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To investigate the anti-impact mechanism, the mechanical property and energy absorption of the STF
impregnated Kevlar (STF/Kevlar) fabric at high strain rate were conducted using a split Hopkinson pres-
sure bar (SHPB) system. The volume fraction of STF, number of fabric specimens, and impact velocity
highly affected the dynamic mechanical performance of the STF/Kevlar composite. The energy transfer
rate decreased from 0.85 to 0.01 once the number of fabric specimens increased from 2 layers to 8 layers.
The strain rate stiffening mechanism of the STF/Kevlar was analyzed. The Kevlar fabrics underwent four
sections during the impact process. The STF was mainly worked in the slip and deformation section by
enhancing the friction between fabric yarns and preventing the fabric yarns from slipping. Overall, this
work demonstrated that the multilayer Kevlar fabrics impregnated with high volume fraction of STF were
the optimal choice for soft body armor.

� 2017 Published by Elsevier Ltd.
1. Introduction

Body armors are designed to protect soldiers from the damage
caused by bullets and other weapons. The traditional body armors
are made of ceramics and metal, which makes the body armors
bulky. To improve the flexibility and reduce the weight of the body
armors, high strength and energy absorption fabrics such as Kevlar,
Twaron and Spectra have been developed for the soft body armors
[1–3]. Usually, almost 20–50 layers of fabrics are required to satisfy
the bulletproof requirements. As a result, the comfort of the body
armors sharply decreases. Therefore, besides the ballistic require-
ment, the low weight and high flexibility become the critical points
for body armors. Recent years, shear thickening fluid (STF) has got
more and more attention due to its unique shear thickening prop-
erty. As a type of non-newton fluid, the viscosity of STF increases
dramatically when the shear rate exceeds a critical value. After eas-
ing the applied shear rate, the STF can recover from solid like state
to the initial fluid state [4–8]. The shear thickening property is
expected to enhance the ballistic performance of fabrics. Therefore,
the STF incorporated Kevlar has been proven to be an ideal body
armor because of its low density [9–15].

In the early days, a lot of researches were conducted on the stab
resistance of STF impregnated (STF-treated) fabric composite [9–
20]. Decker et al. [9] investigated the stab resistance of STF-
treated Kevlar and nylon fabrics. It was found that the STF-
treated fabric exhibited significant improvements in puncture
resistance while a slight enhancement in cut protection. Feng
et al. [15] prepared different STFs based on the fumed silica and
submicron silica particles. After incorporating these STFs into the
Kevlar fabrics, the quasi-static stab resistance properties were
studied. The force-displacement curve and the microstructure dia-
gram demonstrated that the properties of particles influenced the
stab resistance properties of fabrics. Moreover, it was reported
the STFs also highly affected the friction between fabric yarns
[17,21–24]. Gong et al. [17] found that the pull-out force of the
Kevlar/STF fabrics was much larger than the neat fabric. Typically,
the pull-out force of the Kevlar/STF fabrics increased with the pull-
out speed, which was consistent with the shear thickening prop-
erty of STFs. Meanwhile, lots of investigations on the ballistic prop-
erties of the composite have been reported [18,25–29]. Park et al.
[28] focused on the energy absorption of STF-treated fabric com-
posite under high speed (>700 m/s) impact and studied the change
of energy absorption value with the impact velocity by changing
the number of Kevlar layers and area density.

The mechanical properties of the STF/fabric composite have got
more and more attention since their importance for application
[15,30,31]. Lu et al. [30] studied the quasi-static and low-velocity
impact compressive behavior of the warp-knitted spacer fabrics
(WKSF) impregnated with STF. The compressive behavior of the
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STF/WKSF had a significant strain rate effect. In comparison to the
neat WKSF, the STF/WKSF showed a higher energy absorption and
a lower peak load. Haris et al. [31] studied the STF/Twaron fabrics
with a shock tube device and ballistic tests. The results showed
that the STF-treated fabrics could be applied in both ballistic pro-
tection and shock wave mitigation. By using uniaxial tensile,
bias-extension, and picture-frame tests, Na et al. [32] investigated
the rate-dependent behavior of an STF-im-AR fabric. Although the
STF effect was not evident in the tensile properties, the shear resis-
tance of the fabric was enhanced significantly. To further investi-
gate the enhancing mechanism, Lu et al. [33] and Park et al. [34]
also established a numerical simulation model to explain the
energy absorption of the composite at the viewpoint of friction.
Lee and Kim [35] performed a computational analysis to consider
the effect of STF impregnation on the ballistic performance of STF
impregnated fabrics. The results showed that the increased friction
induced by STF impregnation encouraged a greater interaction
between yarns that allowed the fabric to maintain its woven struc-
ture longer than neat fabric during the impact process.

The split Hopkinson pressure bar (SHPB) system is widely used
to test the mechanical properties of materials at high strain rates
varying from 102 s�1 to 104 s�1 [36–43]. A stress pulse is generated
while the striker bar hits the incident bar. Then the specimen is
deformed by the stress pulse. Finally, the stress-strain curve of
the specimen can be obtained from the waveforms before and after
the specimen. Up to now, the researches on the bullet-proof fabrics
impregnated with STF are mainly in the stab resistance and ballis-
tic resistance aspects. However, the high strain rate dynamic prop-
erty of the STF strengthened fabrics has not been reported till now.
The body armor was originally used to prevent the bullet through
the body. However, the liver, heart, spleen, and spinal cord were
still vulnerable to injury despite of the use of soft body armor
[44–46]. As we know, stress waves are generated while the high-
speed bullet hits body armor, where the energy of the stress pulse
is quite considerable and even deadly. Stress waves in tissue may
result in very high local forces, producing small but very rapid dis-
tortions of tissue (strain), which causes non penetrating trauma
(NPT) [45]. Therefore, it is essential to investigate the dissipation
of strain energy and dynamic mechanical properties of the
bullet-proof fabrics impregnated with STF under impact.

In this work, the high strain-rate mechanical property of the
STF/Kevlar was studied by using SHPB system. Firstly, as a compar-
ison, the stab resistance performance of the STF/Kevlar composites
was tested by a drop tower. A knife impactor and a spike impactor
were chosen according to the National Institute of Justice (NIJ)
standard for stab testing of protective armors (NIJ 0115.00,
2000). Then, an SHPB systemwas used to test the mechanical prop-
erties and energy absorption of the STF/Kevlar composites at high
strain rate. Finally, the mechanism for the deformation of the STF/
Kevlar composites under impact was carefully discussed.

2. Materials and methods

2.1. Preparation of STFs and STF/Kevlar composites

The PSt-EA nanospheres were prepared by soap free emulsion
polymerization. The STFs were obtained by dispersing the PSt-EA
nanospheres into ethylene glycol (EG). The suspension was mixed
in a ball mill grinding up to about 24 h in order to obtain a uniform
distribution. In this research, different concentrations of STFs
(54 vol.%, 56 vol.% and 59 vol.% for PSt-EA) were prepared.

The fabric used in the experiment was the plain-woven aramid
high performance Kevlar fabrics with an areal density of around
200 g/m2. To fabricate the STF/Kevlar composites, the STF samples
were firstly diluted 1:2 with water and then mixed for 30 min in
ultrasonic dispersion method to ensure the solution was well-
distributed. The Kevlar fabrics were cut and soaked in the solution
individually for 5 min. After the impregnation, the fabrics were
dried at 40 �C to evaporate the water. The weight of Kevlar fabrics
was recorded before and after the impregnation. The detail data
was summarized in Table 1.

2.2. Methods

According to the NIJ standard 0115.00 (Stab Resistance of Per-
sonal Body Armor), a drop tower (Fig. 1(a)) was used to test the
stab resistance of STF/Kevlar composites. An acceleration sensor
was set on the drop mass to record the acceleration signal during
the test. The 10 cm � 10 cm fabric targets were placed on the
multi-layer foam backing as presented in Fig. 1(d). The multi-
layer foam backing consists of neoprene sponge, witness paper,
closed-cell polyethylene foam and rubber. During the stab resis-
tance test, the knife or spike impactor (Fig. 1(b) and (c)) was fixed
on the drop mass. The drop mass was set to 2.2 kg for knife and
spike. The impactor dropped freely to impact the target from a
fixed height. The impact energy of the impactor changed along
with the height. The number of penetrated witness papers corre-
sponded to the depth of penetration. So it could be used to evaluate
the stab resistance of target.

Dynamic anti-impact property of the STF/Kevlar composites
was tested on a typical split Hopkinson pressure bar (SHPB) sys-
tem. The system mainly consists of a striker bar, an incident bar,
a transmission bar, an absorber bar and an absorber (Fig. 2). All
the bars are made of aluminum because of its low mechanical
impedance. The elastic modulus of aluminum is 70 GPa and the
density is 2700 kg/m3. In this research, the diameter of aluminum
bars is 14.5 mm. The lengths of the striker bar, the incident bar and
the transmission bar are 200 mm, 1500 mm and 800 mm, respec-
tively. To guarantee that the rising edge of the incident wave is
gentle and the sample could obtain stress equilibrium, a rubber
pulse shaper (1 mm � 1 mm) was placed on the front face of the
incident bar. The fabric specimen was cut into a shape of regular
octagon to maintain geometric similarity with the bars. The striker
bar was driven by a light-gas gun and its velocity was recorded by
a photoelectric door. The signals of incident bar and transmission
bar were recorded by strain gages and presented on an
oscilloscope.

The test of SHPB is based on the stress equilibrium assumption.
Therefore, it is necessary to conform the data satisfy the assump-
tion. As shown in Fig. 3, the shape of incident wave rI is close to
sum of transmission wave rT and reflected wave rR. It can be con-
cluded that:

rI ¼ rR þ rT ð1Þ

The energy contained in the stress pulse in the bars can be
expressed as:

U ¼ cbAb

2Eb

Z T

0
r2ðtÞdt þ qbAbc3b

2E2
b

Z T

0
r2ðtÞdt ð2Þ

where U is the energy contained in the stress pulse. cb, Ab, Eb and qb

are the elastic wave speed, the cross-sectional area, the elastic mod-
ulus and the density of the bars, respectively. r is the stress, T is the
pulse length. The first term is the strain energy and the second term
is the kinetic energy. The elastic wave speed cb, the elastic modulus
Eb, and the density qb are found to follow a relationship as shown:

qb ¼
Eb

c2b
ð3Þ

Combining Eq. (3) with Eq. (2), it is clear that



Table 1
Data of the STF-treated fabric composite.

Neat fabric Impregnated with EG Impregnated with 54 vol.% STF Impregnated with 56 vol.% STF Impregnated with 59 vol.% STF

Areal density (g/m2) 199 242 240 239 236
Weight addition (%) 0 22.0 21.2 20.5 18.8

Fig. 1. (a) Schematic illustration of a drop tower. (b) Image of the knife impactor. (c) Image of the spike impactor. (d) Schematic illustration of the stab resistance test fabrics
and backing material. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. Schematic illustration of a SHPB system. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. The stress equilibrium assumption of SHPB test. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
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U ¼ cbAb

Eb

Z T

0
r2ðtÞdt ð4Þ

The energy transfer rate is used to reflect the energy absorption
of the fabric specimen. It can be expressed as:

a ¼ Ut

Ui
ð5Þ

where Ut is the energy of the stress in the transmission bar and Ui is
the energy of the stress in the incident bar.
According to the one-dimension stress wave propagation theory
[36–43], the dynamic stress, dynamic strain and the dynamic
strain rate in the sample can be expressed as:

rs ¼ EbAb

As
et ð6Þ

es ¼ �2cb
ls

Z T

0
ðei � etÞds ð7Þ

_es ¼ �2cb
ls

ðei � etÞ ð8Þ

where ei and et are the dynamic strain in the incident bar and trans-
mission bar; rs, es and _es are the dynamic stress, the dynamic strain
and the dynamic strain rate in the specimen; Ab and As are the
cross-sectional areas of the bar and the specimen; Eb, cb and ls are
the elastic modulus of the aluminum bars, the elastic wave speed
of the bars and the length of the specimen, respectively. The stress
and strain calculated in Eqs. (6)–(8) are engineering stress and engi-
neering strain respectively. The true stress and true strain can be
obtained by Eqs. (9) and (10).

eT ¼ � lnð1� eEÞ ð9Þ

rT ¼ ð1� eEÞrE ð10Þ
where eE and rE are the engineering strain and engineering stress; eT
and rT are the true strain and true stress. All the stress and the
strain mentioned in the following parts are the true stress and true
strain.
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3. Results and discussions

3.1. Characterization of STFs and the STF/Kevlar composites

The microstructure of PSt-EA nanospheres was investigated
using scanning electron microscopy (SEM, Sirion 200) and trans-
mission electron microscopy (TEM). Fig. 4(a) and (b) presents the
SEM and TEM images of PSt-EA nanospheres. The microscopy of
PSt-EA indicates that the nanospheres are monodisperse. The aver-
age particle size of PSt-EA is estimated to be around 340 nm. The
morphological and surface characteristics of STF/Kevlar composite
were determined by SEM. According to Fig. 4, the surface of STF/
Kevlar fabric (Fig. 4(d) and (f)) is rougher than the neat fabric
(Fig. 4(c) and (e)). The SEM images of STF/Kevlar fabric presented
in Fig. 4(d) and (f) show that the STFs are well distributed on the
surface of the yarns and part of them is located within the spaces
between the fabric yarns.
3.2. Rheological properties of STFs

The rheological measurements of STF samples were conducted
by a stress and strain controlled rheometer (Anton-Paar MCR
Fig. 4. SEM (a) and TEM (b) images of PSt-EA spherical particles. SEM images of neat
(400�), (d) STF/Kevlar composite (400�), (e) neat Kevlar fabric (2000�), (f) STF/Kevlar c
301) with cone-plate geometry (25 mm in diameter and 2� in cone
angle). All the experiments were conducted with a gap size of
0.05 mm at a room temperature of 25 �C. The volume fraction of
STF has a significant influence on the shear thickening effect.
Fig. 5 shows the typical rheological behavior of the STF. As the vol-
ume fraction increases from 54%, 56% to 59%, the critical shear rate
decreases from 289 s�1, 63 s�1 to 19 s�1 and the maximum viscos-
ity increases from 139 Pa s, 462 Pa s to 1496 Pa s, respectively. The
shear thickening effects of the suspensions are strengthened with
the increasing volume fraction.

3.3. Drop tower test

Stab resistance of the neat Kevlar fabrics and STF/Kevlar com-
posites targets with a thickness of 15 layers against the knife
impactor is shown in Fig. 6(a). In this test, the drop height of knife
impactor varies from 0.2 m to 1.0 m. With increasing of drop
height, the penetration depth increases gradually. In comparison
to the neat Kevlar fabric and EG/Kevlar fabric, the STF/Kevlar pre-
sents lower penetration depth. As the volume fraction of STF
increases from 54% to 59%, the penetration depth decreases from
5 layers to 4 layers at a drop height of 1.0 m. The higher volume
fraction of STF shows better knife stab resistance performance for
fabric and STF-treated fabric under different magnifications: (c) neat Kevlar fabric
omposite (2000�).



Fig. 5. Steady shear test of PSt-EA suspensions for different volume fractions: 54%,
56% and 59%. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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the STF/Kevlar composites. During the penetration process, shear
stress arises from the slippage between fabrics, then the viscosity
of STF increases. Higher viscosity accounts for larger friction, which
prevents fabric yarns from slipping. Remarkably, EG/Kevlar shows
worse knife stab resistance performance than neat Kevlar, because
fluid lubrication could reduce friction between fabrics. Fig. 6(b)
presents the impact force-displacement curve of the 56% STF/Kev-
lar sample under knife stab resistance test. Both the peak force and
the maximum displacement increase with the drop height. The
area enclosed by the curve and the coordinate axis represents
the dissipation energy. The dissipation energy can be calculated
by integrating the force-displacement curve. Therefore, it can be
inferred qualitatively that the dissipation energy increases with
the drop height.
Fig. 6. Drop tower results for neat fabric, EG/Kevlar fabric and different volume fractions
Spike stab resistance test. Impact force vs. displacement curve of the fabric sample t
interpretation of the references to color in this figure legend, the reader is referred to th
The spike stab resistance test shows similar variation trend
(Fig. 6(c) and (d)). The penetration depth under the spike stab
resistance test at a drop height of 1.0 m is 9 layers which is much
larger than the knife stab resistance test. Besides, the penetration
depth of the STF/Kevlar is nearly half for that of the control group.
Compared to the results presented in Fig. 6(b), the residual dis-
placement of the spike stab resistance test is much larger because
of the weaker rebound of spike impactor. The cross-sectional area
of spike impactor is smaller than knife impactor. So the bearing
area of target is smaller, which contributes to deeper penetration
depth and lower peak force. SEM images of STF/Kevlar target after
drop tower test are shown in Fig. 7. A hole is found in the target
after spike stab resistance test while there is only a cut mark after
knife stab resistance test. When the spike comes into contact with
the fabric surface, the yarn slips and curves, resulting in a hole in
the fabric. As shown in Fig. 7(a), only a few yarns are cut off for
the spike stab. However, when the knife touches the surface of
the fabric, the stress concentration occurs where the yarn is in con-
tact with the blade, causing the half of yarns cluster to be cut off
(Fig. 7(b)). Therefore, the failure of fabric under the spike stab
resistance test is mainly due to the slippage between the fiber
yarns, and the one under the knife stab resistance test is mainly
attributable to the cutting-off of the fiber yarns.
3.4. SHPB test

Fig. 8(a) presents the relationship between energy transfer rate
and impact velocity as well as the number of fabric specimen layer.
The fabrics were impregnated with 56 vol.% STF. As the number of
fabric layers increases, the energy transfer rate a decreases from
0.85 to 0.01. Remarkably, when the number of fabric layers is less
than 4 layers, a decreases linearly with the number of fabric layers.
of STFs treated fabric from different drop heights. (a) Knife stab resistance test. (c)
reated with 56 vol.% STF under knife (b) and spike (d) stab resistance test. (For
e web version of this article.)



Fig. 7. SEM images of the fabric impregnated with 56 vol.% STF after drop tower: (a) the spike impactor; (b) the knife impactor.

Fig. 8. (a) The energy transfer rate versus the number of fabric layers and the impact velocity. The fabrics were impregnated with 56 vol.% STF. (b) The energy transfer rate
versus different kinds of fabrics. The impact velocity was 5 m/s. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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However, a becomes insensitive to the number of fabric layers as
the number of fabric layers exceeds 4 layers. With the increase of
impact velocity, a also shows an increasing trend. The results of
fabrics impregnated with different volume fractions of STF are
shown in Fig. 8(b). The neat Kevlar fabric and the EG/Kevlar fabric
were tested as comparison. The number of fabric layers in each
group was 4 layers and the impact velocity was 5 m/s. The value
of a in five groups performs a similar change trend. Although the
EG/Kevlar fabric exhibits the minimum energy transfer rate, its
weaving structure is broken during the impact. It can’t prevent bul-
lets from transferring through the body and can’t continue to pro-
vide protection. In addition to the poorest stab resistance property,
the EG/Kevlar fabric can’t be the optimal choice of body armor.
From Fig. 8(b), the energy transfer rate of STF treated fabrics are
identical with the neat fabric. The fabric impregnated with
59 vol.% STF shows the lower energy transfer rate than the
54 vol.% and 56 vol.% STF. Considering the results of weight addi-
tion (Table 1), the impregnation of STF with high volume fraction
into the fabric can not only reduce weight but also enhance the
energy absorption.

Fig. 9(a) presents the stress-stain curve for different layers of
fabrics at a velocity of 5 m/s. The fabrics were impregnated with
56 vol.% STF and the number of fabrics varied from 2 layers to 8
layers. With increasing the fabric layers, the maximum stress in
the fabric specimen decreases from 23.3 MPa to 3.7 MPa. This
means that there is a significant dissipation in the fabrics under
the impact. The modulus of the fabric specimen can be calculated
from the slope of the stress-strain curve. It can reflect the slippage
of the fabric yarns. The modulus and strain rate involved in the fol-
lowing are the maximum strain rate and the maximum modulus.
The strain rate and modulus calculated from the stress-strain curve
are presented in Fig. 9(b). With the increase of the fabric layers,
both the strain rate and the modulus show a decreasing trend. As
the thickness of the fabric specimen increases, the propagation
time of the stress wave in the fabric specimen becomes longer
and therefore the strain rate decreases. The modulus of the fabric
specimen subjected to impact is related to the strain rate, which
reflects the property of the viscoelastic material.

Impact velocity has a great effect on the dynamic mechanical
properties of the fabrics. Fig. 9(c) shows the stress-strain curves
of the 4-layer fabric samples impregnated with 56 vol.% STF by
varying the impact velocities from 5 m/s to 7.5 m/s and 10 m/s,
respectively. During the impact process, the fiber specimen first
undergoes an elastic section which shows a flat curve. The elastic
section of the fabric specimen is independent on the strain rate,
so the initial sections of the three stress-strain curves are almost
coincident. Then, the plastic deformation arises in the fabric spec-
imen, in which the fiber specimen exhibits a strain rate stiffening
character (Fig. 9(d)). As the impact velocity increases, the strain
rate of the fabric specimen varies from 4318 s�1, 6438 s�1 to
8702 s�1 and the modulus also increases from 239 MPa, 386 MPa
to 490 MPa, respectively. The modulus and strain rate show a pos-
itive correlation.

In order to study the effect of volume fraction of STF on the
dynamic mechanical properties of fabric samples, 3 groups of fab-
ric specimens impregnated with different volume fractions of STF
were tested. The neat Kevlar fabric and the EG/Kevlar fabric were
also tested as comparison. The number of fabrics was 4 layers
and the impact velocity was 5 m/s. From the results shown in
Fig. 9(e) and (f), it is found that the strain rates of five kinds of fab-
rics are relatively close. But the modulus of the fabrics are signifi-
cantly different. The modulus of neat Kevlar and EG/Kevlar are
close to 155 MPa. But the modulus of STF/Kevlar composite
increases from 188 MPa, 239 MPa to 247 MPa as the volume frac-
tion of STF varies from 54%, 56% to 59%. The addition of STF signif-
icantly increases the modulus of the fabrics. It is worth noting that
the stress-strain curve of the EG/Kevlar is different from other
groups. The stress-strain curve shows that the EG/Kevlar reaches



Fig. 9. Stress-strain curves of the fabric specimen and the results of strain rate and modulus under different SHPB test conditions: (a) and (b) different number of fabric layers,
the fabrics were impregnated with 56 vol.% and the velocity was 5 m/s; (c) and (d) different velocities, the fabrics were impregnated with 56 vol.% STF and the fabrics were
prepared with 4 layers; (e) and (f) different kinds of fabrics, the fabrics were prepared with 4 layers and the velocity was 5 m/s. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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yield stress and the structure is destroyed after impact. However,
only plastic deformation in the fabrics of other groups is found in
Fig. 10. The morphologies of the neat Kevlar, the EG/Kevlar and
the STF/Kevlar composite before impact are similar (Fig. 10(a)).
After impact, the weaving structure of the EG/Kevlar is damaged
(Fig. 10(d)), whereas the neat Kevlar and the STF/Kevlar composite
have not changed significantly (Fig. 10(b) and (c)). Due to limita-
tions of the experimental conditions, the neat Kevlar and the
STF/Kevlar composite do not reach the yield stress and failure in
our present progress. Further work will be done to investigate
the detailed yield process. Fortunately, because of the strength
and high friction of fibers [17–20], the STF/Kevlar composite exhi-
bits a good potential of energy absorption. Fig. 10(e) and (f) shows
the cross-sectional topography of the fabric clusters before and
after impact. Before the impact, the fabric clusters are elliptical
in cross-section and the fabric yarns inside the fabric clusters are
looser. After the impact, the cross-section of the fabric clusters
becomes a more flat ellipse and the arrangement of the fabric yarns
is more compact.
A schematic diagram is put forward to explain the structural
evolution of fabrics in the SHPB test. When subjected to impact,
the fabric first undergoes a process of elastic compaction of a
woven structure. This phenomenon is corresponding to the section
I in Fig. 11. The elastic section of the fabric specimen is indepen-
dent of the strain rate, so the initial sections of the stress-strain
curves are similar. Then the plastic deformation arises in the fabric
specimen. In section II, the fabric yarns slide and the gap between
the yarns is reduced. STF is a type of non-newton fluid. When the
shear rate exceeds a critical value, the viscosity of STF increases
dramatically. During the SHPB test, the STF is in a shear thickening
(ST) state since the impact strain rate is higher than the critical
shear rate. The STF around the yarns increases the friction between
the yarns and thereby prevents the yarn from slipping. At this time,
the fabric composite exhibits strain rate stiffening. In section III,
the fabric yarns are crushed and the gap between the yarns is fur-
ther reduced. The modulus of the fabric increases with the increase
of the strain rate. However, under the same strain rate, the modu-
lus of the fabric increases with the increase of the volume fraction



Fig. 10. Images of fabric samples before and after impact: (a) the neat Kevlar fabric before impact; (b) the neat Kevlar fabric after impact; (c) the STF/Kevlar composite after
impact, the volume fraction of STF is 59%; (d) the EG/Kevlar fabric after impact. SEM images of the cross-section of the STF/Kevlar composite before (e) and after (f) impact, the
volume fraction of STF is 59%. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 11. Schematic diagram of the structural evolution of fabric under the SHPB test. The stress-strain curve is divided into four sections. Section I: Elastic compaction of the
weaving structure. Section II: Plastic slip of the fabric yarns. Section III: Deformation of the fabric yarns. Section IV: Stress unloading of the fabric specimen. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
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of STF, which must be attributed to the increasing shear thickening
effects. Section IV is the unloading area. The fabric exhibits a vis-
coelastic character. The stress in the fabric decreases while the
strain continues to increase.
4. Conclusions

In this article, the stab resistance performance and the dynamic
mechanical properties of the STF/Kevlar composite were investi-
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gated. The STF enhanced the friction between fabric yarns due to
its high viscosity under shear. The slippage of fabric yarns was
reduced and the stab resistance of fabric got significant enhance-
ment. During the SHPB test, both the strain rate and the modulus
of the STF/Kevlar composite showed an increasing trend with the
increase of impact velocity. Besides, the modulus of composite
increased with the increasing of the volume fraction of STF. The
addition of the STF and the increase of the fabric number reduced
the energy transfer rate. The energy absorption of the STF/Kevlar
increased with the volume fraction of the STF. It could be specu-
lated that multilayer fabrics impregnated with high volume frac-
tion of STF was the optimal choice for energy absorption.
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