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ABSTRACT

The gradient ceramic/high-entropy alloy (HEA) composite combines the high hardness of ceramics
and the high toughness of metal alloys with a gradient spacious distribution. It is designed to
improve the penetration resistance as a promising protective material with high specific stiffness
and strength. In this work, the equivalent model of gradient ceramic/HEA composite material is
established by adopting layered structure design, and the material properties of gradient material
with different ceramic volume content are calculated. Combined with stress wave theory and
numerical simulation of the separated Hopkinson pressure bar, the stress wave propagation under
impact is studied for the gradient ceramic/HEA composite and the ceramic/HEA double-layered
material. The anti-penetration mechanism is scrutinized. The interlaminar wave impedance
increase gradually in the gradient composite but smaller than in double-layered material. The
coefficient of reflected stress wave in the gradient composite is much smaller than that of the
double-layered material. With the increment of ceramic volume content, the reflected wave ampli-
tude in the gradient composites gingerly decreases. Opposed to the distinct interlayer interfaces
that discontinue stress waves in the double-layered material, the internal interface of the gradient
composite is much more tranquil and modulate the stress wave smoothly and synchronically with
the gradient of composite. The smoothened internal interface is the key and the mechanism the
better impact resistance of the gradient material. Our results might be beneficial in material
design of the protective materials for impact resistance.
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1. Introduction of metallic foam projectiles. The results show that all the
sandwich panels have a better shock resistance performance
than the same quality single solid plates. The use of layered
gradient core can promote the energy absorption of sand-
wich panels and improve the impact resistance. Zhong et al.
[13] designed two types of quasi-continuous TiB/Ti armor
with 16 sequential gradient layers, and the functionally
graded armor possesses excellent anti-penetration perform-
ance and secondary strike ability by optimizing the acoustic
impedance matching as revealed by the ballistic test. Sharma

The most important features of modern warfare are mobility
and speed [1,2]. Armored vehicles demand good anti-
penetration capabilities and ensure the lightweight to
improve mobility [3]. Although the traditional ceramic-
metal double-layered armor meets the requirements of light-
weight [4-6], there is a sudden change in elastic modulus,
hardness, and density between the ceramic faceplate and the
metal backplate, and the stress wave propagation of this
armor structure has a strong damage to the interior of the

structure when it is impacted, reducing its impact resistance
[7,8]. It is an urgent problem to reduce the secondary dam-
age caused by stress waves to materials.

Compared with laminated composite materials, gradient
composite materials have made great improvements in
structure, and the contents of ceramics and metals show a
continuous transition change along the thickness direction,
which greatly alleviates the stress concentration at the inter-
face of the material and enhances the impact resistance of
the material [9-11]. Zhao et al. [12] studied the dynamic
response of clamped square sandwich panels with layered-
gradient closed-cell aluminum foam cores under the impact

et al. [14] fabricated boron carbide reinforced Al-Zn-Mg-
Cu matrix FGM by hot pressure-assisted sintering. ballistic
tests shown that the high frictional resistance offered by the
presence of the ceramic rich layers have resulted in its better
ballistic performance. Huang et al. [15,16] used powder
metallurgy method make the functionally graded AlLO;-
ZrO, composite. ballistic tests shown that FGM had the best
impact resistant performance. Through SEM observation,
delamination was not found in the interlayer of FGM, which
reduced the tensile wave occurred in the interface between
layers and delayed the crack propagation, resulting in a
higher ballistic resistance capability structure. Gunes et al.
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[17] investigated the damage conditions of the functionally
graded plates composed of metal-rich (n=0.1), linear
(n=1.0) and ceramic-rich (n=10.0) material compositions
under different projectile impact angles. It is found that the
material composition gradient and projectile impact angle
have significant effects on the ballistic performance of the
plates. When the n=0.1 is changed to n=10.0, the ballistic
limit value increases by 25% when the ratio of the impact
angle changes from 0° to 45°. In summary, different gradi-
ent structures and component distributions have a greater
impact on the impact resistance of materials. However, the
propagation mechanism of stress waves in gradient compo-
sites has not been discussed deeply enough. Therefore, clari-
fying the propagation form of stress waves is helpful to
guide the structural design of gradient composites, reduce
the propagation intensity of internal stress waves, and
improve the impact resistance.

In addition to the structural design of gradient composite
materials, the choice of gradient material itself is equally
important. Recently there has been a new emerging kind of
material known as High-entropy alloys (HEA) [18]. This kind
of alloy alters the types and proportions of elements in the
alloy to achieve higher strength [19,20], plasticity [21,22], and
high temperature softening resistance [23]. Hence, HEAs
also have promising applications in armor protection
[24,25]. Muskeri et al. [26] evaluated the ballistic response of
spherical E52100 steel (RC60) projectiles to a single-phase
Al0.1CoCrFeNi high-entropy alloy at a velocity ranging from
500 to 1000 m-s — 1 at normal obliquity. The ballistic results
show that the material failure is caused by the growth of duc-
tile pores. Geanta et al. [27] tested the impact resistance of
four high-entropy alloy samples with different chemical com-
positions. The results show that the AlCrFeCoNi,g material
has the best anti-missile characteristics, and it resisted the
penetration of two rounds of 7.62 mm armor-piercing incen-
tores. Wang et al. [28,29] studied the effect of ceramic particle
distribution on the penetration resistance of materials and
prepared TiC-TiB,/75vol%Al,3CoCrFeNi gradient composite
by ultra-high gravity field combustion synthesis. For the same
ceramic volume fraction, the penetration resistance of gradi-
ent composites is better than that of ceramic-metal sandwich
composites.

At present, the research on gradient composite mainly
focuses on the material’s structure design and associated
preparation method, and the ballistic performance of materi-
als is tested through impact experiments, but the research
on the propagation and action mechanism of stress waves in
the materials is still limited. Therefore, it is necessary to
conduct a systematic study of the impact of the gradient
composite to clarify the mechanism of impact damage. This
paper establishes the equivalent model of gradient composite
materials, and studies the effect of wave impedance on the
impact resistance behavior of ceramic/HEA double-layered
material and gradient ceramic/HEA composite using the
theoretical method. The propagation law of stress waves in
two different materials is compared. Meanwhile, the impact
resistance of ceramic/HEA single-layered material, double-
layered material and gradient composites with different

ceramic volume content are studied by separated Hopkinson
pressure bar (SHPB) simulation. Finally, the impact resist-
ance mechanism of gradient composites is deeply analyzed.

2. Theoretical and numerical models

2.1. Propagation law of stress waves in layered
materials

When the double-layer composite is impacted, the generated
stress wave propagates in two different media, reflecting and
transmitting at the interface. The strength and properties of
the wave are determined by the material wave impedance
[30-33]. Besides the case where the stress wave is incident
vertically, the other propagation directions maintain a cer-
tain inclination angle with the layer interface. Figure 1(a)
shows the propagation paths of stress waves in two materials
with mismatched impedances, where 0; is the incident angle
and reflection angle, and 0, is the transmission angle.

We assume the longitudinal wave velocities of the stress
wave propagating in material A and material B are C; and
C,, respectively. The corresponding wave impedances of
these two materials are p;C; and p,C,, respectively. Since
the two materials are always in contact, the particles on
both sides of the interface follow the continuity condition.
Then the relationship between the particle velocities on both
sides of the interface can be obtained:

Vit v, =v (1

According to Newton’s third law, the stress on both sides
of the interface satisfies the equilibrium relationship:

oi+0,=0; (2)

In Egs. (1) and (2), v;, v, v are the particle velocities on
the moving paths of the incident wave, the reflected wave
and the transmitted wave, respectively, and a;, 6, 0, are the
intensities of the incident wave, the reflected wave and the
transmitted wave, respectively.

According to the conservation of wavefront momentum,
the relationship between stress and particle velocity is satis-
fied [34]: 0=(pC)v, then:

Oj Or Ot

S 3)
PG piC PG

Combining Egs. (1), (2) and (3), the following relation-
ship can be obtained:

_ 02,C — p1Cy o —

TG+ G
2p,C,

o) =——"—

02,C +p1Cy

(4)

PG =G _
p2C 4+ 01 G :
20,C,
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(5)
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In Egs. (4) and (5), R and T represent the reflection coef-
ficient and transmission coefficient of the double-layered
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Figure 1. (a) Reflection and refraction of stress waves in a double-layered material; (b) schematic diagram of the structural design of the gradient composite; (c)

the layered model of gradient ceramics/HEA material.

structure, respectively. With the wave impedance ratio
A= p1Cy,p,C,, one can obtain:

R:p2C2—p1C1:1—;L
PG+ p G 1+4
2p2C2 2

T GG 142

(6)

2.2. Material characteristics and constitutional model of
gradient composite

In the gradient ceramic/HEA composite, the volume fraction
of the ceramic phase changes continuously along the thick-
ness direction of the target plate. Therefore, it is macroscop-
ically inhomogeneous and anisotropic [11]. To establish the
analytical model of the gradient structure, the gradient com-
posite is divided into several layers along the thickness dir-
ection using an equivalent substitution method. When the
thickness of each layer is extraordinarily small, it can be
approximately considered that the ceramic and metal in
each layer are homogeneously mixed. With this approxima-
tion, the constituents and properties are the uniform in one
layer. The layered model of the gradient ceramic/HEA com-
posite is shown in Figure 1(b).

Metal matrix composites reinforced with ceramic particles
can be considered elastic/viscoplastic materials. The stress-
strain relationship of the mixed material can be expressed as

[35,36]:
S m & m
1) &o

In Eq. (7), 6¢(¢) represents the stress-strain response of the
matrix material under quasi-static conditions. The Parameters

a(f.& &) = ao(e)g(Ve) )

m and &, determine the strain rate dependence of the matrix
material. The last term in Eq. (7) represents the direct cou-
pling of the strain-rate and volume fraction effects. g(V.) rep-
resents the change of the yield stress with the volume content
V. of the reinforcing phase under quasi-static conditions, and
it can be expressed as [35]:

g(Vo) =1+ 1.17V, 4+ 2.28V.2 + 21V, (8)

The work hardening of the matrix is incorporated within
go(e) and is assumed to be independent of strain rate [35].
Therefore, The vyield stress o, of the composites under
quasi-static conditions can be expressed as:

o, = ao(e) (1 + 117V, + 2.28V,2 + 21V,%) ©)

Gradient ceramic/HEA composites are composed of cer-
amics and high-entropy alloys. They also belong particle-
reinforced composite materials. The viscoplastic properties
of the materials can be obtained from Eq. (9). The material
properties of gradient ceramic/HEA composites can be
determined using Mori-Tanaka meso-mechanical method
[37-40]. The local effective bulk modulus K and shear
modulus G of the gradient composite is estimated by the M-
T method as expressed as follows:

K—Kn V.

K=K 14 (1- v 3]

G — Gy V.

Ge—Gp GG (10)
c— Gn [1—|—(1—Vc)ém+}”}

4 — GnlOKn +8Gy)
~ 6(Kpy + 2Gp)

where K,, and K, are the bulk modulus of the matrix and
the reinforcing phase, respectively; G,, and G, are the shear
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modulus of the matrix and the
respectively.

The elastic modulus E and Poisson’s ratio v of each layer
of the gradient composite can be calculated from the bulk

modulus K and shear modulus G as follows:

{G:Eﬂ0+ﬂ
K =E/3(1 —2v)

reinforcing phase,

(11)

The density p of the composite material can be
expressed as:

p=pm(l=Ve)+pVe (12)

where p,, and p, are the density of the matrix and the rein-
forcing phase, respectively.

In the numerical simulation calculation, the unit failure
method is introduced and the failure strain (FS) of the HEA
matrix is taken as 2.0. When the failure strain reaches 2.0,
the unit of the HEA is removed. The failure strain ¢; of the
composite can be expressed as [41]:

e = gpo/ (1 + 117V, + 228V, 4+ 21V?) (13)

where &5 is the FS of the metal-matrix.

According to the material parameters of the high-entropy
alloy matrix and the ceramic reinforcing phase in Table 1,
the density, elastic modulus, Poisson’s ratio, yield stress, and
other gradient ceramic/HEA composite parameters can then
be obtained.

The mechanical response of the gradient ceramic/HEA
composite is simulated using the Plastic-Kinematic model
(P-K model), which considers the isotropic and kinematic
hardening model of the strain rate effect [29]. The isotropic
or kinematic hardening can be selected by adjusting the
hardening parameters f (0<f <1) [43]. In the LS-DYNA
handbook, the P-K model is combined with the Cowper-
Symonds model to consider the strain rate effect of the

Table 1. Model parameters of HEAs and ceramic materials [29,42].

material [44]:

oy = [+ @] (00 + BEseEy)
_E —E
E-E

(14)

Ep

where C and P are the dimensionless strain rate parameters;
¢ is the strain rate; o, is the yield stress of the material
under quasi-static conditions; & is the effective plastic
deformation; E, is the plastic hardening modulus; and E; is
the tangent modulus.

2.3. SHPB numerical simulation

The separated Hopkinson pressure rod technique (SHPB) is
commonly used to study the dynamic mechanical property
of engineering materials. The complete stress wave informa-
tion can be recorded by Hopkinson bar during the impact
process, so it is very suitable for the study of impact damage
mechanism.

SHPB simulation analysis was performed using
ANSYS/LS-DYNA explicit analysis software. Since the com-
putational model and the boundary are symmetrical, a 1/4
model is established to reduce the computation demands.
The schematic diagram of the SHPB model, the one-quarter
SHPB finite element model and the sectional grid diagram
are shown in Figure 2. The three-dimensional Solid164
element is used to mesh the model. The total number of
meshes in the finite element model is 190170 and the num-
ber of elements on the axis of the specimen is 30. The sys-
tem’s initial condition is the impact velocity of the impact
rod, the pressure rod, and the specimen can move freely in
the axial direction. To ensure the integrity of the ceramic
material, the initial velocity of the striker rod was set to
15m/s. The surface-to-surface contact is set between the

Material Density/kg.m > Elastic Modulus /GPa Poisson’s ratio Shear modulus /GPa Yield stress/MPa
Alg3CoCrFeNi 7860 216 0.3 83 216
SiC 3163 435 0.17 183 —

Figure 2. SHPB schematic and finite element model.




pressure rod and the specimen. The material types of the
test pieces are shown in Table 2.

The gradient ceramic/HEA composite parameters
for three different ceramic volume fractions are shown in
Figure 3. The materials of other specimens are all selected
with appropriate constitutive models. The SiC ceramic
material adopts the Johnson-Holmquist II material model
[43]. The high-entropy alloy material adopts the P-K model.
The impact rod, incident rod and transmission rod are all
elastic steel materials, which are described by the *MAT_
ELASTIC linear elastic material model.

3. Results and discussion

3.1. Theoretical analysis of stress wave propagation in
gradient composites

A uniaxial coordinate system is established along the thick-
ness direction of the gradient ceramic/HEA target plate. The
z-axis coincides with the central axis of the target plate, and
the concentration of SiC ceramic particles continuously
change along the thickness direction of the target plate, as
shown in Figure 1(c). In the positive direction of the z-axis,

Table 2. Material type of each test piece.

Specimen serial number Material

Specimen 1 HEA single-layered target
Specimen 2 SiC ceramic single-layered target
Specimen 3 Double-layered target (50%SiC)
Specimen 4 Gradient composite target (10%SiC)
Specimen 5 Gradient composite target (30%SiC)
Specimen 6 Gradient composite target (50%SiC)
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the ceramic volume fraction gradually decreases. The distribu-
tion law of ceramic volume fraction follows the expression:

z
V.=a—

7 (15)

0<a<i)

In Eq. (15), V. represents the volume content of ceramics,
H represents the total thickness of the target plate, z is the
coordinate, and a determines the average volume content of
ceramics. The target plate is divided into 10 layers, and the
coordinates are set at the middle position of each layer.

The ceramic volume content of each layer is a function
of the thickness direction. Combined with Egs. (9) to (13),
the gradient composites with 10%~50% volume content of
five different ceramics are calculated. The distribution law of
each parameter can then be obtained, as shown in Figure 3.

When the gradient ceramic/HEA composite is impacted,
the stress wave reaches the target plate’s back through layer-
by-layer transition and reflects on the interfaces [45,46], as
shown in Figure 4(a). The stress relationship between mater-
ial gradient interfaces can be expressed as:

/
g = T10(),O'O = R100
/
0y = T20'1,O'1 = R20'1 (16)

— / —
Op = Tnanfbo-n,l - Rno-nfl

where o, ..., 0, are the transmitted wave intensity of the
interlayer transition interface, Ty, T, ..., T, are the corre-
sponding transmission coefficients, oy, ..., g, are the
reflected wave intensity of the interlayer transition interface,

Ry, R,, ..., R, are the corresponding reflection coefficients.
(b) 4s0
e * - 10%
< L ® 20%
% 400 * A 30%
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E A v
= 300f A v
) o Aa v e
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Figure 3. The distribution law of the volume content of ceramics in each layer of the target plate with different ceramic volume contents.
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Figure 4. (a) Schematic of stress wave propagation in gradient composites; (b) schematic of stress wave propagation in the double-layered materials; (c) wave
impedance on the interfaces of the gradient material as a function of layer number, compared to that of the double-layered material.

According to Eq. (6), the reflection and transmission
coefficients within the gradient ceramic/HEA composite can
be expressed as:

2 2 2
T, = —> 1y = vy Iy = ———
1+/L1 ].+;»,2 1+in
\ (17)
R 71_/L1 71—22 71—;»,,,
YT T 1+ A

where Ay, 4, ..., 4, are the ratios of the wave impedances
between adjacent materials, for example, A,=p,.1Cy 1/0nChr.
Based on Eq. (17), Eq. (16) is iteratively calculated, and the
reflected wave intensity and transmitted wave intensity on
the back of the gradient composite can be calculated using
the following equations:

2"ag
(1+4)
211 — 1,0
(T4 A)(1+ A2) .o (L + 4n)

The ceramic/HEA double-layered materials are forced to
match together by means of certain measures. Due to the
rough machining surface of the ceramic and the significant
difference in the thermal expansion coefficients of the cer-
amic materials and HEA materials, the two materials cannot
be seamlessly matched. When the double-layered material is
impacted, the stress wave is directly transmitted from the
ceramic material into the HEA material, as shown in
Figure 4(b).

Then, the transmitted wave intensity ¢ and reflected
wave intensity ¢’ in the ceramic/HEA double-layered

0, =
(18)

!
0 n-1

material can be expressed as:

2
o=——0p

b a (19)
, 1=4
g = 00

14+ 4

where A is the ratio of the wave impedance of the ceramic
material and the HEA material, 1 = poCy/p,C,. Cy and C,, are
the longitudinal wave velocities of stress waves in ceramic
materials and high-entropy alloy materials, respectively.

Gradient ceramic/HEA composite and ceramic/HEA dou-
ble-layered material with a ceramic volume content of 50%
were selected, and the wave impedances of the two types of
target plates were calculated, as shown in Figure 4(c).

The results showed that the wave impedance inside the
gradient ceramic/HEA composite increases gradually. In
contrast, the ceramic and HEA wave impedance in the
ceramic/HEA double-layered material changes abruptly.
According to the value of the wave impedance, the internal
reflection coefficient R and transmission coefficient T of the
two materials are obtained by Eq. (6), as shown in Tables 3
and 4.

The reflection coefficient of the gradient ceramic/HEA
composite is much smaller than that in the ceramic/HEA
double-layered material. This means that the wave imped-
ance inside the gradient ceramic/HEA composite is almost
matched, which significantly weakens the propagation inten-
sity of the reflected stress wave and reduces the possibility
of internal cracks in the material. In addition, the transmis-
sion coefficients of each layer of the gradient ceramic/HEA
composite are also smaller than the transmission coefficient



between the ceramic/HEA double-layered material. The
reduction of the transmitted wave intensity makes the target
plate bear less impact stress and obtain better ballistic
performance.

The transmission stress and reflection stress of the two
materials are obtained from Egs. (18) and (19), as shown in
Table 5. The total transmitted stress of the gradient
ceramic/HEA composite is close to that of the ceramic/HEA
double-layered material, but the total reflected stress is
much smaller than that of the double-layered material. Since
the gradient composite is regarded as a material composed
of n layers with small thickness and similar properties, the
increase of n value makes the intensity of reflected stress
wave and transmitted stress wave inside the material smaller.
Therefore, the difference between the reflected stress wave

Table 3. The reflection and transmission coefficients between each layer of
the gradient ceramic/HEA composite.

(The kth layer, Reflection Transmission
The (k+ 1)th layer) coefficient coefficient
1,2 0.0186 1.0186
(2, 3) 0.0155 1.0155
(3, 4) 0.0130 1.0130
(4, 5) 0.0110 1.0110
(5, 6) 0.0094 1.0094
6, 7) 0.0081 1.0081
(7, 8) 0.0069 1.0069
8,9 0.0060 1.0060
(9, 10) 0.0052 1.0052

Table 4. The reflection and transmission coefficients of the interface of
ceramic/HEA double-layered material.

Reflection Transmission
(Material A, Material B) coefficient coefficient
(SiC, CoCrFeNiAlg3) 0.1072 1.1072

Table 5. Transmission stress and reflection stress of two materials.

Material Transmission stress  Reflected stress
Gradient ceramic/HEA composite 1.09760, 0.0057a¢
Double-layered ceramic/HEA material 1.10720, 0.10720,

(a) x1073
1.6 -

specimenl
12k specimen2
’ specimen3
0.8 specimen6
0.4 F ‘
S 00} ey Pvf“mv\uw“ Y AR
n | |
0.4+ { '
08} * )
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n““tw’\,&w
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_2.0 1 1 1 1 1 1 1 1 1
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Time/ps
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and the transmitted stress wave of the two types of target
plates in practical engineering is greater.

3.2. SHPB simulation of stress wave propagation in
gradient composites

The propagation of the incident wave reflected wave and
transmitted wave of each specimen can be obtained by the
SHPB simulation, as shown in Figures 5 and 6. The incident
stress amplitude of different specimens is basically
unchanged, but the reflected wave and transmitted wave
amplitude are obviously different.

Firstly, the stress wave propagation inside the material
under single-layered, double-layered and gradient structure
is analyzed, as shown in Figure 5. For specimen 1, the amp-
litude of reflected stress wave is relatively high, and the
amplitude of transmitted stress wave is relatively low, and
the fluctuation range of reflected stress wave and transmit-
ted stress wave at different times is small. This is because
the high-entropy alloy material has strong plasticity and
toughness. When the load impacts one end at a low strain
rate, elastic deformation will occur and the effect of stress
smoothing will be achieved. At the same time, the transmit-
ted wave energy is effectively attenuated. In contrast,
although the reflected stress amplitude of specimen 2 is low,
the initial stress fluctuates greatly, and a sudden change
occurs, and the transmitted stress wave also reaches the
maximum value at this time. Under the interaction of the
non-uniform change of tensile stress and compressive stress,
it is likely to cause damage and failure of the ceramic
materials.

Specimen 3 uses a high-hardness ceramic panel and a
high-toughness high-entropy alloy backplane. Compared
with specimen 1, the amplitude of the reflected stress wave
inside specimen 3 decreases and gradually attenuates, while
the transmitted stress wave increases. Different from speci-
men 2, no significant abrupt change is found in the reflected
stress waves inside specimen 3, which is due to the plastic
deformation of the high-entropy alloy backplane that
absorbs most of the energy. Specimen 6 is a gradient

(b) x103
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12k specimen2
specimen3
0.8 specimen6
0.4
g
s 0.0 ———————
n
-0.4 -
-0.8
12k
-l6
_20 1 1 1 1 | 1 1 1  §
0 50 100 150 200 250 300 350 400 450 500

Time/ps

Figure 5. SHPB simulation of stress waves in single-layered, double-layered and gradient structural materials: (a) Incident and reflected waves; (b)

transmitted waves.
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Figure 6. SHPB simulation of stress waves in gradient structural materials with different ceramic volume content: (a) Incident and reflected waves;

(b)transmitted waves.

composite structure with the same ceramic volume content
as specimen 3. The reflected stress wave amplitude inside
the specimen 6 is significantly reduced, and the stress fluctu-
ation range is small, which can effectively reduce the inten-
sity of the reflected stress wave inside the structure, thereby
improving the overall impact resistance of the composite
material. The amplitude of the transmission stress wave
increases and gradually strengthens, because the volume
content of the ceramic of the gradient structure gradually
decreases along the thickness direction, the plasticity and
toughness of the material are gradually enhanced, and the
absorption of energy is also gradually enhanced when it is
impacted.

In order to study the effect of ceramic volume content on
stress wave propagation inside the gradient structure, three
gradient composites with different ceramic volume content
were compared, as shown in Figure 6. The volume content of
ceramic in sample 4 is 10%, and the material still retains high
plasticity and toughness, and the amplitude of reflected stress
wave and transmitted stress wave is close to that of high
entropy alloy single-layer material. With the increase of cer-
amic volume content, the amplitude of the reflected wave
inside the gradient structure decreases obviously and grad-
ually attenuates, while the amplitude of the transmitted wave
increases gradually. Therefore, the gradient structure and the
distribution of ceramics in the material have a great influence
on the propagation of stress waves. The ceramic properties of
the front side of the gradient structure are more significant,
while the back side still has strong plasticity and toughness,
but the volume content of the ceramic is gradually transitive
from the front side to the back side, and there is no macro-
scopic interface inside the structure. Unlike specimen 3, when
the ceramic volume content increases to 50%, the reflected
stress wave intensity inside the gradient material is still small.

Figure 7 shows the stress distribution cloud diagram
along the axial direction of 6 different specimens at 3 differ-
ent moments. Specimen 1 has a plastic deformation on the
whole, and its internal stress distribution is relatively uni-
form, and the stress changes at different times are basically
consistent without sudden change, as shown in Figures 8(a)

and 9(a). The internal stress distribution of specimen 2 is
irregular, and it is often a state of coexistence of tensile
stress and compressive stress at different times, as shown in
Figure 9(b). When the intensity of the stress wave exceeds
the fracture criterion of the material, a crack will be gener-
ated inside the specimen 2 and be destroyed. The stress dis-
tribution in the ceramic panel of specimen 3 is uneven
under impact, which is similar to the characteristics of speci-
men 2. However, when the stress propagates to the high-
entropy alloy backplane, the material exhibits obvious plastic
deformation. The axial strain suddenly increases, and the
internal stress tends to be consistent at different times, as
shown in Figures 8(c) and 9(c). The support of the high-
entropy alloy backplane absorbs most of the energy for the
double-layer material, but the unbalanced wave impedance
still inevitably occurs at the interface. When a high-intensity
stress wave propagates into the ceramic panel, it will cause
large-scale failure of the material.

For gradient composites with different ceramic volume
content, the internal stress changes have a certain regularity.
The ceramic volume content of specimen 4 is low, and
when impacted, it can produce gradient plastic deformation
along the thickness direction, absorb most of the energy,
and its internal stress is always maintained at a low level,
similar to high-entropy alloy single-layered materials, as
shown in Figures 8(d) and 9(d). With the gradual increase
of the ceramic volume content of the whole gradient mater-
ial, the strain of specimen 5 and specimen 6 near the panel
becomes smaller and smaller, and the energy absorption is
gradually weakened, so the stress borne inside the material
also gradually increases, as shown in Figures 8 (ef) and
9(e,f), but the hardness and compressive strength of the gra-
dient composites are also gradually increasing. Compared
with the double-layer material, the stress distribution inside
the gradient composite material shows a gradient change in
Figure 7, rather than disorderly, and the stress changes at
different times are small, without sudden change, which
effectively reduces the imbalance of the internal wave
impedance of the material. The gradient design also enables
the energy generated by the impact to be transferred
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Figure 7. The internal stress axial distribution of each specimen at different moments.

backward step by step, avoiding excessive energy on the side
close to the gradient material panel, which prevents the
material from being damaged.

Thus, the gradient ceramic/HEA composites can better
combine the advantages of ceramics and metals than the
double-layered composite. The ceramic materials with low
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Specimen 6.

density, high hardness and high compressive strength char-
acteristics can not only reduce the weight of the armor, but
also break the projectile body when it is impacted, and

improve the anti-penetration ability of the target plate.
However, the tensile strength of ceramics is low. According
to the results of SHPB simulation, it can be found that the
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reflected stress wave inside the ceramics will change
abruptly, and the tensile stress and compressive stress will
repeatedly act in the ceramic at different times, which is
easy to lead to the failure of ceramic materials. Although the

double-layer composites can realize the overall lightweight
and provide the support of the metal backplane for the cer-
amic, it cannot solve the damage of the reflected stress wave
to the ceramic material well. Gradient composites can make
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better use of the high hardness of ceramics and the high
toughness of metals, as well as weaken the damage of stress
waves to the overall structure. By rationally designing
the ceramic volume content and distribution form inside the
gradient composite material, the impact resistance of the
gradient composite material can be greatly improved.

4. Conclusion

This paper uses the SHPB numerical simulation method to
study the stress wave propagation of gradient ceramic/HEA
composites with different ceramic volume content under
impact, and compared with ceramic/HEA single-layered
materials and double-layered materials. The propagation law
of the reflected stress wave and the transmitted stress wave
in the gradient ceramic/HEA composite and ceramic/HEA
double-layered material is analyzed. The mechanism of the
anti-penetration of the gradient composite is discussed. The
following conclusions can be drawn: The wave impedance of
the gradient composite shows a slowly increasing trend,
which avoids the imbalance of the internal wave impedance
of the material, and the reflection stress wave is much
smaller than that of the double-layered material. Gradient
composites’ anti-penetration and anti-impact properties are
explained in terms of material wave impedance. The volume
content of ceramic in the gradient composite greatly influen-
ces the overall performance of the material. With the
increase of the volume content of ceramic, the amplitude of
the reflected wave in the gradient composite gradually
decreases, and the amplitude of the transmitted wave grad-
ually increases. The double-layered material has distinct
interlayer interfaces, and the wave impedance is seriously
unbalanced, which leads to a large change in stress when
subjected to impact. On the contrary, the internal interfaces
of the gradient composite have much less effect on the wave
propagation and stress redistribution. The stress wave shows
good coordination and synchronization in the gradient com-
posite, which is an important reason for the better impact
resistance of the gradient composite. The smoothened
internal interface is the key and the mechanism the better
impact resistance of the gradient material. Our numerical
investigations might be beneficial in material design of the
protective materials with high impact resistance.
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