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The impact hardening effect, with mechanical properties strengthened by the impulsive loadings, is a unique
phenomenon in certain polymer systems. In this work, the dynamic response of impact hardening elastomer
(IHE) composite under different strain rates was studied. Due to the crosslinking interactions between the shear
stiffening gel (SSG) and methyl-vinyl silicone rubber (VMQ) in the elastomer structure, the IHE overcomes the
cold-flow character by improving the initial storage modulus from 593 Pa to 7260 Pa in the natural state. Be-

sides, the IHE sphere exhibits a typical visco-elastic character under a free dopping rebounding process with a
high coefficient of restitution (86.27%) and equivalent modulus (0.18 MPa). Interestingly, another transition
between the rubbery and brittle state was verified both experimentally and numerically. Owing to the adjustable
mechanical properties according to the different strain rates, the IHE shows a promising perspective as a new
generation flexible projectile in non-lethal occasions.

1. Introduction

The impact hardening effect, of which the viscosity or storage
modulus can be rapidly increased under applying external loadings, has
been found in specific material systems [1-3]. With the excellent per-
formance of energy absorption and stress dissipation [4-7], the impact
hardening materials possess great application prospects in the field of
personal protections [8-13]. In recent decades, due to the complex so-
cial environments, non-military conflicts, and safety requirements for
shooting training, it is an emergency task to develop the soft non-lethal
projectile. In consideration of the unique self-adapting stiffness of the
impact hardening material, it becomes a potential candidate to design
non-lethal bullets with controllable impacting levels.

Shear stiffening gel (SSG) is a viscoelastic boronsiloxane polymer
with an interesting soft-rigid switching property, which has been
extensively studied in recent years [14-16]. Owing to the reversible
physical crosslinked B-O (Boron-Oxygen) dynamic bonds in the molec-
ular network, the SSG displays a typical impact hardening effect among
the viscous state, rubbery state, and brittle state according to the
increment of external strain rates [17-20]. Nevertheless, affected by the
inherent cold-flow phenomenon, the SSG cannot retain its original shape

in the natural state and needs to be encapsulated within other structures
to form a stable shape [21,22], which inevitably increases the design
and manufacturing difficulties for the SSG-based materials.

The double network composites, which are generally composed of a
rigid-brittle first network and a soft-ductile second network, achieve
great improvement on stiffness and toughness compared to the single
component materials [23,24]. Inspired by the idea of the double
network technique, a new type of impact hardening elastomer (IHE)
composite is produced by the physical cross-linked SSG as soft phase and
the covalently cross-linked methyl-vinyl silicone rubber (VMQ) as solid
phase [25-28]. Due to the interactions between the soft and solid pha-
ses, the cold-flow phenomenon is restricted and the IHE keeps a steady
shape in the natural state. Besides, inherited from the physical cross-
linked B-O bonds in the SSG, the IHE also exhibits a typical impact
hardening effect in response to the external impulsive loadings [21,29].

Based on the satisfied structural stability and impact hardening ef-
fect, the IHE is an ideal candidate for designing flexible projectiles with
adjustable attacking ability. Meanwhile, the brittle property of IHE at a
high strain rate can effectively disperse impact energy and reduce the
lethality of the projectile. Herein, an IHE composite structure was
fabricated by combining the SSG and VMQ via a simple mechanical
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stirring method. Firstly, the basic rheological behavior and rate-
dependent compression effect were measured using a rheometer sys-
tem. Secondly, the free dropping rebounding process of an IHE sphere
against a rigid surface was analyzed to prove the elastic feature of IHE
under the low-velocity impact. Then, the ballistic behaviors of IHE
projectile under high-velocity impact were experimentally studied and
theoretically discussed. Finally, an impact hardening mechanism for
describing the dynamic evolutions of B-O (Boron-Oxygen) bonds was
proposed. As a smart projectile with a controllable attacking level and
low lethality, the IHE was expected to be a high-performance flexible
projectile.

2. Experiment section
2.1. Materials

Boric acid (purchased from Sinopharm Chemical Reagent Co. Ltd,
Shanghai, China) and hydroxyl silicone oil (500 mm?/s, AR degree,
purchased from Jining Huakai Resin Co., Ltd) were used to fabricate
SSG. Methyl vinyl silicone rubber (VMQ 110-2, purchased from Shenz-
hen Muwei Technology Co., Ltd.) was the raw material to produce IHE.
Benzoyl peroxide (BPO, purchased from Sinopharm Chemical Reagent
Co. Ltd, Shanghai, China) was used as the vulcanizing agent in the
preparation process.

2.2. Preparation method

Firstly, the boric acid was mixed with hydroxyl silicone oil at the
ratio of 50 mg/ml in a ceramic dish through stirring. The mixture was
heated at 180 °C for 2 h in an oven (YS20T-S, China). Notably, the
mixture was stirred manually for 1 min every 20 min by removing it
from the oven to ensure the complete reaction. During the process, the
cross-linked polymer formed, and the mixture displayed silky charac-
teristics. Then, by cooling down the mixture to room temperature, the
colloidal SSG was obtained (Fig. 1(a)).

Next, the prepared SSG and VMQ were mixed mechanically at a mass
ratio of 1:1 in an internal mixer (HL-200, China) at a stirring rate of 45
rpm for 30 min. Meanwhile, the 1.0% w.t. vulcanizing agent BPO was
slowly added into the hybrid. After that, the mixture was pressed into a
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cuboid aluminum mold with the dimension of 60 mm x 60 mm x 2 mm
and vulcanized at 100 °C with 20 MPa pressure for 15 min by a plate
vulcanization meter (DHG-9036A, China) to ensure the specimens with
flat surfaces. Besides, a pair of hemispherical mold with the radius of
12.5 mm and 6.5 mm was utilized respectively to fabricate spherical
specimens for free dropping impact testing and high-velocity ballistic
impact testing under the same treatment method (Fig. 1(b)). Then, the
mixture was removed from the plate vulcanization meter and cooled at
room temperature. Finally, the impact hardening elastomer was ob-
tained after the mold releasing process. In this process, the interactions
between the SSG and VMQ were generated through the covalent
bonding, which could be further proved by the Fourier Transform
Infrared Spectroscopy (FTIR) testing (ATR mode from 3500 to 500
em™) with the stretching vibrations of Si—O—Si bond (1008 cm_l),
Si—0—B (862 cm™!) and B—O bonds (1342 cm™?) (Fig. 1(c)).

2.3. Characterization

The morphologies of IHE were imaged by a digital microscope
(Keyence VHX, VH-Z100, Japan). The rheological properties of the IHE
were investigated by a rheometer (Physica MCR 302, Anton Paar Co.,
Austria) with a PP20 parallel plate (#20 mm). In the rheological testing,
the oscillatory sweeping module was chosen and the frequency swept
from 0.1 rad-s™! to 100 rad-s~! with an amplitude strain of 0.1% at the
temperature of 25 °C (ISO 6721-10). Besides, to understand the visco-
elastic behavior of IHE, the compression measurement was also imple-
mented using the rheometer system. The specimens were molded into a
cylinder of ®13 mm x 6.0 mm (GB/T 7759.1-2015) and placed between
the PP 20 plate and the rheometer base. During the compression process,
the strain was controlled by the vertical movement module of the PP20
plate and the compression force was recorded by the normal force sensor
in the vertical direction. Based on the relationship between compression
stress (6) and normal force (F) ¢ = F/:rrz (r was the radius of the cyl-

inder specimen), the stress—strain curves were obtained. The maximum
compression strain was set as 20% and the strain rates are 0.001 s,
0.01s7!, and 0.05s7 %, respectively.

A self-made free dropping impact platform was built to study the
low-velocity impact dynamics evolution of the IHE sphere. Through the
height-adjustable releasing device attached to a vertical ruler, the IHE
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Fig. 1. (a) Schematic of synthetic methods and molecular structure of SSG; (b) Preparation process of IHE based on mechanical mixing method. (c) ATR-FITR
spectroscopic characterization of IHE. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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sphere (radius r; = 12.5 mm) could drop onto the metal plane at the
specific heights. The entire rebounding motion was recorded by a digital
camera (D7000, Nikon) to measure the coefficient of restitution (COR)
and analyze the kinematic behavior. In terms of the contacting process,
the high-speed video camera (Phantom v2512, Vision Research Inc.)
was used to capture the local deformation of the IHE sphere. Meanwhile,
a calibrated piezoelectric film force sensor (H80046, eTouch Inc, China)
with a sensitivity coefficient of 50.0 pC/N was located on the impact
region to record the impact signals of the IHE sphere and the sampling
frequency of the sensor was 625 kHz.

The high-velocity ballistic impact system was consist of a gas gun
launcher, targets, and synchronous high-speed video cameras. Driven by
the high-pressure gas, the viscoelastic IHE sphere projectile (radius ry =
6.5 mm) was endowed with an initial velocity ranging from 30 m/s to
200 m/s. In these experiments, two targets were selected to discover the
high-velocity impact behavior of an IHE projectile. As the first one, a PC
plate (12 mm x 12 mm x 4 mm) clamped to a steel frame to obtain the
local impact evolutions and phase transition details of the IHE impactor.
To explore the penetration ability of the IHE sphere within different
initial velocities, another target was a ballistic gelatin with the dimen-
sion of 100 mm x 80 mm x 50 mm to imitate soft targets such as animal
skins and muscular tissues. In the dynamic impact process, a high-speed
video camera was placed in the perspective perpendicular to capture the
IHE trajectory for calculating the initial velocities and record the axial
motion of the IHE projectile. Besides, another camera in the side view
synchronously captured the deformation on the contact surface between
the IHE and the target.

3. Results and discussions
3.1. Structural stability of the IHE sphere

Firstly, a series of experiments were conducted to illustrate the
structural stability of IHE. Compared to the traditional impact hardening
materials with typical cold flow behavior, the IHE system showed better
formability and long-term stability due to the double network cross-
linking between SSG and VMQ in the natural state (Fig. 2(a)). Secondly,
a hydrophobic contact angle of over 90° was observed and it illustrated
the non-polar interactions between a water droplet and an IHE surface.
Therefore, the long term usability in a humid environment could also be
guaranteed (Fig. 2(b)). Besides, the polymer structure was able to sus-
pend in the water, which further demonstrated the light-weight nature
of IHE (Fig. 2(c)). Last but not least, a novel self-healing ability of IHE
was verified. By reconnecting two pieces of IHE in the slide of a catcher
at room temperature and pressure for 6 h without extra modifications,
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the healing process was in-situ recorded by an optical microscope and
the rejoined IHE had similar mechanical properties to the original IHE
(Fig. S1, See in supplement material S1).

3.2. Basic rheological behavior of IHE

Then, the rheological property of the IHE structure was studied to
distinguish the roles of SSG and VMQ in the IHE system. It was found
that the storage modulus (G) and loss modulus (G”) of VMQ almost kept
a constant value of 7.10 x 10* Pa and 2.32 x 10% Pa in the whole
sweeping process, while the SSG showed a typical shear stiffening
behavior with the improvement G ranging from 5.93 x 10% Pa to 2.00 x
10° Pa according to the increasing angular frequency. With the combi-
nation of SSG and VMQ, the viscoelastic IHE not only showed a rate-
dependent enhancement effect but also improved the initial stability
with G up to 7.26 x 10° Pa (Fig. 3(a)). In this case, the defect of the cold
flow phenomenon for the traditional impact hardening materials was
effectually solved. Hence, the IHE maintained good formability as a
smart flexible matrix in the natural state. Once the frequency exceeded
the critical point (G = G"), the SSG started to regulate the overall
stiffness of IHE with a dramatically increasing modulus [30]. Besides,
this soft-solid transition process was also reversible towards the external
stress field. Herein, in consideration of simplifying the preparation
technique while maintaining the effective rate-dependent enhancement
effect of the material, the mass ratio of SSG and VMQ to prepare IHE was
set as 1:1 in this study.

Further, under the quasi-state compression loading and unloading
cycle, the strain rate-dependent behavior was also validated. Notably,
with the increment of compression strain rate, the maximum stress
improved in the loading process. In terms of the unloading process, a
hysteresis phenomenon with residual strain was observed at all strain
rates. (Fig. 3(b)). During the cycle, the area enveloped by the stress—
strain curve represented the energy dissipation density of the IHE
sample. The part of the external work was dissipated due to the visco-
plastic characteristics of SSG. Simultaneously, the elastic phase of VMQ
was responsible for recoverable elastic deformation energy. Besides, a
more obvious proportion of plastic deformation energy rate from
34.26% to 49.18% was obtained according to the improvement of strain
rate (Fig. 3(c)). Moreover, the secant modulus at the strain of 20% was
calculated, and the promotion of modulus with the increasing strain rate
further verified the rate-dependent behavior of IHE under low strain rate
conditions (Fig. 3(d)). Based on the rheological testing, the components
of SSG and VMQ in the IHE system worked synergistically to adjust the
mechanical behaviors under different strain rates.

frising

Fig. 2. The structural properties of IHE: (a) Shape stability; (b) Hydrophobicity; (c) Suspension property in water. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)
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3.3. Free dropping impact testing of the IHE sphere projectile

To investigate the impact performance of the IHE projectile, the free
dropping rebounding process of an IHE sphere was analyzed based on a
home-made impact system (Fig. 4(a)). Especially, to ensure the repeat-
ability and reliability of the experiment, three IHE spheres with the same
material property were severally released from each of the testing height
and the IHE spheres could maintain structural integrity during multiple
impact processes (Fig. 4(b)). Firstly, the coefficient of restitution (COR)
at different releasing heights was acquired by a digital camera and the
IHE sphere exhibited an elastic behavior with high rebounding height.
Interestingly, the COR value was almost unchanged at the releasing
height ranging from 0.2 m to 0.9 m (Fig. 4(c)). This elastic rate-
independent phenomenon corresponded to the elastic plateau region
in the rheological curve.

To further verify this conjecture, the equivalent modulus (Ejyg) was
derived via the classical Hertz contact theory (See in supplement ma-
terial S2). The m, Riyg, and h represented the mass, radius, and the
releasing height of the IHE sphere, respectively. In this study, the ac-
celeration of gravity (g) was set as 9.8 m/s2. The impact force (P) signal
was collected by a piezoelectric film sensor. For all of the releasing
heights, the Prapidly increased to the peak value (Ppax) once the IHE
impactor contacted the surface. By substituting the Ppx into Eq. (1), the
maximum equivalent modulus (Ejgg.max) could be calculated, and the
Emne-max value was found to be almost a constant at around 0.18 MPa,
with the same order of magnitudes as the plateau region in the rheo-
logical curve (Fig. 4(d)). Therefore, the IHE sphere in the contact area
exhibited complete elastic characteristic, which reasonably explained
the invariable COR value for different impact heights.

-3 -3 5
16\ ?/15mg\ * P2
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To better understand the contact details during the rebounding
process, the morphology evolutions of an IHE sphere impactor released
from the height of 0.6 m were recorded by a high-speed digital camera
with a frame rate of 10,000 fps. The entire contact process lasted 3.1 ms
and could be divided into four stages based on the contour evolutions

2 Stage | 2 Stage Il

X [em]

X [cm]

Fig. 5. The contour evolutions of the IHE sphere at the releasing height of 0.6
m during the free dropping impact. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)
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extracted by Matlab code based on the pixel recognition of high-speed
photography (Fig. 5).

Stage I (0.1-1.1 ms) represented the loading process after the IHE
sphere in contact with the rigid surface. In this stage, the contact stiff-
ness of IHE in the contact region improved with the sudden increase of
impact strain rate. However, the contact area still expanded due to the
inertial effect of the dropping IHE. Under the circumstances, the top of
the IHE sphere compressed downward in the normal direction, while the
bottom part expanded horizontally. Stage II (1.2-1.5 ms) appeared once
the contact area reached the maximum level. The local high-stiffness
elastic property near the contact surface could constrain the deforma-
tion at the bottom of the IHE sphere. Meanwhile, a compression trend
was still observed on the top of the IHE sphere, which indicated the
lower stiffness in the deformation region. In this case, the regional rate-
dependent effect during the impact process was further proved. In terms
of the unloading section, the stiffness of IHE around the contact region
rapidly decreased and the bottom region of the IHE sphere deformed
once the unloading process was generated in stage III (1.6-2.0 ms).
Moreover, the IHE displayed a more obvious deformation velocity
during the initial recovery stage III compared to the loading process in
stage II in both the top and bottom part of the IHE sphere (Fig. 6(a), (b)).
Finally, the contact area decreased with the sphere rebounding in stage
IV (2.1-3.1 ms), which was approximatively symmetrical with stage I.

The experimental results could also be qualitatively compared with
finite element analysis (FEA) in ABAQUS/Explicit and the material pa-
rameters were obtained through the rheological curve based on the
standard linear solid (SLS) model [29]. It was found that the FEA results
were in good agreement with the experimental phenomena in terms of
contact force, contact time. (Fig. S2, See in supplement material S3).
During the rebounding process, the comparison of the experimental
results and the FEA simulation results further explained the stiffness
distinctions of the IHE sphere during the four deformation stages dis-
cussed above (Fig. 6(c)).

3.4. The high-velocity impact response of IHE projectile on a PC plate
target

In terms of the high strain rate impact behavior of IHE, the defor-
mation details of an IHE projectile against a 4 mm PC plate target in
thickness was investigated based on dynamics methods for the soft
impactor structures [31-33] (Movie S1). Similar to the phenomenon of
droplets impacting a solid surface in fluid mechanics [34], the IHE
exhibited a spreading mode at the beginning of the contact stage owing
to the inertial effect. For the projectile with lower initial velocities of
31.12 m/s, the contact region of IHE still maintained a rubbery state as
previously discussed in the free dropping impact section. Therefore,
obstructed by the elastic force of IHE, the spreading velocity slowed
down until the maximum contact area was generated. After this
moment, the IHE started to rebound and the elastic force became the
driving force, while the inertial force and viscous force were the main
resistance. Because of the stiffness degradation effect during the
unloading process, the IHE displayed a “pie-straight” rebounding
morphology (Fig. 7(a)), showing a certain characteristic of the viscous
state. Moreover, the contact process was also simulated through FEA
analysis using the same viscoelastic SLS constitutive model in the free
dropping test section (See in supplement material S4). The FEA
morphology results displayed good consistency with the experimental
results which further illustrated the viscoelastic transition of IHE (Fig. 8
(@).

At a higher initial velocity of 103.73 m/s, the IHE became brittle and
a small number of brittle cracks occurred on the contact surface. How-
ever, the debris particles were covered due to the inertia effect of the
remaining rubbery IHE, and the partial fragmentation could be observed
until the rebounding process (Fig. 7(b)). Moreover, a similar impact
process was simulated by another “brittle cracking” constitutive relation
which further proved the brittle nature of the IHE sphere at ultra-high
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Fig. 6. The velocity of the characteristic point of IHE
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referred to the web version of this article.)
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Fig. 7. The impact behavior of IHE projectile in contact with the PC plate: (a) Low-velocity impact; (b) Medium velocity impact; (c) High-velocity impact. (The upper
part corresponding to each impact velocity was the perpendicular view to the IHE impact direction, the bottom part was the side view to the PC plate. The initial

velocity of the IHE projectile was from left to right in the figure).

strain rate loading (Fig. 8(b)). In this case, another state transition
process between the rubbery state and brittle state was certified in the
IHE polymer system. With the increasing initial velocity, more regions in
the IHE projectile reached the critical strain rate of the brittle state. An
astatic “splash” motion was generated among the debris particles once
the rebounding process started at the initial velocity of 138.82 m/s
(Fig. 7(c)). According to the previous research [35], the penetration

threshold energy of human skin under the impact loading of a projectile
was a range from 5.8 J to 12.5 J. In this paper, sectional IHE projectile in
the contact area started to become brittle once the impact energy
reached 5.38 J, while the whole IHE displayed “splash” motions under
the impact energy of 9.64 J. In this case, the IHE projectile could prevent
it from completely penetrating human skin by a brittle fracture in the
range of the threshold energy and effectively reduced the lethality.
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interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

3.5. The ballistic behavior between the IHE projectile and the gelatin

In practical applications, the purpose of the non-lethal projectile is
mainly focuesd on self-defending and scattering dangerous targets. To
simulate the penetration process against the skin tissues with different
impact velocities, the contact process between the IHE projectile and
ballistic gelatin was recorded according to the previous researches
[36,37] based on a ballistic impact testing system (Fig. 9 (a), Fig. S3, See
in supplement material S5). During the penetration process, the ballistic
line was almost straight and an approximately axisymmetric cavity
appeared in the gelatin block (Fig. 9 (b-d)). Due to the existing resis-
tance, the impact velocity of the IHE projectile gradually decreased to
zero, while the size of the cavity expanded according to the vertical
movement of gelatin (Fig. 10, Movie S2).

In the penetration process, the impact kinetic energy of IHE was
mostly converted into the kinetic energy of gelatin moving in the radial
direction and the deformation energy of forming the cavity. Notably, in
consideration of its tough attribute compared to the soft gelatin, the
deformation energy of IHE was small and could be neglected in the later
discussions. Based on the cavity motion model [38] (Eq. (2)), the cavity
diameter (d) at the gelatin surface and penetration time (t) satisfied the
following relationship. Here, the d;, represented the maximum cavity
diameter at the gelatin surface. The t, was the penetration time for the
IHE impactor when it decreased to zero. Recorded by the high-speed
camera in the perpendicular perspective, the experimental results dis-
played a good consistency with the cavity motion model, which effec-
tually verified the correctness of the above high-stiff assumption of the
IHE impactor in contact with the gelatin at a high strain rate (Fig. 9(e)).

t 2
d=d, libig} @

In

Inspired by the penetration resistance model [38], the relationships
between the penetration depth z(t) and penetration time could be

described by Eq. (3). Here, b1, by were the parameters to be determined,
ms was the mass of the IHE sphere. Based on the z(t) curve recorded by
the high-speed camera in the perspective perpendicular to the IHE tra-
jectory, the value of b; and by could be accurately fitted (Fig. S4, See in
supplement material S5).

3)

Through the change of variable between the penetration velocity
vp(z) (Eq. (4)) and penetration resistance force F(v,) (Eq. (5)), the
penetration resistance force was proved to be a function of penetration
depth described by Eq. (6). Where the vjo was the initial velocity of the
IHE sphere.

2
vp(2) = \/(Z?Jr Vﬁo)“p( - ,:1 z> fZ—f @

F(v,) = biv, +by %)

F(z) = b (:—T + vﬁo) exp( - %z) (6)

It was demonstrated that the penetration resistance force firstly
attenuated quickly and then gently decreased to zero with the pene-
tration of the IHE projectile. The maximum value of penetration resis-
tance force occurred in the initial contact position between the IHE
sphere impactor and the gelatin surface and it significantly improved as
the increment of the initial velocity of the IHE impactor (Fig. 9(f)).
According to the calculation results, the higher penetration force of IHE
corresponded to the higher initial velocity, which demonstrated the
controllable attacking level of the IHE projectile under different initial
velocities. Besides, the geometry of the IHE cavity in the radial direction
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was proved to be much obvious than that of a solid bullet. In this way,
the penetration energy dissipated in the radial direction, and the stress
concentration in the axial direction was relieved, which effectively
limited the further penetration of IHE. Moreover, the growth of cavity
diameter and penetration depth was very small between the initial ve-
locity of 119.70 m/s and 157.08 m/s, and this penetration inhibition
behavior could be explained by the rubbery-brittle transition effect
corresponding to the abovementioned discussions. In this case, the
penetration process against the gelatin target was subdued and the IHE
projectile displayed low lethality.

4. Microcosmic mechanism for the rate-dependent effect of IHE

The unique rate-dependent behavior of IHE could be explained by
the interactions of crosslinks in the SSG-VMQ double network structure.
In this siloxane polymerization system, the weak electron cloud in-
teractions between B and O atoms could be assembled by sharing elec-
trons, which was proved by the stretching vibrations of B—O at 1342
cm™! through Fourier Transform Infrared Spectroscopy (FTIR) tech-
niques. For the unvulcanized IHE, a weak B—O bond absorption peak
was observed due to the B—O bond that originally existed in SSG.

Penetration depth [cm]

Interestingly, the more obvious B—O absorption peak after vulcaniza-
tion corresponded to the formation of cross-linked bonds. Besides, the
increasing absorption peak in 1008 cm ™ and 862 cm ™! also represented
the increase of Si—O—Si bonds and Si—O—B bonds during the vulca-
nization step between SSG and VMQ. In this case, the entanglement of
SSG and VMQ in the double network system was responsible for the rate-
dependent behavior of IHE.

In terms of low strain rate external loading, the time scale for the
polymer disentanglement was much larger than the relaxation time of
B—O dynamic crosslinks. The B—O bonds could be broken easily and
displayed low stiffness viscous damping nature on the macro-level
(Fig. 11(a)). However, due to the existence of other cross bonds be-
tween the SSG and VMQ molecular chains, the IHE double network
structure still maintained structural stability and deformation recover-
ability in the natural state. Besides, owing to the good chemical activity
of B and O atoms in the healing process, the B—O dynamic bonds could
be recombined in the surface of fracture failure, which endowed the IHE
with a unique self-healing property. Further, with the increment of the
external strain rate, the response time for the molecular motions of IHE
became much shorter than the relaxation time of B—O dynamic cross-
links. Under these circumstances, the molecular chains were no longer
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Fig. 10. The cavity evolutions of gelatin under different impact velocities. (The upper part was the perpendicular front view and the bottom part was the side view).
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Fig. 11. The mechanism for the unique rate-dependent behavior of IHE under (a) Natural condition; (c) Medium strain rate impact loading and (d) High strain rate
impact loading. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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disentangled and the rotation of the chain segments generated greater
resistance against the movement of double network molecular chains.
Therefore, the IHE showed high stiffness rubbery state at a medium
strain rate, which could be explained by the classical SLS model (Fig. 11
(b)). Moreover, once the strain rate continuously increased to a higher
level, the response time for all of the cross bonds in the IHE structure was
dramatically reduced. Neither breakage of the B—O bonds nor rotation
of the polymer chains occurred and the whole double network structure
exhibited a crystal lattice structure under hard impacting conditions.
The brittle cracking appeared once the external impact load reached the
critical value, which was responsible for the elasticity and brittleness of
IHE projectile in the ultra-high strain rate loadings (Fig. 11(c)).

5. Conclusion

In conclusion, to discover the suitable materials for designing flexible
projectiles, a viscoelastic double network impact hardening elastomer
(IHE) composite was prepared. Because of the crosslinks between the
SSG and VMQ, the IHE could maintain structural stability in the natural
state, which overcame the drawbacks of the cold flow effect for the
traditional impact hardening material while maintaining the rate-
dependent viscoelastic effect. Besides, the impact testings were con-
ducted to investigate the dynamic response of an IHE projectile within
different strain rates. It was illustrated that the IHE projectile exhibited
phase transitions among viscous, rubbery, and brittle state. Therefore,
the impact level could be controlled according to the variations of im-
pulse loadings, while the brittle characteristic under high strain rate
reduced the penetrability and destructiveness of IHE in non-lethal sit-
uations. As a high-performance impact hardening material with
stretchability, flexibility, strain-rate sensitivity, and shape-recovery
ability, the IHE showed high potentials in developing next-generation
flexible projectile.
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