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ABSTRACT

Strong and low-density fibres have been favouretériss for ballistic protection, but the
choice of fibres is limited for making body armdhat is both protective and lightweight.
In addition to developments of improved fibresealative approaches are required for
creating more protective and lighter body armonisTesearch focuses on a study of the
inter-yarn friction and hybrid fabric panels forllisic protection. Two complemetary
routes have been employed to carry out the researamely a programme of
experimentation centred on ballistic shooting tast a detailed theoretical analysis
based on finite element (FE) modelling. In this emsh, fabrics made of
ultra-high-molecular-weight polyethylene (UHMWPEgm chosen for investigation due
to their good mechanical properties and light weigh

For the investigation of inter-yarn friction on fab ballistic performance, FE models
were created in ABAQUS software for theoretical lgsia. According to the capstan
equation, yarn wrapping angle is one of the factanstrolling inter-yarn friction. This
being so, novel weaving techniques have been deselto manufacture woven fabrics
with increased yarn wrapping angle. Ballistic slmgptests have been carried out on the
structure modified woven fabrics and the resultsasdd that the improvement of ballistic
peotection on structure modified fabrics is noted&ble when compared with plain
woven fabric. This could be attributed to the lower-yarn coefficient of friction of
UHMWPE fibres and low increase in wrapping angle ttuthe high bending rigidity of
UHMWPE fibres. Based on the two points, improveradrave been suggested for future
work.

For the development of hybrid panels, an eightday@ven fabric FE model was created
to study the response and failure model of diffefahric layers in a panel upon ballistic
impact. It has been established that fabrics nearimpact face tend to fail by the
shearing effect and those near the back face tefal in tension. UHMWPE woven and
unidirectional (UD) fabrics were evaluated for thezsistence to tensile and shearing
damage. Two types of panels were designed fronfatirecs and the experimental results
showed that placing woven fabrics close to the rhfgce and UD material as the rear
layers led to better ballistic performance thangheel constructed in the reverse sequence.
It has also been found that the optimum ratio ofevoto UD materials in the hybrid
ballistic panel was 1:3. The improvement in battiprotection of the hybrid fabric panels
allows less material to be used, leading to lighteight body armour.
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Chapter 1 Introduction
1.1 Background

Body armour has long been used to protect soldetbe battlefield. From the use of
leather in the east to chain mail in the west, feenpver stopped seeking better protection
for personnel. During the development of body amndihas always been desirable to
have lighter and stronger materials so that theamclment of performance could be
achieved at a reduced weight. The advent of syiotfibtes speeded up the innovation of
lightweight body armour. Nylon was the first syribdibre employed in the body armour
system (M-1951). This model consisted of two pafthe first part was a nylon
basket-weave flexible pad, which covered the upgpest and shoulder. The second part
was Doron plates, which covered the lower chestfidwever, it was not until the
invention of aramid fibres that ushered a new &oeaoft body armour. Aramid fibres
were first discovered by Kwolek in 1965 and comnadised by Du Pont in 1972 under
the trade name of Kevf3rlater commercial products belonging to the arafaiuily
encompassed Technora, Twaron, Nomex and Teijincfje®ue to its unique molecular
structure, aramid fibre gives outstanding high @eriance over previous synthetic fibres,
which fulfils the design requirement of lightweigfiexible and covert body armour for its
users. Another ballistic fibre is ultra-high-moléuweight polyethylene (UHMWPE).
This material is gaining ground in the ballistielfl due to its high performance-to-weight

ratio.

Modern body armour falls into two categories: haodly armour and soft body armour.
Hard body armour is made of metal or ceramic pl&e# body armour mainly consists of
layers of fabrics made of high performance fibi®sft body armour is mainly used by
Law Enforcement Officers who are more likely tododjected to low level firearm threats.
For soldiers in the battlefield, soft body armaaioften plated with hard body armour in

order to provide enough ballistic protection. Fagied Miclau [3] studied the tissue
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wounding caused by ballistic impact. It was argined the entry of a bullet into the human
body produces a cavity in the tissue and causes daenage. Even though the penetration
is prevented, there could be internal injury in lamnmuscles or organs [4]. In spite of this,
body armour plays an important role in life saviAgcording to the data collected from a
retrospective analysis on all combat casualtiemged by United States Military Forces
in Mogadishu, Somalia, body armour reduced the rarnd§ fatal penetration chest
injuries from 39% in the Vietnam War to 14% in tBiack Sea [5]. Pelegt al [6] found
that injury severity of wounded soldiers is abowice assevere in those who were
unprotected in the battlefield. Based on a study1l& army troops who suffered severe
battlefield injuries in the Iraq war, 58 percentrev@vounded in either the hands, legs or
eyes, only 9 percent were wounded in the abdomerhest [7]. This means that the
human torso is well protected by body armour andluces the injuries caused by
projectiles or bullets. For Police Officers and esthLaw Enforcement Agencies,
Latourrette [8] suggested that body armour more thales the likelihood that a police
officer will survive a shooting to the torso, angl tontinued to suggest that equipping all

the police with body armour would save at leastli8€s per year.

The importance of body armour makes it the cent@hponent for any military
personnel's protection and brings it huge dema@idsipwever, the overweight and bulky
properties of modern body armour reduce its weamobility and comfort during a
mission. It is reported that many US marine trogigsed to use new sets of body armour
because they were too heavy, after complaining tata@thaving enough protection [10].
Generally speaking, ideal soft body armour shoue digh ballistic performance, low
weight and be comfortabe to wear, which is requiceprovide its wearers with sufficient
ballistic protection without affecting their moltyli The present work aims to improve the
ballistic performance of the existing soft body atmat a reduced weight by developing

fabrics and panels with better performance.
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1.2 Problems

Great efforts have been taken to produce bettbtwigight soft body armours, such as
using high performance fibres. High performancettsstic fibres exhibit superior
mechanical properties which set them apart fronmerothan-made fibres in industrial
application. For ballistic applications, materiate required not only to give high strength
and tenacity, but to have low weight as well. Thestrwidely used fibres for soft body
armour manufacture are mainly aramid and UHMWPEefilvhich show higher strength
based on weight and volume when compared with otiees of synthetic fibre.
Acomparison  with other materials is shown in Figurd-1. PBO
(polyphenylenebenzobisozazole) is a type of syrttddre which satisfies the physical
requirements for ballistic applications. Nevertisslgt has been found that its exposure to
moisture may result in the loosening of fibore marplgy, leading to the degradation of
physical properties [11]. Moreover, PBO shows wdesssile retention properties than
Kevlar when exposed to sunlight simulated radiafict). Another high performance fibre
showing great ballistic impact potential is M5 [13}his fibre, however, is still in the

testing stage and is yet to be industrialised.

Apart from the development of more efficient fibreternative technologies were also
investigated. One of them is combining fibres i@°£0° unidirectional fashion without
going through the traditional weaving process. Tachnology is commercialised under
the brand names of Dyneema SB from DSM and Sp8tiiedd under the Allied Signal. In
addition, “shear thickening fluid” treated fabngith the nickname “bullet proof custard”,
also exhibited great potential at the Defence Qemfee in London on 3Jan, 2011. BAE
systems (a British defence, security and aerospacgany), which created this armour,
hopes that it could weigh half as much as the atiftak jacket, which is around 10 kg

[14].
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As the majority of the research work focused onrmmajmg the properties of fibres and
chemically treating ballistic fabrics, there iglétemphasis on employing textile based
technologies. In the present research, Textile n@ldgies will be used to create
UHMWPE fabrics, aiming to explore the propertiedigh performance fibres to be fully
exhibited when used in soft body armour. In ordeachieve this, two routes have been
followed, modification of fabric and panel struaar These will be carried out by the
development of fabric with increased inter-yarotfan and engineering design of ballistic
hybrid panels. The effect of inter-yarn friction dabric energy absorption has been
studied by many researchers [16-19]. It is belietead the friction between warp and weft
yarns benefits energy dissipation in woven fabrigsreasing inter-yarn friction has the
potential to improve fabric ballistic performancéthwut adding to its weight. In this
research, finite element methods will be used tmlystthe working mechanisms and

novel weaving techniques will be used to createemdf@brics with increased inter-yarn
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friction on power looms.

It has also been widely accepted that when an argrade panel is impacted, the sharp
edges of the projectile shear out the first fewefayforming a plug [20-22]. For the rear
layers, fibre pull-out and tensile failure are mékely to occur. The fact that different
layers of fabric exhibit various responses upotidia impact suggests the necessity for
combining more than one type of material in a paMiing different materials, such as
UHMWPE woven and unidirectional fabrics, in a propequence would hopefully serve

the purpose of soft body armour weight reduction

1.3 Aim and Objectives

The aim of this research is to develop lightweigbft body armour with improved
ballistic performance. Textile based technologied be employed to create ballistic
woven fabrics with increased inter-yarn frictiondat®o engineer ballistic hybrid panels.

The thesis is subdivided into two parts.

The first part analyses the influence of inter-yaration on woven fabric performance.

The objectives in this part of the work are lisbedow.

1) To develop a stable Finite Element (FE) modellfallistic event investigation. This
presents the establishment of fabric models withrecd geometry and mechanical
properties. Some of the information is obtainednfrine tests and some collected from

published sources.

2) To investigate the mechanisms of inter-yarntitsic on fabric energy absorption. The
relationship between inter-yarn friction and falkeitergy absorption will be built up. An
exhaustive study on the influence of inter-yarotion on stress distribution and energy
dissipation will be undertaken.
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3) To manufacture UHMWPE plain woven fabrics witltrieased yarn gripping. Novel
weaving techniques are developed to explore thsilpbty of mass-producing gripping

fabrics on power loom.

4) To undertake experiments to examine the propanty performance of fabric with

increased inter-yarn friction.

The second part is the investigation of the pertoroe and engineering of hybrid panels.

The objectives in this part are listed below.

1) To investigate the response and failure moddiftd@rent layers in a panel subjected to
ballistic impact by using FE simulation. The infaton obtained provides important

guidance on ballistic panel design.

2) To analyse and evaluate UHMWPE woven and UDidabin order to satisfy the needs

of different layers in a panel.

3) To carry out ballistic non-penetration tests &fdsimulation and to verify the design

guidance developed.

1.4 Thesis Layout

After the introductory chapter, Chapter 2 presentsview of literature in the areas of:
the energy absorption mechanisms of a fabric taugetn ballistic impact, factors
influencing fabric ballistic performance, curremtperimental techniques for ballistic
performance investigation and general information tbe approaches of theoretical

investigation.
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Chapter 3 presents the methodologies employed toy caut the research. A
comprehensive description of the ballistic range #me creation of a finite element

model will be given in this section.

Chapter 4 is about the theoretical study of inwmyfriction on woven fabric. Its
influence on stress distribution and fabric enemgorption will be investigated in this

chapter.

Chapter 5 is about the design and manufactureippigg fabrics. FE simulations were
used to investigate the possibility of weaving tigabrics and modifying fabric
structures for inter-yarn friction increase. In dida, novel weaving techniques are

developed to weave friction increased woven falwicpower looms.

Chapter 6 presents the experimental study of dmctncreased woven fabrics. Both yarn
pull-out tests and ballistic penetration tests weneied out to study its performance. The

results were analysed and improvements on struntodified fabrics were raised.

Chapter 7 is about the theoretical investigationth&f response and failure model of
different layers of fabric in a panel system subjfedoallistic impact. The UD and woven
fabric were analysed and evaluated for their tenaihd shear properties and their

applications in a ballistic panel.

Chapter 8 shows the testing results of differefirisypanels from a non-penetration test.

Theoretical results are also presented for comparis

Chapter 9 ends the thesis for conclusion and rea@mdations for future work.
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Chapter 2 Literature Review

Ballistic impact on soft body armour is an impottarea and has been studied for many
years. A quantitative understanding of the enelzppgption of fabric target has gradually
been built up through both experimental and themakefforts. This chapter aims to
provide a comprehensive literature review on thmd and to indicate how this correlates

the present work on developing lightweight soft ypadmour.

The following aspects will be centred on fabric rgyeabsorption, which are (1) the
response of a fabric target to ballistic impac)fé2tors influencing the energy absorption
capability of ballistic fabric, (3) experimental stsng methods and standards for

performance evaluation, (4) modelling of ballistigpact onto a fabric target.

2.1 The Response of Fabric Target to Ballistic Impzt

2.1.1 The propagation of the longitudinal and theransverse wave

When a fabric sample is impacted, two wave fronéesgeenerated, namely a transverse
wave and a longitudinal wave. Energy is dissipdatedugh the propagation of the two
types of wave. The longitudinal wave travels outivalong the fibre axis at the sound
velocity of the material from the point of impadtis wave also causes the yarn to be
stretched and have in-plane movement. The longialdvave travels at a velocity

c=_|— (2.1)

P

wherec is the longitudinal wave speed in misis the fibre modulus in Pa, apdis the

yarn bulk density in g/fh

At the same time, the projectile tends to pushydra forward and therefore deflect the
yarn vertically, which consequently results in am-of-plane motion of the material. The

velocity of the transverse wave has been studie@Wj23], who determined the velocity
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with respect to the laboratomyy, is

Uy, =C(yE(L+£) — &) (2.2)

wheree is the strain in yarn.

The two types of wave are depicted in Figure 2-1.

o Longitudinal
Projectile Wave Front

v
v v

Transverse
Wawve Front

v

Figure 2-1 Projectile impact into a ballistic fibre [24]

2.1.2 Ballistic impact on a fabric target

When a projectile strikes a target, the respongeligved to be a combination of global
and local effects [25]. Global response indicabeskiehaviour of material away from the
impact point and local response refers to the hebawf material directly contacting the
projectile, which are shown in Figure 2-2. Impaelocity is, if not the only factor, one of
the most important factors to determine targetarsp. Cantwell and Morton suggested
that, on a composite target, at high impact vejpbitcal damage plays a major part in
energy absorption [26]. While at low impact velggciglobal plate deflection becomes
more important [26, 27]. The velocity classificatias shown in Figure 2-3, which
indicates the range of high velocity and low vetpdR5]. This phenomenon is also
observed in Textile materials. Carr [28] found tfAaixtile yarns also tend to have a
global failure model (transmitted stress wave)oat impact velocity and a shear or plug

failure mode at high impact velocity.
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Figure 2-3 Standard classification of impact veloty [25]

2.1.2.1 Global response

At low impact velocity, as there is enough time fmojectile kinetic energy to be
transferred to the fabric target, larger areasryetived in energy absorption than at high
impact velocity cases. The existence of yarn cneso significantly influences the
propagation of longitudinal waves. It has been phlek that reflection of longitudinal
waves takes place on at yarn crossovers and the slistribution in the woven fabric is

therefore influenced by the crossover density [Z4e longitudinal wave speed in plain

woven fabric is suggested to be slower than tha single yarn by a factor of/2.

Roylance also pointed out that wave reflection ssoaiated with fibore modulus and
coefficient of friction [29]. Freeston built a nun@l model to study the influence of
wave reflections on strain distribution and coneldidhat the propagation of longitudinal
waves is very little impeded by the effect of cmass [30]. However, the out-of-plane
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motion of fabric due to the transverse deflectiomTs a tent-like deformation in the
vicinity of the impact point. The two waves sweepass the fabric and transfer the
projectile energy to fabric strain energy and kimehergy, which are two of the principal
energy absorption mechanisms. The energy storedases with time until the projectile
is stopped or the fabric is penetrated. Anotherggnabsorption mechanism is friction.
This includes energy dissipated by friction betwaemp and weft yarns, projectile and
fabric target and between adjacent fabric layerdhogh they are considered to
contribute very little to overall energy absorptidnctional effects greatly influence the

strain and kinetic energy absorbed by fabric [18].

2.1.2.2 Local response

At high impact velocity, as the projectile engaginge with the fabric target becomes
short, the influence of global response on eneifggogtion diminishes. Fabric local
reaction or failure mode has a major effect onistadl performance. One of the major
fabric failure modes is yarn or fibre rupture. Thiscurs when the yarn or fibre strain
exceeds their failure strain. Different fibre rugus characterised by different broken
ends. For para-aramid fibres, it has been obseahagdfibre failed by fibrillation. Shear
failure was noticeable on the UHMWPE fibre broked® There is an increased degree of
melt damage as the impact velocity increases [28ever, yarn/fibre rupture mode is
also dependant on the head shape of the projettiteet al found that yarns are more
likely to be severed by flat-head projectile, cagsishear damage. For round-head
projectile, this is less noticeable in fabric [34% a mechanism for energy dissipation, the
energy absorbed due to yarn/fibre rupture is basedibre properties. This will be

discussed in more detail in later chapters.

Another fabric failure mode is yarn pull-out. Whitye impact velocity is low or yarn-yarn
friction is low or the fabric target is loosely gped, principal yarns will be pulled out
rather than damaged. Bazhenov [16] found that yadfout is related to the energy
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absorption of a ballistic fabric. Starrat [32] usederies of photographic and velocity
measurement technologies and concluded that yallboupwcontributes a significant
amount of energy absorption in non-penetrationcasekwood and his colleagues [33,
34] present a semi-empirical model to quantifyeghergy dissipated yarn in pullout. They
believed that the two main mechanisms associatedyarn de-crimping and yarn

translation. And the pullout force is highly depentlon yarn-yarn friction.

Shimet al[35]observed that the hole created by the prdgeitismaller than its diameter,
leading to the assumption that there is hole exparkiring ballistic impact. In this failure
mode, the projectile tends to push the yarns agdegtrating the fabric through a
wedge-through effect. Linet al [36] tested double-ply fabrics and found that the

misalignment of yarns caused by wedge-through eifamore noticeable in back layer.

2.2 Factors Influencing Fabric Ballistic Performane

Literature regarding the influencing factors onrfalballistic performance have been
mentioned in a number of works [37-39]. The eneaggorption behaviour of ballistic
fabric is an inter-play of many mechanisms. Itiffiallt to isolate and discuss any one of
them. For example, if fabric ballistic performansesolely dependent on fibre tensile
strength, nylon would be a better material thanl&e0]. The fact is, Kevlar proves to be
the most popular high-performance fibre in makio§ sody armour. This section will

give a detailed description of those factors

2.2.1 Fibre properties

Roylance and Wang [41] established that approxipatdf of the total energy absorption

Is stored in the form of strain energy. By compautine ballistic resistance of dry Spectra
fabrics with their corresponding laminates, le¢@l [42] correlated the number of broken
yarns to the energy absorbed. He also found thi §itraining is the primary mechanism

of energy absorption. In the fabric target, theuamglation of strain energy is determined
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by the area getting strained. Strained area igtiirassociated with the velocity of sound
in the material [43], which is also considered ¢othe velocity of the longitudinal wave.
According to equation 2.1, this velocity is a fuontof material modulus and density. By
using a numerical model, Roylance and Wang [48kdisthed that higher modulus fibre
gives higher wave velocity, which leads to a ragnergy absorption rate. As the modulus
is decreased, the wave velocity is decreased amdtthin is more concentrated in the
vicinity of the impact zone, which is shown in Figl2-4 [41]. This is reinforced by Field
and Sun's experimental work [44]. They used a fsigbed photographic approach to
observe the behaviour of fibres and woven fabnmnuransverse impact. They found that
fabric with high modulus can spread load onto oftees and layers more quickly, which

is beneficial in ballistic applications.

Nylon,
# 159 usec

Kevlar 29,
¥ 902 psec

3
Graphite,
S — ¢ 587 usec
{ \ ] \\L
° 0 I 2 3 4

DISTANCE FROM IMPACT, cm

Figure 2-4 Strain profile along orthogonal yarns pasing through the impact point
[41]

Nevertheless, Roylance [45] analysed the straimggrére modulus relationship and

reported that a fibre of high modulus was usudiitamed at the sacrifice of elongation at
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break. He suggested that high modulus (graphiéelsiéo a high rate of energy absorption,
but the panel would fail at an early stage andetioee not be able to extract energy as
effectively as the low modulus fabrics, such as |Kewr Nylon. This feature greatly

decreases the total energy absorbed by the fadmiel pivhich is shown in Figure 2-5 [41].
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Figure 2-5 Comparison of total energy absorption fodifferent fabric panels [41]

As a result, it is difficult to take into accountsi one or two factors when select high
performance fibres for ballistic applications. Thgb research worlCunniff [46] has
determined that fibre ballistic property is a fuontof a number of parameters, including

material density and the velocity of sound in adibrhe fibre property is to be denoted
by U "(having units of n¥s®):

=% |E (2.3)

2p\ p

whereos is the fibre ultimate tensile strength in N/mis rupture strain.

Roylanceet al[24] suggested that at dynamic rates, the statiecnlar failure mechanism
of low-tenacity fibres does not have enough timeke place, which considerably reduces

the amount of energy absorbed. For high-tenaciixe§, however, the slow molecular
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mechanisms are not used, and the energy absorptessentially not reduced much. As
the strain rate of the materials under ballistipatt is often greater than %€ [47],
high-tenacity fibres are more likely to offer pratien against a fragmentation threat than
low-tenacity fibres. Ballistic fibres give differemesponse to dynamic and static stress,
reflecting the rate-dependence of their molecutaperties. In many research works, the
study of ballistic fibre properties at high straate is carried out using a split Hopkinson
tension bar (SHPB). The SHPB is a device for maltéeisting at strain rate in the range
between 200 and 5,003.9Vang and Xia [48, 49] studied the effect of straite from 10

s and 16 s* on Kevlaf’ 49 aramid fibre bundles. They found that tensileduius,
strength and failure strain increase with incregstrain rate at a constant temperature.
The modulus decreases and failure strain increaghshe increase in temperature at a
fixed strain rate. Lim and his colleagues [50] aeédpa non-contact laser technique to
measure axial small strain of KeWat29 fibres in a SHPB. They observed that the fibre
failure strain and modulus are dependent on gaerggth. Kinariet al [51] developed a
tensile testing device based on one-dimensionsatielatress-wave theory. This apparatus
is able to perform tensile tests at different strates and the results showed agreement

with those obtained from SHPB.
2.2.2 Yarn structure

The effect of yarn structures on ballistic protestimainly depends on the utilisation
efficiency of individual fibres. Cunniff [52] founthat the efficiency is lost in going from a
fibre to a yarn, from a yarn to a fabric and frosirggle fabric to a multi-layer fabric. This
IS because each individual fibre shares differeatl$ when it comes into contact with
bullet, and therefore fibres tend to break sucee$siinstead of together. In order to
achieve even load sharing, finer fibres are usdshlhstic applications due to the higher
fibre to fibre cohesion. In addition, yarn usedailistic fabric usually has a low twist or
even no twist. Too high a yarn twist angle willdda yarn slippage and the projectiles are
more likely to penetrate the fabric through thenyspacing. Rao and Farris [53] found that
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the optimum twist angle which is able to maximike yarn strength while giving the
minimum yarn slippage is around Dther yarn features such as the fibre array laave

influence on yarn mechanical properties as well.
2.2.3 Fabric structure
2.2.3.1 Woven fabrics

The most commonly used fabric structure in the bofty armour area is woven fabric.
Woven fabrics stop projectiles by forming a netwarkfibre or yarns. This network

enables the fibre or yarns to be stretched, tratimgprojectile kinetic energy to the fabric.
Among various weave patterns, plain fabric is theshtommon pattern due to its high
interlacing yarn density and dimensional stabili¥]. Cunniff [52] also pointed out that
loosely woven fabric or fabric with an unbalancexdt@rn result in inferior performance.
3-D fabrics have also been studied for their appiity in ballistic protection. Angle

interlock fabrics were investigated by Yang [55} fese in female body armour and

orthogonal fabric was modelled and tested bye$hi [56].

Weave density of fabric, which is known as “cowvaetdr”, is a function of the number of
warp picks and weft ends in a unit of length ofrfaland indicates the percentage of area
covered by the fabric. High cover factor will inase the available dissipation of strain
energy capability by getting more fibres and yagngaged with a projectile. Shockey
[57] studied Zylon fabrics with various weave déiesi and observed that the increase in
energy absorption is almost in proportion to theréase in weave density. It has been
suggested that the cover factor should be in thgeraf 0.6 to 0.95 [58] for ballistic
applications. When cover factors are greater th&n yarn properties degrade in the
process of weaving and when the cover factor &llbw 0.65, the fabric will become too
loose. The ‘wedge through’ effect is more likelyowcur on loosely woven fabrics, which

is depicted in Figure 2-6.
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Figure 2-6 “wedge through” effect [37]

Yarn crimp is a distinct feature in woven fabricddatis not observed in unidirectional
structures or felt. Yarn crimp is the undulationtleé yarns caused by yarn interlacing.
When a projectile strikes a fabric, the initialgeteof fabric deformation gives rise to the
straightening of crimped yarns. The de-crimpingepss reduces the modulus of the fabric
at the first stage of tensile stretching [59], dgrwhich little resistance is presented to the
projectile and almost no energy absorption occlitee fabric does not function as
protection until the yarns finish de-crimping arebin to stretch. According to Tan [60],
this leads the fabric to cause excessive bluntiieato the human body. Chitrangad [58]
found that the warp yarns tend to have more crimap the weft yarns, thus the weft yarn
would break before warp yarns. In order to makalarized crimp degree, he attempted to
weave plain fabric and basket weaves with two okffé yarns, the weft yarns of which
have a greater elongation rate than warp yarnomparing the hybridised fabrics with
fabrics comprised entirely of one type of yarnnloéiced that th&/s, from the hybridised
fabric was higher (the definition &fsowill be presented in section 2.3.2.2). Clearly, the
effect of yarn crimp on impact resistance should e ignored when studying the

performance of soft body armour.

Roylanceet al [24] suggested that fabric which is able to disttébthe energy more

equitably could give better ballistic performanéane of the possible approaches to
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achieve that was considered to be making tri-dalalics. In tri-axial fabrics, three sets of
parallel threads intersect at 60 degree anglesdtbelieved that a tri-axial fabric exhibits
better performance due to the hexagonal shapetwfaaial fabric upon impact when
compared to the pyramidal shape of a biaxial falrieir responses to impact are shown
in Figure 2-7. This gives rise to spreading of gganore evenly around the impact zone.
Hearle and his colleagues [61] compared their dialiperformances by finding the
number of layers required to stop the bullet. Tisgovered that the total areal density of
the biaxial fabric (2400g/fis much less than that needed in the case akiai fabric
(3094g/nf). One possible explanation is that the more operttsire of a tri-axial fabric
would confer a reduced ballistic protection. Aaxial fabric of much closer weave was

tested and the results showed a lovgthan the biaxial fabric.
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(a) Bi-axial fabric upon impact [23] (b) Tri-axial fabric upon impact [24]

Figure 2-7 Schematic diagrams of fabrics upon babitic impact

2.2.3.2 Unidirectional fabrics

The unidirectional (UD) construction was first usedoft body armour for the chest and
helmet by air crewman in the Second World War [@2]d was reintroduced by Allied
Signal with the UHMWPE fibre, Spectra in the mid308. The unidirectional technology
is based on the idea of combining the cross-pllathents with an elastomeric matrix in a
laminated system. Figure 2-8 shows a four-pliedliv@ctional system laminated by two
films. Other companies such as DSM and Park Tecolgmes also provide similar fabrics

for personnel protection.

35



Fibre nets.

Films.

2007777 ~,

Figure 2-8 Unidirectional structure
Unlike woven fabrics, the crimp is removed andyam profile in unidirectional fabric is

straight. As a result, the unidirectional structdoes not exhibit the initial de-crimping
phenomenon and the high modulus of the fibre @imed in the fabric. The fibres will
react quicker with laminate stiffness coupled witlre stiffness and spread energy to a
greater extent. The woven structure, however, iermompliant. This would prolong the
duration of fibre stretching and leads to more blmauma underneath the impact zone

[63].

The superior performance of UD structure over wastencture has been realised in many
publications. According to Scott [63], around 30#provement in either weight or
performance has been observed in both flexible armiod hard composites. Leeal [21]
found that the ballistic limit for angle plied lamates gives a higher value than woven
fabric based composites as the density of the paneleases. It has also been established
that a 100% UD fabric panel absorbs 12.5% to16.58temrenergy than a 100% woven

fabric panel [64].
2.2.3.3 Felts and knitted structures

The response of felt to ballistic impact is sigrafntly different from that of woven fabric
and UD fabric. Its energy absorption mechanismyetré& be fully understood. The use of
felts in ballistic protection is found to be limitelt has been observed that this type of
structure is effective in capturing low speed fragis by having some of the fibres
pre-aligned along the projectile trajectory [63kWértheless, the current threat regarding
ballistic impact is for small projectiles at higblacity. Hearle [65] found that needle felt
Nylon (18.5Kg.cm/g) gives inferior energy absorptiban woven Nylon (29.2 Kg.cm/q).
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In addition, a deeper and narrower back face sigaas formed for the felt panel, which is
more likely to cause greater trauma than the dtherstructures. Thomas [66] discovered
that incorporating felts between the ballistic fabmay benefit reducing the trauma to the
wearers. This finding, however, needs to be furtfadidated. Another problem regarding
the use of felt is its tendency to absorb moistitris.believed that this could be solved by
sealing it in a water impermeable bag. Therefoue, td the drawbacks mentioned above,

felt is not regarded as suitable material for batliapplication.

Hearle [65] also examined the mechanical propeofi@garp knitted Nylon. He discovered
that although the dynamic modulus of knitted falpfiél g.wt/Tex) is far lower than that of
woven fabric (66 g.wt/Tex), they exhibit similarezgy to breaking when subjected to
tensile loading. The energy absorption of knittaric (28.5 Kg.cm/g) also give a similar
value to that of woven fabric (29.2 Kg.cm/g) upaghtwvelocity ballistic impact. In spite of

that, knitted fabric is not considered suitableb®used for soft body armour. Its low
modulus would delay the fabric response to impadtteansmit more force to the backing

material, which may cause deep and narrow traurmaeHs

2.2.4 Panel systems

There is no shortage of work regarding the batliperformance of multiplied textiles.
Shockeyet al [67] observed that the energy absorption is always apgition to the
number of plies. Limet al[36] investigated the reinforcement effect of bagkiayers on
the ballistic performance with different projectileThe comparison showed that the
spaced armour system gives better performance tthanlayered system except for
flat-nosed projectiles. They also concluded that blenefit of reinforcement is largely
highly dependent on the impact velocity and prdectose shape. This is supported by
Porwal and Phoenix' s theoretical work. Porwal Bhdenix [68] developed an analytical
model to study the response of materials in a depliéd armour system. They observed
that theVsodegrades progressively as the spacing of the layersase when compared to
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the system without spacing (the definitionMggwill be presented in section 2.3.2.2).

However, there are some findings which differ fribra results mentioned above. Cunniff
[69] observed that fabric body armour respondsalbgtic impact in a decoupled fashion
through the thickness of the armour panel. He §&) assumed that if the adjacent layers
are not in contact with each other in a spacedesysturing ballistic impact, the energy
absorption would be exactly equivalent to the sunthe single-ply energy absorption.
Based on his assumption, he believed that the dpsyggtem exhibits higher ballistic
performance than the layered system. Noveathgl [70] used an explicit finite element
code, TEXIM, to study this problem and found thmet influence of layer spacing is closely
related to the number of layers in a panel. Thesults indicate that the ballistic
performance is insensitive to the layer spacingpul® plies thick. In the range of 20 to50
plies, the thicker the panel, the greater the efiglc inter-layer spacing will be.
Nevertheless, there is yet to be any experimenigbat for the superior performance of

the spaced system.

Cunniff [52] also suggested that the subsequees pif fabric may constrain the transverse
deflection the front plies, which is consideredaftect the performance of a panel. As a
result, he believed that placing low modulus matsrion the impact face and high
modulus on the subsequent plies may avoid this gghenon and improve the
performance of ballistic panel. In addition, Naded Dagher [71] used non aggressive
barbed needles to place fibre through the thickiresspanel, preventing the projectile
from spreading the individual yarns and the adjatamers from delamination. Chitrangad
[58] found that the weft yarns are stretched tabreefore the warp yarns in a ballistic
event. By using a fabric with the weft yarns havingigher elongation to break than the
weft yarns may enable the warp and weft yarns¢aloat the same time, which improves

the performance of a fabric or panel.
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Figure 2-9 Impact upon compliant panel [37]

When a composite panel is under impact, the pitgectends to exhibit
through-the-thickness shear failure in the frogela, forming a plug; for back layers, the
fibore damage mode resembles tensile failure [2], @Rich is shown in Figure 2-9.
Similar phenomena were found to be true on thdatygic panel as well by Chext al[72].
The fact that different layers of fabric exhibitricaus responses upon ballistic impact
suggests the necessity for combining more thantgpe of material in a panel. Mixing
different materials in a proper sequence would hdlyemake the best use of their
corresponding properties and consequently enakldatistic panel to be more energy

absorbing.

One notable step to achieve design of hybrid pansisthe combination of
UDfibre-reinforced laminates with woven fabrics. gl panels formed by UD fabrics
and woven fabrics show better performance thanlesipigase panels. Non-penetration
ballistic impact tests carried out by Thomas [78pwed that single-phased aramid
filament layer-up panels give a deeper back fageasure than hybrid panels. Karalein
al [74] showed that around 13.9% less energy wasitnéted to the backing materials
through a hybrid panel than through a single-ph&Hedabric panel. Price and Young [75]
found that hybrid multi-plied fabric assemblies ded to exhibit a higheWsy than

single-phased woven or UD assemblies (the defmitibVsowill be presented in section
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2.3.2.2).

2.2.5 Friction

Frictional mechanisms include frictional dissipatdue to yarn slippagethe interaction

of the projectile and fabric or the interactionveegén adjacent layers. It is believed that the
magnitude of frictional energy is influenced by maiactors, such as the yarn-yarn
coefficient of friction and boundary conditions [7®uanet al[18] investigated the role
friction played in a ballistic event through finiElement analysis. They found that
although energy dissipated by friction accountsa&@mall amount of the total energy,
projectile-fabric friction resists yarn slippagedaenables more yarns to engage with the
projectile, which greatly increases the kineticrggeand strain energy associated with the
fabric target. The fact that impact load could l&ributed along the periphery of the
projectile fabric contact zone also delays yarrufai Yarn-yarn friction, however,

restricts yarn movement and leads yarns to fahatarly stage.

Leeet al[42] studied the response of armour-grade fibnefoeced composites and dry
woven fabric upon ballistic impact and suggested tiny woven fabric is more likely to
have successive fracture of individual yarns arrd géppage. On the contrary, failure of
fibre-reinforced composite mainly consists of fifracture due to the constraint of the
matrix. The reduced yarn-yarn mobility enables tmenposite to have more energy
absorbed than dry fabric. This is supported by Bark' work. Bazhenov [16] tested dry
laminates and wet (water treated) laminates. Tiperxental results indicate that water
reduces yarn-yarn and fabric-projectile frictionhigh causes wet laminates to have
narrower yarn pull-out zone and absorb less entirgly dry laminates. Zengt al [19]
built a numerical model to study the yarn-yarn @iort of friction. Their model showed
that the increase in yarn-yarn friction for valwdg. from 0 to 0.1 doubles the ballistic
limit of ballistic fabric. Further increase yieldstle difference in ballistic limit.
Nevertheless, the results obtained from their cdatfmnal model are contrary to Briscoe
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et a's work. Briscoe [17] chemically-treated the Kevd woven fabrics to achieve
different levels of yarn-yarn friction. The soxhkettracted fabric (=0.25+0.03) gives
better ballistic performance than as-received @briu=0.22+0.03) and
polydimethylsiloxane (PDMS) treated fabrig=0.18+0.03), which is shown in Figure
2-10. As aresult, it is possible that further aase in yarn-yarn frictional coefficient after

0.1 may further improve the energy absorption diidte fabric.
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Figure 2-10 Residual velocity as a function of impa velocity for Kevlar 49 weaves
[17]

The approaches developed so far to increase yamfyetion have mainly been based on
chemical treatment. One of the most popular methisdshear thickening fluid
impregnation [77-79]. Shear thickening is definexl the increase of viscosity with
increase in shear rate [80]. The most widely udeehrs thickening fluid in ballistic
applications is the silica colloidal water suspengiSWS). Yarn pull-out tests showed that
the highest force required to pull out a yarn i@t 650 N for 40 wt% particle
impregnated fabric, which is 150 N greater thant thlaneat fabric [77]. It is also
considered that the pull-out force was very serssito pull-out speed for treated fabrics

[78]. The increase of speed from 100 mm/m to 14@&/mn causes the highest pull-out
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force to increase from 6 N to almost 12 N, whichamethe yarn-yarn friction could be
further increased at higher pull-out speeds inidiallevents. Both of the aforementioned
studies show the possibilities for improved battigterformance of impregnated fabric.
Younget al[79] suggested that, although the weight reduasorot noticeable for the two
types of panel of equivalent performance, treatatkefs offer considerably less thickness

and more material flexibility.

For ballistic fibres, a low coefficient of frictiowith processing equipment is desired to
reduce fibre damage. This gives rise to conflicBrgations as a high yarn-yarn friction is
required in ballistic applications. Chitrangad aRddriguez-Parada [81] developed a
finish with certain fluorinated compounds contaqipolar nitrogen groups to achieve a
higher yarn-yarn friction while not increasing yaquipment friction. Louis [82] found
that a deposition of 0.15 to 0.2 microns thick pgtyole film on Kevlar fabrics increases
the flechette resistance by about 19%. Apart frovenacal-related methods, researchers
also attempted to change yarn and fabric structtwesncrease yarn-yarn friction.
Hogenboom and Bruinink [83] combined filaments ajhhstrength and low frictional
coefficient and filaments of low strength and higbtion by core spinning. The combined
yarns are considered to take advantage of hybtidizaand be useful for bulletproof

materials.

2.2.6 Projectile geometry

Projectile geometry influences its ability to peatt the fabric layers, significantly
affecting the energy absorption of ballistic pan@mnet al[31] investigated the energy
absorption of Twaron CT 716 woven fabric impactgddur different projectiles, which
are shown in Figure 2.11. The results are revealddgure 2.12. They established that
sharper projectile shapes, such as ogival and alpmesult in less energy absorption than
flat and hemispherical projectiles. The higheslistad deceleration is found to be the
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hemispherical projectile (159m/s), which is almtsee times higher than the conical
projectile (59m/s). This is because projectileshvat sharp nose are more likely to slip
through the fabric between adjacent yarns duedw streamlined nose profiles. The flat
nose projectile, however, possesses an angledagdgtherefore is more likely to cut and
shear the fabric surface during impact. The heneigpal head projectile is found to
penetrate the fabric mainly by yarn stretching. &gesult, the energy absorbed in
accordance with the hemispherical head is morequmoeed than the other types. Lanal
[36] investigated the reinforcement effect of thaclo layer in a two-ply fabric system
using the four types of projectiles. It appeard #iiethe projectiles exhibit doubled energy
absorption in a two-ply system compared with alshpdy system except for flat nose
projectile. This is because the cutting effectlaf hose projectiles allows easy penetration
of the panel, which diminishes the reinforcemefeatfof the second layer. The cutting
effect is also observed by Prossenl [40] andShockeyet al[84]. They reported that the
projectiles with a sharp face are more likely to the fabric to failure and more easily

penetrate the target than blunt faced projectiles.

Figure 2-11 Different projectile used in Tanet al's work [31]
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Figure 2-12 Energy absorbed by fabric impacted by ifferent projectiles [31]

In order to investigate the energy absorption wébpect to the projectile nose angle,
Talebi [85] established a realistic finite elemerddel of Twaron fabric and simulated the
projectiles with nose angles ranging from 30° t@ 28The testing results validated the
findings of Tan. It is believed that decreasing tluse angle to less than 60° will not
necessarily result in more damage to the fabricafgiven length of the bullet. This is
because sharpening the projectile head will cabseldss of its total weight, which

consequently reduces the kinetic energy of theebudhd its efficiency. Moreover,

projectiles with a sharp nose are more likely talirwhen they come into contact with the

target at high velocity.

2.2.7 Projectile striking obliquity

Projectile striking obliquity is the yaw angle ahiwh the projectile impacts the fabric
target. The yaw angle is defined as the angle kertwike warp yarn direction and the
longest dimension of the projectile impact end [Z]inniff [86] found that at high areal

density, theVso velocity is closely associated with the projectilgpact obliquity (the
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definition of Vsowill be presented in section 2.3.2.2). It is coesadl that around 50%
more yarns will be damaged at a 45 degree angle #ihaa 0 degree angle [38]. This
phenomenon is thought to be due to the fact thiagud impact allows more orthogonal
yarns to assist in the energy absorption [87]. &apet al[88] suggested that a projectile
may rotate during penetration in a multiply fabsigstem, decreasing the hole size and
reducing the number of broken yarns. One thing kvating is that the influence of
striking obliquity is greatly dependent on the pwijle dimensions. If the length of the
projectile is equal to the diameter of the head, yaw angle is less likely to affect the

energy absorption of ballistic fabrics.

2.2.8 Boundary conditions

In penetration tests, as the fabric or panel sasnpé=d to be gripped by a clamp, the
boundary condition plays an important role in falenergy absorption. Cunniff [52] used
a chisel-nosed fragment simulator to test a sipgleKevlar woven fabric on an
aluminum plate with different apertures. He founaltthe ballistic performance is strongly
dependant on the aperture size at impact veloeiy tine ballistic limit of the fabric. It was
believed that a small holder aperture constrainis transverse and longitudinal deflection.
As the impact velocity increases, the effect ofrape decreases. Slippage of the fabric
between sample holders was observed, but Cunndflpas attention to the relationship
between the fabric performance and the clampingspire. Leet al [42] investigated the
energy absorption capability of compliant Spectmihate over a range of clamping
pressures in a quasi static drop-weight test. Thapd that the energy absorption at a
clamping force of 2 kN was about 4.5 times highantthat at a force of 254 kN. When the
clamping force exceeds 254 kN, the energy absarpsidound to be independent of the
clamping force, indicating that no slippage tookaal during impact. Chitrangad [89]

noticed that tensioned fabrics give better baflipgrformance than un-tensioned fabrics.

Shockeyet al [57] presented that fabric samples gripped on @édges absorbed more
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energy than samples gripped on four edges. In dad&rrther investigate the effect of

boundary conditions on fabric energy absorptiorytherformed a series of quasi-static
penetration tests on four-edge-clamped fabrics amaledge-clamped fabrics. The

load-stroke (penetrator displacement) curves fetwo boundary conditions are shown in
Figure 2-13. It is apparent from this figure thalthough the peak load of

four-edge-gripped fabric is 65% higher, the curltenges abruptly to zero after the peak
load, indicating immediate perforation on impadieToad for two-edge-gripped samples,
however, does not drop to zero, indicating contirsudeformation after peak load force.
This phenomenon enables the two-edge-clamped fabrabsorb more than twice the
energy than the four-edge-clamped fabric. It igelveld that it is the yarn pull-out that
contributes to the delayed penetration of two-eclgaiped fabric.
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Figure 2-13 Load as a function of penetrator displeement for fabric with two edge
clamped and fabric with four edge clamped [57]

Similar results were found by Zeng and his collesgZenget al[90] carried out ballistic
tests on fabrics with three types of boundary cionk: four-edge-clamped,
two-edge-clamped and four-edge-clamped with yaom®ing 45° to the edges and the

built up computational simulation to study the eféeof yarn orientations and clamping
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directions on energy absorption. The results sugdekat for a high velocity regime, such
as at an impact velocity of 450m/s, the amountnefrgy absorbed by the fabric on three

different boundary conditions is almost equal, waheshown in Figure 2-14.
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2-14 Energy absorption of fabric targets with diffeent boundary conditions [90]

Under a low impact velocity regime (lower than 238mfabrics clamped along only two
edges give superior energy absorption charactsisii those of the other two conditions
for the low velocity regime. It is quite interegjito note that clamping the four edges at 45°
improve the ballistic resistance slightly. The pgineason for this phenomenon is that the
rotation of the fabric contributes to an increakstain energy in the whole fabric. When
compared to fabric with a clamped angle of 0°,l&émgth of the primary yarns increases
and yarns originally remote from the impact poiecdme shorter. As a result, longer
principal yarns are able to distribute more praojedtinetic energy and shorter secondary
yarns are more easily stretched, and therefore mbthe fabric gets involved in the

deformation zone.
2.3 Experimental Investigation of Ballistic Impact

Experimental work is based on data obtained froltisha tests. This is an integral part of

soft body armour design and manufacture. From aarel point of view, results from
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experimental tests and observation not only diyantlicate the performance and usability
of materials in ballistic applications, but providmpirical data to test the validity of the
theories put forward in this field as well. Thisgen will list the methods and approaches

adopted to study fabric response and evaluatertsimance upon ballistic impact.

2.3.1 Photographic and monitoring techniques

Photographic and monitoring techniques are maiblyua the observation of ballistic
events using a high speed camera or other morgtdechniques. Susicét al [91]
performed a microscopic study on nylon soft bodyw@ur and observed various types of
failure mechanism on the penetrated sample. Evatutie damaged fibres by using light
microscopy, polarised light microscopy and scanralegtron microscopy, Prosset al

[40] suggested that heat, depending on how, whdnéaere it is generated, can degrade
fibre performance in a sense. Wilekeal[92] observed the high-speed missile impact event
using high-speed photography. One of their achievsis that fabric deformation was
determined to be pyramidal before penetration andensonical after penetration. They
also concluded from their observation that the priytyarns could account for 50% to 100%
of the projectile energy loss. Field and Sun [4&Hdian image convertor camera to shorten
the photography to microsecond intervals, whictbéeththem to observe the impact event
at velocities up to 1000m/s. The significance of giudy, as suggested by Roylance [41],
is that the fibres which exhibit the best perforo@rare those which combine a high

modulus and large strains before failure.

Schmidtet al [93] used a pair of high-speed cameras for redyrtamic deformation,
showing shape and strain details of a fabric upaltisbc impact. The information
obtained is used to validate the FE model in LSDY&IA to quantify the transverse
deflection. Nurick [94] used light rays emittedrfr@ silicon photovoltaic diode to monitor
the deflection of the target. The resolution oftimeasurement is considered to be highly
dependent on the distance between adjacent raysedtaand Kelkar [95] developed a
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laser line velocity sensor system to measure thplatement of the projectile prior to
impact, to hence determine its impact on velocitgd acceleration . Starragt al [32]
enhanced this system and used it in the ballistjgaict test. The system is schematically
illustrated in Figure 2-15. A sheetlayer of lightamitted from diode layer 1 and diverted
through a series of lenses (2, 3, 4, 5). The rasulayer light is a sheet of light with
uniform width, thickness and intensity. The shedghen focused and received by a silicon
PIN photo detector (7). When the projectile is méshe sheet, the oscilloscope shows
maximum voltage (before A in Figure 2-15 and Figew®6. As it moves from A to B, the
light sheet is blocked out and the voltage dropsnB to C, the intensity of the sheet
keeps at minimum value. As the projectile begingetve the light sheet, the intensity
increases with a corresponding rise in the volid@gen C to E). The application of this
system enables them to determine the projectilecitg] acceleration, impact force and

energy loss, which gives a direct understandintp@fresponse of the fabric target.

Target l:l
|

h.'!

Projectile Directiun of Motion

Figure 2-15 Schematic diagrams of enhanced layereeity sensor [32]
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Figure 2-16 Time history of voltage curve for a bdistic impact [32]

2.3.2 Ballistic performance evaluation

Many techniques have been used to measure thatyedba projectile. The most widely
used systems are instantaneous, discrete techrégaksas sensors or chronographs. The
impact or residual velocity of a projectile is adfted from the distance between two
sensors divided by the time taken by the projedljimg between the sensors. Sensors
currently employed in the ballistic range includght emitting diodes, laser beams, thin

wires or infrared beam.

2.3.2.1 Energy absorption based on impact and residl velocity

The most direct way to evaluate the ballistic penfance of a fabric is to calculate its

energy absorption. The following equation has hessd by many researchers:

AEzém(v_f -Vv?) (2.4)
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whereAE is the kinetic energy loss of projectile inndjs the mass of the projectile in kg,
Vs andyv; are striking and residual velocities of the prtijecin m/s respectively. This
includes works by Shockeat al[84], Kocer [96], Shiret al[35, 97] Prosseet al[98],
Wilde et al[99], Cunniff [52], Limet al[36], Tanet al[31] and Leeet al[21].

2.3.2.2Vx

The V5o is defined as the average of an equal number dielSigpartial penetration
velocities and lowest complete penetration velesijtiwhich occur within a specified
velocity spread. A minimum of two partial and twonaplete penetration velocities are
used to complete théso. Four, six and ten rounds are frequently used][200nniff [69]
normalised the fabric energy absorption througliditig (v~ ) by v&, which is plotted
as a function o¥s- Vso. He found that the energy absorbed is in proportiothe striking
velocity and areal density of the armour systemiriAet al[101] tested th&/so of various
UHMWPE woven fabrics with a Fragment Simulated &ctje (FSP). The data were used
to study the structure effect on the ballistic parfance of woven fabric. Price and Young
[102] designed body armour systems comprising wiffetypes of fabric and us&f, as a
benchmark for ballistic performance. Figucia [108gveloped a new Ballistic
Performance Indicator (BPI) and compared the détaactualVsy values for five Kevlar
materials. He found that satin weave gives supdrallistic performance over other

structures due to its higher lateral mobility.

2.3.2.3 Ballistic performance evaluation based ordgk face signature (BFS)

The non-penetration test for armour performancéuatian is based on the measurement
of the back face signature depression producetehdcking clay. One of the widely used
standards is that of the US National Instituteusftite (N1J). Since its first introduction in

2000, it has been applied by many countries aratedworld. In this standard, the
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performance requirement and test method for hunwaty Iprotection against ballistic
impact are listed. The ballistic armour is clagsifinto seven levels. Type |, Il A, Il and Il
A provide increasing levels of protection from hguad threats. Types Il and IV armour,
which protect against high-powered rifle rounds, far use only in tactical situations. The
standard is shown in Table 2.1[104]. The backin¢enia in use is Plastilirf4l (clay), the
velocity of a projectile is determined by two chognaphs, as shown in Figure 2.17. 48
rounds will be fired to complete the test. No peat&in is allowed. 16 measurements at
normal obliquity will be recorded and no depth aick face signature is allowed to be

greater than 44 mm.
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Table 2-1 NIJ standard 0101.04 P-BFS performance sesummary[104]

Armor Test Test Bullet Reference Hits per BFS Hits per Shots  Shots Shots Total
type round bullet weight velocity armor part depth armor part per per per shots
(=30ft/s) at0°angle maximum at 30° angle panel sample threat required
of incidence of incidence
| 1 .22 caliber 26g 329m/s 4 44 mm 2 6 12 24 48
LR LRN 40 gr (1080 ft/s) (1.73in)
2 380 ACP 6.2g 322m/s 4 44 mm 2 6 12 24
FMJ RN 95 gr (1055 ft/s) (1.73in)
A 1 9mm 8.0g 341 m/s 4 44 mm 2 6 12 24 48
FMJ RN 124 gr (1120 ft/s) (1.73in)
2 40 S&W 11.79g 322m/s 4 44 mm 2 6 12 24
FMJ 180gr (1055 ft/s) (1.73in)
Il 1 9mm 8.0¢g 367 m/s 4 44 mm 2 6 12 24 48
FMJ RN 124 gr (1205 ft/s) (1.73in)
2 357 Mag 10.2¢g 436 m/s 4 44 mm 2 6 12 24
JSP 1568 gr (1430 ft/s) (1.73in)
A 1 9 mm 82¢g 436 m/s 4 44 mm 2 6 12 24 48
FMJ RN 124 gr (1430 ft/s) (1.731in)
2 44 Mag 1569 436 m/s 4 44 mm 2 6 12 24
JHP 240gr (1430 ft/s) (1.73in)
11 1 7.62 mm 96¢g 838m/s 6 44 mm 0 6 12 12 12
NATO FMJ 148 ¢gr (2780 ft/s) (1.73in)
v 1 .30caliber 108¢g 869 m/s 1 44 mm 0 1 2 2 2
M2 AP 166 gr (2880 ft/s) (1.73in)
Special ' ’ ' : ! 44 mm : : : ! '

(1.73in)
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Backing material

/\Hrmﬂr

Line of flight

Stop trigger

A- 5mfor type I II-A I,
and lII-A armors; 15 m
for type 11l and IV armors

Start trigger

Test B - 2 m minimum

Weapon C - Approximately 0.5 fo 1.5 m

Chronograph

Figure 2-17 Ballistic test setup for NIJ test [104]

The Home Office Scientific Development Branch (H@ballistic armour standard is a
method for evaluating the ballistic protection afdy armour systems for British Police.
The body armour system is required to provide cigifit protection of the human body
against projectile penetration and blunt traumae Dlody armour is placed against a
420mmXx 350mmXx 100mm box filled with Roma PlastiliRaNo.1. The threat is divided
into eight levels according to different ammunitiand impact velocity. Details could be
referenced from the HOSDB Body Armour Standard i€ Police (2007) Part 2:
Ballistic Resistance[105], which is shown in TaBK2. Shots 1, 2, 3 and 6 will be at 90
degrees and shots 4 and 5 will be at 60 degreescrltieria and set up are shown in Figure

2.18.
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Figure 2-18 Test apparatus for HOSDB ballistic teshg [105]



Table 2-2 HOSDB Ballistic Performance Levels

Performance | Calibre | Ammunition | Bullet Min BFS(mm) | Velocity
level Description | Mass Range (m/s)
(m)
HG1/A 9mm 9mm FMJ 8.0g 5 44 365+ 10
(Low hand gun) Dynamit Nobel (124 grain)
DM11A1B2
0.357” Soft Point Flat 10.2g 5 44 39010
Magnum Nose (158 grain)
Remington
R357M3
HG1 9mm 9mm FMJ 8.0g 5 25 365+ 10
(Low hand gun) | Calibre Dynamit Nobel (124 grain)
DM11A1B2
0.357” Soft Point Flat 10.2g 5 35 39010
Magnum Nose (158 grain)
Remington
R357M3
HG2 9mm 9mm FMJ 8.0g 5 25 365+ 10
(High hand gun) | Calibre Dynamit Nobel (124 grain)
DM11A1B2
0.357" Soft Point Flat 10.2¢g 5 25 390+ 10
Magnum Nose (158 grain)
Remington
R357M3
HG3 Carbine Federal Tactical | 4.01g 10 25 750 + 15
(Protection 5.56x45 Bonded (62 grain)
against specific NATO 5.56mm (.223)
5.56mm 1in7” LE223T3
ammunition up to | Twist Law Enforcement

228mm barrel

length)

Ammunition
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Table 2-2 Continued: HOSDB Ballistic Performance Lgels

Performance | Calibre | Ammunition | Bullet Min BFS(mm) | Velocity
level Description | Mass Range (m/s)
(m)
RF1 Rifle BAE Systems 9.3g 10 25 83015
(Rifle) 7.62mm Royal Ordnance | (144 grain)
Calibre Defence
lin12” Radway Green
Twist NATO Ball
L2 A2
RF2 Rifle BAE Systems 9.79 10 25 850 + 15
(Rifle) 7.62mm Royal Ordnance
Calibre Defence
lin12” Radway Green
Twist Nato Ball L40Al
7.62 X 51mm
High Power (HP)
SG3 Shotgun Winchester 1 oz. | 28.49g 10 25 435+ 25
(Shotgun) 12 Gauge Rifled (437 grain)
True Lead Slug
Cylinder 12RS15 or
12RSE

Other standards such as the NATO standardisatioseeagnt, STANAG 2920 and
International standard, ISO/FDIS 14876 protectil@hing- body armour also cover
methods to classify and to test body armours déifit protective levels. There is a large
volume of published work investigating the perforroa of a panel through the back face
signature [78, 106-108]. However, approaches afkhnid are limited to the measurement
of the depth and diameter of the back face sigeat(arahan [64] used Maple 10 software
to determine the volume of the back face signatboenbined with the data obtained from
the quasi-static weight-dropping test, the eneggyuhit volume of clay was calculated.
The value is employed in the ballistic non-penéiratest to calculate the energy absorbed
by the backing clay. Knowing the projectile impactergy, the energy absorbed by the

fabric panel is then able to be obtained. One mdjawback of this approach is that the
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author paid less attention to differentiate theanat response from quasi-static impact
loading and high-velocity impact loading. As hasitbenentioned in the previous section,
local damage dominates energy absorption when #ieicf target is subjected to

high-speed impact. It is not appropriate to appb/data obtained from quasi-static test to
calculate the energy absorbed by the backing alayhallistic test. In addition, the volume

of the back face signature is formed by turningdhere 360 degrees around the central
line in his research. It has been found in mangiopieople's work that back face signature

is irregularly shaped, and therefore the validityhis approach should be questioned.

2.4 Theoretical Investigation of Ballistic Impact

Modelling ballistic impact is an integral part bitresearch work and has been the subject
of much interest. Generally speaking, the invesitigaof ballistic impact on fabric body
armour is based on three aspects: experimentalyt@mafh and numerical studies.
Experimental studies, which have been exhaustidedgussed in the previous section,
seek to evaluate fabric target performance thr@aghe parameters, such\ag and back
face signature. Although experimental work is esBakror ensuring the utility and
effectiveness of the body armour system, they atle time and money consuming. With
the development of computer power and the undedstgrof the mechanisms of ballistic
impact, ballistic simulations, both analytical amgmerical, have made the research work
increasingly cost-effective and flexible. This sewctaims to provide an elemental

overview of the literature in this area.

2.4.1 Analytical models

Analytical models are based on the general contmonechanics equations. As the impact
events become more complex and more influencingofeicneed to be taken into

consideration, the equations used become incrdgsiognplicated. The development of
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an analytical model requires thorough understandinthe physical phenomena taking
place during ballistic impact. Analytical modelsable the investigation to be carried out
with less time than numerical models. However, thidelieved to be achieved at the

expense of complete accuracy.

Smith et al [43] used an analytical model to study the respook a single-yarn to
transverse impact and correlate the velocity ofdvarse wave front with the longitudinal
wave velocity and yarn strain. The surveys of ain@dy models of ballistic impact upon
woven fabric have been noted in a number of putiiina [109, 110]. Gu [23] pointed out
that these models only take into considerationktteakage of the principal yarns, the
energy absorbed on the secondary yarns and falmétik energy have not been paid
enough attention. He built an analytical model ngkinto account the tetrahedron
deformation of fabric. The fabric strain and kigeginergy in that area were considered.
Porwal and Phoenix [68, 111] developed an analyticadel to study the "system effects”
in a two-layered fabric panel. The "system effedtglude the contact between the
adjacent layers and the stacking order of differmaterials. Cheret al [72] further
perfected the analytical model by incorporatingssHtailure criteria into the model, which
reveals different damage mode for fabrics neaiirtipact face and fabrics near the back

face.

2.4.2 Numerical models

Numerical models are based on finite element atefidifference code. As this method
provides a more correct representation of the éalsome numerical models enable fabric
to be simulated at yarn level), a more precise kitimn of ballistic impact can be achieved.
Among the main numerical works undertaken so fauy tlasses can be identified: the
pin-jointed model, the 3D continuum finite elememtdel, the unit-cell based model and

the membrane/shell element based model.
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2.4.2.1 Pin-jointed models

This type of finite element mode uses orthogonaljpinted bars to represent fabric
samples. Roylance and Wang [112] used a netwoiktefconnected fibre elements to
simulate ballistic impact and suggested that thej@nted model leads to a good
agreement with the transverse deformation obsamedr high speed camera. Stetral
[35, 97] incorporated a three-element linear vidastic model into the model to capture
the strain rate sensitivity of Twaron fibres. Potidin of the residual velocity and energy
absorption in the model show good agreement wigegmental data. Based on this work,
Tanet al [60] incorporated yarn crimp into the fabric modsing two methods. The first
method is to include the initial low modulus regi®] of woven fabric subjected to
tensile stretching in the viscoelastic model. Téeosnd method is to reshape the yarn path
into a zigzag manner. The latter model is foundgiee a closer agreement with
experimental results than the former one. Thiseisalose the fabric model with a zigzag
yarn path is able to reproduce the whole impachgwehereas the model with a straight
yarn path begins to deviate during the processoB&nd Robinson [113] compared the
validity of a pin-jointed model and the analyticabdel and found that both models are
useful in predicting the ballistic performance abfic armour. While the pin-jointed
model is capable of presenting the fabric resptmballistic impact, the discrete nature of
the fabric forming yarns is oversimplified. As asu#, factors such as fabric structure,

yarn-yarn and layer-layer contact are not taken coinsideration.

2.4.2.2 Three-dimensional continuum element models

Three-dimensional continuum element model modt@rimed by 3D continuum element,
which enables the simulation to take account ofdiserete nature of woven fabrics. For
the modelling of flexible fabrics, the most commponised commercial finite element

packages are ABAQUS by the ABAQUS Inc, DYNAS3D bytiads Development Group
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at Lawrence Livermore National Laboratory and LSN)Aby the Livermore Software
Technology Corporation. In recent years, thereble@s an increasing amount of published
work in this area. Shockest al [57, 67, 84, 88] modelledplain woven fabric withlid
elements and found that the model became unstaliteeanumber of elements increases.
Gu [114] incorporated Weibull constitutive equatdnto LS-DYNA and considered the
effect of strain rate on fabric energy absorptidmanget al[115] studied the influence of
frame size, frame type and clamping pressure orlpamergy absorption in the finite
element model. The key problem of their model &t tine sine-wave shape of the yarn
path has been simplified as a rectangular wavegtwaffects the yarn-yarn movement.
Duanet al[18, 116, 117] and Raet al [118] also used the FE model to investigate the
effect of boundary conditions and friction on therfprmance of a single-layer woven
fabric. However, they made no attempt to differatetithe material properties in various
directions. Their conclusions might have been farrempersuasive if the transverse
modulus and shear modulus were studied in detathé models. Talebet al [85]
employed FE methods to analyse the influence of aagle of the projectile ranging from
30° to 180° through fabric energy absorption, sizéhe hole and stress distribution. éin

al [119] made an exhaustive investigation on theidiadlperformance of angle-interlock
fabrics. The theoretical data are validated anavsteogood agreement with experimental

results.

By using three-dimensional finite element modéig, dynamic response of fabric upon
ballistic impact could be predicted in a more aat@irmanner. Yarn-yarn, layer-layer
contact and friction related properties could beetainto consideration. Nevertheless,
this method is found to be computer effort consymniespecially when it is used to

simulate a panel system containing 20 to 40 lagkfabric.

2.4.2.3 Unit-cell based model

The unit-cell based model is dependent on the aiore of the membrane response of
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fabric in a cell element. It aims to study the yand fabric properties at a meso-scale. In
this approach, a fabric model is formed by the a¢ipg cells of yarn crossovers. The main
issue regarding this type of model is that a ckad realistic representation of yarn

behaviour when subjected to impact load is requsadh as yarn pull-out.

Shahkarami and Vaziri [120] simulated the wovenitaim three steps: (1) development of
the biaxial behaviour of the unit-cell; (2) devetognt of the in-plane shear response of the
unit-cell; (3) development of the out-of-plane sheasponse. The resultant model is
incorporated into a material subroutine, which barreadily used with dynamic-explicit

finite element softwares.

The biaxial response of fabric was first studieKlayvabata et al [121]. In their analytical

model, the yarn crossover is simplified to a pdiraxs, and the relationship between
compression force and the movement of contact peastestablished. Figure 2-19 shows
the unit structure of a crossover in a fabric. Blase the analytical model, Shahkarami
and Vaziri [120] adopted a two-variable Newton-Reghiterative scheme to numerically

determine the displacement of the contact poine diit-of-plane shear modulus is set to
be zero as there is little resistance against sfugae at the crossover point. For the
in-plane shear modulus, it is believed that thisapeeter is not a mechanism influencing
fabric ballistic performance. Grujiciet al [122] used the same model for fabric biaxial
behaviour and for shear properties, they appliedngriane and an out-of-plane shear
stress to the unit cell model and found that the parameters are related to yarn-yarn

friction.
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Figure 2-19 Unit structure of a crossover [121]

2.5 Summary

In this chapter, literature related to this reskdras been reviewed for the need to develop
an in-depth understanding of the research backgrdtour aspects have been covered,
namely energy absorption mechanisms of fabrics badlistic impact, factors influencing
fabric performance, experimental testing methods$ standards, and the modelling of
ballistic impact on soft body armour. While the etijve of the research is to develop
lightweight soft body armour, previous work prowdguidance for improving the

performance of ballistic fabrics at a reduced weigh

One of the approaches to improve the performancéatifstic fabric is to develop

materials with a high modulus combined with suéfidi energy absorption at break when
a panel is subjected to high strain rate impactil®\Wheight is an essential requirement in
designing soft body armour, material density isimportant factor which needs to be
considered. For ballistic applications, the optiafidibres are limited. These days, the
most widely used fibres for soft body armour mantifee are mainly aramid and
UHMWPE fibre, which show higher strength based eigivt and volume when compared
with other types of synthetic fibres[15]. Other lnigerformance fibres which meet the

requirements are considered not suitable to be msgdft body armour, which has been
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discussed in Chapter 1. Fibre materials used fitisti@ application are fundamental. On
top of that, it is also very important to investigahow to imprve the ballistic
performance through engineering fabrics by using@griate structures.

According to the literature, inter-yarn friction mne of the factors determining the
performance of woven fabrics. Although there isshortage of literature on the working
mechanisms of yarn-yarn friction [16-19], littldeaition has been paid to the relationship
between friction and strain distribution. This @ will examine the influence of
yarn-yarn friction on fabric stress distribution bging FE methods. In addition, as the
majority of the approaches employed to increase-yarn friction are based on chemical
treatment technologies, there is little work foaisen employing textile-based
technologies. In the present research, novel wgaeichniques will be used to create real
woven fabrics with increased inter-yarn friction power looms, aiming to explore the

possibility of improving the ballistic performanoésoft body armours.

While the literature also shows that different lsyef fabric in a panel tend to exhibit
different failure mechanisms [21, 72], it is pos$sibp mix different materials in a proper
sequence which would hopefully make the best uskeif corresponding properties and
consequently enable the ballistic panel to be nemergy absorbent. Detailed planning

and methodologies for undertaking this researchbaildiscussed in the next chapter.
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Chapter 3 Methodology and Preliminary Work

As has been mentioned in Chapter 1 andttie problem presented in this research is to
develop lightweight soft body armour with improvdxllistic performance, which
encompasses the investigation of fabric with inseeainter-yarn friction and the
engineering of hybrid panels. In order to condihet tesearch work and achieve the listed
objectives listed in Section 1.3, research methmgiphas been planned and described in
steps. Two complementary approaches were emplayednplete the research, namely
an experimental investigation based on ballistivgb@ation and a theoretical investigation
based on finite element (FE) analysis. A comprelrerdescription of the ballistic range

and the creation of FE models will be presentetthischapter.
3.1 Methodology

The ballistic shooting test enablesto have a duwaderstanding of how soft body armour
dissipates and absorbs projectile energy. In tesearch, fabric performance was
determined by two evaluation methodologies: petietrtaand non-penetration tests. The
former method is based on working out the projedtihetic energy loss absorbed by
fabric when it completely penetrates a fabric ongddarget, which has been described in
Section 2.3.2.1. For the latter method, the prdogedbes not penetrate the fabric panel and
remains in it. Although enough fabric layers amcked to stop a projectile, the energy
absorbed by the fabric panel is difficult to detemen This is because the impact may
transmit great force through a panel target, legpdincertain amount of energy to be
absorbed by the backing material and forming a li@c& signature. As a result, the depth

of back face signature is employed as an indiaaittine ballistic performance.

The second approach used to conduct this resesficiité element analysis on UHMWPE
plain woven and UD fabric. A reliable FE model sstwo purposes, i.e., obtaining data
which are not available in experimental tests anodiding guidance for panel design. The

employment of finite element analysis also allowsdations which are difficult to
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achieve in practice. These lead an in-depth urallgig of the energy absorption

mechanism and to reduce the cost of developingldalgcs for ballistic protection.

3.2 Ballistic Range

The ballistic range in use is capable of carryinglwoth penetration and non-penetration
ballistic tests. Penetration tests are carriecbaidingle layer fabrics and panels with small
numbers of fabrics to measure the fabric or fapaicels’ ability to absorb energy from the
impacting projectile, which are shown in Figure 3id Figure 3-2. In this set-up, the
projectile is a 1 gram, cylindrical projectile wigokength and diameter both measure 5.5
mm. The velocity of the projectile propelled by@ayuler cartridge is in the range from 400
m/s to 500 m/s. The ballistic range is equippedh\aitigh speed camera, which is able to
show the ballistic impact upon fabric targets. Tddwic sample is fixed on a clamp with an
aperture diameter of 15 cm. The ballistic perforoganf the fabric is measured by the

energy loss of the projectile. The projectile kioe&nergy loss is determined by equation

2.4
Fabric sample Infrared detector.
AN =
N e

Gun.

‘\/ High speed camera.

Timers.

Figure 3-1 Schematic diagram of the ballistic range
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Timers.

High speed camera.

Figure 3-2 Ballistic range

For non-penetration tests, fabric panels, whichmaade from sufficient numbers of layers
to stop the projectile, are mounted unclamped atja@nclay block simulating human
muscle. The clay in use is Roma Plastifit.1. In most cases, the panels are not fully
perforated, and the ballistic performance of thegisis assessed by the number of fabric
layers fractured and the depth of the back faceesige. The shape and volume of the back
face signature can be taken to study the residwabg carried by the projectile when it is

checked.

3.3 Creation of Finite Element Models

3.3.1 A brief introduction to ABAQUS

As has been mentioned in the previous chapter, ABB@ a commercial finite element
package developed by ABAQUS Inc. Its extensive elarlibrary coupled with powerful

sketching tools enables the modelling of any geomdthe equally extensive built-in

material models make possible the simulation oftrengineering models. ABAQUS also
offers the option of the use of user-defined matenodels, which is quite flexible for the
testing of new theories through numerical methdoeré are many ABAQUS products. In
this research, ABAQUS/explicit was employed for glation due to its suitability to

process brief, transient dynamic simulations suchmgact or blast problems [123].
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In ABAQUS, a complete finite element analysis isialy composed of three stages:
pre-processing, simulation and post-processinghénpre-processing stage, an input file
is created through ABAQUS/CAE, an interactive eanment allowing the description

of physical problems and the importing of modekdlstinto the processor. Simulation is
the stage in which the problem is analysed andgssed. Depending on the power of a
computer, it may take from minutes to weeks to detepan analysis. The results are
stored in an output file and evaluated using theuslisation Module of ABAQUS/CAE

in the post-processing stage.

The description of a physical problem encompass®ral components, including
creating the model geometry, identifying the eletremction and the material properties,
setting loads and boundary conditions, definingahalysis type and the output request.
In ABAQUS, a model part could be either sketchethim ABAQUS/CAE environment
or imported from external software. The part isied by many interconnected elements,
which represent the basic geometry of the modatsire. In the next stage, the material
section is specified for the elements, aiming thngethe coordinates of nodes and their
material properties. As the physical propertiesnaiterial data are difficult to measure,
the accuracy of the ABAQUS model is limited wheromes to the simulation of those
materials. Loads are applied to the model to speb# initial conditions, and boundary
conditions are used to constrain the model orlawaihe model to move by a prescribed
amount. The analysis type could be either defiredtatic or dynamic, among which
dynamic analysis is of more interest for cases bkdlistic impact. The final step of
model creation is to set the output request. Bytilig the output results, both computer

running time and disk space can be saved.
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3.3.2 Creation of geometrical model
3.3.2.1 Projectile model

In the event of high velocity impact, a projectiiea more rigid material is collided with a
panel of fabric which is flexible. The projectileontel is of a cylindrical shape with the
diameter and height both being 5.5 mm, and the wiab® projectile 1 gram, which is the
same as the projectile used for practical balligsts. The projectile is shown in Figure
3-3. The density of the projectile model is sebéo7.8g/cm As there is little deformation

on a projectile in real test, model property ismed as rigid body.

(a) Projectile model (b) Real projeite
Figure 3-3 Projectile simulation

3.3.2.2 Geometric model of a single yarn

Yarn cross-section

Circular cross-section model

The modelling of yarn geometry has been a subjertterest for a long time. Scientists
have developed numerous models to study the balvawfo/arn and fabric. Peirce [124]
made an early attempt to describe the yarn cradsseeas circular, which is shown in
Figure 3-4. This model, however, ignored yarn begdigidity and suggested that fabric
gives little resistance when subjected to intestia@sses. In addition, Peirce's yarn model
might be applicable for staple yarns with high twkor filament yarns with low twist,

such as the Dyneema yarns used in this work, tfoellar model is not suitable. He later
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considered the yarn geometry under compressionellibee was proposed to be the shape

of the yarn cross-section.

NG
(N

Figure 3-4 Circular cross-section model [124]

Racetrack cross-section model
Kemp [125] described the yarn cross-section ascatmack. This model is formed by a

rectangle with four circular arcs attached on the torners, which is shown in Figure 3-5.
The racetrack model facilitates the modelling afnyflattening and the calculation of the

yarn path. However, the accuracy of this modelisstjonable as it does not represent the
true shape of the yarn cross-section. As a rethdtracetrack model is less suitable in
simulating yarns with few number of twist in thessearch. The geometry of the racetrack

can be presented as below.

S

N
L7

— e o

Figure 3-5 Racetrack cross-section model [125]

Lenticular cross-section model
Shanahan and Hearle [126] proposed a lenticularemathich gives a more precise

representation of yarn cross-section. This moderimed by two arcs and is thought to be
able to best embody the mechanical behaviour aiddbrming yarns [126], which is
shown in Figure 3-6. For ballistic impact simulation woven fabrics, many works have

used this model for yarn modelling due to its géibtb true yarn geometry.
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Figure 3-6 Lenticular cross-section model [126]

Simulation of yarn cross-section in UHMWPE plain woven fabric

Optical microscopy observation

Optical microscopy was used to obtain the crostiesed image of Dyneema yarn. The
fabric was gripped by a clip and was cast in résirestrict its movement. The mould was
then polished on a grinding machine to have a smitat surface for observation. As can
be seen in Figure 3-7, the shape of the yarn @essen is close to the shape of alen. As a

result, the lenticular model will be used for FEhslation

Figure 3-7 Optical microscopy observation for the mss-section of fabric forming
yarn

Yarn cross-section height

As the fabric forming yarn is a bundle of filameritss difficult to measure the height and
the yarn cross section with conventional approachss result, the value is taken from

real yarns when all the filaments are intenselyjkpddogether. The Kawabata Evaluation
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System (KES) was used to measure the fabric thesknaeder compression, from which
the value of yarn thickness was obtained. KES veagldped by Professor Kawabata and
is widely used for the testing of fabric mechanjmalperties. For the compression test, an
area of 2crhis measured with a KES-FB3 compression testefattit compressibility is
obtained from an increase in vertical pressure. félationship between compression
stress and strain is recorded and is shown in €i@48. The thickness of the fabric
decreases with the increases of pressure up thua 850 P.gf/crh It is considered that
the filaments are closely packed under the ultintzatepression force and half of the
thickness will be taken as the height of the yaoss section. The value is determined to
be around 0.380 mm and therefore the height of/#tie cross section is 0.19 mm, which

Is shown in Appendix Table 1.

(o] '8) pansaag

1.0 0.8 0.6 04 02 0.0
Thickness (mm)

Figure 3-8 Pressure as a function of fabric thickngs

Yarn cross section width
The weave density of real fabric is 6.75 threads ift both the weft and warp directions.

As neighbouring yarns are not closely packed invtbeen fabric, it is not appropriate to
determine the yarn cross section width through wehansity. As it can be seen in Figure
3-9, yarn spacing is noticeable and could not bgleated. Due to the effect of yarn
interlacing, the width varies in different locatorFor finite element models, the yarn

cross-section width was determined to be 1.35 mm.
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Figure 3-9 SEM observation for the woven fabric

Yarn path

The yarn path can be considered as lenticulanaingsh share the same centre of a circle
with the cross-section of its orthogonal yarnsadidition, as is proposed by Heaeteal

[127], the model must possess constant curvatugealalong the yarn path.
3.3.2.3 Definition of contact

For ballistic event simulatiorthe general contact algorithm is used to definenyarn
interaction and the contact pair algorithm is utedefine projectile-fabric interaction.
As the interaction property is determined by thefficient of friction in ABAQUS, tests

were carried out to obtain these values.

Coefficient of projectile-fabric friction

The coefficient of friction between a steel projecand fabric surface was determined by
using the KES-FB4 surface tester. In this instrutnanfinger-simulating sensor rubs
against the surface of the fabric sample, detedtiegresistance of friction between the
interfaces. The frictional property of UHMWPE waowviabric was revealed in Appendix
Table 2. The coefficient of friction was determirtecbe around 0.174, the value of which

is used in ABAQUS to define the coefficient of fran between a projectile and a fabric
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model.

Coefficient of inter-yarn friction

The coefficient of inter-yarn friction is determth&om a yarn frictional test. The method
is suggested by Standard ASTM D3412 [128] and Idatall be presented later in Chapter

5. The value for UHMWPE yarn was determined to 44 9.
3.3.2.4 Mesh scheme

The projectile and yarn in the model are both méshieh eight node hexahedron elements.
It has been found that the time needed to runaiésjgreater and job storage requirement
is higher when the element density is higher. Adow to previous work [116-118, 129]
associated with using finite element software, tbeed number along the yarn
cross-section upper and lower arcs was set todnel hat along the yarn profile was set to

be 12 per wavelength, which is shown in Figure 3-10

(a) Lateral view (b) Front view

Figure 3-10 Yarn model

3.3.2.5 Boundary Conditions

The woven fabric model is 15 cm in diameter, whacjuals the aperture diameter of the
clamp. As the model is symmetrical about the thax}6¢and the Z-axis through the centre

point, only a quarter of the section is requiredesimulated. By doing this, only a quarter
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as many elements and a quarter the number of degfe&reedom are used, which
significantly reduces the run time and storage irequent for analysis. The simulation

was based on the following assumptions:

» the impact point is in the centre of the fabrigy&dr

» the centre point is an interlacing point of a wargl a weft yarn; and

* the bullet hits the fabric at 90°.

For the fabric and bullet boundary on the YZ aral ¥X plane, the translational freedom
perpendicular to the symmetrical plane and thetiootal freedom in the symmetrical
plane, are constrained and the value of freedaatito be zero. It has been found that the
quarter model is able to reflect the nature of rém ballistic event as accurately as a

full-sized model.

Figure 3-11 Quarter model for projectile and UHMWPE woven fabric

3.3.2.6 Mechanical properties of yarn model

Yarn density

Due to the existence of fibre-spacing in a yaris ihappropriate to set the yarn density to
be the value of the fibre density (970 kdfmAs the yarn is formed by a bundle of fibres, it
is assumed that the yarn will have a tightest valuatio of 0.91[118]. Yarn density was

based on from the density of UHMWPE fibre, leadio@ value opyam= 882 kg/n.
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Transversely isotropic material

Fibre
Axis

Figure 3-12 Transverse isotropy; axis 1 and 2 aregeivalent

"Transverse isotropy" is a special kind of anispitomaterial in which there are three
mutually perpendicular principal directions, witha of these being equivalent, which is
shown in Figure 3-12. This type of material modemainly used for fibres, especially
those which have been uniaxially drawn during thmrang process, such as melt-spun

synthetics. In a transversely isotropic material,

E, E, E;, 0 0 0]
E, E, 0 0 O
- E, 0 0 O
E. 0 O
E. O
L =
E =E3s3
Er=E>x=En
V23=V13
G=Ess~Ess
. 2

E,=G
66 — 12 L+,

E1=-vo1Er
E13=Eo23=-v31 Er

As a result, only five constants are needed andnideix could be written as follows:
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Longitudinal modulus E

The longitudinal modulus of the material was olgdinfrom the DSM Dyneema
high-strength, high-modulus polyethylene fibre falseet [130]. As can be seen in Table
3-1, the tensile modulus is within the range frad® GPa to 132 GPa, an average value of

120 GPa was taken for Finite Element model simutati

Table 3-1 Tensile properties of Dyneema yarns [130]

Fibre type Tensile strength Tensile modulus Elongatin
N/tex g/den Gpa N/tex g/den Gpa to break %

Dyneem®SK78 | 3.4-4.0 38-45 | 3.3-3.9 112-137 1267-1522 109-132

Dyneem#&®SK75

Dyneem#®SK65 | 2.53.4 | 28-38 | 2.4-3.3 67-102 759-1158 65-100 3-4

Dyneem#&®SK62

Dyneem#&®SK60

Dyneema®SK25 | 2.2 25 2.2 54 608 52

Transverse modulustE

Sherburn [131] characterised yarn transverse msddwa function of the volume fraction
and the transverse strain. Lat al [132] used this theory to calculate the transverse
modulus of Chomarat yarns in plain weave and satesve, which are 75 MPa and 15
MPa respectively. Nevertheless, for simulationgaifistic impact on woven fabrics, the
model was found to be unstabldtifis too low. In order to investigate the influendeee

on fabric performance, thr&g values were tested in the finite element modguia 3-13
shows the Contour plots of stress distribution atlistic impact onto woven fabric
models with different transverse moduli. As carsben, the elements are more likely to

exhibit excessive distortion whdfr equals 0.075 GPa, which considerably affect the
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stability of the finite element simulation. For hiy values of k, this phenomenon is less
noticeable and elements subjected to damage asedis®orted. In order to keep the
stability of the finite element model, the yarmanisverse modulus was considered to be
equal to the fibre's transverse modulus, which t@&en from another high-molecular

weight polyethylene fibre [133]. The value was deii@ed to be 1.21 GPa.

(c) Ey=7.5GPa
Figure 3-13 FE fabric models with differentEr upon ballistic impact

Poisson's ration; and shear modulus

A Poisson's ratio of 0.2 for boths andv,; was chosen for the yarn model [134]. For

transverse shear modulGs,, the value was taken from the equation,

— 2ET
Y +vy)

(3.1)

whereEr is the yarn transverse modulus apgis Poisson's ratio along directions 1 and 2.
G12 was determined to be 0.504. For transverse-longiaidhear properties,; and Gs,

there is limited literature published in this fielHinlayson [135] set up a shear test
apparatus and made measurements of a series @s.flde found that the shear strength
was in proportion to the amount of materials tested was less than the tensile strength.

As it is difficult to measure directly, yarn sheaodulus along directions 2 and 3, a value
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of 3.28 GPa is taken f@,3andG;zaccording to Grujiciet als model [129].
3.3.2.7 Failure criteria

In ABAQUS, yarn failure is defined as strain cofigrd in the finite element model. Both
tensile and shear criteria are used to define elefagure. An element fails when either of
these reaches a failure level in the FE model.t@hsile failure strain is obtained from the
DSM fact sheet [130], which is 0.04. According ke tliterature [136, 137], the shear
modulus and shear strength of polyethylene fibeedatermined to be 1 GPa and 0.02 GPa

respectively, the shear failure strain is therefmieulated to be 0.02.

3.3.3 FE simulation of UHMWPE UD fabric

The model for UHMWPE UD fabric was also simulatgdusing 3D solid continuous
elements. The model was partitioned into four layersimulate the four layers of oriented
fibre nets in real fabric. Each layer has a yansile modulus oE;; along one direction.
The UD fabric model is 0.8g/chin bulk density and 0.18 mm in thickness. The ficieht

of friction between a projectile and the UD falbmodel was determined to be 0.415 from
the Kawabata Evaluation System. Other materialmpaters are similar to those used in

the woven fabric model.

3.3.4 Model validation

Validation of the plain woven and UD fabric modelas performed using experimental
data. The impact velocity of the projectile propdlby a powder cartridge is in the range
from 400 m/s to 500 m/s, giving rise to differeata points. The residual velocities of the
projectile were extracted from experimental testd BE simulation, and compared. The
accuracy of FE predictions is indicated by the galfithe gradient of the regression line,

which indicates how well the FE results match tlkpeeimental results. If the value of
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gradient is 1, then the FE model perfectly matdhesreal fabric. The gradient of the
regression line is 0.9406 and 0.9781 in Figure 3ftd Figure 3-15 respectively, which

shows a good agreement between the FE models alnf@dipeics.

510 ~
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y =0.9406x + 25.337

390 - R?=0.9934

370 A

Residual velocity of experiment test
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Residual velocity of FE model (m/s)

Figure 3-14 Comparison of FE and experimental residal velocities for the woven
fabric

500 -
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Figure 3-15 Comparison of FE and experimental residal velocities for the UD
fabric
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3.3.5 Ballistic impact event on UHMWPE woven and UDabric model

Figures 3-16 and 3-17 show the contour plot ofwloeen and UD fabric models upon
ballistic impact. The coloured area indicates tiness distribution in the fabrics. Take the
woven fabric model for example, ais3 the stress is mainly concentrated in the primary
yarns. As the projectile continues to push forwahne, yarn interaction at the crossovers
enables the primary yarns to deflect secondarysyaun, forming transverse deformation.
From Gus onwards, the transverse deformation becomesaisiagly noticeable, causing
more stress to be distributed into the secondampsyaThe stress distribution and
transverse deflection could also be observed inUbefabric model. One thing worth

noting is that the velocity of the longitudinal veagn the UD fabric model (9397.6m/s) is

around /2 times higher than that on the woven fabric mo6d06m/s). This may be

explained by the fact that the existence of crossoin the woven structure impedes the

propagation of the longitudinal wave. Its veloggygonsidered to be reduced by a factor of

J2[24],
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Figure 3-16Contour plot of the woven fabric model during ballisticimpact
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9us
Figure 3-17 Contour plot of the UD fabric model duing ballistic impact

Figure 3-18 reveals the time history of projeckiaetic energy loss during the impact
events on the woven and UD fabric models at theothypelocity of 500 m/s. As the energy
dissipated by air friction is not taken into cores@tion, the projectile kinetic energy loss is

regarded as being equal to fabric energy absorptiscan be seen in Figure 3-18 (a), the
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energy absorbed by the fabric increases sharphjmiie first 0.8 ps. The curve continues

to rise but more gently and finally levels off affgus, at 2.9 J. This is because within the

first 0.8 us, energy transference occurs so quittidy fabric out of the contact zone does

not react to the deformation at all. This resuitthe sharp increase of the curve [18]. After

this, the fabric begins to respond to the bullgtaet and the principal yarns are stretched.

Bullet kinetic energy is transferred to fabric stra&nergy, fabric kinetic energy and

frictional dissipation energy. At tha& point, the projectile penetrates the fabricnilsir

trend could be observed in Figure 3-18 (b).

[
(9, ]

Fabric energy absorption (J)

=
n

o

3.5 4

w
I

N
I

=
w
1

=
1

o

2 4 6 8 10 12
Time (us)

(a) The woven fabric model

Fabric energy absorption (J)

c o o o
o N B o -
. | | | |

g
=)}
|

=
=
I

=
N
I

o

4 6 8 10 12 14
Time (us)
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Figure 3-18 Time history of fabric energy absorption at the impact velocity of 500

m/s

Figure 3-19 (a) shows energy transformation forvlegen and UD fabric models. Three

types of energy are investigated: fabric kinetiergy, strain energy and energy dissipated
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by the frictional effect. For the woven fabric mgdehas been found that the dominating
energy absorption mechanisnfabric kinetic energy-accounts for most of the fabric
energy absorption, at 53.3%, which is almost doub#t of fabric strain energy and
quadruple that of friction dissipation energy (timsludes bullet-fabric friction dissipation
energy and yarn-yarn friction dissipation enerdpgr the UD fabric, up to 38.58% of the
energy is transformed into fabric strain energyiclwhis 40% more than that of the woven
fabric. However, less energy is absorbed due ¢tidnial dissipation. This is because there
is no yarn or fibre interaction in the UD fabricpdathe only frictional dissipation

mechanism is based on projectile-fabric interaction

5.80%

® kinetic energy
m strain energy
frictional energy

m others

(a) The woven fabric model

5.42% 4.40%

m kinetic energy
m strain energy
frictional energy

mothers

(b) The UD fabric model
Figure 3-19 Energy transformation for the two typesof model
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3.3.6 Study of the factors influencing ballistic pgormance of the woven fabric

model

3.3.6.1 The effect of impact velocity

Figure 3-20reveals the fabric ballistic performance at varioupact velocities ranging
from O m/s to 600 m/s for the woven fabric modédlti#e velocity region below the fabric
ballistic limit (around 180 m/s), energy absorptisnidentical to the impact energy.
Beyond the ballistic limit, energy absorption coogs to grow until a peak value is
reached. Further increases of impact velocity lead decrease of energy absorption.
This is probably because the fabric target respatdially at low impact velocities,
allowing energy to be dissipated away from the iotgaoint. As the impact velocity
increases, energy dissipation becomes more lodaéseund the impact point, leading

less energy to be absorbed. The results are cobipdmaTanet al[31] and Cunniff's [52]

work.
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Figure 3-20 Energy absorption as a function of impet velocity for the woven fabric
model
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3.3.6.2 Effect of Far-field Boundary Conditions

The far-field boundary condition is considered ® ihdispensible when analysing the
effect of impact velocity on fabric energy absampti As has been discussed in the
previous chapter, the constraint of the fabric lalaug plays an important role in yarn
lateral movement. In order to study its influenae energy absorption, woven fabric
models with a constrained boundary and an uncansttaboundary were compared.
Figure 3-21 shows the energy absorption for thedages. As can be seen, the two cases
display identical trends beyond 460 m/s. A consillkr increase of energy absorption
begins to occur for the case with the boundary nsttained, below the impact velocity
of 460 m/s. For the fabric model with a constrainedundary, the increase is
comparatively steady. This phenomenon could be agx@dl by the yarn's lateral
displacement under different conditions. For thenfer case, yarns are more likely to be
pulled out by the bullet and this therefore deléaisric damage, which allows more
transverse deflection and more fabric strain enstgyage. For the latter case, as the
fabric edges are constrained, there is no yarmrralaisplacement during the whole
impact process, which speeds up the strain acctiomlia the impact zone and results in
yarn failure. In the region of high impact veloc¢itgnergy dissipation and fabric
penetration occur so quickly that yarns far awaymfrthe impact zone are not even
affected by the longitudinal wave. In other wortle fabric damage is localised at the

impact zone and the far-field boundary does nat &aky effect.
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Figure 3-21 Comparison of specific energy absorptiofor boundary constrained
and unconstrained model

3.3.6.3 Effect of woven fabric structures

In this section, the influence of fabric structam ballistic performance will be studied.
Four other types of structures, 2/1 S twill fabmodel, 3/1 S twill fabric model, 5-end
satin with M=3 (3 satin weave steps) warp wiseitabrodel and 7-end satin with M=4
warp wise fabric, will be put into comparison witte plain fabric and the UD fabric.
Due to the fact that twill weave and satin weauwesrot symmetrical about the x and z
axis, a full-sized model is employed for simulasoin addition, in order to compare the
performance of different fabrics at the same aréahsity, energy absorption is
normalised by "specific energy absorption”. Du¢hi® limitation of computer power, the
yarn mesh scheme is modified to support the sinomaif multi-layered fabrics. Details

of this computer cost reduction approach will beadéed in Chapter 7.

Figure 3-22 shows the specific energy absorptiordiiferent structures. Among the six
types of structures, plain weave is found to exHitee best ballistic protection. This is
followed by 2/1 S twill and 3/1 S twill fabrics. éhd M=4 satin weave gives the worst
performance. UD fabric, however, shows worse peréorce than the majority of the

woven fabrics and is only better than 7-end M=4hsatave.
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Figure 3-22 Energy absorption for single-layer fabics

Figure 3-23 reveals the change of fabric energyriti®n with the increase of the
number of layers in a panel. For the woven fabri¢§, plain woven fabric shows the
highest energy absorption. The superiority of plaeave over other fabrics found in the
FE model has been supported by previous resead}{43]. This helps to explain the
fact that plain weave is one of the most widelydustuctures for soft body armour.
What is interesting in the results is that the gajives an upward-concaved increase for
the woven fabric models and a downward-concaverkase for the UD fabric model,
leading the UD fabric to give a comparatively pagperformance in the lower areal

density region and a better performance in the hrglal density region.
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Figure 3- 23 Energy absorption for multi-plied fabrics

In order to further explore the effect of structume woven fabric performance, strain
distribution was investigated. Strain distributiodicates a fabric's capability to dissipate
and absorb projectile kinetic energy. As strainrgnés a direct function of strain for the
material, it is employed to reflect fabric strajmom ballistic impact. Figure 3-25 compares
the amount of strain energy stored in the seconganys with that in the whole fabric. It

has been found that around 31.4% of the strainggneér plain woven fabric is

accumulated in the secondary yarns. This is foltblg 2/1 S twill weave (25.3%) and

3/1 twill weave (23.5%). 7-end M=4 satin weave gitiee lowest value (16%). A strong
relationship between the length of float and thraistdistribution is built based on the
results. Fabrics with longer float, such as satieaves, have a smaller number of
crossovers between the weft and warp yarns. Thped®s the transmission of energy
from the primary yarns to the secondary yarns, Wwhionsequently leads to poor
performance. For fabrics with shorter floats, sashplain weave and twill weave, more
crossovers facilitate the energy dissipation betwd® primary yarns and secondary

yarns, which results in better performance.
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3.3.6.4 Effect of weave density on plain woven fabric

Weave density is one of the important factors teermine the ballistic performance of
plain woven fabrics. Since the woven fabric modelalidated by experimental data, it is
possible to further study the performance of UHMWREric with other weave densities.
The shape of fabric-forming yarn was modified to gp different fabric models. The
weave density was determined to range from 4 tisfeadto 9 threads/cm. In order to
obtain accurate results, the geometry and energgration capability of fabric-forming

yarns of different models must be kept consistetit the original.

Creation of FE modelswith different weave density

Yarn geometry is mainly dependant on yarn crosiese@nd yarn path. As has been
mentioned in previous sections, the shape of thme geoss-section is determined to be
lenticular, formed by two arcs. Modification of weadensity leads to a change in the
width and height of the shape. For the original elpathich has a weave density of 6.75
threads/cm, it is termed as 6.75-thds fabric. Ashbight and width of the yarn model
was tested to be 0.19 mm and 1.35 mm respectivédynot difficult to calculate the area

of the cross-section.
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wherea is half of the cross-section width,is half of the cross-section height,js the
radius angle andis the radius of the arc. The radian of yarn pa#et to be equal to that
of the yarn cross-section, so that the weft angpwgarn can be perfectly in contact with

each other.

The yarn cross-section area for the 6.75-thds yavdel is 0.347 mfn For fabric models
with different weave density, it is considered ttts¢ area of the yarn cross-section and
the yarn spacing will not change. The cross-seabowidth, which varies with weave
density, is not difficult to work out. According tquations 3.2, 3.3 and 3.4, the height of
the yarn cross-section can be obtained. Table 8+dats the width and height for fabric

with different weave densities.
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Table 3-2 Woven fabric models with different areabdensity

Weave Cross-section| Cross-section | Areal Crimp | Abbreviation
density width (mm) | height (mm) | density

(threads/cm) (g/m?)

4 2.37 0.108 139 0.48% 4-thds

5 1.87 0.138 178 0.73%5-thds

6 1.54 0.167 215 1.03% 6-thds

6.75 1.35 0.19 240 1.29%6.75-thds

8 1.12 0.23 286 1.80% 8-thds

9 0.98 0.258 329 2.31%9-thds

The energy absorption capability of a single yarn
For the FE model, it is of importance that the rfiodtion of yarn cross-section does not

influence the yarn energy absorption capabilityoider to verify this, a half-yarn model
is employed to simulate single-yarns subjectedraosiverse impact and the projectile
energy losses are examined. Figure 3-27 revealsntigehistory of the projectile energy
when striking a single yarn. As can be seen, tlogeptile residual energies are in the
vicinity of 60.8J. There is not much differencevbe¢n the energy absorption of different

yarn models.

Figure 3-26 Yarn subjected to transverse impact
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Figure 3-27 Time history of projectile energy lossf different yarns

The ballistic performance of fabric models with different weave density
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Figure 3-28 Specific energy absorption as a functioof thread density

For fabrics with different weave densities, eneapgorption is tightly associated with
fabric areal density. In order to better compareri€aballistic performance, specific
fabric energy absorption was obtained by dividirynmal energy absorption by areal
density. Figure 3-28 reveals that the specific gnebsorption decreases slightly as the

weave density is increased. However, as the numbkyers increases in a panel, the
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difference becomes more remarkable. Low-weave-tefairics, such as 4-thds, give a
sharply linear increasing trend with the increagdabric layers. High-weave-density
fabrics, such as 8-thds, exhibit a logarithmic &asing trend, which results in an inferior
energy absorption in high areal density regionse Ba the limit of computer power,

simulation of multi-ply fabric upon impact couldtrime achieved if the full size model is
to be used. For this reason, the mesh scheme wdisiedao reduce the computing cost
without affecting the energy absorption capabiliythe fabric. The method will be

described in detail in Chapter 7.
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Figure 3-29 Energy absorption as a function of panareal density

This raises the question why does fabric weave ifersave comparatively little
influence on energy absorption in low areal densatyions and greater influence in high
areal density regions. As the areal density ofdstis almost half that of 8-thds, the two
types of fabric model were selected to investigdwe effect of fabric tightness on
ballistic performance. A comparison of one-layer8fthds and two layers of 4-thds
reveals their different responses upon impactadt een observed in Figure 3-30 that the
width of transverse deflection for two layers oftdls (13.5 mm) is slightly larger than
that of one-layer of 8-thds (12.2 mm), which le&olsa slightly higher specific energy
absorption for the former case, which is shownigufe 3-31. This is probably because

that fabric with higher weave density gives yarighbr crimp (here, crimp could also be
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regarded as wrapping angle), which reduces theicfaknsile modulus [59] and a
decrease both of the longitudinal and transverdecitg For this reason, energy
absorption is influenced. Due to the size of theresmit model, the longitudinal wave
reaches the boundary within a short time periods Ithe transverse deflection that

determines the fabric energy absorption.

(a) Two-layer of 4-thds (b) One-layer of 8-thds
Figure 3-30 Transverse deformation at break
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Figure 3-31 Specific energy absorption for two-lays of 4-thds and one-layer of
8-thds

As the panel areal density increases, the influesfcggarn crimp on fabric energy
absorption becomes more pronounced. As can beisdégure 3-32, the difference of
the transverse reflection width between the twesd8.2mm) is greatly increased when
compared with that in Figure 3-30 (1.3mm), anddpecific energy absorption for eight
layers of 4-thds is 0.0023J/ghigher than that for four layers of 8-thds, whisishown

in Figure 3-34. This could be explained by two oees First, the longer engagement
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time with the projectile forms a wider transverssletction of the 4-thds panel, which
enables a larger area of fabric to get involveenargy dissipation. Secondly, as a panel is
formed by individual fabric layers rather than aokhbody, the increase in the number

of layers makes the difference even greater an@ maticeable.

14.3mm —Pp

(a) Eight-layers of 4-thds (b) Four-layer of 8-thds
Figure 3-32 Transverse deformation at break (at 1 as)
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Figure 3-33 Specific energy absorption for eight lgers of 4-thds and four layers of
8-thds

3.3.6.5 Impact position

As the woven fabric is formed by yarn interlaciige gap between adjacent yarns
becomes the weak point in the fabric. This makesfabric ballistic performance varies
from part to part, resulting in a decreased reliigband usability for woven fabrics. In

this section, finite element methods will be empldyto investigate the influence of

impact position on fabric performance. As can bense Figure 3-34, three cases were
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studied. In case A, the interlacing of weft andpwaarns cross the centre of the projectile.
In Figure case B, the projectile centre point isated on the warp yarn and in-between
two adjacent weft yarns. In Figure case C, thereegpoint is located in the hole of the
interwoven warp and weft yarns. The three casesesept three conditions where the
projectile covers a different number of yarns, whijglays an important role in the

amount of material involved in energy dissipation.

C F S & W A

(b) Case B: projectile centre point located on theveft yarn and in between two
adjacent warp yarns

(c) Case C:projectile centre point located in the hole of thenterwoven warp and
weft yarns
Figure 3-34 Projectile impact point at different bcations

Figure 3-35 compares fabric energy absorption ifferént impact positions. Of the
three cases, the fabric absorbs the most enercgsien C. And in case A, where weft and
warp yarn cross the centre point of projectile, fédgric exhibits its worst performance.

This is because more yarns are engaged and arerbbykthe projectile in case C. The
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number of yarns damaged by the projectile for tirea cases could be seen in Figure

3-36. As a result, more energy is absorbed whepithjectile covers four weft and warp

yarns.

10 A

Energy absorption (J)

case A case B case C

Figure 3-35 Energy absorption for differat impact positions

(a) Case A (b) Case B (c) C&ze

Figure 3-36 Model Contour plots of stress distribubn for different impact points

3.4 Summary

This chapter presents the experimental and theatetnethodologies employed to
achieve the aims and objective in this researclh Boe ballistic range and the creation
of finite element models have been comprehensivdgcribed. The models were
validated and showed good agreement with the exgatal results. It has also been
revealed from the models that the majority of pcble kinetic energy is transmitted to

fabric strain and kinetic energy on both the woaed UD fabrics. A higher proportion

of energy is dissipated by frictional effects iretlwoven fabric model due to the

movement between warp and weft yarns.
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Factors such as impact velocity, fabric boundarpdatons, fabric structure, weave
density and impact positions have been analysedhfair influence on woven fabric
energy absorption using FE models. It has beendfdbat energy absorption decreases
with the increase of impact velocity. Fabric bourydeonditions play a more important
role at low impact velocity than at high impacta@ty. In addition, plain woven fabric
shows superior ballistic performance over otheesypf fabric due to its ability to enable
more energy transmission between the primary yamts the secondary yarns. For a
plain structure, it has been established that dahwiith lower weave density absorb more
energy than those with higher weave density. Tisdnsidered to be related to yarn
undulation, which influences the propagation of ttesverse wave during a ballistic
event. FE simulation also reveals that the impasttpn determines the number of yarns

loaded by a projectile, which results in uneveristad performance in woven fabrics.
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Chapter 4 Study of the Influence of Inter-yarn Fricion on Fabric
Ballistic Performance

As has been mentioned in previous chapters, ontheofaims of this research is to
investigate the influence of inter-yarn friction éme ballistic performance of woven
fabrics. In order to achieve this aim, theoretstadies will be undertaken in this chapter.
The finite element model created in Chapter 3 wseiuo predict fabric performance at
different levels of inter-yarn friction and to déep a comprehensive understanding of
exactly how inter-yarn friction has an effect orbria stress distribution and energy

dissipation.

4.1 Effect of Friction on Woven Fabric Energy Absoption

Figure 4-1 shows the predicted fabric energy atigmrpas a function of yarn-yarn
coefficient of friction in the FE model. The curirereases frompu=0, reaches a peak at
u=0.4 and decreases from that point onwards. Theygmdsorption fop=0.4 was almost
1J higher than that fqr=0. Further increase in the coefficient led to ardase in fabric
energy absorption. The results display a simimdrto that of Zengt al's [19] though the
coefficient of friction giving the highest ballistperformance was found in that study to be
at the lower value of 0.1. It is noteworthy thdiria penetration time gives a similar trend
to the case of energy absorption. For examplepéinetration moment for the caseusD

is around 7.5 microseconds, while it takes arouhdhicroseconds to perforate the fabric
for the case ofi=0.4, which is shown in Figure 4-2. The penetratiore decreases as the

inter-yarn frictional coefficient further increases
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Figure 4-1 Fabric energy absorption as a functionfocoefficient of inter-yarn
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Figure 4-2 Time history of projectile kinetic energ loss for fabrics with different
inter-yarn friction

This could be explained as follows: due to the latlgarn-yarn friction, slippage occurs
between the principal yarns and the secondary ydims leads the principal yarns to
sustain most of the impact load, which is showRigure 4-3 (a). As a result, the strain is
more quickly accumulated and therefore early failoccurs of the primary yarns. For the

case ofu=0.4, the coupling caused by yarn-yarn frictionvergs yarn slippage and
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enables the strain to be distributed to the seagngans, which is shown in 4-3 (b). This
elongates the fabric engagement time with the ptilgeand delays yarn failure. The
results corroborate the findings of Briscoe and éiwédi [17], whose observation from a
high speed camera shows that fabric with low iyemn friction tend to fail earlier than
those with high friction. If the frictional forcesitoo high, yarn mobility will be
over-constrained. This leads the primary yarnset@&édmaged at an early stage, which is
reinforced by the work of Zengt al.[19] and Duaret al.[18]. In addition, this finding
could also be supported by experimental data. Adgexample is the comparison of
unidirectional fabric and woven fabric. As the &brare stuck together by binding
materials in unidirectional fabric, it is reasoreatn regard the frictional force as infinite in
this type of structure. The results from balliggst show that single-layer woven fabric
absorbs around 12.7% more energy than the singée-lmidirectional fabric on the same

areal density basis, which will be presented imidl@t Chapter 7.

()=0.4

Figure 4-3 Single-layer fabric model upon baitic impact at 6 ps
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4.2 Effect of Inter-Yarn Friction on Stress Distribution

In order to investigate the influence of inter-ydnintion on the fabric energy absorption

mechanism, three casas;0, u=0.4 andu=0.8, will be selected to represent different
magnitudes of friction. As materials are subjedizdlifferent stresses in the x, y and z
directions, Von Mises Stress is taken as an indicat fabric stress distribution upon

ballistic impact. Von Mises Stressis a combination of the three primary stressesy, 6,

and the shear stresg, 1y, 1.. The von Mises Stress can be expressed as

1

NG

1
o [(Ux _O-y)2 + (Uy _02)2 + (Jz _O-X)2 + 6(T>fy + sz + Tzzx)]i (41)

4.2.1 Contour plot of woven fabric upon ballistic mpact

Figure 4-4, Figure 4-5 and Figure 4-6 reveal Confats of stress distribution for the
cases 0ofi=0, u=0.4 andu=0.8. It can be seen that stress distribution i&eably affected

by inter-yarn friction. For the case pt0, the coloured area along the primary yarns gives
a longer but narrow shape. The increase of intar-fiéction leads to a decrease of the
length and an increase of the width for the coldwaeea. In addition, larger areas in the
vicinity of the impact point are affected by thefeet of friction. This indicates that
although inter-yarn friction impedes the stressppgation along the primary yarns, it
enables more secondary yarns to get involved inggraissipation. In order to quantify
the stress distribution, a primary yarn and a seéapn yarn will be selected for

investigation.
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Figure 4-4 Contour plots of stress distribution for fabrics at2 ps after impact

GOB: Job-00.adb  Abaqus/Explicit Version 6.8-2  FriFeb 01 12:20029 GMT Standard Time 2013

ll_

108



OOB1 Job-DBodb Abaqus/Esphict Yersion 6:8-2  Fri Fab 01 13/25:37 GMT Standard Tane 2013

OO Joteaniodi  Wbagqus/Explicit Yarsian 6:8+2  Fri Feb 0 £3:23:20 GMT Standard Time 2013

n=0.8
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00B: Job-000db  Abaqui/Explicit Varsion .8-2  Fri Feb 01 11:20:29 GMT Standard Time 2013

109



CDR: Job-08 adb  Abaqus/Explicit Version 6.8-2  Fri Feb 01 11:25:37 GMT Standard Time 2013

BB Job-30.00h  ABaqus/Explicit Version :8-2  Fri Fab 01 11123728 GMT Standard Tims 2013
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Figure 4-6 Contour plots of stress distribution forfabrics at 6 ps after impact

4.2.2 Stress distribution on the primary yarn

In order to investigate the stress distributioragarimary yarn, a selection of elements was
recorded for their von Misis stress as a fucntibtinoe history. The elements are shown in

Figure 4-7.
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Figure 4-7 Element selection on the primary yarn

Figure 4-8 reveals the stress distribution on #iected primary yarn atys, 4us and @us.
The cases ofi=0, u=0.4 andu=0.8 are selected to represent fabrics with differe
inter-yarn friction. The figures bring out a numbmsrfeatures of general interest. The
longitudinal wave velocity, which determines th@ahility of a fabric to dissipate energy,
is found not to be influenced by inter-yarn frictioThe stress distribution, however,
exhibits a significant difference. For fabric whilgh inter-yarn friction, such as=0.8, the
area in the vicinity of the impact point exhibitgtmer stress than the other two cases,
which could possibly be associated with yarn mopilThe reduced yarn mobility may
restrict the propagation of the stress wave and teaa concentration of stress at the
impact point. This consequently causes breakage atrly stage. The results are shown
in Figure 4-2. For the case pf0, although the increased yarn mobility enablesstress

to be distributed far away from the impact poirdrry slippage causes more load to be

sustained on the primary yarns and also leadsrip fedure.

111



Stress {GPa)

—u:o
—— =04

e 11=0.8

30 40

Distance from the impact point {mm)

(a) 2us
4 -
3.5 -
3 7 _u=0
E 2.5 A
G | —1=0.4
a
o 1.5 - e 12008
a1+
0.5 -
0 T ‘-‘-T 1
0 20 40 60 t10]
Distance from the impact point {mm)
(b) 4us
6
5
~ k=0
© 4
& —p=0.4
o 3
@ e 1=0. 8
&2
1
0 T T T T 1
0 20 40 60 80
Distance from the impact point (mm)
(c) bus

Figure 4-8 Stress distribution on the primary yarnfor fabrics with different

inter-yarn coefficients of friction
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4.2.3 Stress distribution on the secondary yarn

In order to explore the stress distribution in #egondary yarns, a secondary yarns is
selected for investigation, which is shown in Fegdr9. As can be seen in Figure 4-10,
although inter-yarn friction enables the secondeamn to have more stress deposited on
the area near the primary yarn, the areas afféotdtie three cases are almost identical as
time elapses. It is believed that inter-yarn fdaotiincreases the binding force between
orthogonal yarns and therefore enhances theirpilater This being so, when a yarn is

displaced, its orthogonal yarns are more likelynove due to the existence of binding

force.

Figure 4-9 Element selection on one secondary yarn
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Figure 4-10 Stress distribution on the secondary ya for fabrics with different
inter-yarn coefficients of friction

4.3 The Influence of Inter-Yarn Friction on Strain Energy Dissipation

Figure 4-11 shows the strain energy absorptionllothe primary yarns for the cases of
u=0, u=0.4 andu=0.8. As can be seen, for the cas@®d, the strain energy accumulated
on the primary yarns more quickly than the othey tases, indicating the fact that more
load is engaged by the primary yarns in this sibmatThe longer engaging time enables

the case 0fi=0.4 to have more strain energy absorbed at breakfor the cases pf0
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andp=0.8. For the case @f0.8, the over-constraint of yarn movement not amgedes
the propagation of the stress wave along the pyirtygams, but results in the concentration
of stress in the vicinity of the impact point asllweausing the least amount of strain

energy to be stored in the primary yarns.

In Figure 4-12, the strain energy on the secongargs exhibits the highest value for the
case of1=0.4. This reinforces the analysis that the cogpédifiect due to yarn-yarn friction

enables more stress to be distributed in the seegiydrns. For the caseof0, as there is

little coupling between the primary and secondaayng, the interplay between them is
reduced, leading less strain energy to be disetbuh the secondary yarns. Similar
findings were established by Duast al [18]. But they considered that it is the
projectile-fabric friction that plays a vital imgant role in distributing stress on more

yarns rather than yarn-yarn friction.
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Figure 4-11 Time history of strain energy on the pmary yarns
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Figure 4-12 Time history of strain energy on the s®ndary yarns

4.4 The Influence of Inter-Yarn Friction on the Enegy Dissipated by Friction

Energy dissipated by friction is one of the majoergy absorption mechanisms and is
directly determined by the magnitude of inter-yaretion. As can be seen in Figure 4-13,
the frictional energy for the case p+0 is far lower than for the other two cases. For
example, at around &, the energy dissipated by the effect of frictieaches 0.044 J for
the case ofi=0, while the value for the case;6f0.4 is 0.53, which is more than ten times
higher. It is apparent that only the interactiomwsen a projectile and the fabric model
serves to dissipate energy, the amount of whickddoe neglected. What is noteworthy is
that, contrary to expectation, energy dissipatiae tb friction is higher for the case of
u=0.4 tharu=0.8. This could be attributed to the over-constraf high inter-yarn friction,

which hinders yarn movement and reduces the irggipbtween weft and warp yarns.
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Figure 4-13 Time history of energy dissipated by fction

4.5 Summary

One of the objectives in this research is to ingase the influence of inter-yarn friction on
fabric ballistic performance. In this chapter, #& model has proved an effective way to
investigate the ballistic performance of woven falat different magnitudes of inter-yarn
friction. It has been found that woven fabric extsilthe highest energy absorption when
the coefficient of friction reaches 0.4. By virtaéthe analysis of stress distribution and
energy transmission, it has been established tveffriction fabrics tend to have less
energy dissipated through frictional effects andenBewer secondary yarns influenced.
Stress is mainly concentrated on the primary ydeaagling to early failure of the fabrics.
Fabrics with higher inter-yarn friction tend to leestress concentrated in the vicinity of the
impact point, which also leads the fabric to faha early stage. The longer engaging time
of fabrics with moderate inter-yarn friction enablé to have more strain energy
absorbed. In addition, more energy is dissipatedhbyfrictional effect on fabrics with

moderate inter-yarn friction.

As the coefficient of inter-yarn friction for UHMWEPis determined to be around 0.14

from yarn frictional testing, there is a potenfal ballistic performance improvement for
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UHMWPE plain woven fabrics. This finding is of caderable interest and importance for
bulletproof vest design. If by some innovative wiegvtechniques one can increase

inter-yarn friction, an improvement in soft bodyranur system is to be expected.
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Chapter 5 Fabric Design and Manufacture

As an extension of previous work, the present aragives a comprehensive description
of the design and manufacture of woven fabrics witbreased inter-yarn friction.
Wrapping angle theory is introduced as guidancewerving gripping fabrics. It is
believed that increasing the yarns's wrapping ahgkethe effect of increasing the yarn
pull-out force. One of the approaches is to weayfet tftabrics. This method, however,
has problems and FE models were employed to stuelyssues related to the ballistic
performance of tightly woven fabrics. In chapter &) alternative is to modify the
structure of plain woven fabric to increase the ppiag angle. FE simulation is
employed to study the performance of structuredifi@abifabrics. Three types of weave,
leno, weft cramming and double weft insertion an@muming were selected to
incorporate into plain woven fabric. A procedure foaking UHMWPE plain woven

fabric and structure modified fabrics is also préed in this chapter.

5.1 Design for Fabrics with Increased Inter-Yarn Fiction

A valuable contribution to the research as disalissdore is the approach of increasing
the inter-yarn friction in a woven fabric. To dadeyvelopment of the aforementioned body
armour system is primarily based on chemical treatmsuch as with shear thickening
fluids [77-79]. These techniques are not onlylgpbut also time and labour consuming.
In addition, mass-production of such types of falmould not be guaranteed. In this
section, wrapping angle theory will be introducedricrease inter-yarn friction in woven

fabric. Different approaches will be suggested #ml results based on finite element
simulation will be presented. Manufacture and testf those fabrics will be detailed in

the following chapters.
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5.1.1 Wrapping angle theory

When a yarn is pulled over a cylindrical surfaceg@ife 5-1), the pulling tension T is
greater than the tension.TThe increment is determined by the coefficientradtion
between the yarn and cylindrical surface and tlgeanf contact. Their relation could be

described by the capstan equation:

T=Te" (5.1)

whereT is the pulling tension], is the tension on the free end, e is 2.718s the
coefficient of friction between a yarn and a cyliedl surface, and is the angle of

contact.

Figure 5-1 Schematic of capstan equation

As the plain woven structure is formed by yarniigigng, it is reasonable to simplify it to
yarns pulling over a series of cylindrical surfgaglich is shown in Figure 5-2. This being
so, apart from modifying the inter-yarn coefficiaritfriction, which most of the chemical
treatment based technique aim at, it is also plessibincrease the pulling tension T by
enlarging the interface between the warp and waftgy, which is also termed as wrapping
angle in this work. It must be noted that modifyithgg yarn wrapping angle does not
essentially change the frictional force betweenythms, it is the pulling out force that is
increased. As yarns are more tightly gripped urhlisrcondition, the word "gripping” is

employed to describe the amount of force requiogauil out a yarn from the fabric.
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Figure 5-2 Simplification of woven fabric structure

The simplest way of increasing the yarn wrappinglans to weave tight fabrics.

Sebastian [138] established a numerical model ¢atify the factors influencing yarn

pull-out and found that the frictional force betwee pull-out yarn and each crossover
yarn is in propotional to the number of crossowevslved. The higher the weave density,
the higher the yarn pull-out force will be. Nevetdss, the ballistic performance of
tightly-woven fabrics has been a controversial dofihockey [57] pointed out that the
increase in yarn density is almost in proportioth®increase in energy absorption. Abiru
and Lizuka [101] suggested that when the fibressawerely undulated, the original high
tenacity turns to a lower one, which reduces fabriergy absorption during the impact
event. In Chapter 3, ABAQUS was employed to ingggé the influence of weave density
on fabric energy absorption. The results reved fdlarics with high weave density tend
to severely undulate the path of the warp and waafhs, influencing the propagation of

transverse wave and energy dissipation.
5.1.2 Structure modified fabrics

Apart from increasing fabric weave density, it isoapossible to modify the structure of
plain woven fabric in a designated area to achi@vancrease in yarn gripping. The
advantage of this approach is that the yarn pradileehe majority of the fabric is
unaffected, retaining the ballistic performancetioé original fabric. In this research,
woven fabric is modified by applying three insemsp namely leno structure, weft

cramming structure and double weft insertion amingning structure.
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5.1.2.1 Leno insertion

Leno weaves, which are also called cross weavespen fabrics with warp and weft
threads crossing with two adjacent warp yarns angssver each other and wrapping
around a weft yarn [139]. Fabrics made with len@ves are mainly intended for fashion
requirements. Leno structures are used by desidaetscorate fabrics in combination
with other patterns. Apart from that, leno weavesaso widely used in products such as
mosquito netting and bags for laundry. Figure :18ws a schematic of the geometry of
leno structure. As can be seen, the weft yarng@peed by the loops formed by the two

leno yarns, which gives higher resistance to shjepaf yarns.

Figure 5-3 Geometry of leno structure [139]

Ahmed [139] did a comprehensive investigation oé theometry and mechanical
properties of leno weave. He found that the foempuired to pull a weft yarn out from a
leno weave is much higher than that from a cormedjpg plain weave, indicating that
weft yarns are more tightly gripped in leno wealvantin plain weave. This is probably
because leno weave gives a larger contact arestjrggea higher frictional force between
weft and warp yarns. In spite of the increased ygrpping in leno structure, it is not
suitable to be directly used for ballistic applioas. Due to its open structure, a
projectile may easily slip through the fabric intlveen the adjacent yarns. This hinders
the ballistic fibres to exhibit their superior pespes and severely reduces fabric energy

absorption.
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Current weaving techniques enable leno weaves twimbined with plain fabric. Due to
the insertion of leno structure, weft yarn grippisgncreased. While the majority of the
fabric is formed by plain weave, its ballistic pgrhance would not be reduced. The leno
weave is termed as half-cross or complete-croserdicy to whether the warp ends
embrace a half or a complete cross (Figure 5-4Hajf-cross leno is classified into
upper-shed leno (Figure 5-4 b) and lower shed (Eigure 5-4 c). In the upper shed leno,
the leno ends bind over the weft picks and belogvstandard ends. In the lower shed
leno, the leno ends pass below weft picks and therstandard ends. In this research,

upper leno is used for insertion. The structuredlifired fabric is shown in Figure 5-5.
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(a) Complete cross leno (b) Upper shedte (c) Lower shed leno
Figure 5-4 Schematic diagrams for different leno stictures
leno warp yams ordinary warp yams

_‘ —< ‘ weft yam
|

Figure 5-5 Schematic diagram of plain woven fabrigvith 1eno insertion
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5.1.2.2 Weft cramming

As high-density-weaves tend to yield inferior ksl performance, it is possible to create
a zone in which weft yarns are crammed denselys fype of weave is shown in Figure
5-6. Weft cramming is performed by periodically mgong the take-up process, but
keeping all other actions as usual during weaWiihig. supposed that the cramming zone
increases warp yarn gripping without affecting glegformance of the fabric when the

impact event occurs on the plain weave.

cramming zone

i

|

/

Figure 5-6 Plain weave with weft cramming insertion

5.1.2.3 Double weft insertion and cramming

Another approach to increase the wrapping angie iissert two weft yarns and to do the
cramming at the same time. As the two weft yarescambined into one, the warp yarn

wrapping angle is believed to increase, which @mshin Figure 5-7.

ordinary weft yams

double weft insertion

warp yarm

Figure 5-7 Schematic diagram of plain woven fabrievith double weft insertion
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5.1.2.4 Simulation of structure modified fabrics ujn ballistic impact

In order to predict the ballistic performance atisture modified fabrics, FE models are
employed to simulate the impact events. Plain wofadric with leno insertion is

selected to be modeled in ABAQUS. As the essentieechpplication of leno insertion is
to increase the frictional force over a small atea,simulation is achieved by increasing
the coefficient of friction between the designateaip yarns and all the weft yarns. In
this regard, "surface to surface contact" is usedefine the interaction, which is shown

in Figure 5-8.

Figure 5-8 Surface to surface contact between twoasp yarns and all the weft yarns

Effect of leno interval and coefficient of friction
For the frictional models, leno insertion of diffat intervals and the coefficient of

friction was simulated. The abbreviations are &iste Table 5-1 and the FE results are
presented in Figure 5-9. As it can be seen, enabgprption curve for all the models
give an increasing trend before=0.5. At aroundu=0.55 ang@=0.8, the curves for
PWLO1 and PWLO2 reach at their peak respectivelhe &nergy absorptions for other
cases increasesas the coefficient of friction ia®es. This is probably because, the
shorter the interval distance, the more likely ther-constraint of weft yarns may occur,
which leads to lower energy absorption. As therugkincreases, the influence of yarn
gripping decreases. This being so, in order tohrest energy absorption peak, fabrics
like PWLO5 or PWLO6 required higher inter-yarn from between weft yarns and leno

warp yarns. In order to comprehensively study thergy absorption capability of the
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structure of plain woven fabric with leno insertspPWLO03 at a frictional coefficient of

1 was selected for analysis.

Table 5-1 Abbreviations for plain woven fabric withleno insertion

PW Plain woven fabric

PWLO0O1 | Plain woven fabric with leno insertion at the introf 1cm

PWL02 | Plain woven fabric with leno insertion at the in@&rof 2cm

PWLO03 | Plain woven fabric with leno insertion at the int&rof 3cm

PWL04 | Plain woven fabric with leno insertion at the in@&rof 4cm

PWLO5 | Plain woven fabric with leno insertion at the int&rof 5cm

PWLO06 | Plain woven fabric with leno insertion at the in@&rof 6cm
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Figure 5-9 Comparison of energy absorption for diférent woven fabric with leno
insertions

Results and discussions
Figure 5-10 reveals the energy absorption of theneHel at different impact velocities.

The energy absorption gives a decreasing trendtivitiincrease in impact velocity both
of the PW and the PWL03 models. The PWL03 exhitgber energy absorption than

the PW, and the differences decrease with the aseref the impact velocity.
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Figure 5-10 Fabric energy absorption as a functioof impact velocity for different
FE models

It is of interest to investigate how the leno itisgrs influence fabric energy dissipation
during ballistic impact. Figure 5-11 compares tlatour plots of stress distribution of
PW and PWLO03 fabric models upon ballistic impattduld be seen that the change of
coefficient of friction on the PWL03 model enablesre stress to be distributed to the
secondary yarns in the vicinity of the leno wea@&a the PW model, the strain and
kinetic energy stored on the weft primary yarnslightly higher than that on the PWL03
model, which is shown in 5-12 (a). This is probaBe to the constraint effect of leno
warp yarns on the primary weft yarns. The energshan primary weft yarns, however,

gives similar values for the two models, whichhswn in Figure 5-12 (b).

In terms of the secondary yarns, Figure 5-13 revialt the PWL03 model gives higher
energy absorption than the plain woven fabric modaiis is in agreement with the
results obtained from the model presented in Chahptén which similar findings have

been established. This is believed to be how iyaen-friction essentially affects fabric
performance. In addition, the increase in coeffitief friction between leno yarns and

weft yarns also enable more energy to be dissipdweadigh the friction effect, making
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the fabric more energy absorbing. For simulatiomngdact on multi-layer fabrics, it can
be seen in Figure 5.15 that PWL03 shows betteishallperformance than PW as the

number of layers increased, indicating the bemefiyarn gripping of leno structure.

(&) PW model
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(b) PWLO0O3 model

Figure 5-11 Contour plots of stress distribution ofdifferent fabric models upon
ballistic impact
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Figure 5-12 Comparison of strain energy and kinetienergy on primary yarns
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Figure 5-13 Comparison of strain energy and kinetienergy on secondary yarns
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Figure 5-15 Energy absorption of fabric panels as tunction of areal density

The performance of leno lines

Cork and Foster [140] found that narrow fabric panam a two-edges gripped
configuration give better ballistic performance nthaide fabric panels. However, the
lines between the adjacent fabrics prove to be akmess for this type of panel in
ballistic applications. This could also be a probl®r structure modified fabrics, as the
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insertion lines may lead to poor ballistic perfomoa when struck by a projectile. As the
leno structure in the current model is presentethbreasing the coefficient of inter-yarn

friction, it is insufficient to use this model tovestigate the aforementioned problem.
This being so, a geometric model was created, gitarsimulate the geometric structure

of leno weave. The model is shown in Figure 5-16.

(b) Back face
Figure 5-16 Geometric model for fabric with leno irsertion

As the leno structure is not symmetrical aboutdlaxis, a quarter-model is not sufficient
to show its geometry; a half-model was utilisedFigure 5-17, the results reveal that the
frictional model gives similar values for energysalption at different impact points
whereas the geometric model shows a difference;shwiBiaround 2J. This is because the
leno structure of the frictional model is essehtia plain structure. For the geometric

model, due to the crimp of the leno ends and thi¢ yeens, the impact energy could not
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be dissipated effectively on both primary and sédaoy yarns Figure 5-18 compares the
Contour plots of stress distribution of the twodagpmf model upon ballistic impact. It can
be seen that the area influenced by the stredhéairictional model is detectably larger
than that for the geometric model, indicating theakness of leno structure when

subjected to ballistic impact.
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Figure 5-17 Comparison of the energy absorption beteen frictional and geometric
models at different impact point

(a) PWL03 geometric model
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(b) PWLOS frictional model at

Figure 5-18 Contour plots of stress distribution ofdifferent models at 8us

In conclusion, FE simulation reveals that the ifiearof leno structure leads to an
increase of energy absorption in woven fabric fothbsingle- and multi-plied cases.
When impacted on leno lines, the response of tleng&ic model and the frictional
model shows a greater difference. The weaknedsedino lines is a problem worthy of
further investigation. Due to the improvement peegtil in simulation, this method will

be used to manufacture fabrics with increased yaapping angle.

5.2 Fabric Specifications

In order to develop ballistic woven fabrics witlcieased yarn gripping, three types of
insertions are incorporated with plain woven stietin the hope of modifying the yarn
wrapping angle. This section presents the spetiica of UHMWPE plain woven and

structure modified fabrics

5.2.1 Plain woven fabric

The UHMWPE fibre in use was Dyneema SK75 and wasiged by DSM. The yarn has
a linear density of 174 Tex and a twist of arou@dturns per metre. Although 0 degree
twisted yarn is desired in ballistic fabrics, fafation of filament yarns would result in

fibrillation during weaving. A small amount of yatwisting helps to hold the filament
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together and prevents yarns from being jammed eveptooms. In order to study the
system effect of woven fabrics and compare theidballperformance of UHMWPE
woven fabrics with that of the conventional Kevlaoven fabrics, the fabrics were

designed in such a way that they have the samenégb.

As warp and weft tightness E is given by:
E=Pd=PCyJT (5.2)

whereP is thread density in threads/cohjs yarn diameter in cnil is the yarn linear
density in Tex, andC is the conversion factor between yarn diameter yard linear

density. If the conversion factors for both yarns eonsidered to be identical, the yarn

density of Dyneema fabri€pyneema could be worked out by:

P

P - KevlarV TKevIar (5 3)
Dyneema [ .
TDyneema

As the linear density of Kevlar yarn is 158 Tex dhd pick density of the Kevlar fabric
was set to be 7.5 threads/cm, the pick densith@f@yneema fabric was required to be
7.14 threads /cm. Due to the limitation of the poleem, the yarn density of UHMWPE
fabric is set to be 6.75 picks/cm. A combinatiomefave diagram, harnesses plan, lifting

plain and reed plan is shown in Figure 5-19.
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Figure 5-19 Weave diagram, harnesses plan, liftingplan and reed plan for
UHMWPE plain woven fabric

5.2.2 Specification of structure modified fabrics

As has been mentioned in the previous chapter ttyrges of structure will be applied on
plain woven fabric. In order to manufacture fabmath a different level of yarn gripping,

the intervals are set to be different. The deta#spresented in Table 5-2.

Table 5-2 Fabric specifications

Fabric structure Distance of the intervals| appreviation
(cm)

Plain weave N/A PW

Plain weave with leno 2 PWLO2

insertions

Plain weave with leno 3 PWLO3

insertions

Plain weave with leno 3 PWLO3DW

insertions and double weft

insertions

Plain weave with leno 2 PWLO2WC

insertions and weft

cramming
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5.3 Fabric Manufacture

Fabric manufacture consists of two steps: warp gragn and weaving. Technically,
warping is transferring yarn from a single-end @k forming a parallel sheet of warp
yarns wound onto a beam ready for weaving. Weagihg interlace warp yarns and weft

yarn orthogonally to each other.

5.3.1 Warping

The machine in use was MS/1800-8 Hergeth HollingdwB8ample Warper. The Sample
Warper mainly consists of three parts: the crdw, warping machine and the beaming
machine, each part serves a different function.rokeeof the creel is to guide the yarn end
to the warping machine, the warping machine is yusat its name implies: it forms the

yarn into a warp shape and a beaming machine enttidewarps to be wound onto the

weaver’s beam. The machine specifications aredlisétow.

Machine height: Basic warping length: 8 metresghei4.6 metres
Total weight 4 tons

Warping velocity: 360 metres per minute
Warp density: 6.9 ends per cm
Distance from creel towarping machine: min 1.5 etr

Distance from beaming machine towarping machineeire

A yarn cone is fixed in the creel and the yarn engassed through a thread guide. The
catch bar and thread guide serve to support the grads and apply a certain amount of
tension to it, so that the yarn end can be strargfd when being still. On the warping
machine, a lease will be formed automatically tevent yarn fibrillation. Before taking
the warp off the warping machine, the warp is fikgdwo clamps to keep it straight. Four
binds are drawn in to replace the four lease rodbat the warp does not get disoriented.

Before binding the warp onto the weaver’s beamy#ra ends must be drawn through an
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expanding zigzag comb which is used to contromittth of the beam and keep the warp

parallel.

5.3.2 Weaving

The power loom in usds a Northrop L16 shaft negative dobby weaving machine.
Basically, there are five main mechanisms thaeasential for continuous weaving: warp
let-off, shedding, filling insertion, beat-up andbfic take-up. Each mechanism is

controlled by different parts of the loom.

Figure 5-20 Northrop L16 machine

5.3.2.1 Weaving of plain woven fabric

After the drawing-in process, the warp yarns ati ispo several bundles and tied onto the
fabric beam. A certain amount of tension is apptethe warp so that the warp ends are
kept straight. The weft yarns are stored in a wowdle shuttle and are ready to be used.

The weaving of plain woven fabric is performed ba toom.

5.3.2.2 Weaving of plain woven fabric with leno irertions

Leno yarns are drawn from special bobbins and therement is controlled by leno
healds. The leno heald is made up of one doup-eemdl two legs, which is shown in
Figure 5-21. There is a magnet at the bottom ofdfgewhich serves to catch up the steel

needle. The two legs are controlled by two indialdirames. The reed-plan for leno
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insertion fabric is different from that of plain aae, that is, a specific dent should be
saved for the leno warp pair. For instance, if keace inserted every two cm (every 14

yarns), one in every eight dents needs to be rederv

Figure 5-21 Doup-heald

As can be seen in Figure 5-22 (a), the two lenmsjastandard end and leno end, run

together between the two lifting legs &nd L, . The standard end passes through the eye

of the doup-needle (D) and under the ease E, wiasthe function of equalising the warp
tension. The leno end is drawn into an ordinaryich& but above the doup-needle. In

order to reduce the warp tension, two leno yaragaawn through the same dent.

In Figure 5-22 (b), when the doup-needle is raiBgdeg L, its right-hand shank is

disconnected with the magnet on the bottom of\hich is now in the down position. A
cross shed is formed and the leno end is on the sige of the standard end. After the
insertion of weft yarn, the doup-needle is carngmvards by L, and its left shank is
disconnected with |. The position change pushes the standard enceamgtit hand side

of the leno end to form a cross shed which is readyinsertion. Thus the repetitive
crossing of one warp end over another is maintaceainuously. In this method of

weaving, leno structure is formed.
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Figure 5-22 Leno heald movements [139]

5.3.3 Fabric samples

The resultant fabrics are shown in Figure 5-23. @see of concern is that the weft

cramming zone depicted in Figure 5-6 is not notitean the real fabric. Due to the low

yarn-yarn friction of Dyneema fabric, yarn sllipageay occur during the weaving

process. As a result, crammed yarns tend to beegqdeforward in the fabric forming

zone by the ordinary yarns. The cramming zone cootactually be formed in real fabric,

only leading to the increase of weave density efttric.
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Double weft insertion

(d) Plain woven fabric with weft cramming
Figure 5-23 Plain woven fabric and structure modifed fabrics

5.3.4 Optimisation in manufacturing UHMWPE woven fébrics

A problem of yarn filamentation occurs during thedMWPE manipulation at the
weaving stage. The low-twisted warp yarns tenditggie with each other during shedding,
which cause the filaments forming the yarns toispetsed and consequently give rise to

machine stoppages or fault during fabric weaving.
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It is considered that this is caused by statictata@ty on the fibre surface. In order to

address this problem, it is necessary to have & baslerstanding of the mechanism of
static electricity. When two materials are rubbagether, the electrons associated with the
surface atoms come into very close proximity wableother. The surface electrons can be
moved from one material to another. The materiaiclvlgives the electrons become

positive and the material which receives electrbesome negative. Hence, a static
electricity force is generated and results in atioam between the two materials. The effect
of static electricity is particularly noticeable aigh-performance fibres like UHMWPE.

As a result, elimination of static electricity cdube achieved by neutralising the static
charges by bringing electrons back to the possiwdace or removing excess electrons

from the negative side.

One of the approaches is to apply some humidiBytoeema yarns. In that case, the static
charge is removed. Figure 5-24 shows that a huiidifas put behind the weaving
machine facing the warp beam. During the weaving®ss, a certain amount of humidity
is created by the humidifier and applied to thepygarns. The alternative is to use yarns
with a high level of twist. Twisting gives filamena certain degree of cohesion so that
yarns are less likely to be dispersed. Neverthekes$as been mentioned before, twisted
yarns are not desirable for ballistic fabrics, lasytlead to poor ballistic performance. In
addition, paper sheets were rolled with the wanpeslin the warp beam, avoiding the
contact between the adjacent warp layers. Thisimdites the possibility of warp jam
during the take-off process. The combination otladise measures aims to minimise yarn

filamentation and to optimise the weaving process.
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Figure 5-24 Pper sheets used to separate warp lagend the humidifier

5.4 Summary

In this chapter, the design and manufacture ohpi@bric and structure modified fabric
have been discussed in detail. According to thestempequation, increasing the yarn
wrapping angle may lead to an increase in intenyaiction. Two approaches were
suggested, namely increasing the weaving density randifying the woven fabric
structure. The practicability of the two approacheas investigated by using FE
simulation and it has been determined that therlathe proved to give an improvement
in the fabric energy absorption capability. Ther@ase of yarn gripping in woven fabric
has been achieved by the insertion of three strestwarp leno structure, double weft
insertion and weft cramming. The necessary arraegeéno eliminate the problem of
fibrillation during the weaving process has alserbéescribed. The techniques applied
in weaving explore the possibility of mass-prodgcifniction-increased fabrics at a
comparatively low cost when compared with chemicehtment based techniques. In
addition, the successful fabrication of UHMWPE plavoven and structure modified
fabrics has been presented. The problem of filaatemt during the weaving process has

been solved by taking appropriate measures.

Chapter 6 Experimental Study on Fabrics with Increaed Inter-Yarn
Friction

Development of gripping fabrics is one of the objexs of the research and has been
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mentioned in the previous chapter. This chapteseats the evaluation of the increase in
yarn gripping for structure modified fabrics in bateft and warp directions by using the
yarn pull-out test. In order to develop a good ustdading of their impact resistance, a
ballistic penetration test was carried out. Theultsswere discussed and factors

influencing fabric performance were also analysed.

6.1 Yarn Pull-Out Test

The yarn pull-out test aims to characterise thee@se in yarn gripping for structure
modified woven fabrics. The force required to mulyarn out from the fabric is used as

a measure of the ease of yarn slippage and a pemafoedefining inter-yarn friction.

6.1.1. Method and sample preparation

An Instron 4411 with a 1 kN load cell was used tioe experiments. Before testing,
transverse yarns were removed from the top edgweofabric, forming yarn tails. A
single yarn was selected and loaded using uppetgayerform the pull-out test, which is
shown in Figure 6-1 (b). The lower edge was claniped rectangle plastic piece, which
is shown in Figure 6-1 (c). The specimen on thelmmecis extended at a constant rate
(250 mm/min) and the measuring mechanism movedjkgitde distance with increasing
load. Yarns were pulled out in both the weft andpmdirections. In the weft direction,
three different samples: PW, PWL02 and PWL03 wested to investigate the influence
of leno insertion. In the warp direction, PW, PWMOZ and PWLO3DW are tested to

study the influence of weft cramming and doubletwefertion and cramming.
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(@) Instron 4411 (b) Upper jaw

(c) Lower clamp

Figure 6-1 Yarn tensile testing mame

One problem which needed to be solved was thatiatiee shape of the bottom clamp,
all the yarns were gripped on the lower edge oflari€ sample. The pull-out force
recorded by the load cell was not caused by inaen-yriction, but by the clamping force
of the lower fixture. Given this situation, two rhetls, method A and method B, were
designed. In method A, fabric samples were plagsitle down and all the yarn tails were
clamped by the plastic grip. The pulled-out yarrsvggipped by a jaw and was drawn
from the fabric zone, which is shown in Figure 62this case, the plastic jaw only
served to hold the fabric and did not give any addal force to the pulled-out yarn. In
method B, the lower part of fabric sample was owguch a shape that only the right and

left corners were gripped by the clamp. This isvaman Figure 6-3 that the remaining
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part of the fabric zone was not affected. Both rmétA and method B are employed to

study for their reliability. The results are revazhin the next section.

fabric zone
90mm
w
pulled oux
yarn 110mm
yarn tails — |
\clamp
100mm
(a) Schematic diagram of method A (lethod A on Instron
Figure 6-2 Method A of yarpull-out test
pulled out yarn
90mm —| yarm tail
90mm .
—— fabric zone
20mm
-
clamp
100mm
(a) Schematic diagram of method B YiMethod B on Instron

Figure 6-3 Method B of yarpull-out test
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6.1.2 Results and Discussions

Figure 6-4 shows the load-displacement curvestertivo methods. Each method was
repeated 8 times and the peak load forces on thes auvere put into comparison. The
results were revealed in the Appendix, Table 3hAs been shown in both Figures 6-4
and 6-5, the peak load force for method A is mughdr than that for method B. This is
probably because that the pull-out force appliedoisin parallel with the fabric plane in
method A, which consequently leads to fabric demmatThis is shown in Figure 6-2 (b).
Fabric deviation hinders yarns from being pulletl @and increases the randomness of the
result (here the randomness of the result is déteanby the value of 95% confidence
interval, which is shown in Figure 6-5). As thelpalit force is in parallel with the fabric
plane, the peak load force is only determined kg ititer-yarn frictional force. The
values are comparatively lower and exhibit lessloamess than those from method A.
For the reasons mentioned above, method B was gegplo perform the yarn pull-out

test.
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Figure 6-4 Load-displacement for method A andhethod B
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Figure 6-5 Comparison of peak load point between nieod A and method B

When a yarn is being pulled out from a fabric,auses the fabric to bend towards the
direction of the pull-out force. Then yarn un-crimg takes place, forming a number of
frictional points on the crossovers along the mlitbeit yarn. As the frictional points build
up, the pull-out force increases as well. Whenytima is fully un-crimped, the peak load
point is reached. Then, slippage occurs and the igatranslated over the first frictional
point, which leads to the sudden drop of the putlforce. Then, the load begins to build
up to overcome the second frictional point and 8¢ io a cycle. This explains the

occurrence of maxima and minima on the load-digteent curve shown in Figure 6-6.
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Figure 6-6 Load-displacement curve for yarn-pull ot test

Figure 6-7 exhibits the comparison of peak loadtdoin the weft direction, aiming to
study the yarn gripping effect of leno insertionhds been established that the insertion
of leno weave enables the weft yarns to have isecgull-out force. The decrease in
leno structure interval has the effect of incregsihe yarn gripping. The results are
shown in the Appendix, Table 4. The mean valuglain weave is 2.24N, which is 0.29N
and 0.75N lower than PWL03 and PWLO02 respectivelylance at the load-displacement
curve from Figure 6-8 reveals that the initial mlduof the curves for the gripping
fabrics is higher than that of the plain woven fabThe results show good agreement

with Ahmed [139], who argued that leno weave givigsher inertia on the weft yarns.
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Figure 6-7 Comparison of peak load force for diffeent fabrics in the weft direction
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Figure 6-8 Load-displacement curves for pull-out fo difference fabrics in the weft
direction
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Figure 6-9 Comparison of peak pull-out force for tle weft and warp directions

For the warp direction, the peak load force to putla warp yarn from plain weave fabric
is around 0.31 N higher than that from the wefnydihis is because during the weaving
process, the warp yarns are at a higher tensiontbieaweft yarns, and therefore the warp
yarns give higher crimp than the weft yarns. Foft\wweamming and double weft insertion
and cramming, Figure 6-10 shows that that they giwemilar increase in yarn gripping

of the weft yarns. The increase in yarn inertials found in the warp direction, which
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is shown in Figure 6-11. The results are showm@&Wppendix, Table 5.
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Figure 6-10 Comparison of peak pull-out force for d@ferent fabrics in the warp
direction
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Figure 6-11 Load-displacement curves for pull-outrom different fabrics in the warp
direction

6.2 Ballistic Penetration Test on Structure Modifi@ Fabrics

Since it has been established that the insertiolerod structure, weft cramming and
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double weft structure increases the yarn pull-outd, it is interesting to investigate the
ballistic performance of gripping fabrics. In tlssction, ballistic penetration testing was
carried out to study the influence of the struadurasertions on the fabric energy

absorption capability.

6.2.1 The ballistic results

600

Energy absorption per areal
density (J/g.cm™)
w
o
o

PWLO3 PW PWL0O2 PWLO3DW
PWLO3WC

Figure 6-12 Normalized results for different Dyneera woven fabrics

The raw data for different woven fabrics is showrthe Appendix, Table 6 to Table 10.
The results were extracted from the raw data an@ wermalised to eliminate the effect
of fabric areal density on energy absorption, whghown in Figure 6-12. Contrary to
expectation, there was no significant differenceballistic performance. The energy
absorption for all the fabrics was found to betia vicinity of 500J/g.cf. Although the

PWLO03 and PW fabrics give slightly higher valuesrthother cases, the error bars
overlap with each other, indicating that the imgment in the ballistic performance of

structure modified fabrics is not obvious.
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strained area on
leno weave

(a) PWLO2 Y(BW
Figure 6-13 High speed photograph of woven fabricndergoing ballistic impact

Figure 6-13 shows the images captured by a higadspbhotograph for PWL02 and PW.
The pyramidal transverse deflection and the traicgaon pull-out are noticeable in
Figure 6-13 b, which is typical of plain structuhe.Figure 6-13 a, a strained area can be
seen in the vicinity of the leno structure. Thiglicates that, although the energy
absorption capability of gripping fabric is not rarkably increased, the insertion of leno

weave changes the fabric strain distribution upopaict.
6.2.2 Discussion

The results of similar work on Kevlar fabrics, havee showed that the best gripping
fabric gives an energy absorption of 650 JIgt cwhile the value for plain woven fabric
is around 500 J/g.ci[141, 142]. This could be explained by the faetthe increase in
yarn gripping in Dyneema fabrics is not high enotmhgive a noticeable influence on the
ballistic performance. A comparison of yarn pulkdorce has been made between
Dyneema and Kevlar fabrics to investigate the ¢ftddeno structure. The results are

revealed in Figure 6-14. It has been found thapfain weave, the yarn pull-out force for
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Kevlar fabric is more than 1N higher than for Dymeefabric. The insertion of leno
weave, gives an increase of 1.63 N in the peakfloae for Kevlar PWL02, the value of

which is more than double that of Dyneema PWLO02.

6

v

I

B DYNEEMA

N
|

m KEVLAR

Peak load force (N)
w

[y
I

o
L

PW PWL02

Figure 6-14 Comparison of peak yarn pull-out load drce for Dyneema and Kevlar
fabrics

6.2.2.1 Effect of the coefficient of inter-yarn frction

According to the capstan equation 5.1, the pulliegsion T is determined by the
coefficient of friction and the yarn wrapping angléne low increase in yarn gripping on
the Dyneema structure modified fabric could beilaited to the low coefficient of
inter-yarn friction. In order to study inter-yamction, frictional tests were carried out on

both Dyneema and Kevlar yarns.

This approach is suggested by Standard ASTM D34283][ An Instron number 4411

tensile testing machine was used in the experinherihe test, a yarn was pulled over two
cylinders of a radius of 2cm with one end grippgatierminal and the other end fixed by
an initial load to keep it taut. The two cylindenr® fixed horizontally on a rig so that the
contact angle between yarn and cylindeis 90°. A Schematic diagram of the set-up is

shown in Figure 6-15. As the the output tensiomput tension § and wrapping angle
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are known, according to the capstan equation, dkéicient of friction between the yarn

and the cylindrical surface could be obtained.

As it was considered that the test carried ouhatyiarn angle of 90° may reflect the
movement between the weft and warp yarns in a wdabnic, the cylinders were

wrapped with yarns in the circular direction. Byirapthis, it is not difficult to measure the
coefficient of inter-yarn friction. Table 6-1 andfle 6-2 show the friction test conditions
and the specifications of the yarn sample. AccaydonStandard ASTM D3412, the free
hanging weight to provide an input tension showd10+0.5 mN/Tex. As a result, the
weight employed for Kevlar and Dyneema yarn samplese 161g and 1779

respectively. Due to the limited option, a weighb0 g was chosen for test.

.

/

cylinders

To-

Figure 6-15 schematic diagram of capstan method

Table 6-1 Frictional test conditions

Material Keviar*49,
Dyneem&SK75

Initial load force 1619, 1779

Temperature 21.8°

Sliding speed 500 mm/m

Humidity 50%

Yarn angle 90°

155



Table 6-2 Yarn properties

Kevlar Dyneema
Linear density (Tex) 158 174
Tensile strength (N/Tex) 55.6 59.76

Results and discussion
Figure 6-16 shows the load-displacement curve F@ materials undergoing yarn

frictional testing. The curve gives a sharp inceeasthe beginning and levels off as the
test carries on. According to the capstan equatitois not difficult to work out the
coefficient of friction between a yarn sample ahd tylindrical surface. Average values
for Dyneema-Dyneema, Dyneema-Kevlar and Kevlar-Kewdre given in Table 6-3.
Detailed results are shown in the Appendix, Table As can be seen, the
Dyneema-Dyneema coefficient of friction is 0.11%ieh is one third lower than that of
Kevlar yarns. According to the information on-lif#43], the coefficient of friction
between UHMWPE fibre is from 0.1 to 0.2, which femtes the experimental results
obtained from the frictional test. Briscoe and Moe&ai [17] used a hanging-yarn
configuration to measure the coefficient of frictibetween Kevlar fibreg, was found to
be 0.22+0.03, which is slightly higher than thewsabbtained from the capstan method.
This could be attributed to different testing methaand conditions. It has also been
found that a coefficient of friction between Dyneeand Kevlar yarns is higher than that

between Dyneema yarns.
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Figure 6-16 Load-displacement curve in the capstamethod

Table 6-3 Coefficient of friction between Dyneemaral Kevlar yarn

Coefficient of friction
Dyneema-Dyneema 0.119
Kevlar-Kevlar 0.192
Kevlar-Dyneema 0.142
Dyneema-Kevlar 0.136

PS: Kevlar-Dyneema indicates that Kevlar yarn iflgguover cylinders wrapped by

Dyneema, and vice versa

From the data obtained from the frictional testwvés concluded that the coefficient of
inter-yarn friction for Dyneema yarn is lower thdrat for Kevlar yarn, which leads to
the insufficient gripping effect of the insertiona Dyneema woven fabrics. One of the
alternatives to solve this problem is to use Kewarns to fabricate leno or other
insertions on Dyneema woven fabric. Although théueais higher for the case of
Kevlar-Dyneema and Dyneema-Kevlar, the increastefcoefficient is limited, raising
the question as to whether Kevlar leno yarns aaélyrable to provide more sufficient

yarn gripping than Dyneema leno yarns. As a resuis suggested to use materials
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giving a higher inter-yarn friction with Dyneemarga to form insertions so that

sufficient gripping could be achieved.
6.2.2.2 The influence of yarn wrapping angle

According to the capstan equation, another fadtat influences yarn gripping is the
yarn wrapping anglé. Take the leno structure for example, the wrapgingle of weft
yarns over leno yarns is determined by the flexugtlity of the weft yarns and the
force applied by the leno yarns. Flexural rigidgydefined as the couple required to bend

a fibre to unit radius of curvature and was obtdibg Morton and Hearle [144]:

2
Flexural Rigiditg—— 75=T 6.1)
T p

wheren is the shape factor, which has a value of 1 foreBbhaving a solid circular
cross-section, fibre with differently-shaped cragsstions will have a different value sf
Es is the specific modulus in N/tex; afdis the linear density in tex andis the bulk

density in kg/m.

SEM observation revealed that the diameters of Byreefibre and Kevlar fibre are 17.5

um and 13.5um respectively, them could be obtained using:

T=Ap (6.2)

whereA s fibre cross-section in mThe fibre linear density could be obtained.

The ratio between the FR (Flexural Rigidity) of Kavfibre and Dyneema fibre can
therefore be worked out by:

2
F I%Dyneema: EsDyneemADyneemprneema
2
F |%(evlar EsKevIarA(evlarp Kevlar

(6.3)
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It is established from Equation (6.3) that the @it rigidity of the Dyneema fibre is
around 2.22 times higher than that of the Kevlarefj indicating that the Kevlar yarn is
more flexible and softer than the Dyneema yarnsdmables it to be bent more easily

and to form a larger wrapping angle with the ortheeg leno warp yarns in a fabric.

The Kawabata Evaluation System enables the measateshbending rigidity of a yarn
or fabric sample through an experimental methodaiths to measure the bending
moment as a fabric or yarn sample is bent throughreature ranging from -2.5 ¢hrto
2.5 cm'. The test is conducted at a constant rate of Mm%/ The sample is fixed
vertically in the tester to diminish the influenoé gravity on the results. The results
obtained from the test are revealed in the Appentible 12. It can be seen that the
bending rigidity of the Dyneema yarn is much higliean that of the Kevlar yarn.
Normalised by yarn linear density, the value fornBgma is around 7.4410*
(g.cnflyarn.Text), which is 37.9% higher than for Kevlar (5:810* g.cnf/yarn.Texb).

The experimental results seem to collaborate therdtical prediction.

As it has been mentioned previously, the wrappmgjeais also controlled by the force of
the leno yarns applied on the weft yarns. Singgdifficult to change the yarn properties
to reduce its flexural rigidity, it is considereldat the improvement could be made by
increasing the tension of leno yarns during the viven process, which appears to
increase the contact force between leno yarns aft y&rns, which enlarges the yarn

wrapping angle.

6.2.2.3 The influence of projectile roll angle

Projectile roll angle is the angle between theitaptane and the longest dimension of
the projectile’'s impact end [38]. Shocketyal [88] suggested that a fragment presents

more of an interface area with the fabric targed 46° roll angle than at a 0° roll angle.
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However, this may cause yarn slippage rather tlaan fyacture during the impact event.
In Figure 6-17, it has been observed from the Isigbed photograph that the projectile
may tumble when flying, which leads to a differeoit angle when impacting the fabric
target. As a result, head-on impact (90° roll ahginables a projectile to have a larger
contact area with the target than edge-on impakt éngle less than 90°) In order to
investigate this issue, an FE model was built tousate a projectile with different roll

angles. The schematic diagrams are shown in Fignli&

(@) 90 roll angle (b) Roll angle less tha@®®
Figure 6-17 Woven fabric impacted by a projectile tdifferent roll angles

i ¢

(a) 9C roll angle (b) Roll angle less than 90
Figure 6-18 Schematic diagrams of a projectile witldifferent roll angles

A half-model is employed to investigate the rolgkneffect on fabric energy absorption
at the impact velocity of 500 m/s. Figure 6-19 shdhat projectile energy loss decreases
with the increase in roll angle, reaching a minimatd5° and then increases to a peak of
6.2 J.In Figure 6-20, although the number of yarns brokgra projectile is found to be
the same, the stressed area for the case of 4Bfick smaller than the cases of 0° and
90°. This is probably due to the fact that a 0°a0©0° impact present greater a

cross-sectional area to a fabric than a 45° impamtthis reason, it is more likely for the
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ballistic fabric to catch a projectile and to dsgte energy at high or low roll angle.

Projectile kinetic energy loss (J)

Figure 6-19 Projectile kinetic energy loss at diérent roll angles in simulation

(a) 0°
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(b) 45°

Q8:32 GMT Standard Time Z013

c) 90°
Figure 6-20 Fabric upon ballistic(ir)npact at different roll angles at 8pus

As it is difficult to predict projectile roll angléen the ballistic range and different
projectile roll angles result in random data foe thallistic impact test, the limited
influence of gripping structures on the performabheeomes less detectable. One of the
approaches to solve this problem is to use a smigriojectile to eliminate the effect of
roll angle. Table 13in the Appendix, shows the ballistic results of ngsia 5.5
mm-diameter spherical projectile. The employing afspherical projectile gives a
coefficient of variance of 8.58%, which is almostifithat of the cylindrical projectile
(13.56%). This means there is improved data carsigtby using a spherical projectile.

Other factors, such as different impact velocitysoainfluence the analysis and
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comparison of fabric energy absorption. It is swsee that if the projectile impact
velocity could be kept constant by some meanss ppassible to further reduce data

randomness.

6.3 Summary

In this chapter, the yarn pull-out test has beafopmed on structure modified fabrics to
evaluate the magnitude of yarn gripping. It hasnbémund that the three types of
insertion applied to woven fabric, warp leno insert weft cramming and double weft
insertion and cramming, give an increase in yardl-qut force. The ballistic
performance of structure modified fabrics, howevedges not show noticeable
improvement when compared to that of plain woveorita Similar work on Kevlar
fabrics shows that the insertions enable Kevlar emovabrics to have a remarkable
improvement in energy absorption capacity. Througk yarn pull-out test, it is
suggested that the less obvious energy absorptigmovement on Dyneema fabrics

could be due to its lower yarn pull-out force wlbempared to Kevlar fabrics.

According to the capstan equation, the output fasceletermined by the interface
coefficient of friction and wrapping angle. Yarnctional tests show that the Dyneema
fibre surface gives a smoother property than theld€efibre surface, which leads to
lower inter-yarn friction in Dyneema woven fabri@rn wrapping angle is considered to
be associated with bending rigidity. As the softex weft yarns are, the easier it is for
them to have a large curvature when gripping beriiens such as leno structure. Data
obtained from the Kawabata bending tester revestlttie bending rigidity of Dyneema
yarn is higher than that of Kevlar yarn. Combinathwhe two factors mentioned above,
it is understandable that the insertions in Dyneéabaic give lower yarn gripping than
in Kevlar fabric. One of the solutions to this pe is to increase the tension of leno

yarns, forming larger yarn wrapping angles.
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Apart from yarn properties, projectile striking Ir@ngle is considered to be another
factor that influences the ballistic performancepiovement of Dyneema fabrics. FE

simulation shows that low or high roll angle teridspresent more of a cross-sectional
area to a fabric, leading stress to be dissipated a larger area. A moderate roll angle
causes a projectile to slip through the fabric #redstress is then concentrated on a small
area. As a result, the variation of projectile ratigle increases the randomness of

ballistic results, which consequently makes thegnabsorption increase less.

Chapter 7 Response of Fabric Layers in a BallistiPanel

It has been mentioned in the literature review gaat different layers of fabric in a panel
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respond differently to ballistic impact. It is geakly believed that fabrics near the impact
face tend to be sheared to failure and those eaback face tend to be subjected to
tensile failure. For this reason, it is suggested tising shear damage resistant materials
near the impact face and tensile damage resistateri@s near the back face may
improve the performance of a ballistic panel. Ttispter aims to further explore the
response of a ballistic panel upon impact in otdeprovide information and develop
guidance for soft body armour design. The preskapter is divided into two parts. In
the first part, FE models will be created to analyise response and failure mode of
different layers in a panel upon ballistic impdatthe second part, two types of fabric,
UHMWPE woven and unidirectional fabrics, will beathcterised in terms of their
properties for panel design. The experimental da@Waluation for different designs will

be presented in the next chapter.

7.1 Computer Costs Reduction

As the main objective of this chapter is to invgate the failure mode of fabric layers in a
ballistic panel upon impact, a multi-plied fabrigsgeem is required to be created in
ABAQUS for FE analysis. The major cause of conasritnat the enlargement of the FE
model would increase the computer costs. Due tolithie of CPU power, it is only
possible to simulate four layers of fabric if thregginal quater model is to be used, which is
not satisfactory for multi-ply fabric system anagysFor this reason, two approaches,
model size reduction and mesh modification, willtneestigated in this section to reduce
computer costs. It is important that the modifieaven fabric model gives a satisfactory
accuracy. The accuracy is mainly obtained from toenparison of fabric energy

absorption between the FE model and experimergahte

7.1.1 Model size reduction

In the present study, models of four different useés, 7.5 cm, 5.5 cm, 3.5 cm and 1.5 cm

are put into comparison. The results are revealdeigure 7-1. It can be seen that, the
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increasing trends for 7.5 cm and 5.5 cm model lanest linear, as the model size reduces,
the trend becomes more logarithmic. This is propaklcause small sized models tend to
have less fabric area to get involved in energsipaion, which leads to decreased energy
absorption when compared to large sized models. r&étaction of energy absorption
becomes more pronounced in a multi-plied fabridesysthan in a single-ply system. In
addition, the reflection of the stress wave betwihenfabric boundaries is more frequent
in small sized models. This being so, the strah@wicinity of the impact point is quickly
increased and the model tends to break at an gtag. As a result, although reducing the
model size decease the computer costs, the fabrformmance has been greatly changed

and is not appropriate to be used for multi-plyri@lystem analysis.

35 -
30
225 - FE results for 7.5cm-
-.9., radius model
2 20
] @ FE results for 5.5cm-
'E 15 - radius model
%D M FE results for 3.5cm-
s 10 1 radius model
5 - - X FE results for 1.5cm-
radius model
O T T T T 1
0 500 1000 1500 2000 2500
Panel area density (g/m?)

Figure 7-1 Energy absorption as a function of paneareal density for models of

different sizes
7.1.2 Meshing scheme modification

Since reducing fabric size would seriously affeadtrfic energy absorption, especially in
multi-ply fabric system, FE simulation accuracgisatly reduced using this approach. An
alternative method is to coarsen the meshing scloemibe fabric-forming yarns so that

fewer elements and degrees of freedom are takercamsideration in the calculation. As
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it is the primary yarns that absorb the majoritythed energy [24] and being subjected to
failure, the meshing scheme on them is kept unatnip the present case, the mesh
coarsening is carried out on the secondary yartigihope of minimizing its influence on
energy dissipation and transmission. The mesh enadsyarn model is shown in Figure
7-2. In the original model, the arcs forming tharyaross-section and yarn path were
designed to have six elements, which is termed@scamodel, and so forth for 4x4, 3x3
and 3x2 models. 3x2 is the coarsest mesh scherhéstpassible on the current yarn
model. In Figure 7.3, it can be seen that 4x4, 8#@ 3x2 models give similar energy
absorption capacity as the original 6x6 model, Whitdicates that the modification of
the meshing scheme on the secondary yarns doesigroficantly change the fabric
performance like the reduction of model size. Ideorto save computer CPU power, a

3x2 model was employed.

(a) 6x6 (b) 4x4
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(c) 3x3 (d) 3x2
Figure 7-2 lllustration of yarn models with different mesh scheme
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Figure 7-3 Energy absorption as a function of paneareal density for models with
different mesh schemes on the secondary yarns

7.2 The Response of Different Layers in A Panel

Since the mesh simplified model has been provdretable to reduce the computer costs
without affecting the energy absorption capabitifythe fabric, it will be employed for
investigation in this research. This section igabd into two parts. The first part aims to
study the deformation of different layers. The setpart presents a detailed exploration
of the failure mode of the different layers. An Fibdel of an eight-layer woven fabric

system was created to undertake this researchpdtiermance of the first layer, second
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layer, fourth layer and eighth layer fabrics weréracted from the model and put into
comparison so that a good understanding of theorsgpof a panel to ballistic impact

could be developed.

7.2.1 Deformation of fabrics of different number oflayer

In Figure 7-4, it has been determined that fabmear the impact face tend to fail earlier
than those near the back face. For instance, thieaind second layers break within the
first five microseconds, the eighth layer engageth whe projectile for about 30
microseconds. As a result, the longer engaging énables rear layers of fabric to have
wider transverse deflection and to have a largea af fabric get stressed at break, which
increases its energy absorption. The Contour pbtstress distribution are shown in
Figure 7-5 and Figure 7-6. It can be seen in Figureand Figure 7-8 that far more strain
energy and kinetic energy is stored in rear lagéfabrics. Also, Figure 7-9 shows that
energy is more locally concentrated on the primamns for front layers of fabric. For
rear layers of fabrics energy is more equally thated over the whole fabric. Take the
eighth layer for example, only 33.8% of the totaémyy absorbed is accumulated on the

primary yarns.
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Figure 7-4 Engagement time of different layers ofdbric with a projectile
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Figure 7-5 Width of the transverse deflection of dferent layers at break
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(b) .The”se-c;dnd Iayér

(c) Thé fburth layer

(d) The eighth layer
Figure 7-6 Contour plots of stress distribution fordifferent fabrics at break
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Figure 7-7 Strain energy of each layer at break
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Figure 7-8 Kinetic energy of each layer at break
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Figure 7-9 Percentage of strain and kinetic energgtored in the primary yarns at
break

7.2.2 Strain analysis of the failure mode of diffeent layers

As it has been established that the breaking timeclosely associated with the
performance and energy absorption of differentrigpé fabric in a panel it is necessary
to study the failure mode in a fabric system sd tha a good understanding of the
underlying factors influencing the breaking timeulkcbbe developed. In FE simulation,
failure occurs when the stress induced strain esomaterial breaking strain. It has been
mentioned in Chapter 3 that two failure criteriaraveet to define material failure in the
FE model, namely tensile and shear failure criteéfiae values were determined to be
0.02 and 0.04 respectively. In this research, daglements will be selected from the first,
second, fourth and eighth layer and the magnitddsrain will be used as an indicator
for the damage analysis on the fabric. Three stamponents associated with ballistic
impact will be considered, whegg; is the strain in vertical directior;; is the tensile

strain in horizontal direction and. is the shear strain in vertical direction.

I €33
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Figure 7-11 Schematic diagram of the failure poinfor each layer

It is observed in the FE model that for fabricsrrteéa impact face, such as the first layer,
failure tends to occur in the vicinity of the proijde edge. For the fabrics near the back
face, however, failure is more likely to occur néae impact point, which is shown in

Figure 7-11. This is because stress is more quic&hcentrated on the front layers of
fabric due to the reinforcement of their subseqlaydrs, causing the materials to be cut
by the sharp edge of a projectile. Strain at tloatftayers of fabric tends to exceed the
shear failure strain. As the projectile is not iredt contact with the rear layers of fabric,
stress is transferred through the fabrics. Thiseauhe material to be less likely to be
subjected to shear failure. As a result, more stresoncentrated on the impact point,

leading fabrics to fail in tension.

7.2.2.1 Strain analysis of the failed elements

The failed elements were extracted from the modelstrain analysis, the results of
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which are shown in Figure 7-12. As can be seenthierfirst and second layeksz and

€33 give extremely high negative values at break. Th@icates that fabrics near the
impact face are subjected to high shear and comigeestress, which play a dominant
role in failure in a ballistic event. For middley&x fabrics, such as layer 4, and fabrics
near the back face, such as layer 8, the sheac@ngressive strain peaks yield much
lower value at break. Nevertheless, tensile stains found to be higher for layer 4 and
layer 8 than for layer 1 and layer 2 at break, Wtshows that failure is mainly caused by

tensile stress along the yarn path.

Figure 7-13 reveals the broken fibre ends takemftbe penetrated fabric samples
observed on a SEM. It was found that fibres takemfthe front layers exhibited
heat-induced melt due to the low melting tempegatirpolyethylene, the shear failure
mode was not detectable. The tensile failure mbdegever, was observed from the fibre
taken from the rear layers of fabric. The resutidatorate those of Chest al[72], who
observed the failure mode of broken Kevlar fibiedsen from fabrics near and away from
the impact face respectively. The failure ends efldr fibre are shown in Figure 7-13.
The shear-induced failure is more noticeable onl&tefibres than that on Dyneema
fibres for front layers of fabric. In addition, fibation is observed in Figure 7-14 (b),

indicating that Kevlar fibres fail in tension orethear layers.
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Figure 7-13 Broken Dyneema fibre ends taken from th ballistic panel

(a) Fibre from the front layer (b) fibrefrom the rear layer

Figure 7-14 Broken Kevlar fibres taken from front and rear layers of fabric [72]
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7.3 Fabric Analysis and Evaluation

Since the predictions indicate that the front layadrfabric are more likely to be sheared to
failure, and the rear layers tend to be stretclefhiture, it follows that shear resistant
materials would be desirable for the front layemsl éensile resistant materials for the
rear layers. This combination of the two types @itenials could hopefully improve the

ballistic performance of a fabric panel of a redueight.

A considerable amount of literature has been regawh the tensile properties of ballistic
materials, such as para-aramid and high-performpabeethylene fibres. However, it is
difficult to measure directly the fabric shear pedges. Finlayson [135] set up a shear test
apparatus and made a measurement for a seriésasd.fHe found that the shear strength is
far less than the tensile strength. For ballidlarics, there is limited work on their shear
strength. Instead of focusing on the fibres, tharkvaims to investigate the shear and
tensile properties of different fabric structur&s.has been mentioned in the introduction,
the two main types of structure used for soft badynour are woven and UD.

Consequently, these fabrics are characterizedhéhybrid panel design.

7.3.1 Fabric structure characterisation

7.3.1.1 Plain woven fabric

In a plain woven fabric, yarns in the warp direot&re interlaced with yarns in the weft
direction. A Schematic diagram of plain woven fakig shown in Figure 7-15. One of
the characteristics of plain woven fabric is théstnce of crimp, which is believed to
reduce the tensile strength of the ballistic fafri€he elongation at break and tenacity

are lower in a fabric formation than in a singlenyfl01]. As has been mentioned in the

178



previous chapter, the plain woven fabric in usenale of Dyneema SK 75, with a yarn

linear density of 174 Tex and a weave density 8b&arns /cm.

Figure 7-15 Schematic diagram of plain woven fabric

7.3.1.2 Unidirectional fabric

A unidirectional fabric made of Dyneefh&B 21 was used in this study. The fabric was
provided by DSM and is made of ultra-high molecwaight polyethylene fibres. In an
unidirectional fabric, UHMWPE filaments are coatedth resin and aligned in a
[0/90/0/90] stack. The stack is then laminated Wy films and is hot-pressed. The
bonding of filament layers is achieved by the meltiof resin applied before. The
resultant UD fabric has a thickness of 0.18 mm amdirea density of 145 g?mwhich

can be referred to Figure 2-8.

7.3.2 Fabric properties analysis and evaluation
7.3.2.1 The response of fabrics to out-of-plane siréng

There is a large volume of published studies desugyithe shear behaviour of woven
fabrics in warp and weft directions, as it is imjpott for garment design and new fabric
development. However, little attention has beerd fai the fabric out-of-plane shear
properties, which are of vital importance in thisidy. The aim of this section is to
analyse and evaluate the resistance of UHMWPE wawnehUD fabric when subjected

to transverse shear force.
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The fundamental difference between the two typemlofic is the degree of freedom of
fabric-forming-yarns/fibres. In a woven fabric, yarare allowed to displace either
laterally or transversely when subjected to an isegoforce. In a UD fabric, fibres are
stuck together and are not allowed to move duehéohinding of the resin. As it is
difficult to directly test the transverse shear pgmdies of a fabric, the parallel work
regarding fabric tearing properties could be used geference. In the tongue-tear test, a
fabric sample is cut in middle, forming two "leg¥he legs are laid parallel to each other
and are clamped one in each jaw in a tensile teashime. Load is applied to one of the
jaws to tear the fabric. Schematic diagram of Taatpar test is shown in Figure 7-16.

Gr1p region t

Trans\'erse
Yarns

Longitudinal
Yarns

Del
Region

Grip region

Figure 7-16 Schematic diagrams of tongue-tear teft45]

Theoretically, the fabric sample is subjected teashstress perpendicular to the
transverse yarn. However, due to the fabric demiatand yarn slippage, A-shaped
region is formed in the opening, leading the trans® yarns to fail in tension rather than
in shearing [146]. Abbott al [147] have performed a series of tests to studytéaring
strength of coated and uncoated woven fabrics.ddad that coating resulted in loss of
tearing strength on all woven fabrics, among wibelsket weaves exhibits the highest

strength reduction. This is probably because cgaiticreases inter-yarn friction and
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reduces yarn movement, which consequently enatefabrics to have a small&rzone.
This smallerA zone contains fewer transverse yarns to takeaae &nd therefore the
fabric tearing strength goes down. If the fabrioaitng yarns are entirely constrained by
the coating material and no slippage takes plé@zetare possibilities for the transverse

yarns to be sheared to failure by the transveisa ¢m the two fabric "legs".

This phenomenon is considered to be similar toctse of a ballistic event. When a
fabric is impacted by a cylindrical-shaped projectine sharp edge tends to shear cut the
material. For UHMWPE woven fabric, yarns subjed@dnpact are more likely to have
lateral movement such as yarn pulled out due tolat8 inter-yarn friction and
comparatively loose structure, which is noticeabl&igure 7-17 (a). The initial shearing
effect on the material may well turn into a tensilee. When the ballistic impact takes
place on the UD fabric, the binding resin restrigggn movement and therefore the

filaments which are in direct contact with the pujle tend to fail in shearing.

- T U g g me

(a) Perforatdlainwven fari (b) Péorated UD fabric
Figure 7-17 Fabric morphology

Figure 7-18 shows the energy absorption capalfigingle-layer UHMWPE woven and
UD fabrics. As the impact velocity varies over guét wide range, it is not appropriate to
compare their average energy absorption with 958fidence intervals or error bars. The

equations of the regression lines are thereford tsealculate their respective residual
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velocities at an arbitrarily chosen impact velo¢g90 m/s), from which the corresponding
energy absorptions are calculated. Given that tbal @ensities of the two types of fabric
are different, the data are normalised by dividimg energy absorption of each fabric by
their areal densities. The results show that thglsilayer woven fabric (0.053J/ ¢n
absorbs around 12.76% more energy than the siagée-lUD fabric (0.047J/ g:f). This
could be explained by the fact that the tensiléufaimode enables fabrics to have a

higher energy absorption than the shear failureenod
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Figure 7-18 Ballistic protection of single-layer UWMWPE woven and UD fabrics

7.3.2.2 The response of fabrics to tensile load

When a woven fabric is in tension, its stress-sti@irve exhibits an initial low slope
region due to the de-crimping and crimp-interchapgacess, which is followed by a
high slope region until its breaking strain is tead. This curve is shown in Figure 7-19.
For this reason, the high modulus of UHMWPE filsr@ot fully translated into the woven
fabric upon impact. As a result, the initial low dutus of the woven fabric greatly
influences the dissipation of energy and leadsirttgact to be concentrated in the local
area. As is shown in Figure 7-20, the filamentsregatly oriented in the UD fabric. Due

to the fact that there is no "de-crimping or crimgerchange” process in this formation,
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its stress-strain curve shows no low-modulus regisrdoes the woven fabric. For this
reason, the high modulus of UHMWPE fibre could biéyfexhibited in the fabric, which
helps to globally dissipate the impact.

4 Strain e

i Stress &

Figure 7-19 Typical tensile stress-strain curve foa woven fabric [148]
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Figure 7-20 Stress-strain response of 0 UHMWPE lamate [149]

As it has been established in the previous paitt rifeterials tend to fail in tension in
fabrics near the back face and the UD fabric shbigher tensile modulus than the
woven fabric when subjected to tensile stretchings considered that the UD fabric is
more energy absorbent when placed in the reardayfea ballistic structure. Figure 7-21

compares the ballistic performance of the woven dbdfabric assemblies. Due to the
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limitation of the clamp, the maximum number of fabayers that could be fixed is either
8 layers of woven fabric or 13 layers of UD fablicis apparent from this figure that, at
low areal density, Dyneema woven fabric assembiiesionstrates superior energy
absorption capability over Dyneema UD fabric asdeasbThe two curves meet at the
areal density of around 1200 d/mnd the UD fabric assemblies begins to absorb more
energy with the increase of areal density. Thiprigbably because, at high areal density,
the tight structure of UD fabric enables the regels to sustain more tensile load, which
gives the panel higher energy absorption. Howedee to the comparatively loose
structure, the woven fabric tends to cause yartrquilwhen the projectile is unable to
break the fibre, the phenomenon which was alsorebddy Bazhenov [16] and Starratt

al [32], resulting in a more localised strain. Thidl vead to lower energy absorption. The
results obtained are consistent with the data aysul by Leest al [21], who compared
Spectra fabric reinforced composite and angle-gdit@é laminate and found that the latter

proved to offer better ballistic protection at higieal density.
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Figure 7-21 Comparison of energy absorption betweenvoven and UD fabric
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assemblies

It is considered that the decreased fabric temsddulus not only affects the propagation
of longitudinal waves [43], but in addition alsavers the fabric transverse wave velocity.
For multi-layer fabric impact, an eight-layer FEwea fabric model and a thirteen-layer
FE UD fabric model (of similar areal density) ammpared. The width of transverse
deflection is found to be higher in the UD fabrgsembly (18.9mm) than in the woven
fabric assembly (16.8mm), which is shown in Figds22. This enables a larger area of
fabric to become engaged in energy dissipation,candequently leads to higher ballistic

performance in the UD fabric assembly (17.4 J) ihathe woven assembly (16.5J).

(a) 8-layer woven fabric assembly

(b) 13-layer UD fabric assembly

Figure 7-22 Transverse deflection for different paels at 20us
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7.4 Summary

This chapter aims to investigate the responseffardnt layers in a panel upon impact so
as to effectively combine different materials topnove the performance of the ballistic
panel. In order to facilitate the theoretical as&yof the impact event on multilayer
fabrics, the FE model created in Chapter 3 is sfragdlto reduce computing costs. For
this reason, two approaches, model size reductidmeesh modification, were introduced
and the results showed that simplifying the modekimprovides a more satisfactory

accuracy than the model size reduction.

The FE simulation indicated that fabrics near tmpact face tend to fail earlier than
those near the back face, which enables rear lafdedric to have longer engagement
time and wider transverse deflection. This beingastarger area of fabric gets strained
and more energy is accumulated in the rear layensas also been established that
energy is chiefly concentrated in the primary yamghe front layers and is more equally
distributed over the whole fabric in the rear laydn addition, a strain analysis on the
failed element was carried out to investigate thikufe mode of different layers in the
panel model. It has been found that the front lapéifabric are more likely to be broken
in shear, and the rear layers of fabric tend tidrigension. This suggested that using shear
resistant materials for the front layers and tenskistant materials for the rear layer may

improve the ballistic performance of fabric panels.

Two types of structure, Ultra-High-Molecular-Weigholyethylene (UHMWPE) woven
and unidirectional (UD) fabrics, were analysed tfugir failure mode and response upon
ballistic impact by using both FE and experimemtathods. It was found that woven
structures exhibit better resistance to shear riailand UD structures gives better
resistance to tensile failure and wider transveleitection upon ballistic impact. This
indicates that combining the two types of mateinah panel may possibly improve its

ballistic performance. Hybrid panel engineering éesting will be presented in the next
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chapter, in detalil.

Chapter 8 Engineering Design of Hybrid Ballistic Paels

It has been shown in Chapter 7 that UHMWPE wovémidas more resistant to shear
failure while UD fabric gives higher resistance tensile failure and modulus.
Consequently, it is of importance to further explahe possibility of judiciously
combining these fabrics in a panel to improve paeelormance. As has been established
previously, in a panel under ballistic impact, fhent layers of fabric tend to display a
shear failure mode, suggesting woven fabric shbelglaced close to the impact face.
Conversely, for the rear layers of fabric, tenpileperties and transverse deflection play a
more important role in energy absorption. Mixing tlvo types of fabric in an appropriate
sequence is expected to improve the ballistic perdmce of a panel. The current chapter
describes the design and testing of ballistic ld/panels using UHMWPE woven and UD
fabrics. The ballistic range mentioned in Chapter was developed to allow
non-penetration tests on fabric panels. An FE mada$ also employed to provide
theoretical predictions for better understandingh&f behaviour of hybrid panels upon

ballistic impact.
8.1 Hybrid Panel Design

According to the guidance developed in Chapterybyil panels were designed using
UHMWPE woven and UD fabrics. Two factors were taketo consideration in panel
design: the packing sequence and the weight fraatiothe two types of fabric. In
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addition, in order to better compare the panelgrarnce, the areal densities of different
panels were kept as similar as possible. As has beewn in Table 8-1, woven fabrics
were placed in front of the UD fabrics in Type Anpa Type B panels were the reverse.
Different weight ratio were also shown in the tablEor instance, ‘6 layers of woven
fabric + 30 layers of UD fabric’ indicates that vemfabric accounts for 25% of the panel
mass, and UD fabrics 75%, and so forth. Panelldetee given in Table 8-1 and Table 8-2.
For non-penetration tests, fabric panels, whichaade from a sufficient number of layers
to stop the projectile, are mounted unclamped agaifback face deformation indicating
clay block. The clay in use is Roma Plastifitdp.1. In most cases, the panels are not fully
perforated, and the ballistic performance of thegbgis assessed by the number of fabric

layers fractured and the shape and depth of theflaae signature.

Table 8-1 Type A panels

Type A panel Panel model Areal density(g/fh

40 layers of UD fabric _ 5,800
=]

6 layers of woven fabric - 5,790

30 layers of UD fabric

12 layers of woven fabric 5,780

+ 20 layers of UD fabric

18 layers of woven fabric 5,770

+ 10 layers of UD fabric

24 layers of woven fabrig 5,760

Table 8-2 Type B panels

Type B panel Panel model Areal density(g/f)

24 layers of woven fabrig 5,760
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10 layers of UD fabric -
18 layers of wove
fabric

5,770

20 layers of UD fabric -
12 layers of wove
fabric

5,780

30 layers of UD fabric -
6 layers of woven
fabric

5,790

40 layers of UD fabri 5,800

8.2 Results and scussior

It can be seen iRigure &1 that the combination of 6 layers of woven falamacl 30 layer:
of UD fabric exhibits the lowest val (6 mm) which indicates its superior performar
over other panels. It is found thbeyond this proportion, an increase in the proportf
Dyneem& woven fabrics in the panel leads to an increagmak face signature value.
layers of UD fabric panel and the combination ofldyers of woven and 20 layers of L
fabrics give similadepth (around 8.5mm). The combination of 24 lapénsoven fabric
gives the worst performance. Figur-2 compares the ballistic performance of Typ
panels and Type B panels. As can be seen, thagedwll the combinations indicate tt
placing thewoven fabrics near the impact face yields bettefopmance than the rever

sequence, which verifies the guidelines developedipusly.
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Figure 8-1 Depth of the back face signature for Typ A panels

It has been revealed from Figure 8-3 that FE resliare a similar trend with those in the
ballistic test. One thing worth noting is that tedues obtained from simulation are far

lower than those from the experiments. This is pbtyp caused by the different boundary
conditions, backing material and sample size.heahtest, fabric panels were not fixed on
a clamp, but backed by Roma PlastifiN@.1. In simulation, the boundaries were
constrained and the backing materials were not lated. Also, due to the computer

power, the sample size in the FE simulation wagditdhto 5x5 cm. Table 8-3 reveals the
depth of back face signature of other combinatioriee FE model. It can be seen that the
values lie in the vicinity of 3 mm and all the pEngrove to have poorer performance than

6 layers of woven fabrics + 30 layers of UD fabrics

The results shown above reinforce the guideline®ldped from the FE model and also
the analysis regarding the mechanical propertiegaven and UD structures. That is, in
panel design, it is desirable to have material$ vietter resistance to shear damage
placed in the front layers and those with betterstance to tensile damage placed in the

rear layers. If by special technique it were pdssitb measure the out-of-plane shear
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properties of different materials and fabric stanes, more combinations in hybrid panel
design could be achieved and an improvement inishall performance could be

expected.
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Figure 8-2 Comparison of Type A panels and Type Banels
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Figure 8-3 Finite element results for Type A paneland Type B panels

Table 8-3 Depth of back face signature of other colbmations in simulation
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Combinations Depth (mm)

10UD+6woven+20UD 3.09
20UD+6woven+10 UD 3.1
10UD+12woven+10 UD 3.08
6woven+20UD+6woven 3.2

10UD+6woven+10UD+6woven?2.98

6woven+10UD+6woven+10UD2.9

12woven+10UD+6woven 3.08
6woven+10UD+12woven 3.125
8.3 Summary

This chapter describes the design and testing gsoafeballistic hybrid panels. Two types
of hybrid ballistic panels were created from thieriies. The experimental results obtained
from non-penetration tests showed that placing wdaerics close to the impact face and
using UD material as the rear layers led to bditdlistic performance than the panel
constructed in the reverse sequence. It has atsofband that the optimum ratio of woven
to UD materials in the hybrid ballistic panel was.1The improvement in ballistic

protection of the hybrid fabric panels allows |esaterial to be used, leading to lighter

weight body armour.
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Chapter 9 Conclusions and Future Work

9.1 Conclusions

The aim of this research was to improve the ballgtrformance of soft body armour at a
reduced weight by using UHMWPE woven fabrics. Idesrto solve the problem of its low
inter-yarn friction and explore its use in balltséipplications, two routes were followed:
namely the development of woven fabrics with img@warn-yarn friction and the

engineering of hybrid panels.

Objectives set out for completing this PhD reseanctude: (1) creation of a stable FE
model for ballistic impact investigation; (2) a corahensive investigation of the influence
of inter-yarn friction on fabric ballistic performee (3) the development of weaving
techniques to achieve an increase in yarn gripipidHMWPE woven fabrics; (4) a study
of the failure mode of different layers of fabnica panel system; (5) the development of a
design guidance for ballistic hybrid panels; (6hdoction of ballistic penetration and

non-penetration tests to evaluate the performahdéferent fabrics and panels.
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This research has led to the following conclusions:

(a) Characterisation of the energy dissipation magbms on inter-yarn friction increased
fabrics:

It has been established from the FE model thatitkecase in inter-yarn frictional
coefficient frompu=0 to n=0.4 has an effect of increasing fabric energy giigm (from
2.5J to 3.5J). Further increase may restrict yaovement, which would consequently
decrease fabric performance. The mechanisms afyata friction could be concluded as

follows

(1) The lack of inter-yarn friction in a fabric @ to cause slippage between the primary
and the secondary yarns, leading the principal sydonsustain most of the load. This
causes the early failure and lower energy absorptb fabrics with low inter-yarn
friction.

(2) The existence of friction influences the progtémn of longitudinal wave along the
primary yarns, causing the stress to be concedtmatie vicinity of the impact point. This
explains the fact that excessive increase in iyden-friction leads the fabric to fail at an
early stage.

(3) Inter-yarn friction enables stress to be distred to the secondary yarns, which
consequently facilitates distributing projectilepatt energy to a larger area.

(4) A longer engagement time enables fabric withdemate inter-yarn coefficient of
friction to absorb more strain energy in both thienary and secondary yarns.

(5) Energy dissipated by friction is another eneaipgorption sink for woven fabric.
Increasing inter-yarn friction enables more endogye absorbed through this mechanism.
Too much friction may create a resistance to th&tive movement between yarns and

limit the amount of energy dissipated.

(b) Design and testing of the ballistic performaméestructure modified woven fabrics
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In the present work new weaving techniques have begloyed to modify the structure

of plain woven fabric based on the capstan equalibis enables the increase in yarn
gripping by changing the crimp of weft and warpngain a designated area without
affecting the yarn path of the rest of the fabrisnother achievement is that

mass-production of gripping fabric on power looneedmes available, which possibly
reduces manufacturing time and cost when compasedhemical treatment based
techniques. The increase in yarn gripping in UHMWIR&ven fabric is verified by yarn

pull-out testing. For instance, the insertion aidestructure gives a peak load force of
2.99N for the PWLO02, which is 0.75N higher thanttbithe PW. Although the increase
in energy absorption is not as noticeable as fovléewvoven fabrics, this approach has

been proved to have better potential for the paréorce improvement of soft body armour.

(c) Identification of the failure mode of differdayers in a ballistic panel
It has been determined in the FE model that falmées the impact face tend to fail earlier

than those near the back face. The longer engdgmegenables rear layers of fabric to
have wider transverse deflection and to have laageas of fabric become stressed due to
the ballistic event which increases fabric enerfggoaption. Also, that energy is more
locally concentrated in the primary yarns in thanfrlayers of fabric. For the rear layers of
fabric energy is more equally distributed on theolgHabric. By defining both tensile and
shear failure criteria for the material, FE mod#isw that the front layers of fabric are

more likely to be broken in shear, and the reaeidapf fabric tend to fail in tension.

(d) Development and verification of panel desigidgace

The FE result suggested that using shear resistatgrials for the front layer and tensile
resistant materials for the rear layer may impiecballistic performance of fabric panels.
Two types of structure, UHMWPE woven and UD fahriesre analysed for their failure

mode and response upon ballistic impact by usirig B& and experimental methods. It
was found that the woven fabric gives better rasist to shear failure and the UD fabric

shows better resistance to tensile failure. Hylpatiels consisting of the two types of
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fabric were designed and both FE and experimepgallis showed that placing woven
fabrics close to the impact face and UD materiahasrear layers led to better ballistic
performance than the panel constructed in the sev&¥quence. It has also been found that
the optimum ratio of woven to UD materials in thgbhd ballistic panel was 1:3. The
improvement in ballistic protection of the hybrabfic panels allows less material to be

used, leading to lighter weight body armour.

9.2 Recommendations for Future Research Work

A number of future recommendations could be sebasinuations to the current work.

It has been established that the less noticeabpgovement in the performance of
UHMWPE woven fabric could be attributed to the lmerease in yarn gripping, which is
probably caused by its low inter-yarn friction amdh bending stiffness. It is possible to
further increase the influence of leno insertionifigreasing leno yarn tension or using
yarns with higher friction such as Kevlar. Anotlsetution is to apply quilting to the fabric
so that weft and warp yarns are completely lockethb stitch. One of the advantages of
this approach over structure modification is thaliminates the lines of weakness, which

significantly improves the usefulness of grippiadrics.

The ballistic range should be improved for its aacy. Projectile tumbling and the
variation of impact velocity are major problems whilead to data randomness when
performing penetration test. It is suggested to sp®erical projectile and stabilize the
impact velocity of a projectile. In addition, tesji should be extended to comparatively
low velocities impact. This would allow a more campensive investigation of fabric

performance at different impact velocities.

One of the recommendations for the investigatiogrigdping fabrics is to characterize the
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geometry of leno weave in woven fabrics and to Endtio be more precisely presented

and incorporated in FE models.

In order to perfect the design guidance, it isrdéde to combine other types of fabric in a
ballistic panel. FE simulation and non-penetratiests could be employed to undertake
this parametric and practical study on the batlipgrformance of hybrid panels. It is also
recommended to develop a testing rig and procettudirectly evaluate the materials

resistance to shear failure, which will facilitéhe characterisation of fabric properties and

panel design.
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Appendix

Table 1 Thickness of UHMWPE woven fabric

Sample number Thickness of UHMWPE
woven fabric (mm)

1 0.398

2 0.381

3 0.366

4 0.374

5 0.383

Mean 0.380

Std.dev 0.0118

CV% 3.1

Table 2 Coefficient of friction between a metal pirand UHMWPE woven fabric

Sample number

Coefficient of friction
between a projectile
and UHMWPE woven
fabric

0.196

0.16

0.16

0.18

al b~ W] N|

0.173

Mean

0.174

Std.dev

0.0151

CV%

8.6
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Table 3 Results of yarn pull-out tests for method Aand Method B on plain woven
fabrics in the weft direction

Sample number Peak load force for method A| Peak load force for method B
(N) (N)
1 3.839 2.282
2 4.16 2.322
3 2.996 2.2
4 3.611 2.188
5 3.168 2.389
6 3 2.282
7 3.396 2.054
8 3.624 2.282
Mean 3.47 2.249
Std.dev 0.417 0.10
CV% 12 4.5

Table 4 Results of yarn pull-out tests for UHMWPE wveoven fabrics in the weft
direction

Sample number Peak load force for PWL02 (N)| Peak load force for PWLO03 (N)
1 3.047 2.56
2 2.819 2.35
3 2.26 2.64
4 3.168 2.66
5 2.899 2.4

6 2.889 2.54
7 2.94 2.56
8 2.953 2.54
Mean 2.99 2.531
Std.dev 0.15 0.107
CV% 5.01 4.22
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Table 5 Results of yarn pull-out tests for UHMWPE wvoven fabrics in the warp

direction

Sample number Peak load force| Peak load force for | Peak load force for
for PW (N) PWLO3DW (N) PWLO02WC (N)

1 2.564 2.886 3.248

2 2.537 3.02 3.195

3 2.55 3.047 2.966

4 2.557 3.02 3.168

5 2.416 3.047 3.181

6 2.644 2.993 3.128

7 2.497 3.168 2.996

8 2.711 3.065 2.913

Mean 2.599 3.03 3.095

Std.dev 0.08 0.07 0.12

CV% 3.07 2.3 3.8

Table 6 Ballistic test results for PW

Sample number | Impact velocity Residual velocity | Projectile kinetic
(m/s) (m/s) energy loss (J)

1 525.7271 500.6916 12.84846

2 519.337 495.212 12.23799

3 491.1181 460.5598 14.54082

4 462.5984 437.1981 11.42758

5 458.5366 435.6197 10.24562

6 451.0557 424.3845 11.67449

7 439.6632 406.2851 14.1181

8 434.3808 401.7758 13.63143

9 421.9031 389.2473 13.24436

10 473. 3132 453. 0663 9.37

Mean 467.7467 440 12.33

Std.dev 37.01316 39.6 1.67

CV% 7.9 9.02 13.56
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Table 7 Ballistic test results for PWL02

Sample number | Impact velocity Residual velocity | Projectile kinetic
(m/s) (m/s) energy loss (J)

1 502.1368 473.2026 14.1103

2 497.8814 469.5201 13.71836

3 488.5655 468.3053 9.693189

4 485.0361 459.9746 11.84171

5 480.5726 453.0663 12.84046

6 478.6151 447.466 14.42328

7 472.3618 451.9351 9.440181

8 460.333 430.9524 13.09326

9 414.4621 380.2521 13.59358

10 489 463.5 12.14438

11 474.7 445.2 13.568

12 467 437 13.56

13 462 437 11.24

Mean 474.8203 447 .4 11.69

Std.dev 22.18186 24.25 1.62

CV% 4.67 5.4 13.8

Table 8 Ballistic test results for PWL03

Sample number | Impact velocity

Residual velocity

Projectile kinetic

(m/s) (m/s) energy loss (J)
1 507.0119 483.9572 11.42322
2 504.2918 476.9433 13.41765
3 497.3545 473.822 11.42711
4 495.7806 470.1299 12.38815
5 494.2166 465.8945 13.5962
6 490.0938 462.3244 13.22407
7 476.1905 443.6275 14.97603
Mean 494.9914 468.09 12.9
Std.dev 10.12 12.9 1.27
CV% 2.4 2.7 9.8
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Table 9 Ballistic test results for PWL02WC

Sample number | Impact velocity Residual velocity | Projectile kinetic
(m/s) (m/s) energy loss (J)

1 513.6612 486.5591 13.55402

2 500 472.5849 13.33178

3 497.3545 465.2956 15.43074

4 496.3041 475.0656 10.31522

5 493.6975 465.8945 13.33977

6 486.5424 458.8086 13.1091

7 478.6151 447.466 14.42328

Mean 495.15 467.382 13.35

Std.dev 10.9 12.4 1.57

CV% 2.2 2.65 11.7

Table 10 Ballistic test results for PW03DW

Sample number

Impact velocity

Residual velocity

Projectile kinetic

(m/s) (m/s) energy loss (J)
1 524.5536 502.7778 11.18548
2 509.7614 482.024 13.75478
3 497.3545 467.7003 14.30898
4 491.6318 470.7412 10.05226
5 486.5424 455.3459 14.69182
6 480.0817 449.6894 14.12893
7 480.0817 454.7739 11.82959
8 476.6734 446.3625 13.98903
9 465.8077 442.5428 10.56636
10 476 450 12.038
11 468 436 14.464
12 462 427 15.5575
13 457 432 11.1125
14 449.7 418.4 13.58577
Mean 480.37 452 12.94
Std.dev 20.55 225 1.75
CV% 4.26 4.97 13.5
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Table 11 Results of yarn frictional test

Sample Dyneema-Dyneemd Kevlar-Kevlar | Dyneema-Kevlar | Kevlar-Dyneema
number

1 0.12 0.193 0.143 0.148

2 0.12 0.1925 0.138 0.143

3 0.123 0.191 0.135 0.139

4 0.115 0.1929 0.133 0.141

5 0.118 0.189 0.130 0.138

Mean 0.1192 0.1916 0.136 0.1418
Std.dev 0.00295 0.00169 0.00497 0.0039
CV% 2.47 0.88 3.6 2.7

Table 12 Bending rigidity of Dyneema and Kevlar yans

Sample number Bending rigidity of Bending rigidity of

Kevlar yarn (g.cm?yarn) | Dyneema yarn
(g.cnflyarn)

1 0.0732 0.1025

2 0.0976 0.1318

3 0.083 0.122

4 0.0927 0.1318

5 0.0781 0.161

Mean 0.0849 0.129

Std.dev 0.01 0.0211

CV% 11.7 15.5

Table 13 Ballistic test results for PW using sphecal projectile

Sample number | Impact velocity Residual velocity | Projectile kinetic
(m/s) (m/s) energy loss (J)

1 528.0899 510.5783 6.184175

2 481.0645 464.1026 5.450828

3 492.6625 477.5726 4.97786

4 523.9688 507.7139 5.701765

5 470 451.3716 5.83566

6 476.1905 461.7347 4.60987

7 505.9203 490.5149 5.219178

8 520.4873 504.8815 5.440583

9 496.3041 480.1061 5.377409

Mean 499.4 483.175 5.42

Std.dev 21.52 21.66 0.46

CV% 4.2 4.3 8.4
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