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Abstract

This study presents the response of fiber reintbicmamposite material composed of woven
Kevlar fabric impregnated with a colloidal sheaickiening fluid (STF) under high velocity

impact loading.The STF was made by dispersing silica nanopartietess, 25, 35 and 45

wt.% loading in polyethylene glycol. The effects sifica nanoparticle loading on energy
absorption and ballistic limit were studied experntally. Rheological results revealed that
shear thickening occurred at all four nanosilicadiog and higher loading showing the
higher shear thickening at lower shear rate. SEMges confirmed good dispersion of
nanosilica particles in the suspension. The resitiltee pull out test show that by increasing
nanosilica loading, the force required to pull ylaen out from the fabric impregnated by STF
increases. Impact resistance performance of Kéataic is significantly enhanced due to the
presence of STF. Although high velocity impact tessshow that by increasing nanosilica
loading, the energy absorption of composites irsggabut in high loading of nanosilica, the
effectiveness of STF decreases. For further inyastin, the energy absorption at the
ballistic limit was normalized by the areal densifythe neat and impregnated fabrics to give
the specific energy absorption (SEA). It is fouhdttthe SEA of 15 wt.% nanosilica loading
is lower compared to the neat fabric. Also the BEINSEA turn out in the case of 35 wt.%

STF/Kevlar composites in which the SEA is 2.3 tifaeger than those of the neat fabric.
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1. Introduction

Body armors are mainly of two types, namely hanmtharand soft armor [1]. Hard body
armors are used to ensure protection against lughdsprojectiles. Metal or ceramic plates
are inserted between layers of fabrics to achiéne doal. Consequently hard armors are
heavy which restricts the movements of body paftthe wearer [1, 2]. On the contrary,
flexible armor or soft armor is mainly used for lgqorotection and provide protection from
ballistic threats without significantly limiting éhmobility of the wearer. High strength and
toughness fabrics such as Kevlar, Twaron and Spexid composites made from these
fabrics are usually used as soft body armor [3, Bjring the last decade numerous
researches have been carried out on the high welooipact on high strength fabric
structures [5-8].

Polymer nanocomposites (PNCs) are advanced engigeeraterials in which nanoscale
fillers, are dispersed in a polymer matrix in ortéeimprove the performance properties of
the polymer [9]. Polymer nanocomposites have naredsfillers such as carbon nanotube
[10], graphene [11-14], titania (TEP[15], or lignin [16] embedded inside the polynmeatrix
including epoxy [17, 18], polystyrene, polypropyerhe unique structures of PNCs make
them possess unique properties when compared tpuitee polymers. Therefore, different
researches have been conducted on Polymer nanosiep{il9-25], and these materials
have been widely used in different fields, suchbedogical [26, 27], electronics [28-30],
electromagnetic [31] and aerospace.

One of the nanocomposite materials taken up byréisearchers to improve the impact
resistance of fabrics is shear thickening fluid FpThanocomposite. STF is generally
composed of stabilized dispersions of concentraigid nanosilica particles in a polymer

fluid [32-34]. Adding shear thickening fluid (STRanocomposite to a fabric induces little



increase in the thickness, weight and stiffnegh®ffabric and improves its impact resistance
performance [35, 36]. A lot of research have beendacted on the stab resistance and
ballistic performance of STF impregnated (STF-wdafabric composite [35, 37-44]. Cao et
al. [45] used an Split Hopkinson Pressure Bar (SHB¥stem to test the mechanical
properties and energy absorption of the STF/Keetanposites at high strain rate. They
showed that both the strain rate and the modulughef STF/Kevlar composite have
increasing trend with the increase of impact vé&jodBesides, the modulus of composite
increased with the increasing of the volume fracod STF. Also the addition of the STF and
the increase of the fabric number reduced the grteagsfer rate.

The essential physics of the impact mechanism agsdowith STF impregnation into fabrics
is difficult to investigate through experimental ans alone. It has been reported that the
primary contribution of STF impregnation in highlaaty fabric was the increase of friction
between yarns in the fabric that resulted in thbaeosement of the energy absorption
reflected in experimental observations [46]. Aléani, et al. [47] conducted an experimental
investigation on the yarn pull-out test for calting friction coefficient in fabric samples for
three cases: neat, dissolved liquid, and STF-tdefaterics. Comparing the yarn pull-out force
values indicates that the STF-treated samples trevdrighest value and is approximately
three times higher than that of the neat sampled#o, et al. [48] conducted high velocity
impact experiment to STF-Kevlar fabrics and demmast that adding STF to Kevlar fabric
can slightly improve impact resistance. They showed increasing the ethanol ratio in the
samples reduces the final viscosity and shorters sfability and transition of shear
thickening at a high strain rate. In another studg, et al. [49] have investigated the rate
dependent behavior of an STF impregnated fabringusniaxial tensile, bias-extension, and

picture-frame tests. Feng, et al. [40] studied dffects of fumed silica in shear thickening



fluids at a weight fraction of 20% and submicrolicai particles in shear thickening fluids at

a weight fraction of 65% on quasi-static stab tasise properties of fabrics impregnated
with shear thickening fluids. The results show tlaaamid fabrics treated with shear

thickening fluid exhibit a significant enhancementuasi-static stab resistance.

The rheological behavior of shear thickening fluidsaffected by a variety of parameters.
The most important of which are the preparationhoés$, particles size, type of particles,
particles volume fraction, temperature and liquiddmm [50-52]. One of the major factors

on the rheology of STFs is the patrticle loadingjriel as the fraction of particle weight to

the total weight. Since the STF concentration ubtedly is one of the most important

parametersféecting shear thickening phenomena and subsequamttige impact resistance

behavior of the STF/Kevlar composites, in the pnestudy, rheological tests have been
carried out for the STF at four loading levels &f 25, 35 and 45 wt.%. Also yarn pull out

test have been done. Afterwards, high velocity ichpasts have been conducted for the two
and four layer neat and impregnated fabrics andggnabsorption and specific energy

absorption of the STF/fabric composite have bedaiodd.

2. Experiments
2.1. Materials

Shear Thickening Fluid. The shear thickening fluid (STF) used in this stislgpomposed
of silica nanopatrticles suspended in polyethyldgeal, at nanoparticle loadings of 15, 25,35
and 45 wt. %. The average particle diameter, medshy dynamic light scattering is 500
nm. Rheological characterization of this STF caonéd discontinuous shear thickening at a

shear rate of approximately 141",



Kevlar Fabric. The plain-woven fabric used in all composite tangas Kevlar style 706
produced by the Hexcel Corporation. The dimensidialaric for impregnation with STF was

140 x 140 mrh

2.2. Sample preparation

Shear Thickening Fluid was prepared by dispersfatbp25, 35 and 45 wt. % Aerosil OX50

fumed silica particles with 500 nm average partisiee, in polyethylene glycol (PEG).

Particles were dispersed in the polyethylene glytobugh a combination of shear mixing
homogenizer at 8000 RPM and ultra-sonication (Bamd&D3200).

The impregnation of the Kevlar fabric yarns for fireparation of the STF-Kevlar composite
target, is facilitated by diluting STF in ethandla1:2 volume ratio and individual fabric

layers were soaked in the diluted STF for 1 minteAfmpregnation with the ethanol/STF
mixture, fabric layers were heated in an oven &C7f@r 20 minutes to remove the ethanol.
Fig. 1 shows the major steps in fabricating théooddl suspension and impregnation of the
fabric. The areal densities of the impregnatedicaargets were determined by weighing the
different fabric ply systems before and after ingm&tion with STF. Characteristics of the

neat and impregnated fabric are presented in Tlable

2.3. Scanning Electron Microscopy studies

SEM studies were carried out using a JEOL JSM 58€&nning electron microscope
manufactured by Gen Tech. The SEM samples wereapdy uniformly spreading the as-
prepared STF samples on a double-sided carbonamagecoated with gold/palladium to

prevent charge buildup by the electron absorptdote that most of the PEG component of
the STF evaporates under high vacuum and electeambrradiation, so the images will

show only dry silica where STF existed under anmtogenditions.



2.4. Rheological behaviors
The rheological behaviors of 15, 25, 35 and 45 \8V& samples were investigated using an
Anton Paar MCR501 stress-controlled rheometer witbrque range from 0.01 uN.m to 300

mN.m with a torque resolution of 0.1 nN.m and Sheaitre from 0/01 to 2000 1/s.

2.5. Yarn pull out

In order to investigate the effect of friction besn Kevlar yarns, pull out test was conducted
on neat and STF impregnated fabric. Tests wereumtaed on the tensile testing machine
Santam 6025. Single yarn from each specimen wasl fin the upper grip of the tensile

testing machine and the lower part of the speciwas mounted on a grip.

2.6. High velocity impact tests

High-velocity impact tests were carried out usingaa gun on two and four-layer neat Kevlar
fabric and on STF/Kevlar composite at four diffdreavels of nanosilica loading (15, 25, 35
and 45 wt.% STF) in a velocity range of 40 to 168.nThree tests were carried out at each
velocity, and average with standard deviation eported here.

All the tests were performed at room temperatube gun was sighted on the target center.
The exact impact velocity of each projectile wasasuged with a chronograph immediately
before and after impacting the target. Schematigas-gun set up is shown in Fig. 2. The
specimens comprised of two and four plies with disien of 140x140 mm. The projectile is
hemispherical steel 4330 with diameter 8.74 mmraads 11.18 g. The energy absorbed by
the specimens during the penetration can be caédclfeom the initial velocity and residual

velocity.



E; = smp V;? (1)

Ey ==mp 1, (2)
1

Ep =5 mp (Vi -V,%) ®)

WhereE, (J) represents the dissipated energy during thadtnprocessn,y (kg) is mass of
the projectileV; (m/s) is projectile initial velocity, ang. (m/s) is residual velocity.

Slipping and pulling out of the specimens from fixéure, is avoided by putting sandpaper
on both sides of the specimens and the framewohlk4 Asides of the specimens were

constrained completely as shown in Fig. 3.

3. Results and discussion

3.1. Rheological properties

The rheological behavior of STF at four differem@inosilica loading (15, 25, 35 and 45 wit.
%) is presented in Fig. 4. For all STF specimeps#sponse of viscosity to shear rate is non-
Newtonian and completely nonlinear and both shieianing and shear thickening behavior
are observed. Shear thinning occurs at low shees fallowed by shear thickening at high
shear rates. Shear thickening phenomenon can beilbek by the transition of the
nanoparticles from an equilibrium state to agglaatent state and as it is shown, the rheology
of STF considerably depends on the volume fraabiotihe suspension. As the magnitude of
shear rate increases to a critical value, the siscsuddenly increases. This critical shear
rate value decreases by increasing the nanosiladifig. The increase in nanoparticles inside
the suspension restricts relative movement of flayeirs to one another and thus increases

the viscosity. The critical shear rates are 16@os the STF having nanosilica loading of 15



wt. % and less than 10'$or the STF with nanosilica loading of 45 wt. %iskbsity curve of
the STF shifted upward on the graph by increadiegianosilica loading. In other words, the
higher particle loading results in a higher initédcosity and exhibits a greater increase in
viscosity. Fig. 5 shows the peak value of viscoBtySTFs with different nanosilica loading.
The peak loads of STF containing nanosilica loadihg5, 35 and 45 wt.% are 30, 136 and
469 times greater than STF containing 15 wt.% nécasrespectively.

The primary theory which presented the mechanisnthefthickening was hydro-cluster
theory [53, 54]. This theory stated that as theashate increases, the microstructure of the
colloidal dispersions changes and the hydrodyndoaids overcome the interparticles loads,
which leads to the formation of particle clustersl alltimately the increase of suspension
viscosity. By increasing the solid content, hydnogiyic forces dominate the suspension
which causes the hydro-clusters to be formed maiekty. As well as hydro-clustering
approach, the contribution of contact forces isggsted in recent studies known as contact
rheology model [55, 56]. Denn et al. [57] statedtt tthe hydro-clustering approach dominates
the suspensions at low shear rates due to cordgactieology, but the contact forces are very
effective for the jamming point where the partictemtact each other at high shear rates.
Beyond a critical point, contact forces generatedonetworks that dominate thickening
where the hydrodynamic interactions are insuffici®anosilica loading plays an important
role in contact rheology due to increase possybitif the contacted microstructure by

increasing concentration particles in the suspen&s).

3.2. Microstructural analysis
According to the images of the silica/Kevlar compm$abric, fibers are covered with STF

and nanopatrticles located between them. With tbeease of STF concentration, the amount



of STF between the fibers increases and the gapsebe the fibers fills more uniformly. The
surface morphologies of the silica/ Kevlar compmdabric at different magnification are
shown in SEM images in Fig. 6 for the 35 wt. % skt can be seen that the gaps between

yarns at yarn crossover areas are well coatedeb$ir.

3.3. Yarn pull out test

Previous studies have shown that fabric impregn&iigel demonstrated increase in inter-yarn
friction and this is the main cause of performanggwrovement of STF [59]. Some
experimental and numerical studies have shownnttwalification of the frictional properties
of the fabric can affect the yarn pull-out behaviacrease in yarn pull-out force, can also be
a major factor to the overall energy dissipatec bgbric [60].

It is also shown that inter-yarn friction of théofecs greatly alters, with respect to the particle
mass fraction in shear thickening fluids [61]. Td@wcentration of additive nanoparticles in
STF is effective in increasing the pull-out forddnis means the inter-yarn friction increases
by increasing particle loading. The influence oé timpregnation on inter-yarn friction is
investigated by yarn pull-out tests using a tenwkting machine. Yarn pull-out tests were
carried out for neat and impregnated Kevlar fabrics

Fig. 7 shows the corresponding fiber pull-out fovegsus displacement for neat, 15 wt. %,
25 wt. %, 35 wt. % and 45 wt. % STF/Kevlar compasithe tests were carried out at 100
mm/min. At the beginning of the testing, the pulltcforce increases as the yarn is
progressively straightened until the peak poinesched. When the pull-out force surpasses
the static friction limit, it drops gradually fromme peak point and oscillates while the free

end of the yarn passes each crossing yarn. Theefigluows considerable higher attaining



frictional load for the STF impregnated yarn. Taldepresents the peak load for all
specimens. Therefore, by increasing nanosilicaitmadhe peak load of pull-out increases.
This increase is the result of positioning of thddiive particles between the fibers.
Interlocking of the fibers increases due to theitadd particles intercalated between the
fibers and yarns [62]. So when nanoparticle loadimgeases, more pull-out forces are
required to overcome the inter-yarn friction in faerics. Other notable result from the pull-
out test reveals much gradual drop in load aft&irahg the peak load. Both behaviors are
directly attributed to effect of silica particlesepence on the yarn as a result of STF
impregnation. Other notable result from the pull-tast is the stiffer response (steep initial

rise) by STF impregnated fabric compared to ndaida

3.4. High velocity impact tests

3.4.1. Ballistic limit

High-velocity impact test was conducted on two dodr-layer neat and STF/Kevlar
composite with STF containing 15, 25, 35 and 45%tfumed silica in polyethylene glycol
(PEG) medium. The tests were conducted at diffarapact velocities to find ballistic limit
(Vs0) of each sample by controlling the gas pressuréhéngas gun. 34 is ballistic limit
velocity and itis defined as the average of equainber of highest partial penetration
velocities and lowest complete penetration velesitf a projectile and a target combination,
which occur within a specified velocity range. Ither words, ¥, defines incident impact
velocity at which there is 50% probability of paftipenetration and 50% probability of
perforation. A minimum of three partial and threenplete penetration velocities are used to

compute o [63].
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The high velocity impact test results are presemebable 3 for all samples. Results shows
enhancement in ballistic performance in term ofdowesidual velocity for two and four-
layer STF impregnated specimens compared to canmnelgpgy neat Kevlar fabric. It means
STF impregnated fabrics showing better impact tasce compared to neat fabrics. Better
performance can be attributed to the higher nurobdibers remaining in contact with the
projectile surface area during penetration andgpation of the STF impregnated fabric. The
higher number of fibers in contact with the projlecsurface area can be directly related to
friction enhancement associated with the STF impaiezd on the fabric.

Fig. 8 shows that the ballistic limit of two andufdayer neat and STF/Kevlar composites. It
is shown that ballistic limit increases by incregsnanosilica loading from 15 wt.% to 35
wt.%. After which, variation of ballistic limit degopear and ballistic limits of 35 and 45 wt.%
STF are very close to each other. Hence, althodghe®hances the energy absorption, there
is an optimal nanosilica loading.

With the increase of particles loading in the SPRa 35 wt.%, the maximum ballistic limit
of the Kevlar/STF composite or, in other words, ilmpact resistance performance of the
composite increases significantly. The increasearfosilica loading leads to higher friction
between fibers and between yarns, keeping betbardi arrangement, more consistent,
uniform and integrated fabric coating, less gagss lyarns and fibers sliding, extracting and
windowing under impact loading and better stresgribution in the Kevlar/STF composite.
On the other hand, by increasing nanosilica loading5 wt.%, the effectiveness of STF
vanishes in high velocity impact due to the stresscentration between yarns and layers

which is created in this high loading of nanosilica
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3.4.2. Specific Energy absor ption

Fig. 9 shows the energy absorption of two and fayer neat and impregnated fabrics with
nanosilica loading of 15, 25, 35 and 45 wt.% ati&tad limit velocity. It is shown that the
energy absorption of STF/Kevlar composite increaseshe nanosilica loading increases.
Energy absorption increases about 90%, 286.4%, 62%¥%623% for 15, 25, 35 and 45 wt.
% STF, respectively comparing to four layer neatita This values for 2 layer specimens
are 117.9%, 300%, 611.1% and 636.3%.

It can be seen that by increasing nanosilica l@adihe absorbed energy in the sample
increases. On the other hand, the weight of theknis also increased by impregnation. To
evaluate the effect of the weight gain and energgogption, specific energy absorption
(SEA) has been evaluated. SEA is the energy abddmpéhe sample to its areal density. Fig.
10 shows the specific energy absorption of eachidadamples that is calculated from

equation 4.

2

1
p . > mVsg
—2 4
specific energy absorption-=2-—="— (4)

The specific energy absorption of neat fabricsosstdered as a reference. As can be seen,
the sample of two and four layer impregnated witlir Sontaining 35 wt.% nanopatrticles has
the highest SEA. Although this specimen has higheght comparing to neat fabric, but the
amount of energy absorbed is much higher, and ftirer¢he SEA is the highest. Therefore,
the use of a STF/composite with 35 wt.% nanosilisagasonable. The SEA of four layer
fabric impregnated with 35 wt. % STF is 24.28%qg which is nearly equal to two times
greater than the SEA of a neat four layer fabrisoASTF/Kevlar composite containing 15
wt. % nanosilica, has the lowest SEA compared t® rikat fabric. This indicates that

impregnating the fabric by 15 wt.% STF is not efifes, even though it increases the energy

12



absorption of neat fabrics. As can be seen the SEfour layer STF/Kevlar composite
containing 45 wt.% nanosilica is 22.31 %Ky which shows 8% decrease comparing to 35
wt.% STF. Too high friction may reduce yarn movemkading to stress concentration
between yarns resulting in reduced impact perfoo@an

According to Fig. 10, the highest SEA is associatgtth 4-layer Kevlar fabric with STF
containing 35 wt.% nanosilica materials. The reasathme fact that as the number of layers
increases, better interactions between the layecsrs and fabric dissipates energy more
efficiently after projectile impact.

The STF reinforcement factor is proposed to provaddetter measure of the ballistic
performance of impregnated fabrics comparing td fedaic. It is the ratio of the SEA of the

impregnated fabric to that of the respective neat o

. SEA of impregnated fabric
Reinforcement factor = XS , (5)
SEA of neat fabric

Fig. 11 shows the reinforcement factors for two dadr-layer STF/Kevlar composite
containing various nanosilica loading. By definitia neat fabric has a reinforced factor of
one. The Reinforcement factor shows that the higingsrovements in the specific ballistic

energy are 126% for two-layer and 129% for fourelagomposite at 35 wt.% STF.

3.4.3. Fabric deformations

The high velocity impact tests were performed tplase fabric impact resistance and the
mechanisms that are contributed in energy absaorgtimeat and impregnated Kevlar fabric.
Three mechanisms of fiber/yarn breakage (fractwlggpage (windowing) and yarn pull out

are the most important factors affecting fabric atipresistance. Fig. 12 shows perforated

samples including neat and 15, 25, 35 and 45 wtBk/lSevlar composites after high

13



velocity impact tests. As can be seen in the figthie global transverse deflection shapes
exhibit similar behavior for both neat fabric anBFSmpregnated fabrics. However, the local
fabric structures in the impact region of STF ingmrated fabric are well maintained, while
they are significantly distorted for the neat fabioreover in some cases when projectile
penetrates the neat fabric, yarns are pushed agidm the fabric without significant fiber
breakage under impact load. This phenomenon isccalindowing effect. Although primary
yarns in the center of impact strained in the ri@latic, rest of the fabric (secondary yarns)
remains almost undisturbed. This brings out theilitg of the neat Kevlar fabric structure in
engaging secondary yarns in energy sharing dumpact. As a result, energy dissipation
along the fabric remains low and the impact resaperformance decreases. Notably,
significant yarn pull-out is observed at the impaaint for the neat fabric.

In the fabrics impregnated by STF, yarn pull-outhezdly observed, especially at higher
nanosilica loading, and the damage zone are begomirth smaller. The increased frictional
properties induced by STF impregnation restrictrttteement of the yarns, thus encouraging
neighboring yarns to arrest the projectile. The $Mpregnated fabrics are able to maintain
their weave integrity during the impact process. gkwwn for in Fig. 12, for fabric
composites made impregnated with STF with 35 anat4586 nanoparticles, no yarn pull out
is observed. In images taken with a high speed @ntehas been shown that in neat fabric

specimens, a number of fibers are pulled out ofahec and move with the bullet.

4. Conclusions
High-velocity impact test was conducted on two dodr-layer neat and STF/Kevlar
composite containing 15, 25, 35 and 45 wt. % ndicasin polyethylene glycol (PEG)

medium and the effect of nanosilica loading wa®stigated. The energy absorption of neat

14



fabric increases by impregnating the fabric withFSTt was found that there is an optimum
nanosilica loading that beyond it the increase dtanges. By increasing of nanosilica
loading in STF from 15 to 35 wt.%, the performarafecomposite is extraordinary and
improvement rate is intense, but improvement raerehses and a little improvement is
shown from 35 to 45 wt.% STF. The most effectivefgrenance turn out in the case of 35
wt.% STF/Kevlar composites in which the specifiemgy absorption is the highest between
composites containing 15, 25 and 45 wt. % nanasilarn pull-out tests were also carried
out neat and impregnated Kevlar fabrics. By indreashe nanoparticles loading a notable
increase of pull-out force was shown, which indésathe effect of friction. On the other
hand, by increasing nanosilica loading from 35 t® wt.%, the energy absorption of
composite doesn’t vary significantly which means ttarn pull-out force doesn’t affect the
energy absorption directly and shows the differeifiéct of friction in static and impact
forces. It is found that by increasing the numbkfagers, better interactions between the
layers occurs and fabric dissipates energy moieiaitly. In the fabrics impregnated by
STF, yarn pull-out is hardly observed, especidilgigher nanosilica loading, and the damage

zone are becoming much smaller.
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Table 1 Characteristics of neat and impregnated fabrics.

Samples Weight (g) Areal density (k)

neat Kevlar fabric 9.1 0.464
Kevlar fabric impregnated with STF (15 wt.% nanicsi) 20.5 1.046
2 layers Kevlar fabric impregnated with STF (25 wt.% nanicsi) 26 1.326
Kevlar fabric impregnated with STF (35 wt.% nanicsi) 28.3 1.444
Kevlar fabric impregnated with STF (45 wt.% nanicsi) 30.7 1.627

neat Kevlar fabric 18.2 0.928
Kevlar fabric impregnated with STF (15 wt.% naniosi 41 2.092
4 layers Kevlar fabric impregnated with STF (25 wt.% nanicsi) 52 2.652
Kevlar fabric impregnated with STF (35 wt.% nanicsi) 56.6 2.888
Kevlar fabric impregnated with STF (45 wt.% naniosi) 61.4 3.254

Table 2 Quantitative data of peak load extracted from Big.

Nanosilica particles loading Peak Load Increase in peak load (%)
Neat fabric 8.33 -
Kevlar/STF (15 wt.% nanosilica) 10.6 27.2
Kevlar/STF (25 wt.% nanosilica) 13.2 58.5
Kevlar/STF (35 wt.% nanosilica) 16.3 95.7
Kevlar/STF (45 wt.% nanosilica) 18.1 117.3
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Table 3 Results for high-velocity impact tests.

Sample Number Specimen Irr:papt Re5|d_ual Energy
of layers  number velocity velocity absorption
(m/s) (m/s) J)

2 1 40 28 4.57

2 2 47 37 4.7

Neat fabric 2 3 52 43 4.79
4 1 52 27 11.06
4 2 71 52 13.09

4 3 80 61 15

2 1 46 23 8.89

STF/Kevlar composite (15 2 2 52 33 9.04
2 3 65 48 10.76
wt.% nanosilica 4 1 75 34 25.03
4 2 85 49 27.01
4 3 101 64 34.19
2 1 73 42 19.96

STF/Kevlar composite (25 2 2 85 60 20.3
2 3 91 67 21.23
wt.% nanosilica 4 1 96 45 40.27
4 2 110 67 42.62
4 3 122 82 45.69
2 1 88 42 33.49
STF/Kevlar composite (35 2 2 99 63 32.66
2 3 111 79 34.05
wt.% nanosilica 4 1 130 65 70.98
4 2 142 88 69.55
4 3 157 104 77.46

2 1 90 44 34.4

STF/Kevlar composite (45 2 2 104 68 34.6
2 3 118 87 35.5

wt.% nanosilica 4 1 135 71 73.7

4 2 147 92 73.5

4 3 160 111 74.2
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(b)

Fig. 1 Steps of the fabric impregnation (a) Homogenizgt{b) Sonication, (c) Immersion, (d)

Evaporation of ethanol from impregnated fibers.

Gas Supply Target Chamber

\

Gas Cylinder

Chronograph 1 Target Chronograph 2

Fig. 2 Schematic set-up of gas-gun.
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Fig. 3 High velocity impact test (a) Sandpaper on bottesiof specimens within framework, (b)

(b)

(d)

Framework, (c) Projectile and (d) Steel fixture fimiding the fabric inside the framework.
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Fig. 4 Rheological behavior of STF made from polyethylgheol (PEG) and nanosilica.
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Fig. 5 Peak value of viscosity for STFs with differentinailica loading.
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Fig. 6 Scanning electron microscopy (SEM) images of Kefdhric impregnated with 35 wt. % STF

at: (a) x18; (b) x100; (c) x500; (d) x4000 magrafions.
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Fig. 7 Single yarn pull-out force versus displacemenveur
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Fig. 8 Ballistic limits of two and four layer neat andpnegnated fabrics with different nanosilica

loading.
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Fig. 9 Energy absorption of two and four layer samples.
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Fig. 11 Reinforcement factor of impregnated fabrics coragdo the neat fabric.

(d) (e)

Fig. 12 Panels in high velocity impact tests. (a) Neatitafb) Impregnated fabric with 15 wt. % STF
(c) Impregnated fabric with 25 wt. % STF (d) Impnatgd fabric with 35 wt. % STF (e) Impregnated

fabric with 45 wt. % STF.
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