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ABSTRACT

In this paper, the effect of liner material on the penetration capability of rotating shaped charge
warheads was investigated. The authors employed 3D simulations using the Smoothed Particle
Hydrodynamics (SPH) mesh-free method in Ansys Autodyn to study the influence of liner materials
on rotating shaped charge warheads. The subject of study is a 40 mm caliber shaped charge
warhead, with two liner material options: copper and steel. The numerical simulations were
conducted at different rotational speeds about the warhead’s axis of symmetry: non-rotating,
2000 rpm, 4000 rpm, 6000 rpm, 8000 rpm, 10000 rpm, 12000 rpm, and 14000 rpm. The simulation
results indicate that as rotational speed increases, the penetration depth into steel decreases.
Copper liners exhibit superior steel penetration compared to steel liners. However, when the
rotational speed reaches 10000 rpm, the penetration depth of the copper-lined warhead is not
significantly greater than that of the steel-lined warhead. This research method can be applied to
optimize the structural design of rotating shaped charge warheads.
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1. INTRODUCTION

The key mechanical properties of liner materials that significantly affect the penetration depth
of the shaped charge jet are ductility, density, and strength. Higher ductility allows for better jet
elongation, resulting in a longer jet and deeper penetration. Similarly, a higher density leads to
greater penetration depth. Based on these principles, copper is superior to steel in terms of both
ductility and density. Therefore, when using a copper liner, the penetration capability of the shaped
charge jet is generally higher than that of a steel liner. Since higher density increases the mass of
the jet formed from each liner element, the jet maintains its integrity better, allowing for greater
elongation and ultimately deeper penetration [12].

However, when the projectile's rotational velocity is high, the penetration depth of a shaped
charge with a copper liner is not significantly greater than that of a shaped charge with a steel liner.
This is because, under these conditions, the jet experiences twisting and potential fragmentation,
reducing its length and penetration capability. To optimize material usage and reduce costs
(especially for expensive materials like copper), steel liners are often used in such cases,
particularly for medium-caliber rotating shaped charges that stabilize based on gyroscopic
principles [12, 13].

Several factors affect the penetration capability of shaped charge warheads, including wave
shapers, explosive types, liner geometry, and standoff distance. However, there have been few
studies on the effect of warhead rotation around its axis of symmetry. Both theoretical and
experimental research indicate that rotational velocity negatively impacts jet formation and
penetration. When the warhead rotates, the jet also acquires rotational motion. Due to differences
in linear velocity between the jet's tip and tail, their rotational speeds also differ. This velocity
gradient, combined with centrifugal forces, causes the jet to twist, undergo tensile rupture, and lose
structural integrity, ultimately reducing its penetration effectiveness [12, 13].
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Currently, studies on shaped charge warhead effectiveness often rely on numerical simulations
using software such as Ansys, Abaqus, and LS-DYNA. A common approach involves using an
Eulerian 2D solver to model the entire process from detonation initiation to complete jet formation,
followed by a Lagrangian 2D solver to simulate the jet penetration process. However, simulating
the penetration performance of rotating shaped charge warheads in 2D is highly challenging. To
address this, the mesh-free Smoothed Particle Hydrodynamics (SPH) method in Ansys is used for
3D simulations of rotating warheads.

SPH is a mesh-free computational method used for simulating problems involving large
deformations, free-surface flows, high-impact events, and material failure. Within Ansys LS-
DYNA, SPH is primarily applied to impact, explosion, cutting, and fluid flow problems [6-8].

Based on the SPH method in Ansys, the authors conducted a study on a 40 mm caliber shaped
charge warhead, examining the effect of liner materials on the penetration capability of rotating
warheads at various rotational speeds.

2. SIMULATION MODEL

2.1. Geometric model of the problem

The geometric model under investigation consists of a 40 mm caliber shaped charge warhead
and a steel target with dimensions ® x L = 60 % 100 mm, as illustrated in figure 1 below:
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Figure 1. Research model:
1. Casing; 2. Explosive; 3. Liner; 4. Target.

The investigated shaped charge warhead consists of three main components: casing, liner, and
explosive. The warhead has a rotationally symmetric shape, and throughout the study, the
geometric dimensions and material properties of the casing, explosive, and target are kept constant.
Only the liner material (copper or steel) and the rotational velocity of the warhead around its axis
of symmetry are varied to evaluate their impact on the penetration capability of the rotating shaped
charge. The 40 mm caliber shaped charge warhead model, when tested statically (non-rotating) for
penetration depth, achieved a result of approximately 80 mm. The liner was made of M1-grade
copper, the explosive used was A-IX-1, and the target material was 40X steel.

The study employs the SPH (Smoothed Particle Hydrodynamics) method in Ansys Autodyn to
simulate the entire process, from detonation initiation to the full formation of the shaped charge
jet, as well as the interaction between the jet and the steel target. The particle size is set to 0.4 mm,
and the computation time for each simulation scenario ranges from 12 to 72 hours.
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2.2. Material model in the simulation
2.2.1. Explosive material model

Based on the equivalence between the actual materials used in the shaped charge warhead and those
available in the Ansys material library, the explosive used in the simulation model is Comp B [4].

Table 1. Parameters of the JWL equation of state for Comp B explosive.
o (kg/m” D (km/s) A (Gpa) B (Gpa) Ry R
1.717 7.98 524.2 7.678 4.20 1.10
2.2.2. Material model for casing, liner, and target

@
0.34

Based on the equivalence between the actual materials used in the shaped charge warhead and
those available in the Ansys material library, the materials for the casing, liner, and target are
selected as follows:

Casing Material: Aluminum AL 6061-T6. This material undergoes significant deformation
under the pressure of detonation products. Therefore, the Shock equation of state (EOS) is used to
model the casing material.

The liner material was considered in two cases: CU-OFHC2 copper and STEEL 4340. CU-
OFHC?2 is a high-purity copper with a purity greater than 99.99%, while STEEL 4340 is a low-
alloy high-strength steel.

The target material, as defined in the Ansys material library, is STEEL 1006, which is a low-
carbon steel.

The parameters for the Shock EOS and the Johnson-Cook strength model for these materials
are provided in tables 2 and 3 [1] below.

Table 2. Shock equation of state parameters for materials.

No. | Material name | po(g/cm®) | T' | Cl (emus') | S1 | C2 (cmus™) | S2 %

1 AL 6061-T6 2.703 1.97 0.5240 1.4 0 0] 0

2 | STEEL 1006 7.896 | 2.17 0.46 1.49 0 0] 0

Table 3. Johnson-Cook strength model parameters for materials.

No. | Material name | po(g/cm’) | A (Mbar) | B(Mbar) | C n m | Tue(K)

1 | STEEL 1006 7.896 0.00275 | 0.0035 |0.022 {036 1 1811

2 | STEEL 4340 7.830 0.00792 | 0.0051 |0.014|0.26 | 1.03 | 1793

3 | CU-OFHC2 8.960 0.00292 | 0.0009 |0.025|0.31 | 1.09 | 1355

3. RESULTS AND DISCUSSION

To investigate the effect of liner material on the penetration capability of the rotating shaped
charge warhead, simulations were conducted using Ansys Autodyn, specifically the SPH module,
in 8 scenarios. These scenarios correspond to the warhead rotating around its axis with the
following rotational speeds: 0 rpm (non-rotating), 2000 rpm, 4000 rpm, 6000 rpm, 8000 rpm,
10000 rpm, 12000 rpm and 14000 rpm. These rotational speeds are equivalent to angular velocities
of 0 rad/s, 209 rad/s, 419 rad/s, 628 rad/s, 838 rad/s, 1047 rad/s, 1257 rad/s, and 1466 rad/s. The
simulation results for the interaction with the steel target at 0.1 ms for each type of liner material
are provided in tables 4 and 5. The simulation images exclude the casing and explosive visuals.

Journal of Military Science and Technology, 105 (2025), 163-170 165



Mechanics & Mechanical Engineering

Table 4. Simulation results of the jet formation process interaction with steel target.

Rotational
speed Liner type CU-OFHC2 (Copper) Liner type STEEL 4340 (Steel)

(rpm)

Material Location

Material Location '-.
’ ALB0OB1-TE .
AL G061-T6
CU-OFHC2 STEEL 4340
COMP B COMP B
STEEL 1006 STEEL 10068
admodel
Cycle 2882 admodel
Time 1.000E-01 ms Cycle 4112

Time 1.000E-01 ms

Material Lacation o7 i T Material Location
AL BOBI-TB J e AL B0B1-T6
CU-OFHC2 . STEEL 4340
COMP B ' CcOMP B
STEEL 1006 STEEL 1006

2000

admodel e admodel
Cycle 3467 - = Cycle32ss

Tirme 1.000E-01 ms Time 1.000E-01 ms.

Material Location : . . Material Location
ALBOE1-TE ’ . ALB0B1-TB
CU-OFHC2 STEEL 4340
COMP B COMP B
STEEL 1008 STEEL 1006
or
a .
v
admodel . ) | o ) admodel
Cycle 2725 . - Cycle 4233
Time 1.000E-01 ms Tirme 1.000E-01 ms
. - Material Location . .o
ALBDB1-TB - .. -
R AL B0B1-T6
CU-OFHC2 - ¢
STEEL 4340
COMP B
N COMP B -
STEEL 1006
STEEL 1006

6000

Time 1.000E-01 ms admodel
Cycle 3568

Time 1.000E01 ms

- A - .-
admodel . ° - [ &
Cycle 3537 ® R

° X
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Rotational
speed
(rpm)

Liner type CU-OFHC2 (Copper)

Liner type STEEL 4340 (Steel)

8000

Material Location
AL BOET-TE
CU-OFHC2
COMP B

STEEL 1006

admodel

Cycle 5422

Time 1.000E-01 ms
Units mm, mg, ms

£

AL BOB1-TE
STEEL 4340
COMPE

STEEL 1006

Imodsl
yele 3361
e 1.000E-01 ms

10000

faterial Location o k.
AL 60B1-T8
CU-OFHE2
COMP B

STEEL 1006

drmodel
yele 2904
ime 1.000E-01 ms

Material Location
ALBORT-TE
STEEL 4340
COMP B

STEEL 1006

admodel

Cycle 4539

Time 1.000E-01 s
Urits mm, myg, ms

12000

Material Location
AL G061-TE R ', ’ .- ‘
CU-OFHC2
COMP B

STEEL 1008

admodel

Cycls 2851

Time 1.000E-01 ms
Units mim, mg, ms

Material Location
ALBOET-TE
STEEL 4340
COMP B

STEEL 1006

admodel
Cycle 3918

Time 1.000E-01 ms
Units mm, my, ms

14000

Material Location . .
AL B0B1-T6
CU-OFHC2
COMP B

STEEL 1008

admodsl
Cycle 4402

Time 1.000E-01 ms
Units mm, mg, ms

Material Location
AL BOB1-TB
STEEL 4340
COMP B

STEEL 1006

admodel
Cycle 3786

Time 1.000E-01 ms
Units mm, mg, ms
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From the simulation results with two types of liners, it can be observed that: when the warhead
is not rotating, the jet diameter is concentrated and narrower. when the warhead rotates, the jet
diameter becomes larger. The results of the penetration depth of the target corresponding to the
rotational speeds of the two types of liners are provided in table 5. Note: The penetration depth results
may have some deviation compared to the length measurements obtained on the Ansys software.

Table 5. Penetration depth of steel for the shaped charge warhead with different liner types.

. Penetration depth b (mm) Reduction in penetration depth of the
Rotational speed . .
Liner tvpe Liner tvpe steel liner compared to the copper liner
® (rpm) yp yp Y

CU-OFHC2 | STEEL 4340 (%)
0 80 62 22.5
2000 78 61 21.8
4000 76 61 19.7
6000 72 59 18.0
8000 65 58 10.8
10000 56 57 -1.8
12000 51 55 -7.8
14000 50 54 -8.0

It can be observed that the penetration depth of the projectile decreases as the spin rate
increases, which is consistent with the theory of projectile effectiveness. Compared to non-rotating
projectiles, the penetration depth of projectiles spinning at rotational speeds of 2000 rpm, 4000
rpm, 6000 rpm, 8000 rpm, 10000 rpm, 12000 rpm, and 14000 rpm with a copper-lined cone
decreases by 2,5%, 5%, 10%, 19%, 30%, 36%, and 37,5%, respectively, while with a steel-lined
cone, it decreases by 1.6%, 1.6%, 5%, 6.5%, 8%, 11%, and 13%, respectively. Thus, the steel
penetration depth of the copper-lined cone decreases more significantly than that of the steel-lined
cone as the spin rate increases. The reduction in penetration depth of the steel-lined cone compared
to the copper-lined cone at spin rates of 0 rpm, 2000 rpm, 4000 rpm, 6000 rpm, 8000 rpm, 10000
rpm, 12000 rpm, and 14000 rpm is 22.5%, 21.8%, 19.7%, 18%, 10.8%, -1.8%, -7.8%, and -8%,
respectively. The simulation results for the non-rotating copper lined cone closely match the actual
test results of the 40 mm shaped charge round, with a penetration depth of approximately 80 mm.
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Figure 2. Penetration depth as a function of spin rate for copper- and steel-lined cones.
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From the results in table 5 and the graph in figure 2, it can be observed that with different liner
materials and the same rotational velocity, the copper liner provides better penetration depth than
the steel liner. However, at rotational velocities of approximately 10000 rpm and above, the
penetration capability of both liners becomes nearly identical, with the steel liner even exhibiting
superior performance in some cases. This result aligns with the theory of projectile effectiveness
- when the projectile's rotational velocity is high (around (10...15).10° rpm), the penetration
depth of a copper liner is not significantly greater than that of a steel-lined projectile [12].

4. CONCLUSIONS

The research results indicate that as the rotational velocity around the axis increases,
penetration effectiveness decreases. The copper liner exhibits greater penetration capability than
the steel liner; however, when the rotational velocity exceeds approximately 10000 rpm, the
penetration depth of the copper liner is not significantly greater than that of the steel-lined
projectile and may even be lower. Based on this finding, for 40 mm shaped charge projectiles with
high rotational speeds (above 8000 rpm), a steel liner should be used to enhance penetration
effectiveness. This calculation method can also be applied to the design of liners for other shaped
charge projectiles with high rotational speeds, as it aligns with theoretical principles.

The 3D simulation results of shaped charge projectiles using the SPH method in Ansys Autodyn
are fully consistent with the theoretical calculations of shaped charge effectiveness. This simulation
method can be applied to further optimize the design of rotating shaped charge projectiles.
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TOM TAT

Nghién ciru anh huéng ciia vat liéu phéu 16t dan xuyén 16m quay
dén chiéu sdu xuyén bang phuwong phiap moé phéng so SPH

Bai bdo nghién ciru anh hirdng ciia vit liéu phéu 16t dén uy liec dan xuyén lom quay. Nhom
tac gia da sir dung mé phong 3D bang phwong phap khong luci SPH trén phan meém Ansys
Autodyn dé khdo st anh hwéng ciia vt liéu phéu 16t dan xuyén 16m quay. Déi tuwong nghién
citu la dau dan xuyén 1om c& 40 mm, vt liéu lam pheu [0t sir dung hai phuong an la vat liéu
dong va vit ligu thép. M6 phong S0 tién hanh véi toc dé quay quanh truc doi ximg cia dan
& cdc vdn toc khdc nhau: khéng quay, 2000 vong/ phiit, 4000 vong/phiit, 6000 vong/phiit,
8000 vong/phut, 1000 vong/phut, 12000 vong/phuit va 14000 vong/phuit. Két qud mo phong
$6 cho thdy vin téc quay cang lon, chiéu sdu xuyén thép cang nho, pheu bang dong c6 uy luc
xuyén thép lon hon phéu bang thép, tuy nhién khi vdan toc quay dén 10.000 vong/phuit thi
chiéu xuyén sdu thép ciia pheu 16t bang dong khong lon hon han dan phéu 16t thép. Phwong
phép nghién ciru ndy cé thé dwoc sir dung dé toi wu thiét ké két cdu dan 16m quay.

Tiwr khéa: Dan xuyén 16m quay 40 mm; Uy luc dan xuyén 10m; Phuong phap SPH.
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