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To satisfy the ever-increasing demand for better anti-impact performance of personal protective equipment, a
composite foam by incorporating shear thickening gel (STG) with ethylene-vinyl acetate (EVA) was developed.
The superiorities of EVA foam in softness, lightness and flexibility were maintained in the novel material. The
microstructure of STG/EVA composite foam was characterized using Scanning Electron Microscope. A series of
experimental approaches including Dynamic Mechanical Analysis test, compression test, Split Hopkinson Pres-
sure Bar test and drop hammer test were applied to study the material properties at different strain rates.
Attributed to the shear thickening property of STG, STG/EVA exhibited significant strain rate sensitivity. The
results showed that STG/EVA foam possessed better mechanical performance than plain EVA foam. In the bal-
listic test, the body armor consisting of the STG/EVA buffer layer possessed better protective performance than
the regular one. The improvement mechanism was interpreted with micromorphological changes before and
after tests. The introduced STG reinforced the integrity and continuity of microstructure to enhance the capa-
bility of the composite material in absorbing and dissipating impact energy. Therefore, the application prospect
of the developed STG/EVA foam in personal protective equipment is promising.

oxygen (B-O) weak cross-links exist, in which the formation and
breakage are dynamically reversible. Under natural condition, the rate

1. Introduction

Shear thickening gel (STG) is one kind of shear thickening material
(STM), which has attracted the great attention of researchers in recent
decades. In comparison with other types of polymer materials, the
uniqueness of STG is manifested in the pronounced increment of
modulus or viscosity with the increasing strain rates, which is called the
shear thickening property [1-8]. Under normal circumstances, STG ex-
hibits viscoplastic properties with low modulus and behaves like plas-
ticine [9]. However, impact loads will stimulate the phase transition of
STG among plastic, rubbery and solid states and the stiffness of material
will raise instantly [10-12]. With in-depth study of STM, the intelligent
property of self-adaptive stiffness over the intensity of external force has
been gradually deliberated by researchers. Since STG is a kind of boron-
siloxane polymer silicon rubber, a large number of dynamic boron-
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of B-O cross-links breakage is greater than the rate of STG deformation.
Thus, these unstable chemical bonds lead to the viscous behavior of the
material. The phase change of STG from gel state to glassy state will be
produced by high strain rate effects, for instance, oscillations and im-
pacts. Due to the lower rate of B-O cross-links breakage than loading
rate, molecular chains bridged by the B-O bonds will entangle between
each other to enhance the intermolecular force. Hence, the instanta-
neous hardening reaction of STG is ascribed to the “Jamming effect” of
molecular chains inside [13,14].

Unstable intermolecular structures result in a typical cold-flow
behavior of STG, viz., a slow deformation under gravity [15]. Though
STG owns huge potential and broad prospect in many domains, the cold-
flow problem heavily constrains the direct application. Researchers are
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working to find out practicable approaches to utilize the anti-impact
superiority of STG. Tang et al. [14] encapsulated STG into a Teflon
mold as a buffer pad of a body armor. The protective capacity of the
novel body armor was much greater than that of the conventional one.
However, in comparison with commonly used buffer materials, the STG
pad is much heavier and the long-term stability of STG pads depends on
the quality of encapsulation. Using STG as the core material in sandwich
structures is the other applicable technique put forward by researchers
[16,17]. The shape change of STG over time will be inevitable if no
effective constraint is provided. To overcome flowability-induced
drawbacks, researchers attempted to use STM as the reinforcement of
fiber fabrics to enhance energy absorption capacity [18-20]. Impreg-
nating shear thickening fluid (STF) into fabrics is a feasible method to
improve impact toughness without flexibility loss [21-25]. To satisfy the
increasing requirement for protection, STG has been introduced into
ballistic fabrics in recent studies. He et al. [26] developed novel com-
posite laminates by doping STG into STF-impregnated-Kevlar woven
fabric. The test results showed that both the bullet-proof performance
and stability of the fabric were improved with the assistance of STG. In
addition, ascribed to its rate-dependent phase change properties, STM
was widely applied in various areas, such as cutting tools [27], vibration
damping systems [28], electronic devices [29] and shock absorbers
[30].

The successful combination of STG with fabrics through physical
means evokes the research interest in producing STG-modified polymer
materials. The progress of synthetic technology promotes the creation of
new compounds. To improve the performance of conventional polymers
under extreme loading conditions, a hot spot of recent research is the
development of STG reinforced composites. Liu et al. [31] conducted a
systematic study on shear thickening gel/polyurethane foam (STG/PU)
to explore the relationship between the molecular structure and material
properties. Microscopic test methods were used to detect the change of
chemical bonds and molecular chains due to the incorporation of STG.
Two key findings were reported in the work: 1) no new chemical bond
between STG and PU was formed during the blending process; 2) the
intertwined molecular chains between STG and PU lead to higher
thermal stability. Moreover, the novel composite possessed better me-
chanical properties than the plain PU foam, which demonstrated the
potential of using STG synthesized materials in human protective
equipment. Fan et al [32] put forward new fabrication methods by dip-
coating or spray-coating STG on PU foam. To satisfy multiply functional
requirements such as electrical conductivity, hydrophobicity and energy
absorption capability, carbon nanotubes or nano-SiO, were blended
with STG as the coating. The test results showed that the multifunctional
composite foam possessed outstanding safeguarding, sensing and
superhydrophobic performance that the regular foam materials lack.

The development of personal protective equipment has lasted for
several centuries. As the research moves along, it is found that a wearer
would suffer injury even though bullets have been prevented by a body
armor, which is called “behind-armor blunt trauma” (BABT) [33].
Nowadays, to provide better protection and to reduce BABT, a buffer
layer commonly made of ethylene—vinyl acetate (EVA) foam is placed
behind ballistic layers. The effectiveness of mouthguards made of EVA in
preventing tooth or maxillofacial trauma has been proven by A. Messias
etal [34]. Attributed to the great flexibility, elasticity and stability, EVA
buffer layer could absorb a part of impact energy and relief the contact
force between the armor and the human body. However, regular EVA
foam owns limited energy absorption capacity. In this study, a new type
of composite foam was developed by introducing STG into EVA. The
STG/EVA foam possessed characteristics of softness, resilience, and
outstanding impact resistance. The mechanical properties under
different strain rates were determined by corresponding test approaches.
In addition, the microstructure and surface morphology of the composite
were observed through the electron microscopic technique. The damage
mode in the microscopic scale discovered the failure mechanism of the
synthetic material and the improvement effect of the additive STG. The

Composite Structures 311 (2023) 116811

excellent anti-impact performance showed the huge potential and the
bright prospect of the STG reinforced EVA foam in personal protective
equipment.

2. Materials and methods
2.1. Materials

The raw materials included boric acid, hydroxyl-terminated poly-
dimethylsiloxane (PDMS-OH), EVA, calcium carbonate (CaCO3), AC
foaming agent, zinc oxide (Zn0), stearic acid and dicumyl peroxide. All
the chemicals were supplied by CAS Mechanical Confidence Science and
Technology Co., ltd. (Beijing, China). No further purification and
reprocessing were needed before preparation.

2.2. Preparation of STG/EVA composite foam

Preparation of STG: the whole process was elaborated in a published
paper [14]. Boric acid and PDMS-OH at a mass ratio of 1:5 were mixed
uniformly and then stirred in an oven at 160-180 °C for 2-3 h. The blend
was cooled down to form synthesize polyborosiloxane, viz., STG.

Preparation of STG/EVA foam: at the first step, mixed STG with other
chemicals (the mass ratio of STG, EVA, CaCO3, ZnO, stearic acid and
dicumyl peroxide = 55: 3.5: 10: 2.4: 1: 0.5: 0.54) in a heated mixer at
100-120 °C for 10 min. Then, moved the thoroughly stirred mixture into
a milling machine for refinement. The distance between two rollers and
the velocity of rotation were adjusted during the operation to guarantee
the machining quality. Lastly, all the reactants were poured into a mold
and placed in a vulcanizing machine for the foaming process. Appro-
priate temperature and pressure of vessel were pre-set. The mixture
expanded during the reaction process and the final volume was
controlled by the sealed mold. The whole process of preparation is
shown in Fig. 1. In this study, the density of the produced STG/EVA foam
was about 0.68 g/cm?>.

2.3. Material characterization

The macroscopic and microscopic morphology of the composite
foam were characterized. As shown in Fig. 2, the prepared STG was gel-
like material and exhibited typic cold-flow behavior, viz., obvious shape
change under gravity. Fig. 3 (a) and (b) are the photography of EVA and
STG/EVA foam. Since only a small amount of STG was added, the
density of STG/EVA (0.68 g/cm3) was close to that of EVA (0.65 g/cmg).
Intuitively, the appearance of the regular and modified materials was
quite similar, which were solid, white and porous. To observe the
microscopic morphology and explore the influence of STG on EVA
microstructure, a scanning electron microscope (SEM, Hitachi S4800)
was used for both EVA and STG/EVA samples. Fig. 3(c) is the SEM image
of EVA foam, which shows a large number of uneven voids were formed
inside. In the magnified SEM photography [Fig. 3(d)], it was found that
EVA foam owned a thin-walled microstructure. The inner space was
divided by the matrix material and the cellular units were not inter-
connected. The SEM image of STG/EVA [Fig. 3(e)] shows the size of
voids tended to be more uniform and clusters of tiny voids were almost
eliminated compared with the regular EVA. As observed in Fig. 3(f), STG
covered the EVA skeleton like a coated film and filled parts of the voids.
Thus, the interconnection between cellular units was established
through the STG film. In addition, STG particles were distributed and
attached to the EVA skeleton to roughen the surface. Fig. 4 is a 3D
schematic diagram of STG/EVA composite foam and plain EVA foam to
clearly present their micromorphology. Based on the differences in
microstructural characteristics between EVA and STG/EVA, the com-
posite foam might possess better toughness due to the uniformity of
voids. Stress concentration more likely occurred in the region of uneven
layout to result in localized failure. Consisting of cellular units of an
approaching size, the consistency of deformation in STG/EVA foam was
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Fig. 1. Preparation process of STG/EVA foam.

Fig. 2. Cold-flow behavior of STG.

better, which was manifested as the improvement of toughness in me-
chanical property. This characteristic was further reinforced by the
interconnection of STG. Moreover, stretching and tearing of STG parti-
cles contributed to dissipating and absorbing energy during the loading
process, which was another mechanism to toughen the composite foam.

2.4. Dynamic mechanical analysis test

Dynamic Mechanical Analysis (DMA) is a widely used technique to
determine the elastic and viscous response of polymer composite under
oscillating loads as well as to characterize the amorphous phase tran-
sitions of polymers [35]. To obtain the thermal transition parameters
such as glass transition temperature Ty and rubbery transition

temperature T; is the primary objective of the DMA test [36-38]. In
recent studies, researchers are working to expand the utility of the DMA
technique to investigate the dynamic properties of materials [39,40].
Besides, bridging the relationship between mechanical behavior and
microstructure through the DMA measurements is a potential applica-
tion [41,42].

DMA tests were conducted by a TA instrument (USA) Q800 DMA.
Cylindrical specimens in the dimension of 15 mm (diameter) x 7.5 mm
(height) were prepared. Compression test mode with uniaxial oscillation
loading was employed. Normally, DMA testing consists of two phases,
temperature sweep mode and frequency sweep mode. Since the
emphasis of this study was to investigate the material behavior under
dynamic loading, the temperature was fixed at 25 °C (room tempera-
ture) and the loading frequency varied from 0.01 to 150 Hz.

2.5. Compression test

Ascribed to the shear thickening property of STG, the composite
foam possessed significant strain rate sensitivity. It was imperative to
obtain the basic mechanical property of STG/EVA under compression.
Compression tests were conducted using a universal test system and the
geometry of cylindrical specimens was 15 mm (diameter) x 5 mm
(height). The strain values were automatically measured by the exten-
someter equipped on the test system. Three strain rate levels (0.001,
0.01 and 0.1 s~1) were achieved by adjusting loading speed. Three tests
were repeated at each strain rate to obtain reliable and valid results.

2.6. Split Hopkinson pressure bar test

Due to the limited capacity of the universal testing machine, the
dynamic compressive property of composite foam at higher strain rates
was obtained by using the Split Hopkinson Pressure Bar (SHPB) system.
The SHPB system mainly consists of a strike bar, an incident bar, a
transmission bar and a data collection system, as illustrated in Fig. 5.
The strike bar was driven by pressured gas to impact the incident bar.
The striking velocity was adjustable by controlling the gas pressure to
achieve different strain rate effects. The generated stress wave propa-
gated through the incident bar and reached the surface of the specimen.
The difference in material property between the bar and the specimen



H. Tu et al.

Composite Structures 311 (2023) 116811

Fig. 3. Macroscopic image of (a) EVA and (b) STG/EVA; (c) and (d): SEM images of EVA; (e) and (f): SEM images of STG/EVA.

STG particles Voids occupied
(@) stached on EVA by STG

STG bonded STG film
EVA skeleton attached on EVA

(b) Voids

EVA skeleton

Fig. 4. 3D schematic diagram of micromorphology of (a) STG/EVA; (b) EVA.

resulted in the reflection and transmission of the stress wave at the
interface. The transmitted wave continued to pass through the specimen
and propagate to the transmission bar. Strain gauges were attached to
the incident bar and the transmission bar to capture the strain signals

and the stress values were calculable using Hooke’s law. Based on the
assumption that the specimen was in a stress equilibrium state, the stress
(o(t)), strain (e(t)), and strain rate (¢(t)) could be calculated by Eq. (1) -
(3) with the measured incident wave (¢;(t)), reflected wave (& (t)), and
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Fig. 5. Schematic of the SHPB test system.

transmitted wave (&(t)) [43,44].

o(1) = 2 ei0) + (1) + €(0)] W
() = % /) le(t) — (1) — ex(1)]dt @
(1) = 2 ei(r) — (1) — e(0)] @

Iy

Where E, Ag and Cj are elastic modulus, cross-section area, and
longitudinal wave velocity of the bars, respectively. As and I are the
cross-section area and length of tested samples, respectively.

Due to the softness of foam materials, aluminium alloy bars were
used instead of stainless-steel ones to reduce the mismatching imped-
ance influence. Besides, semiconductor gauges were used due to the
advantage of high sensitivity and resolution. The specimens were pre-
pared in a cylindrical shape with a geometry of 15 mm (diameter) x 5
mm (height). The diameter of specimens was slightly smaller than that
of bars (19 mm), which was helpful to eliminate the influence of friction
in the lateral direction. Before each test, a plastic pulse shaper was
placed at the end of the incident bar to smoothen the waveforms and
reduce noise [45-47].

-
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2.7. Drop hammer test

Drop weight test is a straightforward method to simulate the impact
loading. The lifted block is accelerated by gravity to a prescribed ve-
locity and then strikes the target. Fig. 6 is the schematic diagram of the
drop hammer test system. In the experiment, a 5 kg weight was freely
dropped from a 0.5 m height onto the center of specimens. The rounded
impactor with a diameter of 50 mm was made of steel. To eliminate the
influence of boundary, 500 x 500 mm foam plates with a thickness of 5
mm were prepared as specimens. A high-speed camera was prepared to
shoot the whole impact process. In addition, Tekscan® distributed
pressure sensor (USA) was placed at the rear face of specimens to cap-
ture pressure signal. The sampling frequency and the measurement
range of the sensor were 20000 Hz and 0.0045 ~ 20.685 MPa, respec-
tively. Based on the recorded resultant force and pressure, the buffering
capacity of foam materials could be quantified to assess the impact
resistance.

2.8. Ballistic impact test

As reviewed hereinbefore, a soft body armor commonly consists of
ballistic layers and buffer layers. 42 layers of ultra-high molecular
weight polyethylene (UHMWPE) laminates with the layer thickness of
0.15 mm were used as the ballistic layers of the tested body armor. The
buffer layer was made of EVA or STG/EVA foam and the layer thickness

2. Impactor
4. Specimen

8. High-speed camera

/ |

(!
/)

Fig. 6. Schematic of the drop hammer test system.

v
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was 5 mm. All ballistic tests were completed in an authoritative testing
institution to guarantee the reliability of the experimental platform. The
set-up of the ballistic impact test is shown in Fig. 7, which followed the
Chinese GA-2 protection standard (equivalent to US NIJ- IIIA) for body
armor testing. Type 51 bullet (7.62 mm in diameter, 5.60 g in mass) was
used and the prescribed velocity was 445 + 10 m/s. The ballistic clay
behind the body armor was the alternative to the human body and the
depth of the crater (the backface signature) formed on the clay was a key
indicator to evaluate BABT. Tekscan® distributed pressure sensor was
placed on the rear face of the buffer layer to measure the contact pres-
sure near the impact region. Moreover, the whole process of bullet
impact was shot by the high-speed camera.

3. Results and discussion
3.1. DMA test

Storage modulus (E') and loss modulus (E”) are two major parame-
ters obtained from DMA tests, which are the measure of the ability to
store energy elastically and dissipate energy due to viscous response,
respectively [48,49]. As the indicator of elasticity and viscosity of ma-
terial, the characteristics of material under different strain rates could be
interpreted with E' and E”. Clearly shown in Fig. 8, both E' and E” of
STG/EVA were greater than those of EVA. With the increasement of
compression frequency from 0.01 Hz to 150 Hz, E' of STG/EVA varied
from 0.327 MPa to 1.415 MPa, while the change of E’ of EVA was from
0.153 MPa to 0.756 MPa. The difference in storage modulus between the
modified and the plain foam material tended to be more distinct at
higher loading frequency, which indicated that STG/EVA possessed
significant strain rate sensitivity. A similar tendency could be observed
in the test results of loss modulus. When the frequency was changed
from 0.01 Hz to 150 Hz, E” of STG/EVA and EVA increased from 0.066
MPa and 0.032 MPa to 0.356 MPa and 0.203 MPa, respectively. In
general, the loss modulus of STG/EVA was 95 % higher than that of EVA.
Based on above results, it was concluded that the elasticity and viscosity

High-speed camera

Baffle

Bullet

Velocity measuring

device
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of EVA foam could be improved simultaneously by the incorporated STG
material. In addition, the superiorities of STG/EVA in resisting and
dissipating external excitation became more pronounced with
increasing loading rate, which was ascribed to the shear thickening
property of STG.

3.2. Compression test

It was imperative to determine the basic mechanical properties of
materials before in-depth studies. As mentioned hereinbefore, the po-
tential application of the developed foam material is in personal pro-
tective equipment. Thus, compressive performance is the most
concerning material property. Fig. 9(a) displays the stress—strain curves
of STG/EVA and EVA under different speeds of compression and the
equivalent strain rate (¢) of the respective test group is 0.001, 0.01 and
0.1 sL. STG/EVA and EVA behaved like typical foam materials, whose
initial young’s modulus was minimal but the stiffness increased rapidly
under high compression. As shown in Fig. 9(a), the stress—strain rela-
tionship of STG/EVA and EVA was almost identical at a strain rate of
0.001 s~!. When the loading process was speeded up, the difference in
compressive capacity between the composite and plain EVA became
more and more prominent. At the highest strain rate (¢=0.1 s’l), the
peak stress of STG/EVA nearly doubled to that of plain EVA. Since STG
owned apparent strain rate sensitivity, the material properties of the
composite foam were heavily affected by the loading rate. It was worth
noting that the stiffness of STG/EVA was improved significantly under
highly compressed conditions while the increasement was not pro-
nounced at the beginning of loading. This phenomenon could be inter-
preted with the SEM observations shown in Fig. 3. The inner space of
EVA foam was occupied by the matrix material and plenty of voids.
When the external force was applied, voids were compressed firstly
which led to ease of deformation. With the elimination of voids, the
matrix material gradually played a dominant role in bearing the loading.
As discussed in Section 2.3, STG was bonded with EVA matrix in the
form of coated films and dispersed particles. Thus, at the initial stage

Distributed pressure
sensor

T |

Fixing
brand

S

Ballictic
layers

Buffer

Clay
layer

Fig. 7. Schematic of the ballistic impact test system.
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Fig. 8. DMA test results of EVA and STG/EVA: (a) storage modulus; (b) loss modulus.
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Fig. 9. (a) Stress-strain curves of EVA and STG/EVA at 0.001, 0.01 and 0.1 s~ ! strain rates; (b) strain energy of EVA and STG/EVA at 0.001, 0.01 and 0.1 st

strain rates.

that was dominated by the voids, the influence of STG on mechanical
behavior is limited. STG would assist the matrix material to resist
deformation when most voids closed up. The strain energy represented
the energy absorption capacity of material during compression. By
calculating the area enclosed by the stress—strain curve and x-axis, the
strain energy of each test group is obtained and plotted in Fig. 9(b). It
clearly showed that STG could endow EVA foam with greater strain
energy and higher strain rate sensitivity, which were practical in anti-
impact protective equipment.

3.3. SHPB test

Due to the limited capacity of the universal testing machine, the
SHPB system was used to achieve higher strain rate effects. The
stress-strain curve of each specimen was calculated by Egs. (1) and (2)
and the corresponding strain rate was estimated using Eq. (3). The strain
rate of specimens during compression was controlled by adjusting the
launching pressure and two strain rate levels (¢=260 and 1900 s ) were
implemented in the present study. The stress—strain relationship at a
relatively low strain rate (dash lines in Fig. 10) could be approximated as
linear and the slope represented the elastic modulus of the foam mate-
rials. As the deformation at the initial stage was induced by compaction
of voids, the contribution of STG to resist external loading was minor
and the compressive capacity of STG/EVA and EVA was close. However,
the differences became prominent at a strain rate of 1900 s~!, which
were solid lines in Fig. 10. Based on the microstructure images of STG/

0.30
0.25 -
0.20
=
Ay
2
@ 0.15 1
5
7
o104/ /e EVA (=260 s°")
—— EVA (e=1900 ™)
- - - STG/EVA (=260 s")
0.05 —— STG/EVA (61900 s™")
0.00 -+ . . . : )
0.00 0.05 0.10 0.15 0.20 0.25

strain

Fig. 10. SHPB test results of EVA and STG/EVA at 260 and 1900 s~!
strain rates.

EVA foam, it was found that part of the voids was occupied by STG
material. Hence, the behavior of voids during compression was affected
by STG filler to a certain extent. It was rational to infer that the
enhancement of elastic modulus and compressive strength at a high
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strain rate was mainly attributed to the shear thickening property of
STG.

3.4. Drop hammer test

The buffering capacity of foam materials to the human body was
tested by a drop hammer system. Though the hammer did not penetrate
the specimens, the impact energy would propagate to the rear face in the
form of stress waves and lead to depressed deformation. Excessive
contact pressure between the protective equipment and the human body
would cause severe injury. Therefore, a distributed pressure sensor was
used to record the essential mechanical parameters. As shown in Fig. 11,
the distribution of pressure on EVA and STG/EVA specimens was
concentrated, where the magnitude of stress attenuated rapidly from the
impact point to the surrounding region. In comparison with plain EVA,
the peak pressure at the rear face of the STG/EVA specimen was 30 %
lower, which represented the better anti-impact performance of the
composite foam. This prominent enhancement was ascribed to higher
elasticity and viscosity of STG/EVA. DMA test results showed that the
storage modulus and loss modulus of EVA foam were improved simul-
taneously by introducing STG. Hence, the impact energy could be more
effectively dissipated in the composite material through viscous
behavior. Moreover, STG increased the resilience and stiffness of EVA
matrix and restrained the relative deformation. The significant relief of
rear pressure proved that STG/EVA foam could provide considerable
protection for the human body under impact loading.

3.5. Ballistic impact test

The real weapon effect could be reproduced by the ballistic impact
platform. The set-up followed the standard and was elaborated in Sec-
tion 2. 7. The whole process of bullet impact shown in Fig. 12 was shot
by the high-speed camera. As a type of fabric, the out-plane strength of
UHMWPE was relatively low and the laminates failed in tension and
shear modes under lateral impact. Due to the fracture of fabrics, certain
bulletproof layers were penetrated by the bullet. The damaged layers on
each body armor were counted and the number in all tests was identical,
which indicated the consistency of tested specimens and impact loading.
Except for penetrating multiplayer UHMWPE, the striking bullet would
drive the remaining laminates to deform and squeeze the buffer layer. As
the most important index to evaluate the protective capacity of body
armor, the depth of the crater (the backface signature) was measured
using a caliper as shown in Fig. 13(a). The measurement of crater depth
followed the Chinese GA-2 protection standard as sketched in Fig. 13(b).
A distributed pressure sensor was placed on the rear face of the buffer
layer to capture the pressure value. The test results were summarized in
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Table 1. It was worth noting that the crater depth on ballistic clay was
reduced by 51 %, from 11.4 mm to 5.6 mm, when the plain EVA was
replaced by the STG/EVA composite foam. The significant enhancement
in deformation resistance indicated that the possibility of severe injury
to vital organs could be drastically reduced. Besides, the peak force and
peak pressure on the surface of clay were lowered moderately due to the
protection of the composite buffer layer. The peak value of contact force
and contact pressure could not fully reflect the anti-impact performance
of materials. Fig. 14 showed the pressure distribution around the impact
region. As displayed in Fig. 14(a), two stress concentration areas were
produced, which indicated that the response of the EVA buffer layer was
localized and discontinuous. On the contrast, multiple pressure peaks in
Fig. 14(b) demonstrated that a larger area of STG/EVA material
participated in resisting impact loading.

To better understand the mechanisms to cause the difference in anti-
impact performance, the microstructure of post-test foam materials was
observed using SEM. As illustrated in Fig. 15(a) and (b), which were
SEM images of post-impact EVA and STG/EVA samples respectively, two
distinct areas called impact region and peripheral region were formed
due to stress wave generation, propagation and attenuation. Fig. 15(c)
and (e) clearly demonstrated that the EVA material in the impact region
was highly deformed and distorted while the most of peripheral foam
almost remained intact and the change in morphological characteristic
was not significant compared with undamaged specimens. In addition, a
small number of cellular units suffered to moderate damage [Fig. 15(f)].
The distinct boundary between the impact region and the peripherical
region reflected that the impact energy hardly transmitted outwards and
the deformation was concentrated. In the magnified photo Fig. 15(d),
the behavior of each cellular unit seemed to be independent without
interconnection. The failure mode was in buckling and the thin-walled
EVA skeleton lost its strength and stability due to plenty of crinkles
formed. In comparison plain EVA, STG/EVA exhibited apparently
different micromechanical behavior. Firstly, the extent of damage in the
impact region was considerably severe where the skeleton structure was
heavily crushed and the internal cellular units were hardly distin-
guished. In the SEM photo with higher magnification [Fig. 15(h)], it was
found that the surfaces of post-impact material became rough and the
STG/EVA composite was fractured into filaments. The observed damage
pattern reflected that a large amount of impact energy was consumed by
the breakage of matrix material and the entanglement of formed fila-
ments. Secondly, STG/EVA in the peripherical region also suffered to
serious damage as shown in Fig. 15(i). The material was considerably
compressed while the contour of the thin-walled structure was still clear.
Due to the existence of STG, the interconnection of adjacent cellular
units was established. The stress wave could effectively propagate out-
ward and more composite foam was involved to dissipate the impact

(b)

STG/EVA

Pressure (KPa)

Fig. 11. Pressure distribution at the rear face of (a) EVA specimen; (b) STG/EVA specimen.
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Fig. 12. Bullet impact process shot by the high-speed camera.

Fig. 13. (a) Photo of measuring the backface signature after ballistic tests; (b) definition of the backface signature.

Table 1
Ballistic test results of body armors with EVA and STG/EVA buffer pads.

Specimen Impact velocity Crater depth Peak force Peak pressure
(m/s) (mm) (KN) (MPa)
UHMWPE+  450.3 11.4 0.400 1.57
EVA
UHMWPE+  451.4 5.6 0.384 1.51
STG/EVA

energy. Thirdly, STG itself participated in loading bearing. Attributed to
its shear thickening property, STG was conducive to the improvement of
microstructural integrity, especially under high strain rate conditions.
Based on above analysis, the excellent anti-impact performance of STG/
EVA owed to two major factors, which were outstanding energy ab-
sorption capacity of deformation and good continuity of microstructure.

4. Conclusion

In this study, a composite foam material by incorporating STG with
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Pressure / MPa

Pressure / MPa

EVA was developed to achieve outstanding personal protective capacity.
The mechanical performance of STG/EVA at different strain rates was
tested using corresponding experimental methods. In comparison with
plain EVA foam, both elasticity and viscosity of the modified material
were improved due to the introduced STG. The basic mechanical prop-
erties including compressive strength and strain energy of STG/EVA
were enhanced with increasing strain rates. As the composite foam was
intentionally used in body armors, the buffering capacity that was
evaluated by the amplitude of rear pressure was a key indicator to assess
the protection for the human body. Based on the results of drop hammer
tests, STG/EVA possessed higher effectiveness in attenuating stress
waves compared with EVA. Moreover, ballistic tests were conducted to
investigate the anti-impact performance of the STG/EVA buffer layer
against the actual weapon effect. The pronounced reduction in crater
depth on ballistic clay demonstrated that the composite foam could
improve the protective performance of body armors and lower the risk of
blunt injury to vital organs. By using the microscopic instrument, the
microstructure of STG/EVA before and after ballistic impact was
observed to explore the essential material characteristics. The features of
STG/EVA in morphology and damage mode demonstrated that the
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Fig. 14. Pressure distribution on the rear face of (a) UHMWPE + EVA and (b) UHMWPE + STG/EVA body armors.
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Fig. 15. SEM images of (a) EVA and (b) STG/EVA after ballistic tests; magnified SEM images of EVA in the impact region (c and d) and the peripheral region (e and
f); magnified SEM images of STG/EVA in the impact region (g and h) and the peripheral region (i and j).
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prominent enhancement was attributed to the outstanding energy ab-
sorption capacity and energy transmission property by introducing STG
material. In general, the developed STG/EVA foam possessed better
mechanical properties and anti-impact performance than plain EVA
foam and thus owned promising potential application in personal pro-
tective equipment.
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