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Abstract
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This study presents the response of fiber reinforced composite material composed of woven
Kevlar fabric impregnated with a colloidal shear thickening fluid (STF) under high velocity
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impact loading. The STF was made by dispersing silica nanoparticles at 15, 25, 35 and 45
wt.% loading in polyethylene glycol. The effects of silica nanoparticle loading on energy
absorption and ballistic limit were studied experimentally. Rheological results revealed that
shear thickening occurred at all four nanosilica loading and higher loading showing the
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higher shear thickening at lower shear rate. SEM images confirmed good dispersion of
nanosilica particles in the suspension. The results of the pull out test show that by increasing
nanosilica loading, the force required to pull the yarn out from the fabric impregnated by STF
increases. Impact resistance performance of Kevlar fabric is significantly enhanced due to the
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presence of STF. Although high velocity impact results show that by increasing nanosilica
loading, the energy absorption of composites increases, but in high loading of nanosilica, the
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effectiveness of STF decreases. For further investigation, the energy absorption at the
ballistic limit was normalized by the areal density of the neat and impregnated fabrics to give
the specific energy absorption (SEA). It is found that the SEA of 15 wt.% nanosilica loading
is lower compared to the neat fabric. Also the highest SEA turn out in the case of 35 wt.%
STF/Kevlar composites in which the SEA is 2.3 times larger than those of the neat fabric.

Keywords:
High velocity impact, Shear thickening fluid, Nanosilica loading, Kevlar fabric, Nanocomposites.
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1. Introduction
Body armors are mainly of two types, namely hard armor and soft armor [1]. Hard body
armors are used to ensure protection against high speed projectiles. Metal or ceramic plates
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are inserted between layers of fabrics to achieve this goal. Consequently hard armors are
heavy which restricts the movements of body parts of the wearer [1, 2]. On the contrary,
flexible armor or soft armor is mainly used for body protection and provide protection from
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ballistic threats without significantly limiting the mobility of the wearer. High strength and
toughness fabrics such as Kevlar, Twaron and Spectra and composites made from these
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fabrics are usually used as soft body armor [3, 4]. During the last decade numerous
researches have been carried out on the high velocity impact on high strength fabric
structures [5-8].

Polymer nanocomposites (PNCs) are advanced engineering materials in which nanoscale
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fillers, are dispersed in a polymer matrix in order to improve the performance properties of
the polymer [9]. Polymer nanocomposites have nano-sized fillers such as carbon nanotube
[10], graphene [11-14], titania (TiO2) [15], or lignin [16] embedded inside the polymer matrix
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including epoxy [17, 18], polystyrene, polypropylene. The unique structures of PNCs make
them possess unique properties when compared to the pure polymers. Therefore, different
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researches have been conducted on Polymer nanocomposites [19-25], and these materials
have been widely used in different fields, such as biological [26, 27], electronics [28-30],
electromagnetic [31] and aerospace.
One of the nanocomposite materials taken up by the researchers to improve the impact
resistance of fabrics is shear thickening fluid (STF) nanocomposite. STF is generally
composed of stabilized dispersions of concentrated rigid nanosilica particles in a polymer
fluid [32-34]. Adding shear thickening fluid (STF) nanocomposite to a fabric induces little
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increase in the thickness, weight and stiffness of the fabric and improves its impact resistance
performance [35, 36]. A lot of research have been conducted on the stab resistance and
ballistic performance of STF impregnated (STF-treated) fabric composite [35, 37-44]. Cao et
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al. [45] used an Split Hopkinson Pressure Bar (SHPB) system to test the mechanical
properties and energy absorption of the STF/Kevlar composites at high strain rate. They
showed that both the strain rate and the modulus of the STF/Kevlar composite have
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increasing trend with the increase of impact velocity. Besides, the modulus of composite
increased with the increasing of the volume fraction of STF. Also the addition of the STF and
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the increase of the fabric number reduced the energy transfer rate.

The essential physics of the impact mechanism associated with STF impregnation into fabrics
is difficult to investigate through experimental means alone. It has been reported that the
primary contribution of STF impregnation in high velocity fabric was the increase of friction
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between yarns in the fabric that resulted in the enhancement of the energy absorption
reflected in experimental observations [46]. Alikarami, et al. [47] conducted an experimental
investigation on the yarn pull-out test for calculating friction coefficient in fabric samples for
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three cases: neat, dissolved liquid, and STF-treated fabrics. Comparing the yarn pull-out force
values indicates that the STF-treated samples have the highest value and is approximately
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three times higher than that of the neat sample. Kordani, et al. [48] conducted high velocity
impact experiment to STF-Kevlar fabrics and demonstrated that adding STF to Kevlar fabric
can slightly improve impact resistance. They showed that increasing the ethanol ratio in the
samples reduces the final viscosity and shortens the stability and transition of shear
thickening at a high strain rate. In another study, Na et al. [49] have investigated the rate
dependent behavior of an STF impregnated fabric, using uniaxial tensile, bias-extension, and
picture-frame tests. Feng, et al. [40] studied the effects of fumed silica in shear thickening
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fluids at a weight fraction of 20% and submicron silica particles in shear thickening fluids at
a weight fraction of 65% on quasi-static stab resistance properties of fabrics impregnated
with shear thickening fluids. The results show that aramid fabrics treated with shear
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thickening fluid exhibit a significant enhancement in quasi-static stab resistance.
The rheological behavior of shear thickening fluids is affected by a variety of parameters.
The most important of which are the preparation methods, particles size, type of particles,

SC

particles volume fraction, temperature and liquid medium [50-52]. One of the major factors
on the rheology of STFs is the particle loading, defined as the fraction of particle weight to
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the total weight. Since the STF concentration undoubtedly is one of the most important
parameters aﬀecting shear thickening phenomena and subsequently on the impact resistance
behavior of the STF/Kevlar composites, in the present study, rheological tests have been
carried out for the STF at four loading levels of 15, 25, 35 and 45 wt.%. Also yarn pull out
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test have been done. Afterwards, high velocity impact tests have been conducted for the two
and four layer neat and impregnated fabrics and energy absorption and specific energy

2. Experiments
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2.1. Materials

EP

absorption of the STF/fabric composite have been obtained.

Shear Thickening Fluid. The shear thickening fluid (STF) used in this study is composed
of silica nanoparticles suspended in polyethylene glycol, at nanoparticle loadings of 15, 25,35
and 45 wt. %. The average particle diameter, measured by dynamic light scattering is 500
nm. Rheological characterization of this STF confirmed discontinuous shear thickening at a
shear rate of approximately 1-102 s-1.
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Kevlar Fabric. The plain-woven fabric used in all composite target was Kevlar style 706
produced by the Hexcel Corporation. The dimension of fabric for impregnation with STF was
140 × 140 mm2.
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2.2. Sample preparation

Shear Thickening Fluid was prepared by dispersion of 15, 25, 35 and 45 wt. % Aerosil OX50
fumed silica particles with 500 nm average particle size, in polyethylene glycol (PEG).

SC

Particles were dispersed in the polyethylene glycol, through a combination of shear mixing
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homogenizer at 8000 RPM and ultra-sonication (Bandelin HD3200).

The impregnation of the Kevlar fabric yarns for the preparation of the STF-Kevlar composite
target, is facilitated by diluting STF in ethanol at a 1:2 volume ratio and individual fabric
layers were soaked in the diluted STF for 1 min. After impregnation with the ethanol/STF
mixture, fabric layers were heated in an oven at 70°C for 20 minutes to remove the ethanol.
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Fig. 1 shows the major steps in fabricating the colloidal suspension and impregnation of the
fabric. The areal densities of the impregnated fabric targets were determined by weighing the
different fabric ply systems before and after impregnation with STF. Characteristics of the
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neat and impregnated fabric are presented in Table 1.
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2.3. Scanning Electron Microscopy studies
SEM studies were carried out using a JEOL JSM 5800 scanning electron microscope
manufactured by Gen Tech. The SEM samples were prepared by uniformly spreading the asprepared STF samples on a double-sided carbon tape and coated with gold/palladium to
prevent charge buildup by the electron absorption. Note that most of the PEG component of
the STF evaporates under high vacuum and electron beam irradiation, so the images will
show only dry silica where STF existed under ambient conditions.
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2.4. Rheological behaviors
The rheological behaviors of 15, 25, 35 and 45 wt% STF samples were investigated using an
Anton Paar MCR501 stress-controlled rheometer with a torque range from 0.01 µN.m to 300
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mN.m with a torque resolution of 0.1 nN.m and Shear Rate from 0/01 to 2000 1/s.

2.5. Yarn pull out

In order to investigate the effect of friction between Kevlar yarns, pull out test was conducted

SC

on neat and STF impregnated fabric. Tests were conducted on the tensile testing machine
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Santam 6025. Single yarn from each specimen was fixed in the upper grip of the tensile
testing machine and the lower part of the specimen was mounted on a grip.

2.6. High velocity impact tests

High-velocity impact tests were carried out using a gas gun on two and four-layer neat Kevlar
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fabric and on STF/Kevlar composite at four different levels of nanosilica loading (15, 25, 35
and 45 wt.% STF) in a velocity range of 40 to 160 m/s. Three tests were carried out at each
velocity, and average with standard deviation are reported here.

EP

All the tests were performed at room temperature. The gun was sighted on the target center.
The exact impact velocity of each projectile was measured with a chronograph immediately
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before and after impacting the target. Schematic of gas-gun set up is shown in Fig. 2. The
specimens comprised of two and four plies with dimension of 140×140 mm. The projectile is
hemispherical steel 4330 with diameter 8.74 mm and mass 11.18 g. The energy absorbed by
the specimens during the penetration can be calculated from the initial velocity and residual
velocity.
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=

(1)

=

(2)

Where

(

-

(3)

)
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=

(J) represents the dissipated energy during the impact process,

the projectile,

(m/s) is projectile initial velocity, and

(kg) is mass of

(m/s) is residual velocity.

SC

Slipping and pulling out of the specimens from the fixture, is avoided by putting sandpaper
on both sides of the specimens and the framework. All 4 sides of the specimens were

3. Results and discussion
3.1. Rheological properties
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constrained completely as shown in Fig. 3.

TE
D

The rheological behavior of STF at four different nanosilica loading (15, 25, 35 and 45 wt.
%) is presented in Fig. 4. For all STF specimens the response of viscosity to shear rate is nonNewtonian and completely nonlinear and both shear thinning and shear thickening behavior

EP

are observed. Shear thinning occurs at low shear rates followed by shear thickening at high
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shear rates. Shear thickening phenomenon can be described by the transition of the
nanoparticles from an equilibrium state to agglomerated state and as it is shown, the rheology
of STF considerably depends on the volume fraction of the suspension. As the magnitude of
shear rate increases to a critical value, the viscosity suddenly increases. This critical shear
rate value decreases by increasing the nanosilica loading. The increase in nanoparticles inside
the suspension restricts relative movement of fluid layers to one another and thus increases
the viscosity. The critical shear rates are 100 s-1 for the STF having nanosilica loading of 15
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wt. % and less than 10 s-1 for the STF with nanosilica loading of 45 wt. %. Viscosity curve of
the STF shifted upward on the graph by increasing the nanosilica loading. In other words, the
higher particle loading results in a higher initial viscosity and exhibits a greater increase in
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viscosity. Fig. 5 shows the peak value of viscosity for STFs with different nanosilica loading.
The peak loads of STF containing nanosilica loading of 25, 35 and 45 wt.% are 30, 136 and
469 times greater than STF containing 15 wt.% nanosilica, respectively.
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The primary theory which presented the mechanism of the thickening was hydro-cluster
theory [53, 54]. This theory stated that as the shear rate increases, the microstructure of the
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colloidal dispersions changes and the hydrodynamic loads overcome the interparticles loads,
which leads to the formation of particle clusters and ultimately the increase of suspension
viscosity. By increasing the solid content, hydrodynamic forces dominate the suspension
which causes the hydro-clusters to be formed more quickly. As well as hydro-clustering
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approach, the contribution of contact forces is suggested in recent studies known as contact
rheology model [55, 56]. Denn et al. [57] stated that the hydro-clustering approach dominates
the suspensions at low shear rates due to contactless rheology, but the contact forces are very

EP

effective for the jamming point where the particles contact each other at high shear rates.
Beyond a critical point, contact forces generate force networks that dominate thickening
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where the hydrodynamic interactions are insufficient. Nanosilica loading plays an important
role in contact rheology due to increase possibility of the contacted microstructure by
increasing concentration particles in the suspension [58].

3.2. Microstructural analysis
According to the images of the silica/Kevlar composite fabric, fibers are covered with STF
and nanoparticles located between them. With the increase of STF concentration, the amount
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of STF between the fibers increases and the gaps between the fibers fills more uniformly. The
surface morphologies of the silica/ Kevlar composite fabric at different magnification are
shown in SEM images in Fig. 6 for the 35 wt. % sample. It can be seen that the gaps between
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yarns at yarn crossover areas are well coated by the STF.

3.3. Yarn pull out test

SC

Previous studies have shown that fabric impregnated STF demonstrated increase in inter-yarn
friction and this is the main cause of performance improvement of STF [59]. Some
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experimental and numerical studies have shown that modification of the frictional properties
of the fabric can affect the yarn pull-out behavior. Increase in yarn pull-out force, can also be
a major factor to the overall energy dissipated by a fabric [60].

It is also shown that inter-yarn friction of the fabrics greatly alters, with respect to the particle
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mass fraction in shear thickening fluids [61]. The concentration of additive nanoparticles in
STF is effective in increasing the pull-out force. This means the inter-yarn friction increases
by increasing particle loading. The influence of the impregnation on inter-yarn friction is

EP

investigated by yarn pull-out tests using a tensile testing machine. Yarn pull-out tests were
carried out for neat and impregnated Kevlar fabrics.
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Fig. 7 shows the corresponding fiber pull-out force versus displacement for neat, 15 wt. %,
25 wt. %, 35 wt. % and 45 wt. % STF/Kevlar composite. The tests were carried out at 100
mm/min. At the beginning of the testing, the pull-out force increases as the yarn is
progressively straightened until the peak point is reached. When the pull-out force surpasses
the static friction limit, it drops gradually from the peak point and oscillates while the free
end of the yarn passes each crossing yarn. The figure shows considerable higher attaining
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frictional load for the STF impregnated yarn. Table 2 presents the peak load for all
specimens. Therefore, by increasing nanosilica loading, the peak load of pull-out increases.
This increase is the result of positioning of the additive particles between the fibers.
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Interlocking of the fibers increases due to the additive particles intercalated between the
fibers and yarns [62]. So when nanoparticle loading increases, more pull-out forces are
required to overcome the inter-yarn friction in the fabrics. Other notable result from the pull-

SC

out test reveals much gradual drop in load after attaining the peak load. Both behaviors are
directly attributed to effect of silica particles presence on the yarn as a result of STF
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impregnation. Other notable result from the pull-out test is the stiffer response (steep initial
rise) by STF impregnated fabric compared to neat fabric.

3.4. High velocity impact tests
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3.4.1. Ballistic limit

High-velocity impact test was conducted on two and four-layer neat and STF/Kevlar
composite with STF containing 15, 25, 35 and 45 wt. % fumed silica in polyethylene glycol

EP

(PEG) medium. The tests were conducted at different impact velocities to find ballistic limit
(V50) of each sample by controlling the gas pressure in the gas gun. V50 is ballistic limit
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velocity and it is defined as the average of equal number of highest partial penetration
velocities and lowest complete penetration velocities of a projectile and a target combination,
which occur within a specified velocity range. In other words, V50 defines incident impact
velocity at which there is 50% probability of partial penetration and 50% probability of
perforation. A minimum of three partial and three complete penetration velocities are used to
compute V50 [63].
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The high velocity impact test results are presented in Table 3 for all samples. Results shows
enhancement in ballistic performance in term of lower residual velocity for two and fourlayer STF impregnated specimens compared to corresponding neat Kevlar fabric. It means
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STF impregnated fabrics showing better impact resistance compared to neat fabrics. Better
performance can be attributed to the higher number of fibers remaining in contact with the
projectile surface area during penetration and perforation of the STF impregnated fabric. The
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higher number of fibers in contact with the projectile surface area can be directly related to
friction enhancement associated with the STF impregnated on the fabric.
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Fig. 8 shows that the ballistic limit of two and four-layer neat and STF/Kevlar composites. It
is shown that ballistic limit increases by increasing nanosilica loading from 15 wt.% to 35
wt.%. After which, variation of ballistic limit disappear and ballistic limits of 35 and 45 wt.%
STF are very close to each other. Hence, although STF enhances the energy absorption, there
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is an optimal nanosilica loading.

With the increase of particles loading in the STF up to 35 wt.%, the maximum ballistic limit
of the Kevlar/STF composite or, in other words, the impact resistance performance of the

EP

composite increases significantly. The increase of nanosilica loading leads to higher friction
between fibers and between yarns, keeping better fibers arrangement, more consistent,
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uniform and integrated fabric coating, less gaps, less yarns and fibers sliding, extracting and
windowing under impact loading and better stress distribution in the Kevlar/STF composite.
On the other hand, by increasing nanosilica loading to 45 wt.%, the effectiveness of STF
vanishes in high velocity impact due to the stress concentration between yarns and layers
which is created in this high loading of nanosilica.
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3.4.2. Specific Energy absorption
Fig. 9 shows the energy absorption of two and four-layer neat and impregnated fabrics with
nanosilica loading of 15, 25, 35 and 45 wt.% at ballistic limit velocity. It is shown that the
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energy absorption of STF/Kevlar composite increases as the nanosilica loading increases.
Energy absorption increases about 90%, 286.4%, 605% and 623% for 15, 25, 35 and 45 wt.
% STF, respectively comparing to four layer neat fabric. This values for 2 layer specimens
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are 117.9%, 300%, 611.1% and 636.3%.

It can be seen that by increasing nanosilica loading, the absorbed energy in the sample
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increases. On the other hand, the weight of the samples is also increased by impregnation. To
evaluate the effect of the weight gain and energy absorption, specific energy absorption
(SEA) has been evaluated. SEA is the energy absorbed by the sample to its areal density. Fig.
10 shows the specific energy absorption of each fabric samples that is calculated from
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equation 4.

specific energy absorption =

(4)

EP

The specific energy absorption of neat fabrics is considered as a reference. As can be seen,
the sample of two and four layer impregnated with STF containing 35 wt.% nanoparticles has
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the highest SEA. Although this specimen has higher weight comparing to neat fabric, but the
amount of energy absorbed is much higher, and therefore the SEA is the highest. Therefore,
the use of a STF/composite with 35 wt.% nanosilica, is reasonable. The SEA of four layer
fabric impregnated with 35 wt. % STF is 24.28 Jm2/Kg which is nearly equal to two times
greater than the SEA of a neat four layer fabric. Also, STF/Kevlar composite containing 15
wt. % nanosilica, has the lowest SEA compared to the neat fabric. This indicates that
impregnating the fabric by 15 wt.% STF is not effective, even though it increases the energy
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absorption of neat fabrics. As can be seen the SEA of four layer STF/Kevlar composite
containing 45 wt.% nanosilica is 22.31 Jm2/Kg which shows 8% decrease comparing to 35
wt.% STF. Too high friction may reduce yarn movement leading to stress concentration

RI
PT

between yarns resulting in reduced impact performance.
According to Fig. 10, the highest SEA is associated with 4-layer Kevlar fabric with STF
containing 35 wt.% nanosilica materials. The reason is the fact that as the number of layers
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increases, better interactions between the layers occurs and fabric dissipates energy more
efficiently after projectile impact.
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The STF reinforcement factor is proposed to provide a better measure of the ballistic
performance of impregnated fabrics comparing to neat fabric. It is the ratio of the SEA of the
impregnated fabric to that of the respective neat one.
Reinforcement factor =

!

" #

(5)

" #
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Fig. 11 shows the reinforcement factors for two and four-layer STF/Kevlar composite
containing various nanosilica loading. By definition, a neat fabric has a reinforced factor of
one. The Reinforcement factor shows that the highest improvements in the specific ballistic
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energy are 126% for two-layer and 129% for four-layer composite at 35 wt.% STF.

3.4.3. Fabric deformations
The high velocity impact tests were performed to explore fabric impact resistance and the
mechanisms that are contributed in energy absorption of neat and impregnated Kevlar fabric.
Three mechanisms of fiber/yarn breakage (fracture), slippage (windowing) and yarn pull out
are the most important factors affecting fabric impact resistance. Fig. 12 shows perforated
samples including neat and 15, 25, 35 and 45 wt.% STF/Kevlar composites after high
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velocity impact tests. As can be seen in the figure, the global transverse deflection shapes
exhibit similar behavior for both neat fabric and STF impregnated fabrics. However, the local
fabric structures in the impact region of STF impregnated fabric are well maintained, while
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they are significantly distorted for the neat fabric. Moreover in some cases when projectile
penetrates the neat fabric, yarns are pushed aside within the fabric without significant fiber
breakage under impact load. This phenomenon is called windowing effect. Although primary
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yarns in the center of impact strained in the neat fabric, rest of the fabric (secondary yarns)
remains almost undisturbed. This brings out the inability of the neat Kevlar fabric structure in
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engaging secondary yarns in energy sharing during impact. As a result, energy dissipation
along the fabric remains low and the impact resistance performance decreases. Notably,
significant yarn pull-out is observed at the impact point for the neat fabric.
In the fabrics impregnated by STF, yarn pull-out is hardly observed, especially at higher
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nanosilica loading, and the damage zone are becoming much smaller. The increased frictional
properties induced by STF impregnation restrict the movement of the yarns, thus encouraging
neighboring yarns to arrest the projectile. The STF impregnated fabrics are able to maintain

EP

their weave integrity during the impact process. As shown for in Fig. 12, for fabric
composites made impregnated with STF with 35 and 45 wt. % nanoparticles, no yarn pull out
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is observed. In images taken with a high speed camera, it has been shown that in neat fabric
specimens, a number of fibers are pulled out of the fabric and move with the bullet.

4. Conclusions
High-velocity impact test was conducted on two and four-layer neat and STF/Kevlar
composite containing 15, 25, 35 and 45 wt. % nanosilica in polyethylene glycol (PEG)
medium and the effect of nanosilica loading was investigated. The energy absorption of neat
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fabric increases by impregnating the fabric with STF. It was found that there is an optimum
nanosilica loading that beyond it the increase rate changes. By increasing of nanosilica
loading in STF from 15 to 35 wt.%, the performance of composite is extraordinary and
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improvement rate is intense, but improvement rate decreases and a little improvement is
shown from 35 to 45 wt.% STF. The most effective performance turn out in the case of 35
wt.% STF/Kevlar composites in which the specific energy absorption is the highest between

SC

composites containing 15, 25 and 45 wt. % nanosilica. Yarn pull-out tests were also carried
out neat and impregnated Kevlar fabrics. By increasing the nanoparticles loading a notable
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increase of pull-out force was shown, which indicates the effect of friction. On the other
hand, by increasing nanosilica loading from 35 to 45 wt.%, the energy absorption of
composite doesn’t vary significantly which means the yarn pull-out force doesn’t affect the
energy absorption directly and shows the different effect of friction in static and impact
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forces. It is found that by increasing the number of layers, better interactions between the
layers occurs and fabric dissipates energy more efficiently. In the fabrics impregnated by
STF, yarn pull-out is hardly observed, especially at higher nanosilica loading, and the damage
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zone are becoming much smaller.
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Table 1 Characteristics of neat and impregnated fabrics.

neat Kevlar fabric

9.1

Kevlar fabric impregnated with STF (15 wt.% nanosilica)

20.5

Kevlar fabric impregnated with STF (25 wt.% nanosilica)

26

Kevlar fabric impregnated with STF (35 wt.% nanosilica)

28.3

Kevlar fabric impregnated with STF (45 wt.% nanosilica)

1.046

1.326

1.444

30.7

1.627

18.2

0.928

Kevlar fabric impregnated with STF (15 wt.% nanosilica)

41

2.092

Kevlar fabric impregnated with STF (25 wt.% nanosilica)

52

2.652

Kevlar fabric impregnated with STF (35 wt.% nanosilica)

56.6

2.888

Kevlar fabric impregnated with STF (45 wt.% nanosilica)

61.4

3.254
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4 layers

0.464
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neat Kevlar fabric

Areal density (kg/
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PT

Weight (g)

SC

2 layers

Samples

Table 2 Quantitative data of peak load extracted from Fig. 6.
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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Nanosilica particles loading
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STF/Kevlar composite (15
wt.% nanosilica

STF/Kevlar composite (25

STF/Kevlar composite (35

2
2
2
4
4
4
2
2
2
4
4
4
2
2
2
4
4
4
2
2
2
4
4
4
2
2
2
4
4
4

1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3

40
47
52
52
71
80
46
52
65
75
85
101
73
85
91
96
110
122
88
99
111
130
142
157
90
104
118
135
147
160

AC
C

EP

wt.% nanosilica

Impact
velocity
(m/s)
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wt.% nanosilica

Specimen
number

STF/Kevlar composite (45
wt.% nanosilica
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Residual
velocity
(m/s)

Energy
absorption
(J)

28
37
43
27
52
61
23
33
48
34
49
64
42
60
67
45
67
82
42
63
79
65
88
104
44
68
87
71
92
111

4.57
4.7
4.79
11.06
13.09
15
8.89
9.04
10.76
25.03
27.01
34.19
19.96
20.3
21.23
40.27
42.62
45.69
33.49
32.66
34.05
70.98
69.55
77.46
34.4
34.6
35.5
73.7
73.5
74.2

SC

Neat fabric

Number
of layers
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Sample
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Table 3 Results for high-velocity impact tests.
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Fig. 1 Steps of the fabric impregnation (a) Homogenization, (b) Sonication, (c) Immersion, (d)
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Evaporation of ethanol from impregnated fibers.

Fig. 2 Schematic set-up of gas-gun.
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Fig. 3 High velocity impact test (a) Sandpaper on both sides of specimens within framework, (b)
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Framework, (c) Projectile and (d) Steel fixture for holding the fabric inside the framework.

Fig. 4 Rheological behavior of STF made from polyethylene glycol (PEG) and nanosilica.
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Fig. 5 Peak value of viscosity for STFs with different nanosilica loading.

Fig. 6 Scanning electron microscopy (SEM) images of Kevlar fabric impregnated with 35 wt. % STF
at: (a) ×18; (b) ×100; (c) ×500; (d) ×4000 magnifications.
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Fig. 7 Single yarn pull-out force versus displacement curve.
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Fig. 8 Ballistic limits of two and four layer neat and impregnated fabrics with different nanosilica
loading.
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Fig. 9 Energy absorption of two and four layer samples.
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Fig. 10 Specific energy absorption (SEA) of two and four layer samples.
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Fig. 11 Reinforcement factor of impregnated fabrics compared to the neat fabric.

Fig. 12 Panels in high velocity impact tests. (a) Neat fabric (b) Impregnated fabric with 15 wt. % STF
(c) Impregnated fabric with 25 wt. % STF (d) Impregnated fabric with 35 wt. % STF (e) Impregnated
fabric with 45 wt. % STF.
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