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A soft sandwich structure consisting of two layer Kevlar face sheets and a silly putty (SP) core was
fabricated. The storage modulus of SP, which was prepared by dispersing CaCO3 particles into poly-
borodimethylsiloxane, increased by two to three orders of magnitude with increasing of the shear fre-
quency. The higher CaCO3 content resulted in better shear-hardening behavior, which further enhanced
the anti-impact performance of the sandwich structure. When the impact velocity was below 110 m/s, all
energy was dissipated by the sandwich structure and the maximum energy dissipation was 20.8 ],
represented a 60% increment than the neat Kevlar. Importantly, under the same impact energy, the
energy dissipation of the sandwich structure under ballistic impact was 63% higher than under low
velocity impact, which must be due to the shear-hardening nature. The mechanism of the excellent
protection performance was discussed. The sensitivity to loading rate and reliable energy dissipation of
the soft sandwich structure widely broad its practical applications.

Impact behavior

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Over the past several decades, because of the increasingly
frequent global terrorism and civil conflicts, body armors which can
protect a person from the damage caused by weapons or projectiles
have become a research hotspot. Traditional personal body armors
are made of metals [1], ceramics [2] and transparent glasses [3],
thus they are heavy, rigid and bulk. Limited by the shortage of their
flexibility and mobility, these traditional body armors can hardly
protect arms or legs. Therefore, more and more attentions are
focused on reducing the weight and improving the flexibility of
personal body armor while ensuring the same protective effect
[4—6].

Kevlar, a kind of aromatic polyamide fiber, has been widely used
in soft body armors as a base material because of its high strength,
toughness, and modulus, light weight and stability [7,8]. In order to
get better performance, many researches were conducted on
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tailoring the structure and composition of Kevlar. To achieve the
high protection performance, Hwang et al. [5] increased the friction
between yarns of the aramid fabric through the growth of zinc
oxide nanowires on the fiber surface so as to enhance the ballistic
resistance. Haro et al. [9] synthesized hybrid composite laminates
for armor protection, which consist of layers of aluminum alloy and
Kevlar fibers impregnated with shear thickening fluid and epoxy
resin. Due to the smart structure and composition, the final prod-
ucts presented better protection than the neat Kevlar precursor.
Among various structures of the Kevlar based body armor, the
shear thickening fluids (STFs) impregnated Kevlar fiber is the most
attracting one. STFs are a kind of smart materials whose apparent
viscosity can be dramatically increased when subjected to a high-
speed impact loading. They can recover immediately after
removing the impact. Due to their reversible and particularly sen-
sitive rate-dependent shear thickening characteristic, the STFs
possess high potential in energy dissipation and personal body
protection [10—12]. Lee et al. [13] found the ballistic resistance of
Kevlar fabric could be enhanced after impregnating with SiO;-
based STFs. To investigate the enhancing mechanism, Lee et al. [14]
investigated the effect of the particle size in STFs and Kalman et al.
[15] studied the influence of particle hardness in STFs impregnated
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fabrics. The numerical simulation was also conducted by Park et al.
[16] to study the friction effects in STFs impregnated Kevlar fabric
under the high velocity impact.

Recently, because of the instability of fluidic STFs, some re-
searches have been focused on a new shear-hardening polymer -
silly putty (SP), which is a viscoelastic material sensitive to strain
rate [17—20]. It behaves like a soft plasticine in nature state but
becomes very hard when suffering an external impact. Recently,
Liang et al. [21] applied SP in a shock transmission unit which
provided a free motion under slowly applied loads and a rigid link
under impact loads. Jiang et al. [22] tested the SP composite by
falling weight impact and split Hopkinson pressure bar experi-
ments. It was found that SP could store up to 23% of the impact
energy and showed solid characters at high strain rate. To broad the
application of SP in protection, Wang et al. [23] incorporated SP into
polyurethane sponge. The results indicated that the impact force
could be reduced by 2 orders even under 26 cycles of continuous
dynamic impact loading. In consideration of their high perfor-
mance, the composite structures composed of Kevlar and SP will be
favorable for body armor. Unfortunately, few work based on the
Kevlar/SP has been reported.

Sandwich structure is a kind of composite component, which
features a light weight core placed between two high strength thin
plates or skins. It is extensively used to dissipate energy and protect
a system from ballistic threats. The plates, which are still rigid and
unsuited to personal wearing, typically include aluminum or other
rigid fiber reinforced polymer. The core of the sandwich structure is
usually made of the material with low density, high stiffness and
energy absorption, such as metallic foam [24], fiber [25], polymer
[26] and other light materials [27], which can enhance the strength
and energy dissipation of the sandwich structure. Considering the
high flexibility, easy sealing and rate-sensitivity characteristics of
SP and the high strength, light weight and soft of Kevlar, the
sandwich structure combining of Kevlar fabrics with SP core can
not only become a comfortable light material but also provide
reliable protective and energy dissipation performance as a per-
sonal body armor.

In this work, the anti-impact performance of a soft sandwich
structure consisting of two layer Kevlar face sheets and a SP core
was studied through ballistic and low velocity impact tests. The
effect of CaCO3 contents on the mechanical properties of the SP and
Kevlar/SP were investigated. The storage modulus of SP under
various shear frequency was measured for indicating the sensitivity
to strain rate. Ballistic impact tests of the Kevlar/SP were conducted
at the velocity ranging from around 90 to 150 m/s. The process of
deformation and destruction was recorded by the high-speed video
camera at 50,000 fps. Additionally, the low velocity impact test was
conducted at the same impact energy as the ballistic impact. The
difference of the two impact test results was carefully discussed. At
last, the possible mechanism was proposed to analyze the rate
dependent protective property of the Kevlar/SP. This sandwich
structure with Kevlar face sheets and SP core declared excellent
energy dissipation to ballistic threats and this soft wear possessed
the huge potential in personal body armors.

2. Materials and methods
2.1. Materials and preparation

Boric acid, dimethyl silicone oil, ethanol, benzoyl peroxide(BPO)
(Sinopharm Chemical Reagent Co. Ltd, Shanghai, China) were raw
materials to synthesize SP matrix — polyborodimethylsiloxane
(PBDMS). The 1250 mesh CaCOs (Lingdong Chemical Co. Ltd,
Shanghai, China) was used as reinforced particles. HTV silicone
rubber (type MVQ 110-2 from Dong Jue Fine Chemicals Co. Ltd,

Nanjing, China) was the control group in contrast with SP. Kevlar
fabric (Junantai Protection Technologies Co. Ltd, Beijing, China) was
a type of plain-woven high-performance aramid.

Firstly, the boric acid was heated at 160 °C for 2 h to gain
pyroboric acid. Then, pyroboric acid and dimethyl silicone oil (mass
ratio 2:15) and 15 ml of ethanol were mixed in a beaker and heated
for about 7 h at high temperature. Subsequently, the BPO (as the
cross-linking agent) and different contents of CaCOs3 particles were
added to the above product by the internal mixer (HL-200, Jilin
University Scientic and Teaching Instrument Factory, Jilin, China).
At last, the mixture was sulfurized for 2 h at 110 °C to obtain SP. The
mass fractions of CaCO3; were kept at 0, 20, 35, and 50 wt,
respectively. For simplicity, the SP with CaCOs particles are defined
as SP-CaC03-X%, where X is the mass fraction of the CaCOs particles.

Fig.1(a) and (b) show the schematic of the fabrication procedure
and the composition of the sandwich structure. The front and rear
face sheets were both single layer Kevlar fabric with an areal
density of 200 g-m~2 and the edges were stitched by sewing
threads to maintain the soft core inside the structure. Five different
components of sandwich core (kept at 30 g) were used in this work:
HTV silicone rubber (as the control group) and SP with four
different contents of CaCOs particles (as mentioned above). The
impacted part was a square with a side length of 127 mm. More
parameters of the sandwich structure are shown in Table 1.

2.2. Characterization

Rheological properties of SP and HTV silicone rubber were
studied using a torque rheometer (Physica MCR 301, Anton Paar Co.,
Austria). The dimension of the tested samples was
®20 mm x 1 mm. A frequency sweep test was carried out with a
parallel plate (#20 mm). The frequency was varied from 0.1 Hz to
100 Hz at 25 °C with a strain of 0.1%. The Kevlar fabrics in the
sandwich structure were investigated by the SEM (FEI, type: XL-30
ESEM).

2.3. Ballistic impact testing

The experimental configuration consisted of five components: a
gas gun as the launcher, a laser velocimeter to measure the impact
velocity of the projectile, a steel frame for the target sample, a
projectile catcher, and a high-speed video camera (Fig. 2(a)). Ac-
cording to the NIJ Standard 0101.04 [28] and MIL-DTL-46593B [29],
a 44 grain (2.85 g) chisel-nosed steel fragment simulating pro-
jectiles (FSP) was used (Fig. 2(b)) and its impact velocity varied
from 90 m/s to 150 m/s. A heavy steel frame was fixed on the
basement to prevent violent vibration and the target sample was
four edges clamped tightly (Fig. 2(c and d)). The high-speed video
camera (FASTCAM SA5 1000 k-M3, Photron) was used to capture
the deformation and destruction process of the rear face and record
the projectile position for calculating the residual velocity. The
target sample was placed in close with the muzzle (15 cm) so that
the yaw and velocity decay of the FSP could be neglected.

2.4. Low velocity impact testing

Low velocity impact experiment (Fig. 3) was conducted by a
drop tower test device (ZC]J1302-A, MTS Co. Ltd, China). A 1.97 kg
impactor had the same shape and dimension with FSP expect
length. During the impact, the accelerometer collected the accel-
erometer signals of drop tower and transformed them into electric
signals. Finally, through the charge amplifier, the signals were
recorded by the oscilloscope.
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Kevlar fabrics

Fig. 1. Schematic of the fabrication procedure and morphologies of the sandwich structure: (a, b) preparation process; (c) flat; (d) bend; and (e) cover on the arm. Impact stiffening
behavior (SP-CaC05-20%): (f) deformation under self-weight; (g) deformation resistance under impact. SEM images: (h) the interface between Kevlar and SP; (i) the outer surface;
(j) the neat Kevlar.

Table 1

The parameters of the sandwich structure.
Sample no Component Mass (g) Areal Density (kg-m~2) Thickness (mm)
K Kevlar/Kevlar 6.46 0.40 0.50
SR Kevlar/HTV Silicon Rubber/Kevlar 36.46 2.26 2.44
SO Kevlar/SP-CaCO3-0%/Kevlar 36.46 2.26 2.30
S20 Kevlar/SP-CaCO3-20%/Kevlar 36.46 2.26 2.04
S35 Kevlar/SP-CaCO3-35%/Kevlar 36.46 2.26 1.88
S50 Kevlar/SP-CaC0O3-50%/Kevlar 36.46 2.26 1.75
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Fig. 2. Schematic of the Ballistic impact testing system: (a) the experimental configuration; (b) dimensions of the FSP; (c) three-dimensional view of the steel frame; (d) section
view showing how the sample is tightly clamped.
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Fig. 3. Schematic of the drop tower test device for low velocity impact experiment.

3. Results and discussion
3.1. Characterization of SP and the sandwich structure

The mechanical properties of SP and HTV silicone rubber were
characterized at first. The results showed the storage modulus (G')
of all samples increased with increasing shear frequency (Fig. 4).
For example, the G of SP-CaC0O3-0% was measured to be
1.32 x 10~% MPa at the initial frequency of 0.1 Hz. When the shear
frequency increased, the G increased rapidly and finally reached a
steady value about 0.71 MPa at the maximum frequency of 100 Hz.
The G increased by about 4 orders of magnitude. However, the G of
HTV silicon rubber changed from 2.69 x 10~ MPa to 0.12 MPa and
only increased by about 2 orders of magnitude. This difference il-
lustrates that SP owns a higher shear-hardening behavior. Similar
to the previous report [17,18,20—23], SP looks like a plasticine and
possesses the typical cold-fluidic characteristic (Fig. 1(f and g)).
Under a sudden impact, SP transforms from the viscoelastic state to
the elastic state, indicating the unique shear-hardening effect.

To compare the shear-hardening effects under oscillation
shearing loading, a relative shear-hardening effect (RSHe) is
defined in Eq. (1) [30]:

Gy — G,
RSHe = Mm%, —~min . 100% 1)

min

where G, and G, ;. is the storage modulus of the sample induced

)
g
2
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o
o
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by the maximum frequency and the initial frequency, respectively.
More details are listed in Table 2. When the contents of CaCOs3
particles in SP are increased, the initial and maximum storage
modulus both increase. Correspondingly, the shear-hardening ef-
fect of the final SP decreases due to the quick increase of the initial
storage modulus. Importantly, it is found that SP is more sensitive
to strain rate than HTV silicone rubber.

Fig. 1 (h) and (i) show the SEM images of the interface between
Kevlar fabric and SP and the fabric outer surface. Before the SEM
observation, the fabric was separated from the sandwich structure.
Obviously, SP adheres to fabrics on the interface and immerses in
the gaps. But the outer face of Kevlar is just same to the surface of
the neat Kevlar (Fig. 1 (j)). It declares that the soft core can be well
kept within the sandwich structure and will not seep out.

3.2. Ballistic impact testing

3.2.1. Residual velocity and energy dissipation

In the ballistic impact testing, the projectile was launched by a
gas gun to penetrate the sandwich structure. A laser velocimeter
and a high-speed video camera were used to measure the incident
velocity (V;) and the residual velocity (V;). Then, the V;-V; curves
were obtained (Fig. 5(a)). The V; increases with the V; increasing
but the increasing rate is reduced. Clearly, the performance of
ballistic resistance of each samples is different. The ballistic limit
velocity (V};), the minimum incident velocity as the projectile
penetrating samples, was used to quantify the distinction. The Vj;
for Kevlar/SP/Kevlar samples (S50, S35, S20, SO) were measured to
be 116.4, 115.5, 113.0, and 110.1 m/s. These value are much higher
than the Vj,; of Kevlar/HTV/Kevlar (89.5 m/s). Interestingly, the Vj,
increases with increasing of the contents of CaCO3 particles in SP.
This is similar to the result of G,,,,, (Fig. 4 and Table 2). The sample
with higher G,,,, owns larger V};, which also exhibits stronger
resistance to the ballistic impact. The ballistic resistance of Kevlar/
Kevlar was tested, and the Vj; (92.6 m/s) is slightly larger than the
Vy,; of Kevlar/HTV/Kevlar but far less than the V;; of Kevlar/SP/
Kevlar. It demonstrates that the SP core can effectively strengthen
the ballistic resistance capability, but the performance will be
weakened when the core is HTV silicone rubber.

In this study, the performance of ballistic resistance was also
quantified by calculating the energy dissipation and energy dissi-
pation ratio, based on the incident velocity and residual velocity of
the projectile. The projectile is assuming to be non-deformable and
related parameters are described as follows [9]:

Egis = E; — Er (2)
n= % x 100% (3)
1
1 1
E = zm\/iz7 E, = imVr2 (4)

here, V; and V; are the incident velocity and residual velocity, E; and
E- are the kinetic energy of the projectile before and after

Storage Modulus (Pa
a

103 SP-CaC0,-20%
v SP-CaCO,-35%
. +— SP-CaC0,-50%
1 . .
0.1 1 10 100

Fig. 4. The curves of storage modulus versus shear frequency of different materials.

Frequency (Hz)

Table 2

The Gypgy» Gy and RSHe% of samples in the frequency tests.
Sample Grnin (MPa) Grnax (MPa) RSHe (%)
HTV Silicon Rubber 2.69 x 1073 0.12 4189%
SP-CaCO5-0% 132 x 1074 0.71 540,364%
SP-CaCO5-20% 3.82 x 1074 0.97 253,192%
SP-CaCO3-35% 119 x 1073 1.28 107,525%
SP-CaC03-50% 9.26 x 1073 1.86 19,984%
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Fig. 5. Ballistic impact testing results of different samples: (a) the residual velocity of the projectile at different incident velocities; (b) the residual kinetic energy of the projectile,
(c) the energy dissipation, and (d) the energy dissipation ratio of the samples to incident kinetic energy.

penetrating, and Eg;; and m are the energy dissipation and energy
dissipation ratio, respectively.

Fig. 5(b) presents the relationship between incident energy (E;)
and residual energy (Er). For each sample, the coefficients of
determination (R?) are shown in Fig. 5(b) and the linear fitting
results with a fixed slope of 1 illustrate the positive correlation of E;
with the E; as described in Eq. (2). Such relationship declares the
E4is is approximately a constant in the ballistic impact which is
similar to that the G finally plateaus at high shear frequency. Based
on Eq. (2), the energy dissipations of Kevlar/SP/Kevlar (S50, S35,
S20, SO) were calculated to be 20.8, 19.2, 18.4, and 17.2 ]. Kevlar/SP/
Kevlar can dissipate much more kinetic energy than Kevlar/HTV/
Kevlar (12.2 ]J) and Kevlar/Kevlar (13.0 ]J). More importantly, it is
found that the more CaCOs particles in SP, the more energy is
dissipated.

Also, the curves of the energy dissipation and the energy
dissipation ratio to initial kinetic energy are displayed in Fig. 5(c)
and (d). In this work, the low resolution and high frame rate of the
high-speed photographs and the friction between the projectile
and the launcher caused the unavoidable errors in the velocity
measurement. As a result, with increasing of the E;, the E;, of each
sample fluctuates around the calculated E; (Fig. 5(c)), and the n of
each sample decreases (Fig. 5(d)). Even so, the differences of Ej
and m of different samples illustrate that Kevlar/SP/Kevlar can
provide better protection performance than others and the effect of
protection is enhanced with the more CaCOs3 particles in SP. After
comparing the V; at the same V; of 120 m/s, the E;, Eg;,, and n to the
same E; of 20.52 ] (Fig. S1 (a) and (b)), a same conclusion was
obtained.

3.2.2. Deformation and destruction

The high-speed video camera can capture the flight path and
velocity of the projectile and record the deformation and destruc-
tion process of the sandwich structure (Fig. 6). The longitudinal

stress wave propagates along the thickness direction and the
transverse stress wave spreads to the surroundings in the plane
[31]. At the beginning of the ballistic impact, the geometry of the
deformation caused by the impact was like a small pyramid
because the transverse stress wave was too late to propagate to the
boundary. Then, the pyramid became bigger with the stress wave
propagating during the movement of the projectile. Finally, the
Kevlar fabrics and the core materials were destructed or thoroughly
penetrated which dissipated the incident energy.

Fig. 6(a—b) and Movie S1-S2 show two samples with different
cores at the near impact velocity. The Kevlar/HTV/Kevlar was
penetrated thoroughly and the projectile continued to move at the
velocity of 58.3 m/s (Fig. 6(a), Movie S1). The projectile could not
penetrate Kevlar/SP-CaC03-20%/Kevlar and only cause a small area
destruction (Fig. 6(b), Movie S2). In comparison to Kevlar/HTV/
Kevlar, the ballistic resistance performance of Kevlar/SP-CaCOs-
20%/Kevlar is much stronger at the same incident velocity. Here, the
thickness of Kevlar/SP-CaCOs3-20%/Kevlar is thinner than Kevlar/
HTV/Kevlar, although their area density and mass are same
(Table 2).

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.compscitech.2017.10.019.

Fig. 6(c) and Movie S3 shows the anti-impact process of Kevlar/
SP-CaC03-20%/Kevlar at the velocity of 125 m/s. Here, though it was
penetrated by the projectile, the high velocity also means it can
resist the impact more effectively than Kevlar/HTV/Kevlar. The
destruction processes for the two samples are obviously different.
In Fig. 6(a) and Movie S1, the impact of the projectile caused a small
hole in the Kevlar fabric, and only a small amount of silicone rubber
was taken away. However, a lot of SP was crumbled and ejected like
powders (Fig. 6(c), Movie S3). It clearly demonstrates the energy
was dissipated through the SP core damage: under the ballistic
impact, SP transformed from soft state to solid state, the transverse
stress led to the destruction of SP around the hole and then the
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(a) V= 112m -s71, Kevlar / HTV Silicone Rubber / Kevlar

Fig. 6. The high-speed photographs of the deformation and destruction of the samples in the ballistic impact process: (a) Kevlar/HTV Silicone Rubber/Kevlar at the incident velocity

of 112 m/s, (b) Kevlar/SP-CaCO3-20%/Kevlar at the impact velocity of 113 m/s, and (

ejecta moved fast with absorbed energy. These mechanisms lead to

the huge energy dissipation contribution of the SP core.
Supplementary data related to this article can be found at

https://doi.org/10.1016/j.compscitech.2017.10.019.

3.3. Low velocity impact testing

3.3.1. Acceleration and velocity history

In the low velocity impact testing, a drop tower was used to
impact the samples. The acceleration signal was measured by the
accelerometer and the initial velocity was calculated by the formula
of the free falling body (Eq. (5)). The velocity during the impact
process was calculated from the integration of acceleration signals

c) 125 m/s.

(Eq. (6)).

Vo = v/2gh (5)

t
Ve=Vp +/adt (6)
0

Here, g is the acceleration of gravity being 10 m s~2, h is the
height of the drop tower from the initial position to the contact
position, a is the acceleration, Vj is the initial impact velocity and V;
is the velocity during the impact velocity.

The acceleration and velocity history of the drop tower for
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Kevlar/SP-CaC03-20%/Kevlar were given as an example (Fig. 7(a)).
The tower dropped from 924 mm. After contacting the sample, the
acceleration increased slowly and then the increasing rate became
faster, representing the deformation of the sample became larger.
When the acceleration reached to the maximum, the curve
appeared to fluctuate because some of the yarns were broken. With
the number of broken yarns increasing, the acceleration dropped to
zero rapidly and then the impactor penetrated the sample. Subse-
quent fluctuations were caused by the vibration of the impact mass.
Consequently, the velocity of the tower was firstly reduced slowly
and then dropped rapidly to the minimum value. Fig. 7(b) shows
the acceleration signals of the tower impacting different samples
dropping from the height of around 1000 mm. In the first 2 ms, the
acceleration curves are coincident because the same Kevlar layer
played a major role in the resistance. After this, the core materials
began to show different resistance effects, which led to different
accelerations and penetrate time. The maximum accelerations of
Kevlar/SP/Kevlar (S50, S35, S20, S0), Kevlar/HTV/Kevlar and Kevlar/
Kevlar are 1780, 1488, 1431, 1365, 938 and 1352 m s 2, respectively
(Fig. 7(c)). It declares that the resistance of SP with higher content
of CaCOs particles is stronger. And the impact time of Kevlar/SP/
Kevlar is longer than Kevlar/HTV/Kevlar and Kevlar/Kevlar, so they
can dissipate more energy.

3.3.2. Comparison of energy dissipation

In low velocity impact testing, the incident energy (E;) and the
energy dissipation (Eg4;) were calculated by Egs. (2) and (4). The
incident velocity was defined as the initial velocity described in Eq.
(5) and the residual velocity was the minimum velocity during the
impact process (Fig. S2). The Eg; under low velocity and ballistic
impact as a function of E; is shown in Fig. 8. The E ;s of each sample
is approximately a constant both in low velocity and ballistic
impact testing as mentioned above. In the case of low velocity
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impact, there is only a slight improvement about the E;; of Kevlar/
SP/Kevlar compared to Kevlar/Kevlar, because SP still behaves in a
soft state. However, due to the unique shear-hardening effect, SP
turns into solid-like state under ballistic impact, so the Eg;; under
ballistic impact is much higher.

Furthermore, the average energy dissipation (Ey;) of different
samples was calculated (Fig. 9(a)). The relationship between the
Egis and different samples under low velocity impact is similar to
the situation under ballistic impact. For Kevlar/SP/Kevlar, the E
increases with the increasing of CaCO3 content in SP, indicating an
enhancing effect. Fig. 9(b) demonstrates that the difference be-
tween ballistic and low velocity impact (AEy;) reflects the sensi-
tivity of the sandwich to the strain rate and the component of the
core. When the samples are impacted by the high-speed projectile,
the performance on energy dissipation is more outstanding so the
values of AEy; are all positive. The AEy; of Kevlar/Kevlar is the
lowest, which declares that the AE;, is mainly contributed by the
core materials due to the shear-hardening effect. In order to iden-
tify the energy dissipation contribution of sandwich components,
the energy dissipation contribution of the Kevlar face sheets is
assuming to be equal to the energy dissipation of Kevlar/Kevlar.
Thus, the energy dissipation contribution of the sandwich materials
is calculated by Eq. (7):

(7)

Here, Egiscore) 1S the energy dissipation contribution of the
sandwich core, Eg; is the energy dissipation of the sandwich, and
the Eg;s k) is the energy dissipation of Kevlar/Kevlar.

The SP with different CaCO3 content can contribute to extra
energy dissipation (Fig. 9(c)). In the case of low velocity impact, SP
contributed about 2 ] energy dissipation in the soft state. But under
ballistic impact, SP turned into solid-like state rapidly and caused
vast extra energy dissipation. Especially the SP-CaC03-50%, it

Edis(cnre) = Egis — Edis(K)
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from around 1000 mm to different samples and (c) the maximum acceleration.
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Fig. 8. Comparison of the energy dissipation under the ballistic and low velocity impacts: (a) Kevlar/Kevlar; (b) Kevlar/HTV Silicone Rubber/Kevlar; (c) Kevlar/SP-CaCO3-0%/Kevlar;
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contributed additional 60% (7.8 J) energy dissipation compared to absorbed is dissipated through skin and core damage. Under bal-
Kevlar/Kevlar. Therefore, it can be concluded that the energy listic impact, the SP core contributed more influence on the energy
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dissipation than in the low velocity impact (Fig. 9(d)). Remarkably,
the contribution of HTV silicone rubber in Kevlar/HTV/Kevlar was
negative. The HTV silicone rubber weakened the capacity of impact
resistance. This result demonstrates the unique protective ability
and energy dissipation contribution of SP exactly.

The AEy; of sandwiches increases remarkably with increasing
the content of CaCOs3 particles (Fig. 9(b)), which is similar to the
function of the G, and the weight of CaCO3 (Fig. 4 and Table 2).
Fig. 9(d) presents the difference of the energy dissipation contri-
bution of SP cores between ballistic impact and low velocity impact
(AEg;s of SP cores). Clearly, with increasing of the CaCOs content, the
AE 4 of SP cores increases, demonstrating that more impact energy
can be dissipated by the SP with higher shear-hardening effect. Due
to unique shear-hardening effect, the SP core can significantly
improve the strength of sandwich structure when suffering ballistic
impact. With increasing of the filled CaCOs3 particles in the SP, the
dissipation effect increased, which must be originated from the
increasing friction between the projectile and CaCOs particles,
especially in ballistic impact. Therefore, it can cause higher energy
dissipation when the impact velocity increases substantially even
the impact energy unchanged.

3.4. Energy dissipation mechanism

The energy dissipation of the sandwich structure is contributed
by the damage of Kevlar face sheets and the SP core. Due to the
impact of the projectile or the impactor, the huge deformation in
Kevlar and the partial fracture of the fabric yarns contribute the
energy dissipation (Fig. 6 and Movie S1-S3). During the process, the
transverse stress is diffused and attenuated through the friction of
the fabric yarns. The friction between the yarns in a Kevlar fabric is
so weak that the transverse stress mainly propagates along the
stretched yarns directly (Fig. 10(a)). So there are obviously stretched
traces in the horizontal and vertical directions of the penetrated
holes after impact (Fig. 10(d)). For Kevlar/SP/Kevlar, SP adheres to
the fabric and immerses in the gaps. The friction between the yarns
is strengthened, which is beneficial to the transverse stress prop-
agates to the surroundings, reduce stress concentration and dissi-
pate more impact energy (Fig. 10(b)). So the stretched traces cannot
be observed in Fig. 10(e). The energy dissipation contributed by the
SP core is because of the significant shear-hardening behavior of SP

w‘}‘ .:gm 1
s
'1,' TR
T
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P

caused by the “B-O cross bonds”. Moreover, with increasing of the
CaCOs content, the friction between the projectile and CaCO3 par-
ticles, and among the Kevlar fabrics increases, thus the energy
dissipation effect increased, especially in the ballistic impact.
Therefore, the energy dissipation is much higher when the sand-
wich structure suffers ballistic impact or the content of CaCOj3 is
higher (Fig. 9).

Fig. 10(f) shows the schematic of the microscopic structure of SP
(white points represent CaCOs particles) and Fig. 10(g) shows the
“B-0 cross bonds” (black points) formed from the react of boric acid
and dimethylsiloxane at high temperature. As mentioned by See-
tapan N [18] and Wang S [30], the O atoms in the Si-O structure
could share their valence shell electrons with the p-orbital of B
atoms and the formed “B-O cross bonds” between long molecular
chains are transient, dynamically variable and vulnerable similar to
hydrogen bonds. If SP is excited by an external force with low rates,
the molecular chains have enough time to disentanglement and
display the soft behavior. However, if the external stress is at a high
rate like a drastic impact, the “B-O cross bonds” cannot be broken
and the long molecular chains are entangled with each other to
form a locked crosslinked polymer network. In this case, when the
longitudinal stress spread to SP in the impact testing, SP turns into
solid-liked state immediately. The stress is dispersed and attenu-
ated during the impact (Fig. 10(c)). Therefore, a great amount of SP
is broken into powder leading to lots of energy dissipated.

Additionally, the filled CaCOs3 particles (Fig. 10(g)) and the SP
polymer matrix form additional physical crosslinking owing to the
evolution of molecular interactions [32]. So with increasing of the
content CaCOs in SP, the storage modulus and impact resistance
increase. Moreover, when the projectile or impactor pass through
the SP layer, the friction between the projectile or impactor and
CaCOs particles causes a part of energy dissipation. The fiction will
be larger and cause more energy dissipation if the content of CaCO3
is higher or the impact velocity is faster. Therefore, under ballistic
impact, the SP core contributed more influence on the energy
dissipation than in the low velocity impact.

4. Conclusions

In this work, a soft sandwich structure with two layer Kevlar
face sheets and one SP core was fabricated. CaCOs3 particles were

Fig. 10. Schematic of the propagation of the transverse stress in the fabric layer: (a) neat fabric and (b) fabric adhered with SP, and (c) the propagation of the longitudinal stress in
SP; the photographs of the front face of (d) Kevlar/Kevlar and (e) Kevlar/SP-CaC0O3-20%/Kevlar; (f) the microscopic structure of SP with CaCOj3 particles and (g) the “B-O cross bonds”.



C. Xu et al. / Composites Science and Technology 153 (2017) 168—177 177

used to improve the strength and modulus of SP. The storage
modulus of SP increased by 2—3 orders of magnitude (up to
1.86 MPa) with increasing of the shear frequency indicating the
shear-hardening property. The results of ballistic impact tests
indicated Kevlar/SP/Kevlar could resist ballistic impact at a higher
velocity and dissipate more energy than Kevlar/Kevlar. There was
about 60% increment of the energy dissipation when the core was
SP with the highest content of CaCOs. By using the high-speed
video camera, it was observed that a lot of SP was cracked and
ejected like powders which dissipated a large of impact energy. For
Kevlar/SP-CaC03-50%/Kevlar, the energy dissipation under ballistic
impact increased 63% than under the low velocity impact with the
same impact energy due to the shear-hardening effect. In addition,
the similarities between the rheological test and impact test results
indicated that the storage modulus of SP could be used as a tool to
estimate the energy dissipation capacity of the sandwich structure
with SP core. At last, the “B-O cross bonds” and crosslinked polymer
network are believed to be the reason for the reliable stress
dispersion and attenuation. The excellent protection performance
illustrates it can be well applied in personal body armors and
further work will be done to investigate the detailed mechanism.
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