene fabrics and fibrillation

absorbs energy in Kevlar® fabrics (Hearle, 1974).
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In another study, Carr (1999) compares para-arandl UHMWPE fibers and
their responses to ballistic impact. The testintizetl a 0.69 gram steel sphere inside a
7.62mm NATO capped cartridge. The cartridge wasedfifrom a pressure housing
towards a 0.57 meter single yarn of each matenidiveas observed by a Hadland Imacon
468® high speed imaging system. The testing vslaeihged from 346-720 meters per
second and fifty test were run on five varietieKeklar® and Dyneema®. Carr states
that yarn failure in all fibers was attributed tther the transmitted stress wave or the
yarn shear failure. He defined the critical impanergy for each material based on the
failure by either of the aforementioned means. pam-aramid material critical impact
energy was 130 Joules and the UHMWPE critical imgaergy was 160 Joules. Carr
also noted that para-aramid yarns failed as atre&fibrillation in both transmitted stress
wave failure and shear failure, but with the gredfirillation occurring in the
transmitted stress wave scenario. For Dyneemag, Yafare by transmitted stress waves
was evidenced by fractured surfaces and shear baraisas near the impact. The same
evidence was seen in failure by shearing; howetées failure mechanism also included
melt damage, which was suggested to explain theased energy absorption shown in
shearing versus transmitted stress waves (Car8)199

Erlich et al. (2003) performed a study on slow peai@n of Zylon® fabrics in an
effort to record the influence of projectile shape yarn breakage. The authors used a
guasi-static push test and video camera to stuaetpion with both a blunt edged
projectile and a sharp edged projectile. As araitgid, sharp edges lead to increased fiber
breakage and decreased energy absorption by the.yHnis study also identified three
distinct means of fabric failure: local yarn rugpupull-out, and remote yarn failure. Yarn
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pull-out was discussed in the previous sectionicklet al. (2003) describes local yarn
rupture as the breaking of fibers within the aréangpact. This was shown to be the
primary reason for fabric failure in bi-axially 8d yarns when sharp projectiles were
used. Remote yarn failure occurs when individulaérs in a yarn show breakage at
locations distant from the area of impact. Thishodtof fiber failure was the primary
means of fabric failure in uni-axially fixed yarnBhis study addresses the issue of yarn
breakage, divides breakage into local yarn faimmed remote yarn failure, and matches
primary energy absorption means to the various Eatypes depending on the projectile
and the yarn axis.

In a study by Robert Prosser of Natick ResearchCalopment Center (1988),
the significance of shear forces and tensile foicdmllistic penetration is examined. The
materials tested in the study were ballistic nyp@mels which were fired upon using a
0.22 caliber steel FSP. The impact point was them@ed and observations were used
to determine if tensile or shear failure had ocedrrProsser argues that the primary
means of fiber breakage is shear failure sinceptbgctile will follow the path of least
resistance (and nylon has lower shear strength téwasile strength). It was concluded
that shearing is the primary penetration mechanisrmylon ballistic panels and
consequently that tensile failure is only a secondsenetration mechanism (Prosser,
1988).

2.3.3 Projectile

In any anti-ballistic armor design it is importatd consider the material
properties of not only the fibers and fabrics, blso the projectile itself. The study of

projectile deformation is critical to the developmhef armor because it examines the
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projectiles ability to enter and damage armor ssue. This gives insight in to how the
fibrous structure can be optimally designed to pré\penetration.

Backman and Goldsmith (1978) use the propertiedenfith, diameter, nose
shape, mass, and density as properties that caseloeto determine a projectile’s ballistic
value. They do however, note one tradeoff assatwmith length: long projectiles aid in
penetration but make the projectile more susceptiblinstability in firing and bending
under impact (Backman, 1978).

In his book, Laible (1980) describes several ptdgcharacteristics which can
lead to infiltration of an armor body: high velggihigh strength, high density, length in
penetration direction, and a small impact surfdtese characteristics enable a projectile
to apply large amounts of energy onto a small pamt to maintain that energy during
penetration (Laible, 1980).

Most Full metal jacket (FMJ) projectiles are sharp and hard allowing thiem
pierce more effectively than blunt projectiles whilamaging a smaller, though not
necessarily less lethal, area of soft tissue (Big#n pp 29-71, 2006). A sharp projectile
has a nose half angle of 14°, or has a nose ldogiiemeter ratio greater than or equal
to one. Sharp projectiles penetrate by piercingtéinget and therefore target failure is
found around the projectile axis (Backman, 1978)1J bullets are lead filled and coated
with a jacket of copper, brass, or steel. The lrkets allow the bullet to penetrate and
shed, exposing the soft deformable core (Bhatnag&i3-4, 2006).

Handgun bullets are typically made of deformabldemals that help to increase
tip surface area upon impact (Bhatnagar, pp 22006). A blunt projectile has a nose
half angle of 90°, or has a nose length-to-diamedgo of less than one. The primary
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means of target penetration is through plugging thwedefore target failure occurs as a
cylindrical or conical surface (Backman, 1978).

In one experiment, a blunt-end projectile and arslead projectile were
compared according their velocity and penetratidn a ceramic target. The projectiles
were both 0.30 caliber steel cylinders, the shaug+erojectile having a cone angle of
55°. The results of the experiment show that treslend bullet was able to penetrate
the thick ceramic at a lower velocity than the Ilend bullet. However, when the
ceramic was thinner, the blunt-end bullet appe#oeokenetrate at a lower velocity. This
is due to the effect of work hardening and fricibaffects on a projectile as it slows and
nears the end of the target. A plug is more egmished by a blunt-end projectile than a
sharp-end projectile when a large deformation lasiwed and frictional forces increase
(Laible, 1980).

The penetration mechanisms of various projectilesatty affect the level and
means of deformation. Some factors which deterrthieebullet deformation are: kinetic
energy (KE), drag effects, firearm design, and @argpmposition (Bhatnagar, pp 53,
2006). The KE of a bullet is closely related to thass and velocity of the projectile. The

equation for KE can be applied to projectiles ia thilowing manner:

KE = %(mv)2 )
where:
KE= kinetic energy

m= mass (of projectile)

V= Velocity (of projectile)
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The KE is dissipated by the target through threechrarisms: penetration,
deformation, and conversion into heat energy. fathen and deformation are affected
by the projectiles physical properties and dimemsi@\ bullets mass is determined by the
composition, diameter, and length. This determthesprojectile energy since thimetic
energy (KE) is proportional to the mass and thereforénhuass results in high KE. The
bullet velocity is also important because of thie&t on the KE of the projectile. Based
on the KE equation, if the velocity is doubled wehihass remains constant the resulting
KE will be quadrupled (Bhatnagar, pp 52-7, 2006).

Drag is defined as the resistance of air on aroemd projectile. This is related to
the bullet velocity, shape, and size, and is affédiy the air density, temperature and
pressure. Fragments react to drag force differetithn bullets because they are not
aerodynamically designed but formed from explosiansl are random in shape and
direction. This random shape allows air drag tevdi@gments in the air much more than
a bullet. Upon impact fragments typically do notdargo much deformation except,
depending on velocity, the dulling of sharp edges.

Other factors affecting bullet deformation and pgeateon deal more with the
firing apparatus and the conditions during firifthe barrel twist acts to stabilize the
bullet and maintain a straight path toward thedar8arrel length is proportional to the
bullet acceleration and therefore a longer bairekfa projectile with more force. The
distance from the muzzle affects the bullet/tangdationship because the longer the
bullet is in the air the more drag it experiences.

The target itself affects the projectile’s tendeniwy deform and penetrate
depending on the armor’s fiber, and impact respotis@racteristics. Fiber strength
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determines the target’s ability to deform and defesnetration while fiber response to
strain waves determines its ability to dissipate pinojectile energy efficiently. Fiber to

fiber friction aids in stripping the FMJ from theilket, allowing the soft metal to deform

and increase the area of armor/bullet contacttibnalso binds the armor together and
promotes higher impact resistance within the faldfibers used in ballistic armor can
enhance their frictional properties through coajrgrientation, and quilting (Bhatnagar,
pp29-71, 2006).

In a report for the U.S. Naval Weapons Center, Baok and Goldsmith (1978)
discuss the relationship between the target anpbqiie and the deformation of each
during impact. In the beginning of the report thathars outline seven common
mechanisms of projectile penetration into a targétess wave fracture, spall failure,
plugging, radial fracture, petaling (front and peairagmentation, and ductile hole
enlargement (Backman, 1978). In low density, loverggth targets, target fracture can
take place as a result of the initial strain wavlew that wave supersedes the
compressive strength of the material. Spall failarescabbing occurs when the target
material has inadequate tensile properties to aeflmpact compression. In blunt
projectile use, plugging occurs when the targentoa cylindrical plug modeled after the
bullet itself. The plug acts to shear the targetiad the area of the projectile, decreasing
target strength and aiding penetration. Radialtfir@coccurs in brittle targets where the
material’s tensile strength is lower than its coesgive strength resulting in radial
cracking. The stress from the initial impact waaeises a bending moment in the target
material in front of the projectile, deforming tharget around the impact point
(Backman, 1978). Schematics of the various defaomamethods are shown in
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Appendix C. The three means of investigation, atdiogr to this article, are: the
measurement of crater dimensions, the final prigeqiroperties, and metallurgical
inspection of projectile cross sections. The crater be measured for depth and diameter
while the projectile can be analyzed based on lengise shape, mass, and diameter. The
metallurgical analysis of the projectile cross gars can reveal information on the micro
structural differences, the internal fracturingdadiabatic shearing (either localized or
plug related).

A common projectile deformation, called mushroomingcurs when impact with
the armor causes the bullet tip to spread apad (acrease in bulk) at the tip while
maintaining a cylindrical shape in the rear. A potile that deforms this way is easier for
armor to defeat because the kinetic energy go@s freing concentrated in a small area
with limited armor contact to being concentratedaidarger area with greater armor
contact (Laible, 1980). It is interesting to ndtatt in the absence of armor, a bullet with
this behavior could damage a larger surface ar@a shbullet that maintained its shape
throughout penetration.

In addition to deformation, projectiles can alsgexence mass losses during
impact. One method by which mass loss takes plamre is when the shock
propagation from impact causes debris from bothtahget and bullet to spray from the

impact point (Backman, 1978).
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CHAPTER THREE: METHODS AND MATERIALS

This chapter describes the materials tested andnt#thods of testing to gather
data for further analysis. The materials testedd@scribed based on their construction
and composition. Method and rationale for use aescdbed for the DSC, light
microscopy, Vo, and KE methods used in this research.

3.1 Materials Tested

Fifteen different varieties of armor material NE®rev tested to gather energy
dissipation data.

3.1.1 Fabric Construction

The NES structure begins with two needlepunchedvowen layers, followed by
thirty-seven to thirty-nine layers of woven Twaronégd ends with two additional layers
of needlepunched nonwoven fabric. The differenceshe samples tested lay in their
nonwoven layer fiber populations, which were congub®f equal parts of various
combinations of aramid, UHMWPE, and LCP fibers. Timedlepunched nonwoven
layers have a punch density between 118 and 238aseper square centimeter (300 and
600 needles per square inch) and a weight of 23%y.6 oz/ff). The woven middle
layers are 100% plain weave 840 denier Twaron®nim@proximately square sett. The

complete NES structure weighs 7.7 kg/®5.3 oz/ff).

31



3.1.2 Fabric Composition

The fifteen NES were each composed of ballistierficombinations which varied
by fiber types, fiber blend ratios, fiber denienglgpunch densities.

3.1.2.1 Fibers

The fibers used in the samples are aramid, poliezik, and liquid crystal
polymers, and were described in more detail in @rap, Section 2.2.1. The fiber trade

names and deniers are shown in Table 1.

Trade Approx. Denier
Fiber Type Name® (9/9,000 m)
Aramid KM2 1.5
Twaron 0.7
K129 1.5
Polyethylene Spectra 2.2
Spectra
3.6 3.6
Spectra
6.3 6.3
Dyneema 1.5
Liquid Crystal
Polymer Vectran 5

Table 1. Fiber Descriptions

3.1.2.2 Blending

The nonwoven layers are composed of blends of abeve fibers,
manufactured into fifteen different combinationsieTwoven fabric was 100% Twaron®
in each sample. The nonwoven combinations are nredblgased on their gy testing

order and are presented in Table 2.
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Sample No. of Woven

No. Nonwoven Composition® Layers
13 Spectra 3.6/KM2 37
25 Dyneema/KM2 37
26 Dyneema/KM?2/Vectran 37
27 Twaron/Dyneema 37
28 Twaron/Dyneema 37
29 Twaron/Dyneema/Vectran 37
30 Twaron/Dyneema/Vectran 37
31 Twaron/Spectra 2.2 37
32 Twaron/Spectra 2.2/Vectran 37
33 Twaron/Spectra 3.6 37
34 Spectra 3.6/KM2 37
37 Spectra 3.6/K129 (8.50z. 37
38 Spectra 6.3/K129 (80z.) 38
39 K129 (5.80z.)/Dyneema 39
40 K129 (80z.)/Dyneema 38

Table 2. NES Sample Composition

3.2 Tests and Rationale

The four test methods used on the NES samples (BSZoscopy, ¥o, and KE
calculation) and the rationale behind their useeadained in this section.

3.2.1 DSC Methodology

A general account of the DSC technique, and reguftiots, is provided in order
to better understand this test’s use in this retear

3.2.1.1 Method

DSC is a method of thermal analysis that uses mgty, thermal
conductivity, and glass viscosity to measure thmpterature differences between a
reactive material and a non-reactive standard. el'aeg two types of DSC instruments:

the power compensated DSC and the heat flux DSC.
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The power compensated DSC is designed with two eeatpre controlled
chambers-one for the material and one for the stahd\s the DSC chambers are heated
any transformations are detected and the tempestane adjusted to maintain a “null
balance” between the material and the standard.ifdteument measures the electrical
energy needed to sustain this “null balance”. Bmergy is proportional to the sample’s
release of heat as a function of time.

The heat flux DSC instrument uses one chamber éth the material and the
standard. As the material experiences temperatugages, it will respond with either
exothermic (release) or endothermic (absorptionat.h€€omputer software and a
calibration constant are used to translate the ifiegpldifferential thermocouple voltage
to energy per unit time (Speyer, 1994).

For the research presented in this thesis, a Heat TA Instruments 2920
Modulated DSC was used for temperature analysis.riterials tested were taken from
the back side of the soft armor’s first nonwoveyela Two material samples were taken
from each of the fifteen fabrics-one sample frore ttamaged impact area and one
sample from a non-impact area. The DSC was seirtdthe samples at a rate of 10°C per
minute in both the ramp up and the ramp down. diheof this testing was to determine
if there are differences in the thermal propertidsthe impacted and non-impacted
samples.

3.2.1.2 Output

The result of a typical DSC test is a plot of thelt and glass transition
temperature differences as a function of time. Tpist can be analyzed to reveal

information about the transition temperatures, rfwtynamics and kinetics of the
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reactive material. Since the DSC measures the rakdeheat transfer over time, the
output is plotted in watts per degree Celsius (8p€el994).

3.2.2 Photographic Methodology

The common methods used to obtain images from stomes, and the method
used in this research, are explained in the folgvgection.

3.2.2.1 Methodology

Photographic examination of ballistic impact eféecon fibers has been
established by past studies since the re-birttoftf®dy armor (Hearle, 1971, 1989 and
Wilde, 1973). The diminutive nature of fibers andrrys necessitates the use of a
microscope to identify impact effects. Two micrgsicoinstruments commonly used are
the light microscope and tlseanning electron microscope (SEM).

A SEM forms an image using electrons and thereferable to achieve great
magnification and resolution. SEMs also have a laogking distance, detailed surface
images, and a large depth of focus. Some disadyestaf SEMs are their inability to
perceive color, high cost, and destruction of thm@e (due to the fact that it must be
coated in gold).

Light microscopes have several advantages over SEMluding perception of
color, internal and surface detail, and the opfion polarized light microscopy. The
disadvantages are low magnification and resolutgmall depth of focus, and short
working distance (Hearle, 1989).

Light microscopy was chosen for NES testing du¢hto need for low cost and
color images. The microscope used was an Olympud B®with an Olympus DP10®

camera and FlashPath® software.
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3.2.2.2 Output

Images were taken from the back side of the fiostwoven layer for each of the
fifteen samples. Three areas of the armor wereuoaghtin the images: the nonwoven
layer at an impact site, each fiber type at a mopaict site, and each fiber type at an
impact site. The purpose of these images is to stimwfabric impact area and the
individual fiber reactions to needling and impact.

3.2.3 Ballistic Limit Testing Methodology

Common ballistic testing procedures and their tesare described in the
following sections.

3.2.3.1 Method

It was established in Chapter 2, Section 2.1 tlodit Isody armor must meet
certain governmental standards before being apdrdoe use in police and military
applications. Currently, two test methods are uBmdcomparing prototype armors
against governmental standards: ballistic resigtatgsting and ballistic limit (3)
testing. Ballistic resistance testing uses fixedfggenance requirements to evaluate a
material and provides only pass/fail data whilg, Yésting is used to establish the
performance limitations of a material. These tests performed on numerous identical
samples and the results are plotted as go/no-gotspoin a curve of penetration to
projectile velocity.

There are four different ways to perform gpVest: Probit Method, Langlie
Method, One Shot Test Response (OSTR) Method, and the Bruceton Method. The most

commonly used M test is the MIL-SD-662F, which is an adapted forivihe Bruceton
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Method. In this method, the initial firing occurs the velocity likely to produce fifty
percent penetration. Velocity variations are theaduaround this fifty percent point and
firings continue until an even amount of trials Bdween acquired. Thesy/values (the
velocity at which 50% of projectiles penetrate) avaluated against the NIJ standard for
the various threat levels.

3.2.3.2 Output

In this research ballistic limit testing was perf@d according to MIL-SD-622,
by the NIJ certified H. P. White testing facilitfhe testing report contains information
regarding the sample such as, size, conditionind,cavner in addition to thesyvalues.
For further clarification the test report also ums information about test conditions and
projectile caliber, shape, construction, weighapsgity and impact obliquity.

3.2.4 Energy Determination Methodology

The mathematical formula for estimating residual, KiSed in this research, is
described in the following sections.

3.2.4.1 Kinetic Energy

In order to determine the transfer of energy thhmug the NES, the equation for
KE (equation 4) is used. Projectile penetrationanf armor structure has three main
occurrences of KE: the KE of the projectiIEX, the KE of penetrationEPenetraIion), and
the residual KE from the exiting projectilééaduaj). ForE, the \&o is obtained from the
Vs testing data. FOIE peneraiion the Vo is obtained from the velocity of the complete

penetrations detailed in thepesting. FOrE Resua the ko is not specifically known but
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is known to be greater than thegp\data since it exceeded the ballistic limit of fabric
and exited the armor.
These equations can be combined to estimate théuatsnergy after armor

contact:

E Residual = EPenetration - E, (5)
or, rewritten as:

E Residual =2 [M(Vsopenetratio)-M(Vs0)’] 6)
For this equation to be true several parameters reugain constant including projectile

shape, size and ballistic stability, impact velpcifixation/backing of the target and

composition/dimensions of target materials.
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CHAPTER FOUR: RESULTS AND DISCUSSION

This chapter presents the results gathered frord 8@, Microscope, ¥ and KE
testing described in Chapter 3. These results mabyzed in reference to their effect on
the overall research objectives of this thesis.

4.1.1 DSC

DSC tests were performed on each of the NES combisawith samples taken
from both the impact and non-impact sites. Testiag performed on fibers from each
NES impact site and from a non-impact site for efiiobr type. The following section
only describes the Spectra® and Dyneema® sample aramid fibers have thermal
temperatures above ballistic impact temperatures.

4.1.1.1 Results

The DSC plots show characteristic spikes indicatihg glass transition
temperature (Tg) and themelting temperature (T for each of the tested samples. These
temperatures are compared between the impact andnpact sites to determine if any
noticeable changes occurred in the fibers’ therpraperties due to impact. The non-
impact T, is subtracted from the impact,Tand the difference is converted into a
percentage. The results from this calculation hosve in Table 3.

The lowest temperature difference occurs in samplenber forty (50/50

K129®/Dyneema®) which has a post-impagh @f -0.45%. The highest temperature
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difference occurs in sample number thirty-severd5B&K129®/Spectra® 435) which has
a post-impact melting point of 1.09% above the mopact melting point. The DSC
graphs for sample numbers thirty-seven and forysiown in Figure 3 - Figure 6. These
results are not typical of all the samples. Theraye % difference between the non-
impact and impact melting temperatures is 0.12 witandard deviation of 0.47. From
the NES samples, half the samples show negativeepedifferences indicating that the
impact T, is higher than the non-impact,TThe other half of the samples show positive
percent differences indicating that the impagti3 higher than the non-impact,TThe

DSC plots from each of the tested samples are fouAgpendix G.

Sample Tm Non-

# Fiber Type® Impact (°C) | T, Impact (°C) | % Difference
13| Spectra 3.6 154.19 154.71 -0.33
25| Dyneema 154.73 154.38 0.22
26 | Dyneema 154.80 154.80 -0.05
27 | Dyneema 154.73 154.86 -0.08
28| Dyneema 154.73 154.82 -0.05
29 | Dyneema 154.73 154.43 0.19
30 | Dyneema 154.73 155.01 -0.18
31| Spectra 2.2 154.19 153.60 0.38
32| Spectra 2.2 153.36 152.91 0.29
33| Spectra 3.6 156.26 154.64 1.04
34 | Spectra 3.6 156.26 156.67 -0.26
37 | Spectra 3.6 156.26 154.56 1.09
38 | Spectra 6.3 155.29 154.47 0.53
39 | Dyneema 154.73 155.41 -0.44
40 | Dyneema 154.73 155.42 -0.45

Table 3. DSC Data

4.1.1.2 Discussion

The highest positive difference between the nonaichfd,, and the impact [ is

found in sample thirty-seven, which contains S@&td35. The DSC graph of this fiber
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before impact is shown in Figure 3. The lowestpon this graph indicates the melting
temperature (156.26°C for this sample) since, at teamperature, the heat flow is the
lowest and the temperature is the highest. The B@&@h of sample number thirty-seven
after impact is shown in Figure 4 and has aof 154.56°C. The range for all four
Spectra® 435 samples is from 1.09 to -0.33%, wittaaerage of 0.39% above the non-
impact T,. The Spectra® 2.2 ranges from 0.29 to 0.38%, aithaverage of 0.34%
above the non impact,I The Spectra® 650 is only present in one of thepsasnand is
0.53% above the non-impact,.TThe seven Spectra® samples tested show an avefrage

0.32%, and all but two of the samples (numbersntB3#) show negative percentages.

Sample: sample34n File: C:\TA\Data\rebeccal\sample34n
Size: 8.5000 mg DSC Operator: wwang
Method: sample34 Run Date: 6-Dec-05 10:26

Instrument: 2920 MDSC V2.4F
2

121.28T
0 129.48C(1)
132.24C

88.07J/g
88.07 Jimole

Heat Flow (W/g)

156.26T

-3 T T T T
-50 0 50 100 150 200

Exo Up Temperature (‘C) Universal V3.1E TA Instruments

Figure 3. Sample 37 Non-Impact
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Sample: sample372 File: C:\TA\Data\rebeccal\sample372

Size: 7.1000 mg DSC Operator: skh
Method: sample31 Run Date: 28-Feb-06 13:45
Instrument: 2920 MDSC V2.4F
3
2
3 1
S
2
o
w 123.09C
3 0 128.39C(l)
I 129.16C 85.79J/g
85.79 J/mole
14
154.56C
-2 T T T T
-50 0 50 100 150 200
Exo Up Temperature (‘C) Universal V3.1E TA Instruments

Figure 4. Sample 37 Impact

The Dyneema® used in this research was all the sgpe (1.5 denier per
filament) and therefore there is no denier distorctas with the Spectra®. The lowest
percent below the non-impact,Tis sample forty with -0.45% difference between the
non-impact T,and the impact J. The DSC plot for sample forty non-impact Dyneema®
is shown in Figure 5 and reveals g df 154.73°C. Figure 6 shows sample forty after
impact and reveals a,lof 155.42°C. The average for the Dyneema® samgplés11%

and six of the eight samples tested have negagixeept values.
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Sample: sample40n File: C:\TA\Data\rebeccal\sample40n
Size: 9.0000 mg DSC Operator: wwang
Run Date: 2-Dec-05 09:57
Instrument: 2920 MDSC V2.4F

2
14
S
= 109.8J/g
< 109.8 J/mole
2 i
3 o0 131.26C
[
s 137.39C
I
14
154.73C
-2 T T T T
-50 0 50 100 150 200
Exo Up Temperature (t) Universal V3.1E TA Instruments
Figure 5. Sample 40 Non-Impact
Sample: sample 40 File: C:\TA\Data\rebeccallsample40
Size: 9.2000 mg DSC Operator: wwang
Run Date: 30-Nov-05 15:56
Instrument: 2920 MDSC V2.4F
4
24
5
=
E 04 128.22C
w 134.03T(l)
s 138.35T 48.13/g
T 148.1 J/mole
,2 -
155.42C
-4 T T T T
-50 0 50 100 150 200
Exo Up Temperature (‘C) Universal V3.1E TA Instruments

Figure 6. Sample 40 Impact
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The differences seem weightier when the actualr{goejectile interaction is
considered. A two grain projectile has a diamefed.288 cm (0.11in) and, since it is a
right circular cylinder (RCC), a circular surface area of:

A=7m?=(028m)? = 0.246 cnf (7)
All the blends are either one half or one third S@® or Dyneema® fibers. In two
layers of NES, which contain 2.3 kdfrfi7.6 oz/yd) of fibers per layer, the PE fibers
would only come in contact with the projectile inGa246 cri (0.003 iff) area and only
thirty or fifty percent of that area, dependingtbe blend, would be Polyethylene fibers.
This means that there is very little PE fiber-pctije interaction and therefore a phase
change would only occur in a small number of fibl@rsd those would constitute an even
smaller number of the fibers selected for DSC ng3tiThe low percentages shown in the
DSC test could be a reflection of this low fibeojectile interaction.

The DSC plots exhibit some unusual patterns whameed according to fiber
type. The Spectra®6.3 was only used in sample 2Btherefore only one DSC was
performed on an impact and non-impact sample. Tipésts, shown in Figure 7 and
Figure 8, show similar patterns in both the impatl non-impact samples. The basic
pattern consists of a pronounced peak halfway dotenthe T, trough and a very subtle

peak on the way up from the trough.
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Sample: sample38n
Size: 9.4000 mg
Method: sample38

File: C:\TA\Data\rebeccal\sample38n
DSC Operator: wwang

Run Date: 2-Dec-05 13:24

Instrument: 2920 MDSC V2.4F

4
2
&)
S
2 0- 114.0J/g
E 114.0 J/mole 133.18T
]
@
I
,2 -
155.29C
-4 T T T T
-50 0 50 100 150 200
Exo Up Temperature (‘C) Universal V3.1E TA Instruments

Sample: sample38
Size: 9.0000 mg
Method: sample38

Figure 7. Spectra® 6.3 Non-Impact DSC

File: C:\TA\Data\rebeccallsample38
DSC Operator: wwang

Run Date: 2-Dec-05 12:36

Instrument: 2920 MDSC V2.4F

4
2
3
S
g o 101.6Jig 128.36T
o 101.6 J/mole
= 130.90C(l)
S 133.19C
T
-2
154.47C
-4 T T T T
-50 0 50 100 150 200
Exo Up Temperature (t) Universal V3.1E TA Instruments

Figure 8. Spectra®6.3 Impact DSC
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The Spectra® 2.2 samples 31 and 32 were plotteth&yDSC and produced varied
results. Sample 31 non-impact shows a slight pe#iway down into the Tm trough and
a slight return peak a third of the way up the gaulrhe impact sample follows the same
pattern but has a much more pronounced halfway. gdase plots can be seen in Figure

9 and Figure 10.

Sample: sample31n File: C:\TA\Data\rebeccal\sample31n
Size: 7.2000 mg DSC Operator: wwang
Method: sample30 Run Date: 17-Jan-06 12:29
Instrument: 2920 MDSC V2.4F

3

2
3 1
=
=
o
(T
i 96.83J/g 129.74T
T 04 96.83 J/mole

131.64T())
132.14C
14
154.19C
-2 T T T T

-50 0 50 100 150 200

Exo Up Temperature (t) Universal V3.1E TA Instruments

Figure 9. Spectra® 2.2 Non-Impact DSC
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Sample: sample31

Size: 5.3000 mg DSC
Method: sample31

4

File: C:\TA\Data\rebeccallsample31

Operator: skh

Run Date: 28-Feb-06 12:36
Instrument: 2920 MDSC V2.4F

2
—~
2
S
= 123.67C
(=] 04
T 129.43C())
= 125.38C 99.85J/g
[J] 99.85 J/mole
I

24

153.60C
-4 T T T T
-50 0 50 100 150 200

Exo Up Temperature (t) Universal V3.1E TA Instruments

Figure 10. Spectra® 2.2 Impact DSC

The plots of Sample 32 are shown in Figure 11 agdrE 12, and do not follow

similar patterns. The non-impact sample has a lagifeeak and a subtle return peak. The

impact sample shows a pronounced peak during ttial icurve down into the J trough

and a less pronounced halfway peak and similarnmgteak.
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Sample: sample32 File: C:\TA\Data\rebeccal\sample32

Size: 9.0000 mg DSC Operator: wwang
Method: sample37 Run Date: 9-Dec-05 11:03
Instrument: 2920 MDSC V2.4F
3
2]
3 1
=
2
3 J
o
§ 44.95]/
- g 9
T 0 121.12TC 44.95 J/mole
125.71T()
4 127.00C
14
1 152.91C
-2 T T T T
-50 0 50 100 150 200
Exo Up Temperature (‘C) Universal V3.1E TA Instruments
Figure 11. Spectra®2.2 Impact DSC (sample 32)
Sample: sample32n File: C:\TA\Data\rebeccal\sample32n
Size: 8.3000 mg DSC Operator: wwang
Method: sample37 Run Date: 9-Dec-05 11:52
Instrument: 2920 MDSC V2.4F
2
14
S
= 68.94J/g
= o 68.94 J/mole 128.32T
2 131.33C()
= 132.05C
[}
T 4
-14
153.36C
-2 T T T T
-50 0 50 100 150 200
Exo Up Temperature (C) Universal V3.1E TA Instruments

Figure 12. Spectra® 2.2 Non-Impact DSC (sample 32)
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For the Spectra®3.6, four impact samples weredeastel one non-impact sample
was tested. The non-impact sample shows subtialjriialfway and return peaks which

can be seen in Figure 13.

Sample: sample34n File: C:\TA\Data\rebeccal\sample34n
Size: 8.5000 mg DSC Operator: wwang
Method: sample34 Run Date: 6-Dec-05 10:26

Instrument: 2920 MDSC V2.4F
2

121.28C

132.24C

88.07 J/mole

Heat Flow (W/g)

156.26C

-3 T T T T
-50 0 50 100 150 200

Exo Up Temperature ("C) Universal V3.1E TA Instruments

Figure 13. Spectra® 3.6 Non-Impact DSC

The Spectra® 3.6 plots from samples 33 and 34Jotlte same basic pattern as
the non-impact plot except in both cases the inpgak is more pronounced. These plots

can be seen in Figure 14 and Figure 15.
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Sample: sample33 File: C:\TA\Data\rebeccal\sample33

Size: 9.1000 mg DSC Operator: wwang
Method: sample33 Run Date: 6-Dec-05 11:26
Instrument: 2920 MDSC V2.4F
2
14
s J
=
% 0 126.05C
[
T
Q
I 1 50.56 J/mole
14
154.64C
-2 T T T T
-50 0 50 100 150 200
Exo Up Temperature (‘C) Universal V3.1E TA Instruments
Figure 14. Spectra® 3.6 Impact DSC (Sample 33)
Sample: sample34 File: C:\TA\Data\rebeccal\sample30
Size: 8.9000 mg DSC Operator: wwang
Method: sample34 Run Date: 6-Dec-05 09:35
Instrument: 2920 MDSC V2.4F
2
14
S
=
E 04 105.13T
L:I: 126.79
g 124.65C 49.79J/g
T 49.79 J/mole
-14
156.67C
-2 T T T T
-50 0 50 100 150 200
Exo Up Temperature (C) Universal V3.1E TA Instruments

Figure 15. Spectra® 3.6 Impact DSC (Sample 34)
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The DSC plots of Spectra® 3.6 in sample 13 andn®ivspatterns very different
from the non-impact sample but similar to each otlhe each plot the halfway peak,
shown in Figure 16 and Figure 17, is dramaticallgrenpronounced than in the non-

impact sample.

Sample: sample13 File: C:\TA\Data\rebeccal\sample13
Size: 5.8000 mg DSC Operator: rr
Method: sample31 Run Date: 1-Mar-06 12:25
Instrument: 2920 MDSC V2.4F

3

2
3 1
=
2
o
[ 104.431g
= 104.4 J/mole
£ o 128.37C

130.29C(l)
131.30C
14
154.71C
-2 T T T T

-50 0 50 100 150 200

Exo Up Temperature (t) Universal V3.1E TA Instruments

Figure 16. Spectra® 3.6 Impact DSC (Sample 13)
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Sample: sample372 File: C:\TA\Data\rebeccal\sample372

Size: 7.1000 mg DSC Operator: skh
Method: sample31 Run Date: 28-Feb-06 13:45
Instrument: 2920 MDSC V2.4F
3
24
3 1
=
2
o
& 123.09C
S od 128.39C(l)
T 129.16T 85.79/g
85.79 J/mole
14
154.56C
-2 T T T T
-50 0 50 100 150 200
Exo Up Temperature (vc) Universal V3.1E TA Instruments

Figure 17. Spectra® 3.6 Impact DSC (Sample 37)

The Dyneema® was used in the greatest numbemgflea and therefore was the
most thoroughly tested by DSC. In total, seven impact samples were plotted
but only one non-impact sample was plotted. Theingract plot, shown in Figure 18, is
of sample 40 and shows a pattern with a slighiainieak, a pronounced halfway peak

and a sharp return peak.
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Sample: sample40n File: C:\TA\Data\rebeccal\sample40n
Size: 9.0000 mg DSC Operator: wwang
Run Date: 2-Dec-05 09:57
Instrument: 2920 MDSC V2.4F

2

14
S
= 109.8J/g
= 109.8 J/mole
2
5 04 131.26T
L
S 137.39C
I

-1

154.73C
-2 T T T T
-50 0 50 100 150 200

Exo Up Temperature (vc) Universal V3.1E TA Instruments

Figure 18. Dyneema® Non-Impact DSC

From the seven impact plots, four samples (25,36 and 40) exhibit patterns very
similar to those in the non-impact sample. Sampike<29 and 30 all produced DSC plots
with initial peaks significantly more pronouncediththat of the non-impact plot. These

plots are shown in Figure 19, Figure 20, and Fi@ire
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Sample: sample27 File: C:\TA\Data\rebeccal\sample27

Heat Flow (W/g)

Size: 6.7000 mg DSC Operator: rr
Method: sample31 Run Date: 1-Mar-06 09:29
Instrument: 2920 MDSC V2.4F
3
2]
3 1
=
2
3 J
o
S 102.5J/g
T 0 126.03C 102.5 J/mole
131.26 (1)
132.20C
14
-2 T T T T
-50 0 50 100 150 200
Exo Up Temperature (‘C) Universal V3.1E TA Instruments
Figure 19. Dyneema® Impact DSC (Sample 27)
Sample: sample29 File: C:\TA\Data\rebeccal\sample29
Size: 6.2000 mg DSC Operator: rr
Method: sample31 Run Date: 28-Feb-06 14:31
Instrument: 2920 MDSC V2.4F
15
1.0
67.52J/g
0.5 67.52 J/mole
129.98C(l)
0.0
-0.5
154.43T
-1.0 T T T T
-50 0 50 100 150 200
Exo Up Temperature (C) Universal V3.1E TA Instruments

Figure 20. Dyneema® Impact DSC (Sample 29)
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Sample: sample30
Size: 10.0000 mg
Method: sample30

File: C:\TA\Data\rebeccal\sample30.001
DSC Operator: wwang

Run Date: 17-Jan-06 11:38

Instrument: 2920 MDSC V2.4F

15

1.04

0.5+

0.0+

Heat Flow (W/g)

-0.5

-1.0

39.36J/g
123.77C  39.36 J/mole

128.38())

127.58C

155.01C

-15

Exo Up

T T
0 50 100 150 200

Temperature (T) Universal V3.1E TA Instruments

Figure 21. Dyneema® Impact DSC (Sample 30)

The DSC testing provided no conclusive evidenca ghase change; however,
some of the anomalies found in the various sangurlesndications that there was some
thermal activity which left the impacted samplegnpenently changed. In order to

determine the reliability or magnitude of these raaties further, testing would be

required.

4.1.2 Photographic Images

The analysis of the fiber images provides inforovaton fiber damage resulting
from both needling and impact. In order to distisubetween the two, images were

taken from impact and non-impact sites. Images waken for each of the fibers used in

the samples. For a complete set of images see ApenD and E.
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4.1.2.1 Results

The aramid fiber images in Figure 22 - Figure 2#évshcharacteristic axial
splitting, fibrillation under impact, and a lack efzable needling damage. The axial
splitting occurs in the impact fibers because tived during impact was great enough to
break the intermolecular and covalent bonds ofattaenid polymer. This allowed cracks
to form which split the fiber along its axis (Filtation in aramid fibers is discussed in
Section 2.2.1.1 of Chapter 2).

Figure 22 shows the needlepunched Twaron® fibahereft side which exhibits
no noticeable damage and no signs of axial sgittifhe impact image in Figure 22
shows the axial splitting on the right side of fiEer which is identifiable by the small
fiber strands extending out from the main strand enthe decreased diameter of the

main fiber as splitting takes place.

Figure 22. Needlepunched Twaron® (L) (154x) and Imgct Twaron® (R) (154x)

The axial splitting of the impact KM2® in Figure 23very pronounced and can be seen

surrounding the main fiber.
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Figure 23. Needlepunched KM2® (L) (139x) and ImpackM2® (R) (167x)

The impact of K129® in Figure 24 shows axial spldtalong the underside of the main
fiber and is a clear example of how axial splittohgpletes the main fiber structure and

can result in thin, fragmented fiber ends.

Figure 24. Needlepunched K129® (L) (167x) and Impa&129® (R) (139x)

The Spectra® and Dyneema® fiber images, in Figre Eigure 28, show the
melting, scarring and shearing that was discusseection 2.2.1.2, Chapter 2. It is also
evident from the needlepunched images in Figure Zsgure 28 that impact is the
primary cause of damage and that needlepunchinggiesrare not significant.

The left image in Figure 25 shows the needlepuncimem-impact image of

Spectra® 2.2 which exhibits some fiber damage enftdmm of shallow nicks and bands
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on the fiber surface. The right image shows théaser scarring characteristic of post

impact polyethylene fibers.

Figure 25. Needlepunched (L) (294x) and Impact (RR94x) Spectra® 2.2

Figure 26 shows a needlepunched image of Spectr@®igh shallow nicks and bands
similar to those seen in Figure 25. The impact ienagFigure 26 shows surface scarring

and melting on the end of a Spectra® 3.6 fiber.

Figure 26. Needlepunched (L) (227x) and Impact (R3pectra® 3.6

In Figure 27, the needlepunched Spectra® 6.3 shittlesdamage and the characteristic
kink bands perpendicular to the fiber axis. Theantpd Spectra® 6.3 image in Figure 27
shows clear signs of melting and ball formatiomglavith some minor axial splits near

the base of the melted ball.
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Figure 27. Needlepunched (L) (172x) and Impact (R)L72x) Spectra® 6.3

In Figure 28, the needlepunched and impact imageByneema® are shown. The
needlepunched image shows some shallow cuts, Emtiscales perpendicular to the
fiber axis but overall the fiber is not damagedeTimpact image on the right shows
melting, visible at the balled ends, and some famarring visible by the high number of

closely spaced kink bands.

Figure 28. Needlepunched (L) (286x) and Impact (RR14x) Dyneema®

The Liquid Crystal Polymer fiber, Vectran®, was disen four of the NES
samples and the impacted image is shown in Figard2e image shows fibrillation and
melting in the impacted area of the fiber. The temahched Vectran® fiber image

shows no significant signs of damage.
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Figure 29. Needle Punched (L) (1x) and Ipac (R1L73x) Vectran®

The fiber melting is evidence of a phase changeltreg from projectile impact.
In order to determine that actual melting occuriethges were taken under polarized
light to observe a color band change in the filgetions. Polarized images were taken for
Spectra® 3.6, Dyneema® and Vectran® since thes¢harébers that could experience

melting during impact.

Figure 30. Polarized Dyneema® (250x)

The two Dyneema® images in Figure 30 both showredldands in the pre-melt fiber
which are distorted in the melted section. The ienag the left shows a pre-melt fiber

with a blue center and orange edges which defontesa white clump in the melted fiber
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section. In the lower right quadrant of the rightige, a pre-melt fiber section with a red
center and white edges deforms upward into a méibed clump with white, orange,
blue, and green areas of color.

The Spectra® 3.6 polarized images, shown in Fi@ireexhibit clear signs of
melting. The topmost fiber is a non-impact SpectBa® which shows distinct stripes of
color with yellow in the center, blue on the bottoamd orange on the top. The melted
fiber shows the same colors but in distorted baridarly interrupted by the melting

phase change.

Figure 31. Polarized Spectra® 3.6(273x)

The Vectran® polarized images, in Figure 32, shdwanges in translucence

rather than color.
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Figure 32. Polarized Vectran® (173x/328x)

These images show a transition from the clear pektenh fiber to the opague melted
fiber. In the left image, the transition can bers@ethe top left quadrant where some
deformation and fibrillation begins. The right ineaghows a more magnified view of this
transition as the fiber becomes opaque at the fliwand where deformation and
fibrillation begin.

4.1.2.2. Discussion

The impact damage seen in the photographic imagesaracteristic of the fibers
tested based on the research found in Section, ZRdpter 2. The aramid fibers showed
axial splitting, the UHMWPE fibers showed meltingdasurface scarring, and the
Vectran® fibers exhibited both melting and axiditipg.

The polarized light images do show band color ckang the Dyneema® and
Spectra®3.6 samples, and translucency changes anVictran® fibers. This is
confirmation that the fibers experienced a phasangb. It does not, however, give
information regarding how much energy dissipatian de attributed to this phase
change and if that dissipated energy is a legigneaintributor to the blend’s superiority

over the standard woven armor.
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Another observation based on the photographic ismagehat the needlepunch
fabric formation process did not significantly dajadhe fibers.

4.1.3 kg Test

Ballistic Vs testing was performed according to military stadd®lIL-STD-
622F at H. P. White Laboratories, an independeqdtdéttified testing facility in Street,
Maryland. This testing provides the velocity at @#hb0% of the projectiles pass through
the fabric. More information on thesytest procedure can be found in Section 3.2.3 of
Chapter 3.

4.1.3.1 Results

The Vs test results in Table 4 show that the sample wighhighest Y is the

Dyneema®/KM2® combination with a value of 1038.51(8404 ft/sec).

Punch
. Density Woven| Vg9 | V5o | Pass$
Sample Sample Composition® punches/cnf | Layers | (m/s) | (ft/s) | Fail
(punches/irf)
13 SPECTRA 3.6/KM2 118(300) 37 986.33236| F
25 DYNEEMA/KM2 118(300) 37 1038 3404 F
26 DYNEEMA/KM2/VECTRAN 118(300) 37 994.33262| P
27 DYNEEMA/TWARON 118(300) 37 1001 3284 P
28 DYNEEMA/TWARON 236(600) 37 979| 321p F
29 DYNEEMA/TWARON/VECTRAN 118(300) 37 974.43197| F
30 DYNEEMA/TWARON/VECTRAN 118(300) 39 995.23265| P
31 SPECTRA 2.2/TWARON 118(300) 37 1004 3294 P
SPECTRA 978

32 2.2/TWARON/VECTRAN 118(300) 37 3210 F
33 SPECTRA 3.6/TWARON 118(300) 37 990| 3248 P
34 SPECTRA 3.6/KM2 118(300) 38 1023 3356 P
37 8.50Z. SPECTRA 3.6/K129 118(300) 37 1006 3299 P
38 8 OZ. SPECTRA 6.3/K129 118(300) 37 994.63263| P
39 5.8 OZ. DYNEEMA /K129 118(300) 37 1004 3294 P
40 8 0Z. DYNEEMA /K129 118(300) 37 1002 3286 P

Table 4. V5o Test Results
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The sample with the lowestsy/value is the Vectran®/Dyneema®/Twaron® combination
with a value of only 974.4 m/s (3197 ft/sec). ThENV5, values are evaluated on a
pass/fail basis according to the parameters ofrtiticary standard MIL-STD-662F. This
standard specifies that soft body armor must hayevalues of 1005.8 m/s (3300 ft/s)
with an allowable deviation of 19 m/s (62.5 ft/shieh passes 34 values in the range of
986.8 m/s (3237.5 ft/s) to 1024.8 m/s (3392.5 ft/s)

4.1.3.2 Discussion

The majority of the NES samples performed wellamds, testing, with ten of
fifteen passing the military standard and one san{iB) failing by only 0.5 m/s.
Observation of the data provided in Table 4 shavws fnain trends: success of K129®,
V5o lowering of Vectran®, the effect of higher punabndity, and the raising ofsy by
the addition of woven layers.

The most consistent results come from the 50/500RIAHMWPE blends. Each
of the four NES samples containing this combinahiare \4, test results not only within
the passing range but within a 10 m/s spread ofiés@ed .

In samples 26, 29, 30 and 32 Vectran® is addethéo UHMWPE/aramid
combination. The NES samples with Vectran® had lowg, values than the
UHMWPE/aramid combination in three out of the feamples.

Samples 27 and 28 share the same fiber compoditibrinave different punch
densities. This difference in punch density resuiteSample 27, with a punch density of
118 punches/cm(300 punches/f), passing and Sample 28, with a punch density36f 2

punches/cth (600 punches/f), failing. The \&, for sample 28 was 22 m/s lower than
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sample 27. While the ideal punch density for thegenal cannot be calculated from this
data, it is clear that 118 punchesfdmbetter than 236 punchesfcm

A well known trend shown by thesydata is that increasing fabric layers results
in higher 4o values. This is shown in two sample pairs: 13 26d29 and 30. In samples
13 and 34 the addition of one woven layer in sanydlaaised the ¥ by 37 m/s and
allowed sample 34 to pass while sample 13 failedsiwilar situation occurred in
samples 29 and 30, where the addition of two layesample 30 allowed thesyto rise
by 20.8m/s and the sample to pass. These testgeshdw that the NES can provide
protection against two grain, RCC FSP and has patdn protect against higher threat
levels. The preliminary ¥ test results from H.P. White are provided in Apgigri-.

4.1.4 Kinetic Energy Calculation

In order to determine the residual KE of the NEStaym, an equation was
developed in Chapter 3, Section 3.2.4. This calmrais performed for each NES
sample and is discussed in the following section.

4.1.4.1 Results

The data to calculate the formula was gathered fitwen\s, test which provided
the V5o and the complete penetration velocity for eachlthef NES samples. The basic
calculation is shown in equation 6. Each NES samn@e calculated according to this

data and the results are shown in Table 5.
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Penetration Residual
(Complete) V KE

Sample Composition® V 50 m/s (ft/s) m/s(ft/s) (joules)
13 SPECTRA 3.6/KM2 986(3236) 1045(3429) 7.79
25 DYNEEMA/KM2 1036(3404) 1080(3542) 6.05
26 DYNEEMA/KM2/VECTRAN 994(3262) 1055(3462) 8.12
27 TWARON/DYNEEMA 1001(3284) 1062(3485) 8.18
28 TWARON/DYNEEMA 979(3212) 1039(3409) 7.87
29 VECTRAN/DYNEEMA/TWARON 974(3197) 1027(3369) 6.89
30 VECTRAN/DYNEEMA/TWARON 995(3265) 1046(3433) 6.77
31 TWARON/SPECTRA 2.2 1004(3294) 1056(3466) 6.96

TWARON/SPECTRA

32 2.2/VECTRAN 978(3210) 1037(3402) 7.73
33 SPECTRA 3.6/TWARON 990(3248) 1025(3362) 4.58
34 SPECTRA 3.6/KM2 1023(3356) 1062(3483) 5.29
37 8.50Z. K129/SPECTRA 3.6 1006(3299) 1054(3459) 6.43
38 8 OZ. K129/SPECTRA 6.3 995(3263) 1045(3427) 6.63
39 5.8 OZ. 50/50 K129/DYNEEMA 1004(3294) 1057(3467) 7.10
40 8 OZ. K129/DYNEEMA 1002(3286) 1053(3454) 6.81

Table 5. KE Calculation Data

4.1.4.2 Discussion

The results from this calculation show which sameptissipated the greatest
energy and therefore permitted the least amouenefgy to exit the armor. The results
show an average residual energy of 6.88 joules avgbandard deviation of 1.02 joules.
The highest residual energy (the poorest antidiallperformance) was 8.18 joules and
occurred in sample 27, a 50/50 Twaron®/Dyneema®dldhe lowest residual energy
(best anti-ballistic performance) was found in skmihirty-three, a 50/50 Spectra®

3.6/Twaron® blend, with a residual energy of 4.568¢s.
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CHAPTER FIVE: CONCLUSIONS

The purpose of this research was to determinegptiase change occurred within
the NES samples and if that phase change dissipai@agh energy to be a contributing
factor in the superiority of the NES over the ttashal woven structure. The testing
implemented was DSC, Microscopysov/and KE calculations.

The DSC plots of the UHMWPE and Vectran® fibersirompact sites and from
non-impact sites did not follow the same thermdtgras. Despite the apparent phase
change support, these results were not conclusteause further testing and a larger
sample group are required to eliminate mere anesali

The microscopic images were used to show that éasellepunching process did
not significantly damage the NES and that the slvesponded to impact in this structure
with the same energy dissipation mechanisms obdenve/oven structures. The aramid
fibers underwent axial splitting, the UHMWPE fibersperienced deformation and melt,
and the Vectran® fibers experienced both phenomdise melting seen in the
UHMWPE and Vectran® fibers was further solidifidéddugh the use of polarized light.
These polarized images show how the non-melt fielects the light in axial color
bands while the melted fiber areas exhibit inteiedpand distorted areas of color. This
evidence of melting shows that a phase change rxtwvithin the NES structure as a

result of impact.
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The overall ability of the NES to function as sbéidy armor was proven by the
V5o ballistic testing. The results of this test shownajority of the NES samples pass
governmental standards with the most suitable saumgihg a 50/50 blend of K129® and
any UHMWPE. It was also observed that Vectran® =testly decreased thesy/limits
when combined with aramids and UHMWPE and that & Mih a punch density of 118
punches/c (300 punches/f produced better 3 results than a NES with a punch
density of 236 punches/ér600 punches/f).

The calculation of residual kinetic energy providagproximations on the
ballistic performance of the various NES. Based tbese approximations a 50/50
Spectra® 3.6/Twaron® blend had the lowest resigénargy, and therefore provided the
best anti-ballistic protection. The highest resldeaergy, and therefore poorest anti-
ballistic performance, occurred in a 50/50 Twardd@leema® blend. While these are
the two outliers, each of the samples had resiinatic energies within a 4 joule spread
of each other.

Further research is needed to determine the malgnitd energy dissipation
resulting from the phase change and this dissipatioelationship to the NES
performance. DSC testing could be conducted witlarger sample population and a
higher number of tests in order to determine ifyament thermal disruptions are evident
in impacted samples. Another suggestion for futuwek would involve further testing on
LCP fibers in a 50/50 Vectran®/aramid blend whicbwd then be subjected tosy/
testing and residual KE calculations.

The overall conclusion that can be drawn from tiEsearch is that there is
evidence of a phase change in the NES and thatli structures outperform woven
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armor on a mass basis. What can no be concludedether this phase change dissipates
enough energy to be a contributing factor to theSNfperiority. The phase change is
most strongly evidenced by the microscopic signsielting and is potentially supported
by the irregular DSC thermal patterns in impactbers. The ¥y passing values and
residual KE approximations further evidence the Nifity to compete with woven

armor.
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APPENDIX A: TEST STANDARDS

—— Backing Material Fixture

A
Nﬂor Panel
Line of Flight

Stop Trigger (1 & 2)

: ; A- 5mforTypel, II-A, I,
{7
7 Startrigger (1.5.2) and lll-A armors; 15 m
for Type lll and IV armors
()
Chroncgraph 2 B - 2 m minimum for Type I, lI-A,
\ A — Il, and ll-A armors; 12 m minimum

for Type Il and IV armors

Test
Barrel

C - Approximately 1.5 + 6 mm

Figure 33. Ballistic Testing Set-Up (Bhatnagar, pd.39, 2006)

Figure 34. Ballistic Testing Shot Pattern (Bhatnaga pg 243, 2006)
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H.4.4.1

AIR WARRIOR FLEXIBELE BODY ARMOR 3 Febroary 2003
PURCHASE DESCRIPTION PD 614200

Ballistic Resistance Testing. The flexible body armor components shall be tested IAW
MIL-STD-662F except for mounting of the sample which shall be in accordance with
MIL-C-44050A, Section 4.3.6.1 for testing against 2-, 4-, 16-, and 64-grain right
circular evlinders with a L/D=1 at {} degrees obliquity. V30 ballistic protection limits
(no clay) shall be not less than 2-grain — 3300 ft/sec, 4-grain— 2700 ft/sec, 16-grain —
2225 fi/sec, and 64-grain — 1825 [t/sec when using a 10-shot V50 (5 partial penetrations
and 5 complete penetrations) with a maximum spread of 125 feet per second. The
flexible body armor components shall also be tested IAW NI1 0101.04 against the 9
mm x [9 mm bullet. The flexible body armor shall have no complete penetrations when
tested 1AW the N1J 0101.04 methodology for this specific projectile with the exception
that the velocity will be 1500} ft'sec. A V50 ballistic protection limit shall be
established based on first article for quality assurance testing of future lots for
fragmentation protection performance (IAW MIL-STID-662 and MIL-C-44050A) and
for the @ mm (IAW NIJ 0101.04). For the 9mm V50, no complete penetration shall
occur at a velocity less than the 1500 fi/sec requirement and be acceptable.

V50 ballistic evaluation of the flexible vest for quality conformance/lot acceptance
testing shall be condueted with the 4-grain RCC, 16 grain RCC, 64-grain RCC or the
9mm bullet. The government shall select one projectile for each lot testing. It is
anticipated that the projectiles will be selected randomly. Based on the results of First
article tests. the government may chose (o accept a certificate of compliance for the
ballistic properties of the ballistic cloth in lieu of additional testing. The Certificates of
Compliance shall contain verifiable ballistic test and inspection data. The Government
reserves the right to inspect and test the material to venify the validity of the
certification. The Government also reserves the right to inspect purchase
documentation to verify that specified materials were purchased.

Figure 35. V5o Limit for RCC FSP
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APPENDIX B: FIBER INFORMATION

Sample No. of Woven

No. Nonwoven Compaosition Layers
13 Spectra 3.6/KM2 37
25 Dyneema/KM2 37
26 Dyneema/KM2/Vectran® 37
27 Twaron/Dyneema 37
28 Twaron/Dyneema 37
29 Twaron/Dyneema/Vectran® 37
30 Twaron/Dyneema/Vectran® 37
31 Twaron/Spectra 2.2 37
32 Twaron/Spectra/Vectran® 37
33 Twaron/Spectra 3.6 37
34 Spectra 3.6/KM2 37
35 Polyester 37
37 Spectra 3.6/K129(8.50z. 37
38 Spectra 6.3/K129 (80z.) 38
39 K129 (5.80z.)/Dyneema 39
40 K129 (80z.)/Dyneema 38

Table 6. Fiber Combinations used in Research

f-o—+--o-h4

Figure 36. Para-Aramid Structure (Bhatnagar, pg 2492006)
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(@]

Lo'ea

Figure 37. Liquid Crystal Polymer (Bhatnagar, pg 12, 2006)

Y

Specific tensile strength versus elongation

G -—-—_——- . —
M5 goal
5~
¥ Zylon AS
s
"f Dyneema SK77
" M7 ; Spectra 2000

f i , Spectra900
M5 00f 7 &  Kevlar KM2
By a;leg fkevlar 29

!r S-2 glass

Speific strength — GPa/gm/cm?®

Nylon

0 5 10 15 20
Ultimate strain (%)

Figure 38. Comparison of Tensile Properties (Bhatrgar, pg 338, 2006)
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APPENDIX C: DEFORMATIONS

[: I ! i S Y

(a) Fracture due to initial stress wave (b) Radial fracture behind initial
wave in brillle target

|

{c) Spall failure {(scabbing) (d) Plugging

M [
(@) Petalling (frontal) () Petalling (rearwards)
— B¢ S =
=0
(q) Fragn:;ntaticn (h) Ductile hole enlargement

Figure 39. Deformations (Bhatnagar, 2006)
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APPENDIX D: IMPACT IMAGES

Figure 40. Spectra ® 3.6(205x)

79



Figure 41. Spectra ®3.6

Figure 42. Spectra® 3.6 (205x)
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Figure 43. Spectra® 2.2 (294x)

Figure 44. Spectra® 2.2 (294x)
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Figure 45. Spectra® 6.3 (172x)

Figure 46. Twaron® (154x)
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Figure 47. Dyneema® (214x)

Figure 48. KM2® (111x)
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Figure 49. KM2® (111x)

Figure 50. KM2® (167x)
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Figure 51. K129® (139x)

Figure 52. K129® (139x)
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Figure 53. Vectran® (173x)

Figure 54. Vectran® (173x)
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APPENDIX E: NON-IMPACT IMAGES

Figure 55. Spectra® 3.6 (227x)
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Figure 56. Spectra® 2.2 (294x)

Figure 57. Spectra® 2.2 (294x)
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Figure 58. Spectra® 6.3 (172x)

Figure 59. Spectra®3.6 (363x)
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Figure 60. Dyneema® (286x)

Figure 61. Twaron® (154x)
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Figure 62. KM2® (139x)

Figure 63. K129® (167x)
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APPENDIX F: V5o TEST RESULTS

% H.P. White Laboratory, Inc. Client : PLAINSMAN ABMOH INTEHNATIONAL
X
“%,r, PROTECTION BALLISTIC LIMIT TEST, V50 BL(P) Job No. - 947101 Tes! Date | B/4/04
Maritacrrar: PLAINSMAN ARMOR INTERNATIONAL SamiplaHo, | SAMPLE-13
S 3% 137N, HeatNo. | NA Dot AB<Y, 108-03-04
Thicknessss  NA et NAI:I:. lfln ledﬁurrlad
ET-UP Vi Soreens smr. 89
Sk Specng * PER CUSTOMER REQUEST P-mvve-mm &summu mn m:

T z:gmmmnnmm&s&men OR Zsets
o lls DATA RECORD & SUBJET TS
sapnaCORRECTIONS AND/OR REVISIONS™

"W BULLEE’\’E

(15 AIR WARRIDR

o
@
Shol [P Tie Vdocity Wi, Lowg NStrikg Resul! | includi |Footnotes
Mo | Seating s ). i) () in Va0
B.O a4 3432 158 3275 Gl
2 |78 a2 3326 163 3173 it b
3 |8 834 8394 156 3238 lsi o
4 | 8O w6/ 3480 168 a3m )
5 |18 648 3378 155 3223 P, X
& | BOD B84 3386 156 3230 gl ¥
7| e a7 3438 158 3278 gl Y
AEMARKS ; FOOTNOTES ; V50 SUMMARY ;
NouPoinii 3 & 3
Vi 3236
High Purfinl : 3338,
Low Compet= - 3930
Aunge o Hamie - 5
Runga of Mikad 15,

Fhename | B0 (OARELE 1K) PLAINERAAN ARMOIR TERMAFIZ8IAL Vi)

Figure 64. Sample 13 (Spectra®3.6/KM2®)
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/A _ H.P. White Laboratory, Inc. Clont : PLAINSMAN ARMOR INTERNATIONAL

)'\‘,r] PROTECTION BALLISTIC LIMIT TEST, V50 BL(P) Job No. - 9471-02 Tast Date 1 11/1 8404
TEST PANEL N 7
Manifamiurar . PLAINSMAN ARMOR INTERNATIONAL L WLE-&s
S 1 a3 A, Finir bo. - A _ D Finc'd. =7 1-18-04
Thickoesses: (A Mium 17& Ibe. \ﬂa Hrnd(':arﬂw

mﬂ""'f'f-ﬂl NA

:E“LIM’INARY

SET-UP vel, Sereenn 5,04, 7,00
Sox Bpoing | PER GUSTOMER BEQUEST nmm Losstion 5.0 4, From Muzzie Tma mx:

omsrem ST AT A TIOEEERESENTED OR 2240

stais DATA RECHRD 1 SUBJEC o
sunraCORRECTIONS AND/OR REVISIONS™

Prujectbe - 2 grain Steel ACG, 2 gr.
Poudnt BULL‘-‘EEVE

kot [Powder Tima Valoony val. Los VGt Piosarh | Inclis [Foatnotng
Moo [Gesing)  fuse) it} i (M) in V50
1 |82 561 3565 141 3434 F Y
2| 85 568 3521 139 3382 Lo
3 a1 676 3478 136 3341 P Y
4 | BB 567 3691 142 3449 B Y
5 | 48 855 3597 142 3455 il
8 |85 570 3509 128 3370 Ll B
BEMARKS : FODTNOTES : W50 SUMMARY :
Ne. bores 8.3
VA 13404
Hign Fantial | 3449
L Complate | 3370,
Rarigs of Aasaks 1§ 14
Parice ut Mixges 7€)

Fiqrumio B2 (SR G5 H R INGSIAN ARSEOF M FERMATIEMAL V53

Figure 65. Sample 25 (Dyneema®/KM2®)
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l /A, H.P. White Laboratory, Inc. Cllant : PLAINSMAN AFMOR INTERNATIONAL

-'f" PROTECTION BALLISTIC LIMIT TEST, V50 BL(P) Job Mo, : 947102 Test Dale - 411 804
TEST PANEL i
Mamfaciurse: PLAINSMAN ARMOR INTERNATIONAL Sampés Na. - SAMPLE-26
“Blrw 13013 . Heal N | A Dt Focd, 7] 11804
Fhicknasses | (A Walght | 1,74 Ibs. g Via Hand Camed

- - Eimwy o s 501, 7.01
Shi Spsci : PERIGUSTOMER REQUEST Primaty W, Loculion 6.0 it From Muzzle. Teme, 6B F

e PO RMMATIOBEET &SENTED OR & ™
Samiibs DATA RECURE G SUEJE@W s

%Qﬁﬁggnow AND/OR REVISIONS”

Ill AR WARRIOR
£z
)
Shot [Powdor]  Tuma Valoety | Vel loss V-irka: Wesll | Ihekide [Footnatas
No. | Beading fuseis) () (s} (i) | In v
A Ba 580 3448 136 a2 c
2 | 81 575 3478 138 3341 P N
a |82 589 2515 13g 3376 c
4 | 81 583 3431 136 3095 gy
-] 79 B2 a3e3 131 a1 c i
6 T &4 3484 138 3347 e
7 | 28 583 3431 138 3205 ol ¥
8 |78 A4 3257 129 3128 P
] .7 503 gicik 133 P b (8
0| T8 855 38D 143 3481 c
11 T 508 3544 132 3212 ¥
Mo ok 38,3
Ve 3952
o el 3341
Haiiga of Hoaulls 1150
P o Mived - 1 50)

Filermmu | [N [RAMELE D571 PLANERAAN SFMCIF IRTERRATICINA, W0

Figure 66. Sample 26 (Dyneema®/KM2®/Vectran®)
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= H.P. White Laboratory, Inc. Client - PLAINSMAN ARMOR INTERNATIONAL
i PROTECTION BALLISTIC LIMIT TEST, V50 BL(P) JobNo. gAT1-02 Tast Date ! 11/18/04

Marutacirs: - PLAINEMAN ARMOR INTERNATIONAL Sampie No. - GAMPLE-27
St 13113;“ Mt N A Daw Fecd, | 11-18-04
wugm 1 ‘m 18 Via:Hand Carried
Hetumed ; LIPS

= Prirmary Vel Scieess | &0 ﬂ“')'n[
WW‘Q PEH CUSTOMER REQUEST F’m'!w-lm 6.0 I From Muzide Tiﬂ'p- EHF

s RO RMATION.PRESENTED OR 25

S DATA HECW@ 1 SUBJETETTES™
wnmoCORBRECTIONS AND/OR nEwsfﬁ’M‘ﬁE

Piojenain + 3 graln Steal HCC, 2 gr.
Howdar: BULLSEYE

Shat | Powda/ Tinni Valasly Vel. Losa V-Gl Pt | Inedutie | Fotnotes
No. | Seabig et {i's) iyl titim) V50
1 | 80 506 3366 133 3223 G|y
2 | T 593 asm 133 3239 P
d | 78 803 anT 131 3186 P
4 | 79 588 401 135 aza7 i Y
5 | B 588 3386 134 3261 B ¥
6 | B2 575 3474 138 3344 i s
i | B2 NA NR MR NA G
8 | B2 580 3448 138 3312 P ¥
9 | B3 558 3578 141 3436 (o]
10 | 82 859 asja 141 3436 Gl
11 | B 582 3436 136 4301 Ll I
BEMARKS © FOOTNOTES V50 SUMMARY ©
N Fofme 3 & 3
Vo A084
gt Partinl | 3312
Law Complas - 5207
Range cf Fleslls - 118
Range of Misee B0

Filivami: D800 JEAPLE J7) FLANEIAAN ARMOR |NTERSATIOMAL Y50

Figure 67. Sample 27(Twaron®/Dyneema®)
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:J"‘\, H.P. White Laboratory, Inc. Client : PLAINSMAN ARMOR INTERNATIONAL

'\a‘,r. PROTECTION BALLISTIC LIMIT TEST, V50 BL{P) Jdob No: - 9471-02 Tesl Dale s 11/1 8404
TEST PANEL '
Manutacurss : PLAINSMAN ARMOR INTERNATIONAL Sample Mo : SAMPLE-28
Bive: 13x 1400, Feat o @ N
Thicknassen . A Weght - 1,77 [bs.

| Harross: NA

: Frmany U Sesesra : 5.0 11, 7.0,  Remtocs
msww F'Encuafommnmuesr Hrimaty Vel Locaton © §.0 . From Muzzie Tem. 68 F

e ca NPORMATIOBEERESENTED OB 22

Obligiany | () deg.

oo 111 Dm RECHRD 1% SUBJECT TR
annmodCORRECTIONS ANDIDH REVISIONE™

Projectile = 2 grain Steel RGO, 2 gr.

Powdm ; Blﬂ.LSE!"E
m
A
snot [owdor]  Twe | Voimely | Vel Loss V.St Steault | inchuds [Faotatan
N [Beating fusti) vy s} (i} InvEo |
1| &a 578 3472 137 3335 c ==
2 | 8o 580 3396 134 3281 el v
3 T.Tr 802 3322 131 3121 P Y
4 78 599 3399 132 g7 P R
] 79 667 527 139 3388 c
6 |78 543 3373 133 3239 o e
] o CBOCE 3289 130 31s9 c Y
8 |78 533 3386 134 3261 c
L] 15 aov 3350 132 3218 Fo Y
i
BEMARKS : ECOTNOTES : VED SUMMARY ©
Mo Points .0 8, 9
s | 3312
Fogh Partial | 3018
Law Complate - 3150
Rango of Feeoka | 100
Flane of My < 59,

Fiarmam) [N 12 [ﬁAmE@iHNMAﬂ&BﬁI“HMﬂDﬂN i

Figure 68. Sample 28 (Twaron®/Dyneema®)
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. '"\ H.P. White Laboratory, Inc. Cient : PLAINSMAN ARMOR INTERNATIONAL

| PROTECTION BALLISTIC LIMIT TEST, V50 BL(P) oo No. 97108 Test Dt - 11/18/04
!
Manuisture: - PLAINSMAN ARMOR INTERNATIONAL SampiaNo. - SAMPLE-28

e 13019 . o oS Iy
" : Wasght = 1,76 Ibs.

ot St | PEF CUSTOMER HEQUEST Prinary Yol Location 6,0 #, From Muzzke Tomw - 68 F

e zmﬁmﬂmmlmmﬁsemen o bealat
eSS DATA RECURB IS SUBJECEI o
munraCORRECTIONS AND/OR REVISIONE

Prijacii - 2 grain Steel RGO, 2 gn.

Fower GULLSEYE
APPLICABLE STANDARDS OR PROCEDURES
(12 AIR WARRIOR
@
Ak
Shed [P Tinn \alociy Vi, Lerss Ve | Aesul | include [Faotaotas
Mo [Seatag fueest | e L R IR L -
1 | B3 78 3480° 137 3323 c
2 | BG 584 3425 135 3289 c
3| %2 600 3333 132 3aga Gl
4 | T4 a4 057 188 aiza | e ¥
5 74 @28 3180 126 3054 P
& 7.2 597 3360 132 A28 P ¥
7 | ‘s £08 289 130 s | P
8 | 74 600 3333 132 a0z Py
9 | 74 /00 3333 132 a2 /B
w | 2y 501 3a84 a8 azs0 Py
11| 78 584 3425 135 3289 G
b o 604 3 13 3180 G| Y
AEMARKS - FOOTNOTES VED SUMMA E‘E >
m 3197
High Pivtial - 3250 |
Low Clomplste | 3129
Rainge ol eoulty 1 121
Faanga of Mied - 1279

Tintiune (D410 [RAMPLE 20) IAINSUAN ATSIOR INTERNATIONAL Uho.

Figure 69. Sample 29(Vectran®/Dyneema®/Twaron®)
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H.P. White Laboratory, Inc.
f- PROTECTION BALLISTIC LIMIT TEST, V50 BL(P)

JEST PANEL
tarprims - PLAINSMAN ARMCR INTERNATHONAL Sampla o SAMPLE-30
san 13313 0n,

Sl Spacieg « PER CUSTOMER REQUEST

e | RPORMATION - PRESENTEI
"IZNHS DATA RECORE i SUBJET

st PO | LA
Wit 2 1,78 lbs.

Pﬂmmww 501, 7.0

Gliant : PLAINSMAN ARMOR INTERNATIONAL
ot No. | Q&7 108 Test Dals* 11/18/04

Primany Val Loostion - 6.0 . From Muzzls

Daa Foe'd 1171804

Via: Hand Carried

. BARREL

anmodCORRECTIONS AND/OR Fu'.E‘uflSl(:}l\fgElq

Proiectie | 2 grain Steel RCC, 2 gr.
Fdinaee BULLSEYE

Shet [Pawdad Tiime Waldily Vel Loss W Bt Resull | Include |Footsts
o, | Saabng (s vy} (i) (s} ewsod -
1 | 75 600 3353 132 azg2 P ¥
2 | 7a 595 3361 133 _ e
3 a1 BEB 3413 135 3278 Y.
4 a0 BET 3407 1358 azr2 X
5 | a2 584 2425 135 2280 | ¥
] a1 578 460 137 2323 c ¥
‘ o -
N Proints : 3 &0
Vol 3P
Higr Parial - 3272
Luw Gernplete < 3270
e of Flesults | 121
Fangn of Missd | ()

Flanarte | B4T1Q8 (BAMPLE-S00 PLABIEMAM ANMCE O TERRNTEMALVED

Figure 70. Sample 30 (Vectran®/Dyneema®/Twaron®)
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f\ H.P. White Laboratory, Inc. Clert : PLAINSMAN ARMOR INTEANATIGNAL
\r PROTECTION BALLISTIC LIMIT TEST, V50 BL(P) Job No. = 947102 Tast Date : 1171804

JTEST PANEL
Manutastioss © B AINSMARN ARMOR INTERNATIONAL Sarrpia V6. - SAMFLE-F1
S 13 %13 0N, Heartic - A Dste s 11+ 16404

Welpht - 1,76 Ibg. win: Mand Carriad
e TIRERENE A B Reumad : JPS

' nnmmscm 5011 7o
Msm-w PER CUSTOMER REQUEST Primary Vol Losation | 5,0 - From Muzzie Temp. - 68 F

- m’IWﬁ‘I“MATEW‘MESENTED O Se™"™

“manidlS DATA RECURD i SUBJET RGN ™
unnmolCORRECTIONS AND/OR REVISIONS™

Projeciile . 2 grain Siesl REC, 2 gr.
Powdar: GULLSEYE

m AR WARRIOR

@
i,
St |Powead Tira Velogly | Vel.Loss Bk Plosuk | incjuda | Featnots
cio [lesing|] fhed) | e ] i) L . e
1 |78 582 3436 136 3301 | ¥
|2 | 78 577 3460 137 3329 [y
3 | 74 598 2344 132 8212 P
4 | Th 60D 3333 132 3202 P
5 | 78 593 3373 133 P ¥
6 | 78 585 3419 135 3284 P ¥
7 | 8O 501 2204 134 3250 P ¥
8 | B2 572 3497 138 3358 e ¥
No, Ponts 13 & A
\‘Eﬁr.m
High Farial: 3204
Low Garylate - 3301
Rinnga ol Febufin - 149
Fanpge of Mixad . ()

Flirsnerion - BT 100 (SAWILE31 ) P AIMGRAUN ARMOR INTRRIGATICNAL YD

Figure 71. Sample 31(Twaron®/Spectra® 2.2)
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H.P. White Laboratory, Inc. Ciient - PLAINSMAN ARMOR INTERNATIONAL
‘\f" PROTECTION BALLISTIC LIMIT TEST, VSD BL(P} dobNo. gA7I-02  TestDate ! 11/18/04

M-nmwe FLAINGMAN ARMOR INTERNATIONAL ~ Sumie b SAMPLE .32

| Bomo 33w 13in, MM AA Dt Hacrd 1 11-18-04
Thickramsss | NA lr?lm vu Handﬂamc-d
-M'.r.\: !\M

I VoL, Soraens - 5,01,
Nmm PER CUSTOMER REQUEST WWW G.NL memm rmp aaF‘

A

" s NFORMATIOBEERESENTED ORIZX "

it e DATA RECERD 188 SUBJECISTE
wnnroCORRECTIONS AND/OR REVISI”&‘WE“

Projectis 2 grain Steel RCC, 2 gr-

P ELII.LBE\'E
. mnmnnm S
@
i
| sror [Powdan Timo Valocity Vol Loss Vit Fesull | inciude | Faotmotns
Ho | Gl i) (o {tis) N IS
1 | &0 570 4509 139 2370 5 i | N
2 | 78 506 3413 135 3278 €| ¥
3 |78 a2 15 127 p
£ |78 812 3268 129 atan c| N
5 |75 | 504 3367 133 2734 Py
8 | 78 50 | 3880 1a3d 3256 ol
7 | 74 811 3273 129 34e p- |y
b |78 | se3 Fven 138 c
9 | 74 88 | 3944 192 3212 Py
"REMARKS - FOOTNOTES VED SUMMARY
Noo Bnts 13 & 3
¥80: 3210
Vigh Partial- 3234
| LowCompin 13139
| Fangs ol Hesuity : 139
Hangs of Mivsd 65

Flonams B4TY 02 {EAMPLE-XD FLAHEMAN AFRNCE [MIERNATOMAL VEE

Figure 72. Sample 32 (Twaron®/Spectra® 2.2/Vectran®
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. '\ H.P. White Laboratory, Inc. Chent: PLAINSMAN ARMOR INTERNATIONAL
¢ 4 PROTECTION BALLISTIC LIMIT TEST, V50 BL(P) JobNo 047102 TestData: 11/18/04

Manaacsurer | PLAINSMAN ARMOF INTERNATIONAL Samyéa o | SAMPLE-33
ﬁm |au1ain. Heal Mo NA Tiata Flacd - 111804
mﬂ‘ TT?M W Hillnd Carried
_ mm Hﬂ ,
B sy Vi, Scraans : 5.0

Bt Specing | PER CUSTOMER REGUEST m-wmmm nu& meum Tm. ﬁBF

s e 0Ol RS R A TIOREERESENTED ORY 20
weiells DATA RECORIT S SUBJECT THS™
sunrnCORRECTIONS AND/OR REVISIONS™

Peojectie 2 grain Stesl RCC, 241,

Powor  BULLBEYE
AR wmnmn
(2}
@)
Ll Tina Malocky' Wil Loss W Etrika Pasull | Inciude | Fooinctes
‘3&‘!‘ aiting ] s {ish ) in W)
T |78 803 3317 131 a8 c| ¥
2 |78 812 129 aras P
a |77 576 a472 137 3335 S
4 |78 603 4817 131 3188 (o [
5 | 77 583 3401 136 4295 ¥
5 | 78 588 3401 135 3267 ol ¥
7| 27 506 3413 135 5278 c
8 |76 507 4350 132 3218 i
No.Poins 38 5
VB3 G248
‘ | High Passial | 3935
Lew Cianate | 3168
. Flengs of finulls - 149
‘ Fange of Miner) 149

Froniams | 047108 (SAMPLE-31] FLABSMAN ARMON INTEFBUATIONAL NG

=

Figure 73. Sample 33 (Spectra ®3.6/Twaron®)
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H.P. White Laboratory, Inc. Client | PLAINSMAN ARMOR INTERNATIONAL
ﬁ’ PROTECTION BALLISTIC LIMIT TEST, V50 BL(P) Job o, ' 94T71-02 Tesl Date : 11/18/04
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Figure 74. Sample 34 (Spectra ®3.6/KM2®)
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DEC=-13-84 0OF: 31 FROM IDr PAGE arsa

'\, H.P. White Laboratory, Inc. Ghont: PLAINSMAN ARMOR INTERNATIONAL
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Figure 75. Sample 38 (8 0z. K129®/Dyneema®)
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DEC-13=B4 @934 FROM: FE- 1 FAGE arE
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Figure 76. Sample 37 (8.5 0z. K129®/Spectra® 3.6)
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Figure 77. Sample 39 (5.8 0z K129®/Dyneema®)
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Figure 78. Sample 40 (8 0z. K129®/Dyneema®)
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APPENDIX G: DSC PLOTS

Sample: samplel3 File: C:\TA\Data\rebeccal\samplel13
Size: 5.8000 mg DSC Operator: 1t
Method: sample31 Run Date: 1-Mar-06 12:25
Instrument: 2920 MDSC V2.4F
3
2
3 1
S
2
o
[ 104.4J/g
w 104.4 J/mole
£ o4 128.37C
14
154.71C
-2 T T T T
-50 0 50 100 150 200
Exo Up Temperature (‘C) Universal V3.1E TA Instruments

Figure 79. Sample 13: Spectra® 3.6 Impact
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Sample: sample25

Size:

Method: sample31

5.7000 mg

File: C:\TA\Data\rebeccal\sample25
DSC Operator: rr

Run Date: 1-Mar-06 11:27

Instrument: 2920 MDSC V2.4F

4
2
&)
S
= 131.95T
o 0+
=z 139.66T
= 140.90C 105.5J/g
0] 105.5 J/mole
I
24
154.38C
-4 T T T T
-50 0 50 100 150 200
Exo Up Temperature (t) Universal V3.1E TA Instruments

Sample: sample26

Size:

6.2000 mg

Method: sample31

Figure 80. Sample 25: Dyneema® Impact

File: C:\TA\Data\rebeccal\sample26
DSC Operator: rr

Run Date: 1-Mar-06 10:20

Instrument: 2920 MDSC V2.4F

2
14
°
s 75.52Jlg
< 75.52 Jimole
E 0 132.34C
L 139.60C(
© 140.59C
0]
I
14
154.80C
-2 T T T T
-50 0 50 100 150 200
Exo Up Temperature (C) Universal V3.1E TA Instruments

Figure 81. Sample 26: Dyneema® Impact
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Sample: sample27

Size: 6.7000 mg

Method: sample31

File: C:\TA\Data\rebeccal\sample27
DSC Operator: rr

Run Date: 1-Mar-06 09:29

Instrument: 2920 MDSC V2.4F

3
2
3 1
S
2
o
w
s 102.5J/g
T 09 126.03C 1025 J/mole
131.26T(l)
132.20C
14
-2 T T T T
-50 0 50 100 150 200
Exo Up Temperature (t) Universal V3.1E TA Instruments

Sample: sample28
Size: 6.8000 mg
Method: sample31

Heat Flow (W/g)

Figure 82. Sample 27: Dyneema® Impact

File: C:\TA\Data\rebeccal\sample28
DSC Operator: rr

Run Date: 28-Feb-06 16:15

Instrument: 2920 MDSC V2.4F

133.95C
99.52 J/mole
154.82C
T T T T
-50 0 50 100 150 200
Temperature (T) Universal V3.1E TA Instruments

Figure 83. Sample 28: Dyneema® Impact
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Sample: sample29
Size: 6.2000 mg
Method: sample31

File: C:\TA\Data\rebeccal\sample29
DSC Operator: rr

Run Date: 28-Feb-06 14:31

Instrument: 2920 MDSC V2.4F

15
1.04
67.52Jig
\a 0.5 67.52 J/mole
S
2
K} 132.54C
L
g
T 0.0
-0.51
154.43C
-1.0 T T T T
-50 0 50 100 150 200
Exo Up Temperature (t) Universal V3.1E TA Instruments

Sample: sample30
Size: 10.0000 mg
Method: sample30

Figure 84. Sample 29: Dyneema® Impact

File: C:\TA\Data\rebeccal\sample30.001
DSC Operator: wwang

Run Date: 17-Jan-06 11:38

Instrument: 2920 MDSC V2.4F

15
1.0+
0.5
Gl
=
g oo 39.36J/g
e 123.77C  39.36 J/mole
8 128.38C(l)
* 127.58C
-0.54
-1.0+4
155.01C
15 , : ‘ ‘
-50 0 50 100 %0 200
Be Temperature (T) Universal V3.1E TA Instruments

Figure 85. Sample 30: Dyneema® Impact
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Sample: sample31 File: C:\TA\Data\rebeccallsample31

Size: 5.3000 mg DSC Operator: skh
Method: sample31 Run Date: 28-Feb-06 12:36
Instrument: 2920 MDSC V2.4F
4
24
S
S
= 123.67C
[} 0+
T 129.43T(l)
= 125.38T 99.85J/g
0] 99.85 J/mole
I
24
153.60C
-4 T T T T
-50 0 50 100 150 200
Exo Up Temperature (t) Universal V3.1E TA Instruments
Figure 86. Sample 31: Spectra® 2.2 Impact
Sample: sample31n File: C:\TA\Data\rebeccal\sample31n
Size: 7.2000 mg DSC Operator: wwang
Method: sample30 Run Date: 17-Jan-06 12:29
Instrument: 2920 MDSC V2.4F
3
24
3 1
=
2
o
[
© 96.83J/g 129.74T
£ oA 96.83 Jimole
131.64T(l)
132.14C
14
154.19C
-2 T T T T
-50 0 50 100 150 200
Exo Up Temperature (T) Universal V3.1E TA Instruments

Figure 87. Sample 31: Spectra® 2.2 Non-Impact
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Sample: sample32 File: C:\TA\Data\rebeccal\sample32

Size: 9.0000 mg DSC Operator: wwang
Method: sample37 Run Date: 9-Dec-05 11:03
Instrument: 2920 MDSC V2.4F
3
2
3 1
S
=
o
(T
g 44.95]/
m = g
T 0 121.12C 44.95 J/mole
125.71T(l)
127.00C
14
152.91C
-2 T T T T
-50 0 50 100 150 200
Exo Up Temperature (t) Universal V3.1E TA Instruments
Figure 88. Sample 32: Spectra® 2.2 Impact
Sample: sample32n File: C:\TA\Data\rebeccal\sample32n
Size: 8.3000 mg DSC Operator: wwang
Method: sample37 Run Date: 9-Dec-05 11:52
Instrument: 2920 MDSC V2.4F
2
14
)
E 68.94J/g
= 0 68.94 J/mole 128.32C
3 4
o 131.33T()
= 132.05C
()
I
-14
153.36C
-2 T T T T
-50 0 50 100 150 200
Exo Up Temperature (t) Universal V3.1E TA Instruments

Figure 89. Sample 32: Spectra ®2.2 Non-Impact
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sample33

Size: 9.1000 mg

Sample:

Method:

2
S
S
=
o
(T
IS
o)
I

-2

Exo Up

File: C:\TA\Data\rebeccal\sample33
DSC Operator: wwang

sample33 Run Date: 6-Dec-05 11:26
Instrument: 2920 MDSC V2.4F
126.05C
131.36C(l)
132.85T 50.56J/g
50.56 J/mole
154.64C
T T T T
-50 0 50 100 150 200
Temperature (t) Universal V3.1E TA Instruments

Sample: sample34
Size: 8.9000 mg

Figure 90. Sample 33: Spectra® 3.6 Impact

File: C:\TA\Data\rebeccal\sample30
DSC Operator: wwang

Method: sample34 Run Date: 6-Dec-05 09:35
Instrument: 2920 MDSC V2.4F
2
14
)
S
2 i 105.13C
o 0
w 126.79
g 124.65C 49.79J/g
T 49.79 J/mole
-14
156.67C
-2 T T T T
-50 0 50 100 150 200
Exo Up Temperature (t) Universal V3.1E TA Instruments

Figure 91. Sample 34: Spectra ®3.6 Impact
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Sample: sample34n File: C:\TA\Data\rebeccal\sample34n

Size: 8.5000 mg DSC Operator: wwang

Method: sample34 Run Date: 6-Dec-05 10:26
Instrument: 2920 MDSC V2.4F

2
14
121.28C
CER'E 129.48T(l)
2 132.24C
< 88.07J/g
Z 88.07 Jimole
[
g
T 19
24
156.26C
-3 T T T T
-50 0 50 100 150 200
Exo Up Temperature (t) Universal V3.1E TA Instruments
Figure 92. Sample 34: Spectra® 3.6 Non-Impact
Sample: sample35 File: C:\TA\Data\rebeccal\sample35
Size: 7.9000 mg DSC Operator: wwang
Method: sample35 Run Date: 2-Dec-05 14:26
Instrument: 2920 MDSC V2.4F
15
1.0
0.5
S
s
= 66.62J/g
71.76C(l) > '
E) 0.0+ 64.92C 66.62 J/mole
[
T
(]
I
054
-1.04
254.04TC
-1.5 T T T T T T
-50 0 50 100 150 200 250 300
Exo Up Temperature (t) Universal V3.1E TA Instruments

Figure 93. Sample 35: PET Impact
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Sample: sample35n
Size: 7.9000 mg
Method: sample35

)
s
=
o
[T
T
(5}
T

-2

Exo Up

Sample: sample372
Size: 7.1000 mg
Method: sample31

Heat Flow (W/g)

File: C:\TA\Data\rebeccal\sample35n
DSC Operator: wwang

Run Date: 2-Dec-05 15:34

Instrument: 2920 MDSC V2.4F

67.58J/g
49.30T0) 67.58 J/mole
95.42C
254.15T
T T T T T T
-50 0 50 100 150 200 250 300
Temperature (t) Universal V3.1E TA Instruments

Figure 94. Sample 35: PET Non-Impact

File: C:\TA\Data\rebeccal\sample372
DSC Operator: skh

Run Date: 28-Feb-06 13:45

Instrument: 2920 MDSC V2.4F

123.09C
128.39(1)

129.16TC 85.79J/g

85.79 J/mole

154.56TC

T

T T
0 50 100 150 200
Temperature (C) Universal V3.1E TA Instruments

Figure 95. Sample 37: Spectra® 3.6 Impact
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Sample: sample38 File: C:\TA\Data\rebeccal\sample38

Size: 9.0000 mg DSC Operator: wwang
Method: sample38 Run Date: 2-Dec-05 12:36
Instrument: 2920 MDSC V2.4F
4
2
S
S
3 o 101.6J/g 128.36T
I 101.6 J/mole
= 130.90C(l)
g 133.19C
I
24
154.47C
-4 T T T T
-50 0 50 100 150 200
Exo Up Temperature (t) Universal V3.1E TA Instruments
Figure 96. Sample 38: Spectra® 6.3 Impact
Sample: sample38n File: C:\TA\Data\rebeccal\sample38n
Size: 9.4000 mg DSC Operator: wwang
Method: sample38 Run Date: 2-Dec-05 13:24
Instrument: 2920 MDSC V2.4F
4
2
)
S
z ol 114.0J/g
E 114.0 J/mole 133.18C
IS
()
I
24
155.29C
-4 T T T T
-50 0 50 100 150 200
Exo Up Temperature (t) Universal V3.1E TA Instruments

Figure 97. Sample 38: Spectra® 6.3 Non-Impact
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Sample: sample39 File: C:\TA\Data\rebeccal\sample39.000
Size: 10.0000 mg DSC Operator: wwang

Run Date: 2-Dec-05 10:54

Instrument: 2920 MDSC V2.4F

2
14
S
S
2 112.13/g
E 04 112.1 J/mole 128.47TC
= 132.22C(l)
[} 133.35C
I
-14
-2 T T T T
-50 0 50 100 150 200
Exo Up Temperature (t) Universal V3.1E TA Instruments
Figure 98. Sample 39: Dyneema® Impact
Sample: sample 40 File: C:\TA\Data\rebeccal\sample40
Size: 9.2000 mg DSC Operator: wwang
Run Date: 30-Nov-05 15:56
Instrument: 2920 MDSC V2.4F
4
2
)
S
E) 04 128.22C
w 134.03T(l)
s 138.35T 48.13/g
T 148.1 J/mole
24
155.42TC
-4 T T T T
-50 0 50 100 150 200
Exo Up Temperature (t) Universal V3.1E TA Instruments

Figure 99. Sample 40: Dyneema® Impact
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Sample: sample40n File: C:\TA\Data\rebeccal\sample40n
Size: 9.0000 mg DSC Operator: wwang
Run Date: 2-Dec-05 09:57
Instrument: 2920 MDSC V2.4F

2

14
)
= 109.8J/g
< 109.8 J/mole
=
S 09 131.26C
[T
- 136.63C(!
g 137.39T
T

14

154.73C
-2 T T T T
-50 0 50 100 150 200

Exo Up Temperature (t) Universal V3.1E TA Instruments

Figure 100. Sample 40: Dyneema® Non-Impact
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