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Abstract: Explosively formed projectiles (EFPs) are widely used in civil applications and the military
field for their excellent impact performance. How to give full play to the energy accumulation effect
of explosives and improve the penetration performance has become the main problem of EFP design.
The aim of the present study was to investigate the effect of liner structure on EFP formation and
its penetration behavior. In order to achieve this, a finite element (FE) model was first established
on the basis of the Lagrange and ALE method. Then, formation and penetration performance tests
of EFP were performed to verify the validity and feasibility of the proposed FE model, where the
configuration, velocity of EFP, and penetration diameter left on the target plate were compared.
Finally, by using the proposed FE model, the entire process of the formation and penetration behavior
of EFP with axial symmetrical variable thickness liners were analyzed, where spherical-segment
liners with uniform and non-uniform thickness were developed. The results were drawn as follows:
the numerical simulation error of EFP velocity was less than 5%, and the simulated penetration
diameter was compared to the 8.6% error obtained from the experimental method. It demonstrated
that the proposed FE model had higher prediction precision. After the explosive was detonated, a
forward-folding EFP was formed by the liner with a thin edge thickness, while the EFP formed by
the liner with uniform thickness had a backward-folded configuration. It was also found that the
liner with a thin edge thickness gave the largest steady velocity of EFP, and it was the lowest by using
the liner with uniform thickness. There were two types of loads generated after the formation of an
EFP, those were shock wave loading and an EFP, both causing damage in the target plate during
the process of an EFP’s penetration into it. The shock wave induced by liners with non-uniform
thickness caused higher damage in the target plate, the maximum value of stress was reached at
about 4.0 GPa. The forward-folding EFP formed by the liner with the thinnest edge thickness had the
largest penetration ability. The backward-folded EFP, owing to the hollow structure, had the worst
penetration ability, which failed to penetrate the target plate.

Keywords: numerical investigation; explosively formed projectile (EFP); formation and penetration
behavior; axial symmetrical variable thickness liner

1. Introduction

Shock waves from the detonation of a high explosive can be used to deform and
warp a liner of ductile metal, forming explosively formed projectiles (EFPs) [1]. EFP is
widely used in civil applications and the military field for its excellent impact performance.
As a result, there is a high demand on the penetration ability of an EFP. However, it
is widely accepted that the parameters such as configurations [2,3], materials [4,5], and
detonation conditions [6,7] significantly affect the formation and performance of EFPs.
Miller [8] studied the shaped charge parameters that might have a significant effect on
the shape and velocity of the explosively formed hypervelocity projectile, and obtained
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stable projectiles in the range of velocities above 10 km/sec. Brown et al. [9] designed three
kinds of shaped charges and made them available for penetrating long line-of-sight targets.
Kleiser et al. [10] investigated various confinement conditions to induce non-concentric
liner collapse conditions and produce planar jet structures. The effects of the position,
timing, and number of detonation points on the formation of the EFP were studied by Li
et al. [11]. They found that the stable flight velocity of the projectile increased with the
number of detonation points.

A generic EFP is mainly composed of the casing, high explosives, and the liner. The
liner is usually in the shape of spherical segment, hemispheric segment, saucer or arc-cone
with large angles and is considered highly dominant in the EFP formation. Using liners
with different geometric shapes and materials could lead to distinct EFP characteristics,
which inevitably result in dissimilar penetration performances. In order to observe this
difference, several studies were performed to determine the formation mechanism of EFP
and penetration performance of different liners against various targets. Wu et al. [12]
studied the whole process of formation, flying, and penetration of EFP using a 3D-coupled
hydrocode of LS_DYNA and the results showed that the shape of the liner combining arc
and cone gave a high penetration ability to the EFP. Three different shapes of a charge liner,
namely, conical, hemispherical, and spherical-segment, were proposed by Zhang et al. [13]
to investigate their effect on the damage response of a plate in an underwater explosion.
Yang et al. [14] designed a kind of spherical liner with variable wall thickness, which was
used to penetrate the water-bearing composite armor structure with large spacing. The
research results showed that the penetration ability of EFP mainly depends on the diameter
of the projectile. Long et al. [15] investigated, both numerically and experimentally, the
formation and penetration of an EFP warhead with double-layer liners. The results showed
that the EFP warhead with double-layer liners can form a large aspect ratio (length-to-
diameter ratio) penetrator with good flight characteristics and terminal effects. Bender
et al. [16] found that the kinetic energy of the projectile increased with the aspect ratio up
to a maximum of 1.5. Two types of sintered powder liners, namely liners of the shape of a
spherical surface sector and the conical liners with an open apex angle, were chosen by
Borkowski to investigate the formation and penetration efficiency of EFP charges [17].

Some authors have developed finite element (FE) models to investigate the final shape,
mass, velocity, flight stability, and penetration performance of an EFP. Han et al. [18]
used AUTODYN software to investigate the formation and penetration processes of Ta/Zr
liner with various thickness ratios of inner and outer liners. Using the FE method, Pappu
et al. [19] tested several EFPs with three different liner materials, namely copper, iron, and
tantalum. Both Johnson—Cook and Zerilli-Armstrong constitutive models were used for
each material, and the aim was to decide which one is the most suitable. The results showed
that the Zerilli-Armstrong constitutive model led to better results for tantalum projectiles,
while for iron and copper projectiles, the Johnson—-Cook (JC) constitutive model exhibited
better results. The reason for this is that the JC model considered a thermal softening term.
Iron and copper have a low melting temperature and high thermal softening component,
whereas tantalum has a high melting temperature and low thermal softening component.
Wau et al. [12] modeled the formation and penetration processes of EFP using an arbitrary
Lagrange—Eulerian (ALE) method. The effect of air drag on EFP flight was considered
through an attenuation rate equation, which was fitted on the basis of experimental data.
The similarity theory was also used in projectile velocity analysis, which is a method that
assumes that the simulated EFP has the same shape structure as the tested EFP and they
have the same initial velocity before penetrating. The literature review demonstrated that
the FE model can accurately determine the entire process of the formation and penetration
behavior of EFP.

The main aim of the present study was to simulate the entire process of the formation
and penetration behavior of EFP with different liner structures. First, a FE modeling
process was proposed in detail for simulating the formation and penetration behavior of
EFP. Second, formation and penetration performance tests of EFP were performed to verify
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the validity and feasibility of the proposed FE model. Third, FE models for three cases
of shaped charges with variable thickness liners were established to simulate the process
beginning with detonation to the EFP penetration, and the effects of liner structure on EFP
formation and its penetration behavior were analyzed.

2. Finite Element Modeling
2.1. Geometry and Boundary Conditions

Accurate reproduction of the geometrical configurations and boundary conditions
is a prerequisite for FE models. The geometrical configuration of an EFP is shown in
Figure 1 with an EFP warhead of length L = 72 mm and liner diameter D = 72 mm, that
is, the aspect ratio is 1.0. The casing has a thickness T = 5 mm. As shown in Figure 2,
schematic representation of a liner, the liner has an axisymmetric spherical shell structure,
and the thickness of the middle part is 4 mm. The remaining dimensions of the liner,
such as the outer curvature radius SR; and the internal curvature radius SR;, will change
according to the specific model being tested. In the present study, three kinds of liners
were developed, and their specific geometric dimensions are shown in Table 1. The type II
liner had a uniform thickness distribution, but the thickness of type I and III liners were
non-uniform. Additionally, the type III liner had the thinnest edge thickness of all.

Casing

High-explosive

Figure 1. The geometrical configuration of an EFP.

, So 72 o

Y

(9

Unit: mm

Figure 2. Schematic representation of a liner.

Table 1. Specific geometric dimensions of liners (mm).

Liner Type SRq SR, Thickness (Middle Part)  Thickness (Liner Edge)
I 68.0 76.0 4.0 2.75
I 68.0 68.0 4.0 4.0
I 68.0 90.0 4.0 12

In the simulation, the master-slave segments approach was applied to define the
contact between the liner and the dynamite, which is a specific contact algorithm that can
make model surface sliding. With this approach, the pressure value is interpolated and
transferred to the contacting components, resulting in their acceleration and subsequent
deformation [20]. Therefore, the master—slave segments approach was adapted to model
the contact behaviors between products of detonation and the remaining components of
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the EFP. In consideration of an axially symmetrical structure of the EFP, the symmetry
boundary conditions were used in the FE models for the sake of simplicity.

The computational models contained three parts: EFD, air, and target plate, where
the thickness of the target plate was 30 mm. The fluid—solid coupling computing method
is considered in FE models. The liner and the target are meshed with the Lagrange
algorithm, and the high explosive and the air are meshed with the Eulerian algorithm and
ALE technique, respectively. For the meshing algorithm, a fine mesh size produces more
accurate results but requires longer time consumption in comparison with coarse meshing
simulations. In the present study, the uniform square mesh sizes of 0.3 mm were selected
based on the results of mesh sensitivity studies, which were carried out by Agu [21] and
Elshenawy [22]. The high explosive was initiated at the center point of the back of EFP, and
the one-point initiation method was adopted.

Due to the expansive computational costs to simulate the entire process of the defor-
mation and penetration of the EFP, a simplified model was developed to simulate a flight
distance of 24 cm of EFP to study its formation process. The output result was recorded
every 2 us. All of the above processes were performed with the finite element analysis
software LS-DYNA. Schematic of the FE model to simulate the formation and penetration
behavior of EFP is shown in Figure 3.

Detonation point

. Target
(45it Steel)

Liner A

High-explosive

Figure 3. Simulation model of EFP warhead and steel target.

2.2. Materials Modeling

The components in the FE model were made up of different kinds of materials. The
materials of the liner and target plate were copper and 45# steel, respectively. The high
explosive was 8701 dynamite.

The formation and penetration of EFP is a complex thermal-mechanical coupling
process, where large strain, large strain, rate and high temperature occur. An accurate
constitutive model used is the guarantee of a successful simulation. The Johnson-Cook
constitutive model, expressed by Equation (1), was applied in the present study as it
considers the factors of strain, strain rate, and temperature, simultaneously [23].

g T-1,\"
1+c1n<£,0)]*[1—(Tm_Tr> ] )

where A, B, C, n, and m are the yield stress, the hardening modulus, the strain-rate co-
efficient, the hardening exponent, and the thermal softening coefficient, respectively. &

F=[A+B&«

and € are the equivalent stress and plastic strain, € and g; are the equivalent and reference
strain rate. The parameters T, T, and T, are current temperature, melting temperature of
workpiece material, and room temperature, respectively

The Johnson-Cook constitutive model parameters of copper (liner) are specified in
Table 2.
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Table 2. Johnson-Cook constitutive model parameters of copper (liner) [23].

A (MPa) B (MPa) C m n
90 292 0.025 1.09 0.31

The material type 8 (+MAT_HIGH_EXPLOSIVE_BURN) in LS-DYNA was used to
model the detonation of high explosive 8701 dynamite. It allows modeling the detonation
of a high explosive by three parameters, including mass density, detonation velocity, and
Chapman-Jouget pressure [24]. The target plate material 45# steel was modeled using type
3 material model (xMAT_PLASTIC_KINEMATIC) in LS-DYNA [25]. The reason is that
this model is suited to model isotropic and kinematic hardening plasticity with the option
of including rate effects. In EFP penetration calculation, element erosion can be used to
remove elements that have reached the critical damage [26]. The FS variable (failure strain
for eroding elements) in the plastic-kinematic model was used to control the material
failure in the present study. The air elements take the null material model, and its input
data mass density was 1.29 x 1073 g/cm3.

The variables in the high explosive burn material model of 8701 dynamite and the
material property input data of the plastic-kinematic model for 45# steel are listed in Table 3.

Table 3. Material property input data of 8701 dynamite and 45# steel [12].

45# Steel Parameters Values 8701 Dynamite Parameters Values
Mass density (g/cm®) 7.83 Mass density (g/cm?) 1.68
Young’s modulus (GPa) 207 Detonation velocity (cm/ ps) 0.88
Poisson’s ratio 0.3 Chapman-Jouguet pressure (GPa) 37
Yield stress (GPa) 0.5
Tangent modulus (GPa) 2.07 x 1072
Hardening parameter 1.0

Failure strain for

eroding elements 04

The formation and penetration process of EFP is composed of isotropic pressure and
viscous shear stress. The viscous shear stress can be ignored, as the gas viscosity is very
poorly equivalent. The pressure of 8701 dynamite, copper (liner), and air can be presented
with the Jones-Wilkins-Lee (JWL) equation of state (EOS), the Mie-Gruneisen EOS, and
the linear polynomial EOS, respectively.

The JWL EOS [27] for high explosive 8701 is expressed as

w | g,y WE
wE 2
— ]e + @

RV v

The JWL EOS relates pressure p with relative volume V and the energy per unit
volume E. Constants A1, By, Ri, Ry, and w are the pressure coefficients, the first and second
eigenvalues, and the fractional part of the adiabatic exponent, respectively [28].

The Mie—Gruneisen equation of state with cubic shock velocity-particle velocity
defines the pressure as

p = pocor¥+(yo+ap)E 3)
2— a4+ (2 —y)p

2 3
2|1 = (81— =Sy —Sa gl

Y =

4)
|

where 7 is the Gruneisen coefficient, a is first-order energy correction factor, and
Si(i=1,...,3)values are material parameters. y is a non-dimensional coefficient based on
the initial material density pg and instantaneous material density p [29].
The linear polynomial equation of state is linear in internal energy. The pressure is
given by:
P = Co+ Cipt + Cop® + Capi® + <C4+C5;H—C6y2)E ®)
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where C; (i=0, ..., 6) values are polynomial coefficients.
The linear polynomial equation of state can be used to model air with the gamma law
equation of state. This may be achieved by setting:

Co=C1=C=C3=C6=0 (6)

While
Cy=Cs=7-1 @)
where 7 is the ratio of specific heats. The pressure is then given by:
p=(r-DrE ®)
o
Material properties for equations of state are shown in Table 4.

Table 4. Material properties for equations of state [12,30,31].

Material EOS Parameters (Unit = cm, g, ms)
A] Bl Rl Rz EO VO
8701 JWL 8.54 0.062 4.60 135 0085 10
. . C 51 Sz 53 E[) VO
Copper Mie-Gruneisen 0.394 1.49 0.0 0.0 0.0 0.0
) . . C4 C5 EO Vo
Air Linear polynomial 0.4 04 250 x 106 1.0

3. FE Model Validation

The numerical simulation results of the formation and penetration behavior of EFP
were validated by experimental method. The simulation and experimental results, includ-
ing velocity and structural shape of EFP, were compared. For penetration behavior of EFP,
the diameter of the hole after impact on a 30 mm steel target was compared. Type III liner,
as listed in Table 1, was selected for validation.

3.1. Experimental Setup

The test stand for the formation and penetration of EFP is shown in Figure 4. The
examined EFP with Type III liner was fixed horizontally, and at the distance of 30 m from
the EFP, on the projectile path, a 45# steel plate with a total thickness of 30 mm was placed.
At the distance of 10 m, 15 m, 23 m, and 28 m from the EFP, there were four electronic
time meters (instrument type: NLG202G-3) used for measurement of the EFP velocity on
its path.

The dynamic process of EFP formation was registered using a pulse X-ray system. By
this system, EFP velocity can also be determined. A sketch of the X-ray setup is presented
in Figure 5. The EFP flight was recorded at 750 us and 840 ps time delays (corresponding
to the location P1 and P2 in Figure 5), counting from the detonation time. From the X-ray
pictures, the shapes of the EFP at its formation phases were evaluated. Based on the EFP
position for distinct times, the average projectile velocity was calculated.

A total of two sets of tests were carried out. The first group was applied to characterize
the entire process of the formation and penetration behavior of EFP. After the penetration
process of EFP, the penetration hole diameter left on the target plate was measured. The
other group was the target missing test, which was used to get a formed EFP without the
penetration process. In the target missing test, fifty EFP warheads were launched vertically
into the sky and the formed EFPs were recovered.
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Electronic ime meter T r—

Experimental field . 10m o om, 2m

@ ®)

Figure 4. Experimental setup for (a) EFP device installation prior to firing and (b) EFP testing of
targets and measurement of the velocity of high-speed projectiles.

EFP warhead

Splinters shield
N
X-ray

generator 1 ’ X-ray detector 2
/ \@
/
7/
7/
7
& X-ray detector 1
X-ray
generator 2

Figure 5. Sketch of the pulse X-ray setup.

3.2. Results Comparison

The simulated velocity of the EFP was 2103.2 m/s. From the experimental observa-
tions, it can be determined that the EFP velocity v measured by electronic time meters were
2112m/s,2134m/s, 2159 m/s, and 2070 m/s, respectively. The error of the simulated value
was between 0.42% and 1.6%. The numerical stable flight velocity 750 us to 840 ps after
detonation was 2200 m/s (measured by X-ray system), leading to an estimated average
numerical error of 4.4%. The results in Figure 6 show the simulated velocity of the EFP
against the measured values.

2300

2250

Measured by X-ray system
2200 Y Ly Sys

> Measured by electronic time meters g
2150
E) -
>
3 1,
Simulated i
2050
2000
10 15 23 28

Distance to the initiation point (m)
Figure 6. Velocity of EFP obtained by simulation and experiments.
A comparison of the obtained EFPs through numerical simulation, X-ray system, and

the target missing test is presented in Figure 7. It can be seen from Figure 7 that the EFP
projectile obtained has a configuration with high compactness. By comparing the quality



Symmetry 2021, 13, 1342

8 of 15

of recovered projectile and liner, the mass percentage of the liner mass that formed the EFP
was 97%. It also found that the shape of EFP obtained by the experimental method was in
good agreement with the simulated one, which indicates that the proposed FE model is
feasible to predict the formation process of EFP.

By detector 1

By detector 2

(@) (b)

Figure 7. EFP images obtained by (a) numerical simulation, (b) X-ray system, and (c) target-

missing test.

For validation of the EFP penetration process, it was assumed that 10% would be the
maximum accepted error for the FE model to be considered a reasonable approximation of
the penetration test being established. Figure 8 shows the morphology of penetration holes,
and it can be seen that the penetration holes were all circularly shaped. The simulated
penetration diameter was 63 mm, and the tested one was about 58 mm. The results of the
penetration hole diameter measurements show the simulated hole diameter against the
8.6% error obtained from the experimental method.

(b)

Figure 8. Penetration diameter obtained by (a) the experimental and (b) numerical method.

4. Results and Discussion

In this section, the proposed FE model was applied to simulate the entire process of
the formation and penetration behavior of the EFP with different liner structures (as shown
in Table 1), and the effects of liner structure on EFP formation and its penetration behavior
were analyzed.

4.1. Formation of EFP

According to simulation results, three EFP with different shapes were formed under
the effect of the detonation wave after the explosive was detonated. Shape distributions
(contours of pressure) for three liners at specific moments and displacement are shown in
Figure 9. The EFP shape at about 30 ps indicated that all of the three liners were squeezed
under the effect of the detonation wave. After axial tension and radial compression of the
liner, all three EFP were completely shaped at about 120 us. The main geometric parameters
of three completely shaped EFP are listed in Table 5. It can be seen from Table 5 that the
length and diameter of EFP formed by liner III were the smallest, and the length—diameter
ratio was 0.93. The length and diameter of EFP formed by liner I were the largest, and the
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length—diameter ratio of EFP formed by liner II was the largest. A low length—diameter
ratio means the high compactness of EFP.

(b)

) p \b\\‘. - .
,. ] - ’W_ < ol [ : ‘
Y
@) | 5 \ \ \
30 60 90 120  Flight time (ps)
0 4 8 16 20 24
Displacement (cm)
N\ | o~ ——
1.2 %
60 100 140 Flight time (ps)
0 4 8 16 20 24
Displacement (cm)
-
‘ " & NS ™=
) @) \ ' '
(c) _ ‘ Q a >
30 60 90 110 Flight time (ps)
0 4 8 16 20 24

Displacement (cm)

Figure 9. Shape distribution for (a) type I, (b) type II, and (c) type III liners at specific moments and
displacements.

Table 5. The main geometric parameters of three completely shaped EFP.

Liner Type EFP Length (mm) EFP Diameter (mm) Length-Diameter Ratio
I 56.6 46.3 122
I 52.0 33.1 1.57
I 324 34.9 0.93

It was found from Figure 9 that the EFP formed by the liners I and III were solid, but it
was hollow for the type Il liner. In order to ascertain the formation mechanism of EFP, the
displacement—time-history relation for liners were drawn, as shown in Figure 10, where
radial displacement ("X-value’) of seven elements from the center to the edge of the liner
were characterized.

It was ascertained from Figure 10 that radial displacement collapse of all three types
of liners happened firstly at the center after the explosive was detonated, while the collapse
displacement and completion time of elements at the liner center were different. For the
type I liner, the collapse displacement of element at liner center (Element No. 24511)
was 3.8 mm, and the completion time was about 46 ps. The last element to complete the
displacement collapse was the one next to the edge of the liner (Element No. 27106). The
collapse displacement and completion time were 18.8 mm and 82 us, respectively. For
the element at the edge of the liner (Element No. 27181), the collapse displacement and
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completion time were 15 mm and 80 ps, respectively. Moreover, it was the larger collapse
displacement at the edge of the liner that brought the EFP to an apron shape.

T

24511 .
24516

24521

24525

27046  Fveesiiyioese

. \ 27106 12 s
-1.5F v SHP O NP VD, WD, S S -, 27181 H2re4s

¥
b_x H2nn

(a)

X-Displacement/cm

0 100 200 300 400 500 600

17395
17399
17403
17407
19306
19345 (M
e

19410 M s
b"‘ Hisao

(b)

X-Displacement/cm

0.5F —o— ¢

\ot—a—o—o—oaa—aa o— 68359
7— 71929

S~ 72019

_ , 72109
.5} \ : ) 72109 wessar ey
) \ —o— 72199 R e

()

H 72109

e Y
2.0 NG DD k_x M2
N

X-Displacement/cm

5L L L L L )
0 100 200 300 100 500 600

t/pus

Figure 10. The displacement-time-history relation for liners (a) type L, (b) type II, and (c) type III.

In regards to type Il liner, see Figure 10b, the collapse displacement and completion
time of the element at the liner center were 3.3 mm and 34 us, respectively. The last element
to complete the displacement collapse was the one at the edge of the liner (Element No.
19410), and the collapse displacement and completion time were 19.6 mm and 118 ps,
respectively. Also seen from Figure 10b, the collapse displacement of elements from the
center to the edge of the liner was increased gradually. Finally, a pestle shape with a hollow
in the tail of the EFP was formed. It was evident from Figure 10c that the displacement
of elements along the radial direction of the type III liner had a similar variation with
that of the type II liner, while the collapse displacement value and completion time were
different. The collapse displacement and completion time of the element at the liner center
(Element No. 68347) were 3.0 mm and 40 us, and the final collapse displacement of the
edged element (Element No. 72199) had a displacement of 19.8 mm at about 110 ps.

Together with the EFP formation, the EFP velocity is another one of the most significant
factors. According to the numerical simulations, the EFP formed by the type III liner had
the largest steady velocity, followed by type I and type II liners. Their velocities were
2103.2m/s, 1805.6 m/s, and 1478.1 m/s, respectively. The difference between the minimum
and maximum values of EFP velocity was 29.7%. It was found that the velocity of EFP is
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greatly affected by the liner thickness. With the decrease in the edge thickness of the liner,
the velocity of EFP increased.

4.2. Penetration Process

After formation, the EFP began to impact the 45# steel target plate. The thickness of
the target plate was 30 mm. Figure 11 shows the diagrams of distribution of von Mises
stresses in the target plate during the penetration process of EFP. It can be seen from
Figure 11 that there were two types of loads generated after the formation of an EFP, those
were shock wave loading and an EFP, both causing damage in the target plate during the
process of an EFP penetration into it. The initial deformation of the target plate was caused
by the shock wave generated by the high explosive detonation, for the reason that the
shock wave reached the target plate earlier than the EFP. The comparison of the three cases
(cases I, II, and III are named by the liner type used in simulation processes) showed that
the shock wave in case I reached the target plate at about 96 ps, while those in cases II
and III were about 120 ps and 100 ps. In addition, the stress peaked at about 4.0 GPa in
case I, which was higher than that in cases II (3.517 GPa) and III (3.981 GPa). The results
demonstrated that shock wave induced by liners with non-uniform thickness would cause
greater damage to the target plate.

von Mises
4.000e-001 _

3.600e-001 7I
3.200e-001 _
2.800e-001 _

2.400e-001 _
2.000e-001

(a) 1.600e-001 _
1.200e-001 _
8.000e-002 _
4.000e-002 _I
0.000e+000 _!

90 ps 200 ps 400 ps

von Mises
3.517e-001 _
3.165e-001 _I
2.814e-001 _
2.462¢-001 _
2.110e-001 _
1.758e-001 _

(b) 1.407¢-001 _
1.055e-001 _
7.034e-002 _
3.517¢-002 _I

ng 0.000€+000 _

110 ps 120 ps 152 ps 190 ps 700 ps

von Mises
3.981e-001 _
3.583e-001 _I
3.185e-001 _
2.787e-001 _
2.389¢-001 _
1.991e-001

(C) 1.593e-001 _
1.194e-001 _
7.963e-002 _

Z 3.981e-002 _I
!J 0.000e+000 _!

98 ps 100 ps 120 ps 190 ps 600 ps

Figure 11. The penetration process of EFP for cases (a) I, (b) II, and (c) III.

After the shock wave arrived at the target plate, the EFP started penetrating it. As
the EFP began to damage the target plate, the value and distribution of stress enlarged.
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Besides, it is clear that the material of the target plate was squeezed under the compression
and shear stresses, which was the main failure mode of the target material. A tension-
compression coupled zone was observed in the rear of the target, as shown in Figure 12a.
With the penetration depth increasing, the tension zone began to predominate, as shown
in Figure 12b, which was due to the significant stretching of the material at the edge of
the shear zone. The reflection of transverse waves on the back and the penetration of EFP
further aggravated the development of damage. It means that there were two obvious
action areas in the process of EFP penetration, one was the compression region near the
front of the target plate, where the target plate was mainly subjected to compression failure,
the other was the tensile zone near the back of the target plate, and the target plate in this
area was mainly subjected to tensile failure. At the same stage, the penetration of EFP was
impeded and the damage zone grew larger with the increase of the penetration depth.

Compression zone

Contours of Pressure
9.365e-003
6.095¢-003 I
2.824e-003
-4.460e-004
-3.716e-003

-6.987e-003
-1.353e-002

-1.680e-002
-2.007e-002

Tensile zone 23340002
(@) (b)

Figure 12. Load forms near the front and back of the target (e.g., case III).

-1.026e-002 _ ‘

The comparison of penetration for the three cases shows that the end times of pen-
etration for cases I and III were 400 ps and 326 us, respectively. It means that the EFP
with the type III liner penetrated the target plate faster than that with the type I liner.
Besides, the EFP formed by type II liner failed to penetrate the target plate, and its final
penetration depth was 11 mm, indicating that the EFP with type II liner had the worst pen-
etration ability. The simulation results of case Il were verified experimentally, as shown in
Figures 13 and 14. It can be seen from Figure 13 that the simulated EFP shape agreed with
the experimental one. Figure 14 indicates that the case II experiment did not produce a full
penetration. The tested depth of penetration was about 13 mm, which was a little bit larger
than the simulated value.

Contours of Pressure
7.849e-003 _
6.706e-003 _I
5.562e-003 _
4.419e-003 _
3.275e-003 _
2.132e-003 _
9.882e-004 _

1.553e-004 _
1.299e-003 _

o
(a) (b)

Figure 13. The shape comparison between (a) the simulation and (b) the experimental EFP formed

by liner I

The evolution of damage zones in the target plate is presented in Figure 15 in terms of
penetration diameters at the front and the back of the plate. The penetration diameter at
the front of the plate in case III was largest, and the diameter was 63 mm. The diameters in
cases I and II were 36 mm and 60 mm, respectively. In cases I and III, diameters for the
back of the plate had similar tendencies to the front, albeit being somewhat smaller. The
diameters were 36 mm and 49 mm, respectively. It indicates that the EFP formed by type
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III liner caused the largest damage zone for the three cases studied. There are two possible
reasons for these results. On the one hand, the velocity difference for the three cases was
large and the velocity in case III was the largest. On the other hand, the different EFP
structures were generated under the effect of the detonation wave after the explosive. It
can also be seen from Figure 9 that the shape of EFP formed by liner I was an apron-shaped
projectile, and thanks to its larger axial dimension and solid structure, the EFP penetrated
the target plate with a small penetration aperture, while penetration ability of this EFP was
restricted because of its larger radial dimension. In case III, there was a forward-folding
EFP. Due to the high compactness of this EFP, a large penetration ability was obtained.
On the contrary, the EFP formed by liner II had a backward-folded configuration (pestle
shaped); owing to the hollow structure, its penetration ability was the worst.

(b)

Figure 14. Damage of the target in case II, (a) front and (b) back of the target.
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Figure 15. Damage zones in the target plate for cases (a) I, (b) I, and (c) III.
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5. Conclusions

In order to investigate the effect of liner structure on EFP formation and its penetration
behavior, a finite element (FE) model was established on the basis of the Lagrange and
ALE method. By using the proposed FE model, the entire process of the formation and
penetration behavior of EFP with axial symmetrical variable thickness liners was analyzed.
The main conclusion were drawn as follows.

(1) Validated by the experiments, the numerical simulation error of EFP velocity was
less than 5% and the simulated penetration diameter was compared to the 8.6% error
obtained from the experimental method. It demonstrated that the proposed FE model
had higher prediction precision.

(2)  Three kinds of liners with varying thicknesses were developed, and different shapes
of EFP were formed under the effect of the detonation wave after the explosive
was detonated. A forward-folding EFP was formed by the liner with a thin edge
thickness. While the EFP formed by the liner with uniform thickness had a backward-
folded configuration. It was also found that a liner with a thin edge thickness gave
the largest steady velocity of EFP, and it was the lowest when using the liner with
uniform thickness.

(3) There were two types of loads generated after the formation of an EFP, those were
shock wave loading and an EFP, both causing damage in the target plate during the
process of an EFP penetration into it. The shock wave reached the target plate earlier
than the EFP, which caused the initial deformation of the target plate. The shock wave
induced by liners with non-uniform thickness caused greater damage in the target
plate, the maximum value of stress reached at about 4.0 GPa.

(4) The material of the target plate was squeezed under the compression and shear
stresses, which was the main failure mode of the target material. The reflection of
transverse waves on the back and the penetration of EFP further aggravated the
development of damage. The forward-folding EFP formed by the liner with the
thinnest edge thickness had the largest penetration ability. The backward-folded
EFP, owing to the hollow structure, had the worst penetration ability and failed to
penetrate the target plate.
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