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Four composite structures (SiC/UHMWPE/TC4, SiC/TC4/UHMWPE, SiC/UHMWPE/MR/TC4, and SiC/TC4/MR/UHMWPE)
were prepared using silicon carbide (SiC) ceramics, ultrahigh molecular weight polyethylene (UHMWPE), titanium alloy (T'C4),
and metal rubber (MR). The transmitted waves, failure forms, stress wave propagations, and energy dissipations of the composite
structures were studied through Split Hopkinson Pressure Bar (SHPB) tests and numerical simulations. The results show that MR
in composite structures can delay, attenuate, and smooth the stress wave, thereby reducing SiC damage. UHMWPE on the back of
SiC provides cushioning for SiC, while TC4 on the back of SiC aggravates the damage of SiC. The composite structures with MR
mainly dissipate the impact energy by reflecting energy, and the energy dissipation performance is better than that of composite
structures without MR. A comprehensive comparison of transmitted waves, damage forms, stress wave propagations, and energy
dissipations of the four composite structures shows that SiC/UHMWPE/MR/TC4 structure has the best impact resistance.
Increasing the thickness of MR in the composite structures can improve the impact resistance, but there are also stress con-

centration and interface tensile stress.

1. Introduction

The layered composite structure is composed of two or more
materials with different mechanical properties. Studies have
shown that the layered composite structure is lighter in
weight, better in impact resistance, and more designable
than homogeneous materials [1, 2]. Layered composite
structures have been widely used in military and civilian
fields [3], such as armored vehicle [4], helicopter [5], ship
[6], body armor [7], helmet [8], vehicle bumper [9], and
highway guardrail [10].

In recent years, porous metal materials such as alumi-
num foams have been widely used in impact-resistant
structures due to good energy absorption properties.
Rajaneesh et al. [11] used LSDYNA software to study the
mechanical behavior of aluminum foam composite struc-
tures under low-velocity impact. The results show that the
energy absorbed by the composite structure depends on the

type of panel and the thickness of the aluminum foam, and
the peak load is only related to the type of panel. Liu et al.
[12] studied the shock wave attenuation performance and
deformation mechanism of aluminum foam composite
structures under explosive loading. It is found that the peak
load of the foam composite structure is reduced by 61.54%~
64.69% compared with the structure without foam core, and
the foam core layer dissipates energy mainly through the
generation and propagation of cracks. Avila et al. [13] in-
vestigated the ballistic limit of the layered composite
structure of boron carbide ceramic/foam metal/7075 alu-
minum through projectile penetration experiments. It is
found that the metal foam effectively reduces the penetration
depth and backplane deformation of the composite struc-
ture, and the metal foam composite structure has excellent
antipenetration performance. Cai et al. [14] conducted an
experimental study on the failure mechanism of aluminum
foam/ultrahigh molecular weight polyethylene composite
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structure under the combined loading of explosion and
fragments. The results show that the aluminum foam in the
composite structure can be beneficial to improve the
comprehensive protection ability.

In order to develop the composite structure with
stronger impact resistance, new materials need to be applied.
Metal rubber (MR) is a porous metal material, and its higher
porosity helps to absorb shock wave energy [15]. The re-
search studies of MR mainly focus on stiffness characteristics
[16], damping characteristics [17], and fatigue life [18] and
rarely involve the research studies of the dynamic shock
response. Gao et al. [19] found that the penetration resis-
tance of the MR composite structure is better than that of the
aluminum foam composite structure, but the mechanism
has not been studied in depth.

To give full play to the impact resistance of the layered
composite structure, it is necessary to apply the dynamic
mechanics theory of materials to guide engineering practice.
The dynamic response of a solid under impact load is es-
sentially the inertia effect of the solid mass point and the
strain rate effect of the material constitutive relationship,
and the impact compression performance of the material
can usually be analyzed by the stress wave propagation
characteristics [20, 21]. However, the current research
studies on the dynamic mechanical properties of layered
composite structures mostly focus on the evaluation of
penetration and damage effects and rarely involve stress
wave propagation characteristics.

At present, there are few studies on the stress wave
propagation characteristics of layered composite structures,
and MR is rarely used in the field of impact resistance.

Four composite structures (SiC/UHMWPE/TC4, SiC/
TC4/UHMWPE, SiC/UHMWPE/MR/TC4, and SiC/TC4/
MR/UHMWPE) were designed using silicon carbide (SiC)
ceramics, ultrahigh molecular weight polyethylene
(UHMWPE), titanjum alloy (TC4), and metal rubber (MR).
Through Split Hopkinson Pressure Bar (SHPB) tests and
numerical simulations, the stress wave propagation char-
acteristics and energy dissipation performance of the
designed composite structures were mainly studied. The
main research contents are as follows. Firstly, the simulation
models were established, and the correctness was verified by
experiments. Secondly, the transmitted waves, failure forms,
stress wave propagations, and energy dissipations of the
composite structures were investigated through SHPB ex-
periments and numerical simulations. Through the com-
parison of the results, the influences of material arrangement
and MR on the dynamic mechanical behavior of the com-
posite structures were analyzed. Finally, the influences of the
MR thickness on the stress wave propagation and energy
dissipation of the composite structures were discussed.

2. Materials and Methods

2.1. Materials. The materials for preparing the composite
structures include silicon carbide (SiC) ceramics, titanium
alloys (TC4), ultrahigh molecular weight polyethylene
(UHMWPE) laminates, and metal rubber (MR). SiC has
high hardness, but the material is brittle and the tensile
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strength is low. TC4 has high strength and ductility, but
high density limits its application. UHMWPE laminates
has high tensile strength and light weight and is widely used
in lightweight protective structures. MR has good energy
absorption and damping characteristics. The UHMWPE
laminate is made of unidirectional fiber coated with
polyurethane through hot pressing process, and the lay
angle is [0°/90°/0°/90°]. MR has a density of 2.38 g/cm” and
is stamped from austenitic stainless-steel wire (0Cr10Ni9)
with a diameter of 0.3 mm. The four materials were pro-
cessed into cylinders with a diameter of 40 mm, and the
thickness of SiC, TC4, UHMWPE, and MR is 5 mm, 6 mm,
5mm, and 10 mm, respectively. A small amount of pe-
troleum jelly was smeared on the edge of the circular
section of the material to connect the materials, which can
also avoid the interference of the petroleum jelly on the
propagation of the stress wave.

As shown in Figure 1, four composite structures were
designed based on the above materials, which can better
compensate for the shortcomings of each material. SiC has
high hardness and is usually used as panel to consume most
of the impact energy. Through the comparison of four
composite structures, the influences of material arrangement
and MR on the dynamic mechanical properties of composite
structures were studied.

2.2. Methods

2.2.1. Split Hopkinson Pressure Bar (SHPB) Test. As shown
in Figure 2, the high-speed impact tests were performed on
the SHPB equipment. The bars are made of 7075 aluminum
alloy with a diameter of 45 mm. The lengths of the striker,
incident bar, and transmitted bar are 400 mm, 2500 mm, and
2500 mm, respectively. The high-speed camera was used to
capture the entire impact process. The velocity of the striker
in each experiment was 30 m/s. In order to ensure the ac-
curacy of the test results, each structure was tested 3 times
and the average of the results was taken.

2.2.2. Finite Element Model. The finite element analysis was
performed in LSDYNA software. The 8-node solid164 ele-
ment was used to establish the model. The entire model only
has a degree of freedom, namely, axial direction. The geo-
metric parameters of the finite element model are consistent
with the test conditions. The SHPB system, SiC, UHMWPE,
TC4, and MR were, respectively, meshed into 5888, 2304,
2304, 2304, and 4608 elements. Each part of the system was
connected with *CONTACT _AUTOMATIC_ SURFA-
CE_TO_SURFACE. The isotropic linear elastic material
model *MAT_ELASTIC_TITLE was used to define the bars,
with the elastic modulus of 71 GPa and density of 2.81 g/cm®.
The model parameters of SiC, TC4, UHMWPE, and MR are
shown in Tables 1-4. The JOHNSON_HOLMQUIST_-
CERAMICS model is widely used in brittle materials that
withstand large strains, large strain rates, and high pressures,
which can reflect the fracture of ceramics. The John-
son-Cook model is applied to metal materials affected by
large strain, high strain rate, and high temperature and can
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FiGure 1: Four types of composite structure (a) SiIC/UHMWPE/TC4; (b) SiC/TC4/UHMWPE; (c) SiC/UHMWPE/MR/TC4; (d) SiC/TC4/

MR/UHMWPE.
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FIGURE 2: The SHPB test system.

TaBLe 1: *MAT_JOHNSON_HOLMQUIST_CERAMICS [22] TaBLE 2: *MAT_JOHNSON_COOK [22] constants for TC4.
constants for SiC.

Constants TC4
Constants SiC Density (g/cm?) 4.45
Density (g/cm3) 3.2 Shear modulus, G (GPa) 41.9
Shear modulus, G (GPa) 183 Static yield strength, A (GPa) 1.0
Intact strength coefficient, A 0.96 Strain hardening coefficient, B (GPa) 0.845
Fracture strength coefficient, B 0.35 Strain hardening exponent, n 0.58
Strain rate coeflicient, C 0.0045 Strain rate coefficient, C 0.014
Intact strength exponent, N 0.65 Reference strain rate, (sil) 1.0
Fracture strength exponent, M 1.0 Thermal softening exponent, m 0.753
Maximum tensile pressure strength, T (GPa) 0.75 Reference temperature, t, (K) 298
Pressure at HEL, PHEL (GPa) 14.567 Melting temperature, t,, (K) 1951
Damage coefficient, D, 0.48 Damage constant, D, 0.05
Damage exponent, D, 0.48 Damage constant, D, 0.27
Bulk modulus, K; (GPa) 217.2 Damage constant, D; —-0.48
Pressure coefficient, K, (GPa) 0 Damage constant, D, 0.014
Pressure coeflicient, K5 (GPa) 0 Damage constant, Ds 3.8

be used to reflect the dynamic response state of TC4. The
COMPOSITE_DAMAGE model is suitable for solving the
dynamic response of UHMWPE. During the impact of the
bar on the composite structure, the dynamic mechanical
response of MR was similar to that of rubber and *
MAT HYPERELASTIC_RUBBER was used to define MR.
As shown in Table 4, through the previous research, the
parameters of MR  were  fitted in  the
*MAT_HYPERELASTIC_RUBBER constitutive model. The
comparison of experimental and simulation results showed
that the established constitutive model can accurately reflect
the dynamic mechanical behavior of MR under high-speed
impact.

3. Results and Discussion

3.1. Comparison of Experimental and Simulated Results.
As shown in Figure 3, the experimental results and the
numerical simulation results are in good agreement, and the
established finite element model can reliably simulate the
dynamic mechanical response of the composite structures.
In composite structures III and IV, the transmitted waves
rise slowly, and the amplitude and wavelength of the
transmitted waves are small. The above phenomena show
that MR can delay the elastic compression waves and ef-
fectively attenuate the energy of the transmitted waves. In
addition, the transmitted waves of the composite structures



TaBLE 3: *MAT_COMPOSITE_DAMAGE [23] constants for
UHMWPE.

Constants UHMWPE
Density (g/cm®) 0.97
Young’s modulus in a-direction, E, (GPa) 30.7
Young’s modulus in b-direction, E, (GPa) 30.7
Young’s modulus in c-direction, E, (GPa) 1.97
Poisson’s ratio, ba v,, (GPa) 0.008
Poisson’s ratio, ca v., (GPa) 0.044
Poisson’s ratio, cbv,, (GPa) 0.044
Shear modulus, abG,, (GPa) 0.73
Shear modulus, bc G,,. (GPa) 0.67
Shear modulus, caG,, (GPa) 0.67
Bulk modulus of failed material, Kg,; (GPa) 2.2
AOPT 0
Material axes change flag for brick elements, MACF 1
Shear strength, S, (GPa) 0.36
Longitudinal tensile strength, a-axis, X, (GPa) 3.0
Transverse tensile strength, b-axis, Y, (GPa) 3.0
Transverse compressive strength, b-axis, Y. (GPa) 2.2
Shear stress parameter for the nonlinear term, « 0.5
Normal tensile strength, S, (GPa) 0.95
Tranverse shear strength, S,. (GPa) 0.95
Tranverse shear strength, S,, (GPa) 0.95

TaBLE 4: “MAT_HYPERELASTIC_RUBBER for MR.

Constants MR
Density (g/cm?) 2.38
Poisson’s ratio, PR 0.4999
Number of constants to solve for N 0
Cio 141
Cso 584
Cyy -607
Co1 -135
Coa 168

I, IT or III, IV are different, indicating that the arrangement
of materials also affects the stress wave dissipation perfor-
mance of the composite structures.

As shown in Figure 4, in order to prove the reliability of
the numerical simulation, the composite structure III was
taken as an example to discuss the influence of the mesh size
on the numerical simulation results. In Figure 4, the base
mesh represents the mesh described in section 2.2.2, and the
reduction of mesh size by two or three times means that the
size of the base mesh is reduced by two or three times in both
axial and circumferential directions to make the mesh
denser. As shown in Figure 4, the relative errors of the
numerical simulation results of the three meshes are rela-
tively small, which proves that the numerical simulation
results are convergent. Therefore, using the base mesh can
not only provide accurate results but also reduce calculation
time.

3.2. Analysis of Damage Form. Figure 5 shows high-speed
photographs and corresponding stress diagrams of com-
posite structure I. The impact directions of all high-speed
photographs and stress diagrams in the paper are shown in
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Figure 5(a), and the first to be impacted is SiC. As shown in
Figure 5, SiC begins to fail when the stress wave reaches the
composite structure I. As shown in Figures 5(a) and 5(b),
there is a tensile stress at the interface of SiC and UHMWPE.
Since the wave impedance of SiC is higher than that of
UHMWPE, the stress wave is reflected as a tensile wave at
the interface of SiC and UHMWPE, causing tensile failure of
SiC. UHMWPE has low hardness and provides cushioning
for SiC. Therefore, SiC is first broken into pieces on the
surface of UHMWPE and then splashed.

Figure 6 shows high-speed photographs and stress di-
agrams of the composite structure II. SiC in composite
structure II is in a bursting state, and the SiC fragments are
smaller than those of the composite structure I. The
abovementioned damage mode shows that the damage
degree of SiC in composite structure II is higher than that of
SiC in composite structure I. Figure 6(a) shows that thereis a
tensile stress at the interface of SiC and TC4. In addition, the
back plate of SiC is TC4 with high hardness, which exerts a
strong supporting force on SiC. The above two factors cause
the damage degree of SiC in composite structure II to be
higher than that of SiC in composite structure 1.

Figure 7 shows high-speed photographs and stress di-
agrams of composite structure III. The composite structure
III was prepared by adding MR between UHMWPE and
TC4 in the composite structure I. As shown in Figure 7,
when the stress wave reaches the composite structure III, SiC
and UHMWPE begin to compress MR and it expands lat-
erally. Due to the cushioning effect of UHMWPE and MR,
SiC is not damaged. With further impact, the compression of
MR reaches limit and SiC cracks on the UHMWPE surface.
Subsequently, as shown in Figure 7(d), MR rebounds due to
its elasticity. Compared with composite structure I, com-
posite structure III has larger SiC fragments and higher SiC
integrity. Therefore, composite structure III has better im-
pact resistance than composite structure I. The stress and
stress fluctuation of composite structure III are relatively
small, indicating that MR has good stress attenuation and
stress smoothing effects.

Figure 8 shows high-speed photographs and stress dia-
grams of composite structure IV. The composite structure IV
was prepared by adding MR between TC4 and UHMWPE in
composite structure II. As shown in Figure 8, when the stress
wave reaches the composite structure IV, SiC and TC4 begin to
compress MR and it expands laterally. The strong supporting
effect of TC4 causes SiC to fracture. Compared with composite
structure II, the good cushioning effect of MR makes the
damage degree of SiC in composite structure IV smaller.
Compared with composite structure III, the strong supporting
effect of TC4 leads to a higher damage degree of SiC in
composite structure IV. Due to the large elastic modulus of
TC4, the deformation of TC4 is small when subjected to impact
loading, which causes all the deformation concentrated on MR.
Therefore, the deformation of MR in composite structure IV is
higher than that of MR in composite structure III.

The arrangement of the damage degree of SiC in the
composite structures is IT > I > IV > III. The cushioning effect
of MR makes the SiC damage degree of composite structures
III and IV smaller than that of composite structures I and II.
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FiGure 6: Structure II SiC/TC4/UHMWPE.

In addition, the strong supporting effect of TC4 makes the
SiC damage degree of composite structures IT and IV greater
than that of composite structures I and III, respectively.

3.3. Stress Wave Propagation Characteristics. As shown in
Figure 9, the stress distributions of the composite structures in
the process of stress wave propagation were calculated by the

finite element method to further study the dynamic response
of the composite structures. In the abscissa, L is the total
length of the composite structure and X/L represents a certain
position on the composite structure (X/L=0 indicates the
interface between the incident bar and panel; X/L = 1 indicates
the interface between backplane and the transmitted bar). In
composite structure I, stress concentration occurs inside SiC,
which leads to the generation of crack sources and reduces the
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FiGcure 8: Structure IV SiC/TC4/MR/UHMWPE.

failure strength. Tensile stress appears at the interface of
UHMWPE and TC4, which destroys the interface and ag-
gravates the damage of the material. Compared with com-
posite structure I, the stress at the interface in composite
structure II is smaller and the stress transition is more gentle.
TC4 and UHMWPE in composite structure II have uniform
internal stress to avoid material damage caused by stress
fluctuation and stress concentration. The stress and stress
fluctuation of composite structure IIT are smaller than those of
composite structure I, and the stress transition at the interface

is smooth, and there is no tensile stress. Tensile stress appears
in SiC of composite structure IV. MR and UHMWPE in
composite structure IV have uniform stress, which avoids the
damage caused by stress fluctuations.

Table 5 summarizes the effects of the material arrange-
ment and MR on the dynamic mechanical properties of the
composite structures. Comprehensive evaluation of the
transmitted waves, failure modes, and stress distributions of
four composite structures shows that the composite structure
IIT has the best impact resistance.
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FiGure 9: Stress distribution of structure (a) I; (b) II; (¢) III; (d) IV.
TaBLE 5: Comparison of dynamic mechanical properties.
Variable Structure Conclusion
Structure I Structure II
LI Low damage of SiC; tensile stress at the interface High damage of SiC; the stress of interface is small and
Material ’ aggravates the damage of material; the overall stress the transition is gentle; TC4 and UHMWPW have
arrangement of the structure fluctuates sharply. uniform stress distribution.
8 Structure III Structure IV
III, IV Low damage of SiC; stress and stress fluctuation are High damage of SiC; tensile stress at the interface;
small. large deformation of MR.
LI After adding MR, the damage degree of SiC, stress, and stress fluctuation is significantly reduced, stress
MR layer ? transition at the interface is smooth, and there is no tensile stress.
II, IV After adding MR, the stress of MR and UHMWPE is more uniform but tensile stress appears.
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3.4. Energy Dissipation Performance. It is of great value to
study the energy conversion process for analyzing the energy
dissipation performance of composite structures. Based on
the law of conservation of energy [24], incident energy W,
reflected energy W,, transmission energy W, absorption
energy W, specific energy absorption SEA, and transmit-
tance W, can be expressed as follows:
T
W, = AC J ordt
E

1
T

= AEC J e dt,
0

AC (T
W, =— J oldt
E Jo

T
= AECJ edt,
0
AC (T (1)
W, =— J ordt
E Jo
T
= AEC | &dt,
0
W=W,-W,-W,
SEA =,
M
Wt
w,=—1%
w

where A, C, and E are the cross-sectional area, wave velocity,
and elastic modulus of the bar, respectively; 0;, 0,, and o, are
the incident stress, reflected stress, and transmission stress,
respectively; ¢;,¢,, ande, are the incident strain, reflected
strain, and transmission strain, respectively; T is the loading
time; and M is the mass of the sample.

The calculation results are shown in Table 6. Since the
mass and incident energy are different, the specific energy
absorption (SEA) of the composite structures should be
referred. It can be found that the SEA of composite struc-
tures I and II is much greater than that of composite
structures III and IV. In the process of impacting the
composite structures, the main source of W is destruction of
SiC, which shows that composite structures I and II mainly
rely on SiC destruction to dissipate energy.

Transmission energy W, transmittance W, and reflected
energy W, are combined to analyze the energy conversion
mechanism of composite structures III and IV. The trans-
mission energy W, and transmittance W, of composite
structures III and IV are much smaller than those of com-
posite structures I and II, and the reflected energy W, of
composite structures IIT and IV is much greater than that of
composite structures I and II. Due to the low wave impedance
of MR, most of the incident energy is reflected, which results
in lower transmission energy and higher reflected energy.
Therefore, composite structures III and IV mainly rely on
reflecting most of the incident energy to dissipate energy.

Shock and Vibration

The energy dissipation mechanisms of the four com-
posite structures can be summarized into two categories as
follows: (1) composite structures I and II mainly rely on the
destruction of SiC to dissipate energy, which causes severe
damage to SiC and high transmittance; (2) the composite
structures III and IV mainly rely on MR to reflect most of the
incident energy. The SiC damage is small, and the trans-
mittance is low. The analysis of the energy conversion and
the comparison of the two types of energy dissipation
mechanisms further prove the excellent impact resistance of
the MR composite structure.

3.5. The Influence of MR Thickness. The influence of MR
thickness on the stress wave propagation characteristics and
energy dissipation performance of composite structures was
discussed. Figure 10 shows the stress distributions of
structure IIT with different MR thicknesses. Since the trends
of curves at different times in each structure are the same and
the stress distribution of 506 us is the most obvious, the
506 us curves are taken as examples to illustrate the influence
of the MR thickness on the stress wave distribution. The
stress distributions of SiC in the three structures are (a)
—-69 MPa~—20MPa; (b) -45MPa~-23MPa; and (c)
—37 MPa~-21 MPa. The stress and stress fluctuations of SiC
decrease with the increase in the thickness of MR. The stress
distributions of UHMWPE in three structures are (a)
-73MPa~—45MPa; (b) —-45MPa~-25MPa; and (c)
—33 MPa~—10 MPa. As the thickness of MR increases, the
stress and stress fluctuations of UHMWPE decrease. The
stress distributions of MR are as follows: (a) the stress of MR
decreases first and then remains at —20 MPa; (b) the stress is
reduced from —25MPa to —5MPa; and (c) the stress first
increases and then decreases (-5 MPa~—10 MPa~0 MPa).
The stress change trends of MR with different thicknesses are
different, and the overall stress of MR decreases with the
increase in MR thickness. The stress of TC4 all increases first
and then decreases. The stress distributions of TC4 are (a)
—-25MPa~—15MPa; (b) -23MPa~—5MPa; and (c)
—15 MPa~—5 MPa. As the MR thickness increases, the stress
and stress fluctuation of TC4 decrease.

The increase in the MR thickness in composite structure
III reduces the stress and stress fluctuation of SiC,
UHMWPE, and TC4 but does not change their stress trends.
The stress change trends of MR with different thicknesses are
different, but it can be found that the overall stress of MR
decreases with the increase in MR thickness. However, as
shown in Figure 10(c), the increase in MR thickness results
in stress concentration inside MR.

Figure 11 shows the stress distributions of structure IV
with different MR thicknesses. The 506 ys curves are taken as
examples to illustrate the influence of MR thickness on stress
wave distribution. In three structures, the stress of SiC in-
creases first and then decreases. The change trends of SiC
stress are (a) —5MPa~-45MPa~—25MPa; (b) —32 MPa~
-39 MPa~15MPa; and (c) —32 MPa~—39 MPa~2 MPa. In
Figure 11(a), the stress concentration of SiC is obvious.
When the MR thickness increases to 10 mm, the stress
concentration of SiC is relieved, but tensile stress appears at
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TaBLE 6: Energy conversion.
Structure M (g) W; () W, (J) W: () w () SEA (J/g) Wa
Structure I 53.5 655.42 68.16 412.45 174.81 3.27 0.6293
Structure II 53.5 651.28 50.65 408.48 192.15 3.59 0.6272
Structure III 83.5 702.35 523.68 17.25 161.42 1.93 0.0246
Structure IV 83.5 695.65 511.56 18.36 165.73 1.98 0.0264
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Figure 10: Structure III with different MR thicknesses: (a) 5mm MR; (b) 10 mm MR; (c) 15mm MR.
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FiGure 11: Structure IV with different MR thicknesses: (a) 5mm MR; (b) 10 mm MR; (c) 15mm MR.

the interface of SiC and TC4. When the MR thickness is
15mm, the tensile stress at the interface of SiC and TC4
decreases. The stress distributions of TC4 are (a)
—45MPa~—15MPa; (b) -20MPa~5MPa; and (¢)
—25 MPa~2 MPa. The stress fluctuation of TC4 decreases as
the thickness of MR increases. The stress change trends of
UHMWPE are (a) -25MPa~-30MPa~-10MPa; (b)
—5MPa; and (c) OMPa. As MR thickness increases,
UHMWPE stress is reduced and more uniform. The stress of
MR in three structures all remains uniform after fluctuating:
(a) the stress of MR is maintained at —25 MPa after fluc-
tuating; (b) the stress of MR is maintained at —5 MPa after
fluctuating; and (c) the stress of MR is maintained at 0 MPa
after fluctuating. As the MR thickness increases, the stress of
MR decreases.

As the thickness of MR increases, the stress of TC4,
UHMWPE, and MR decreases. However, as shown in
Figure 11(b), when the thickness of MR increases to 10 mm,
tensile stress appears at the interface between SiC and TC4,
which aggravates the damage of the material. In addition, as
shown in Figures 11(b) and 11(c), stress concentration also
occurs in MR.

Table 7 shows the energy conversion of the composite
structures with different thicknesses of MR. As the thickness
of MR increases, the reflected energy increases and the
transmitted energy decreases, which indicates that the effect
of the energy dissipation of MR composite structure in-
creases as the MR thickness increases. Under the condition
of the same MR thickness, the transmittance of the com-
posite structure III is lower than that of the composite
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TaBLE 7: Energy conversion.

Speed (m/s) M (g)  Height of MR (mm) w; () w, () W, (J) W (J) SEA (J/g) W, ()

68.5 5 700.74 519.92 20.04 160.78 2.35 0.0286

Structure III 30 83.5 10 702.35 523.68 17.25 161.42 1.93 0.0246
98.5 15 711.00 536.17 11.66 163.17 1.66 0.0164

68.5 5 697.57 491.29 42.50 163.78 2.39 0.0609

Structure IV 30 83.5 10 695.65 511.56 18.36 165.73 1.98 0.0264
98.5 15 699.87 530 13.84 156.03 1.58 0.0198

structure IV, which further proves that the impact resistance
of composite structure III is better than that of composite
structure IV.

4. Conclusion

Four composite structures desinged were taken as the re-
search object, and the SHPB tests were carried out. The finite
element models of SHPB tests were established, and the
correctness was verified. Through experiments and simu-
lations, the influences of material arrangement and MR on
the transmitted waves, damage forms, stress wave propa-
gations, and energy dissipations of the composite structures
were analyzed. Finally, the stress wave propagation and
energy dissipation of the composite structures III and IV
with different MR thicknesses were studied. The main
conclusions are as follows:

(1) MR can effectively delay the stress wave and greatly
attenuate the transmission energy. The experimental
results show that the damage degree of SiC is greatly
affected by the material on its back and is positively
correlated with the stress and stress fluctuations of
SiC. The arrangement of the damage degree of SiC is
II>1>1IV >III, which is consistent with the simu-
lation results. The damage of SiC in composite
structures IIT and IV is significantly lower than that
in composite structures I and II, indicating that MR
effectively reduces the stress of SiC and successfully
suppresses the overall stress fluctuation of the
composite structures by interfering with the trans-
mission of stress waves. It is found that the SiC
damage of composite structure III is lower than that
of composite structure IV through further com-
parison. It can be preliminarily confirmed that
UHMWPE should be used as the back plate of SiC to
give full play to the cushioning effects of UHMWPE
and MR, and TC4 as the back plate of SiC cannot exert
the maximum cushioning effect. The SiC damage of
composite structure I is lower than that of composite
structure II, which can also prove this conclusion.

(2) MR in composite structure can attenuate and
smooth the stress wave. Different material ar-
rangements significantly affect the propagation of
stress wave. A comprehensive comparison of
transmitted waves, damage forms, stress wave
propagations, and energy dissipations of the four
composite structures shows that structure III has the
best impact resistance.

(3) The energy dissipation mechanisms of the four
composite structures can be summarized into two
categories. The composite structures I and II dissi-
pate energy mainly through the damage of SiC,
resulting in severe damage to SiC and high trans-
mittance. The composite structures IIT and IV reflect
a large amount of energy, and the damage degree of
SiC and transmittance is low. Therefore, the energy
dissipation performance of the MR composite
structure is better, and the energy dissipation
mechanism is more reasonable.

(4) As the thickness of MR increases, the stress of the
composite structure is reduced and smoothed and
the transmittance is significantly reduced. However,
it can also cause stress concentration and interface
tensile stress. Therefore, it is necessary to balance the
advantages and disadvantages of increasing the
thickness of MR. When the thicknesses of MR are the
same, the transmittance of composite structure III is
lower than that of composite structure IV, which
further proves that composite structure III has better
impact resistance.
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