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ABSTRACT
This research explored the role of casing material selection in shaping the formation process and
terminal performance of explosively formed projectiles (EFP). Six casing types, including polymer
materials, aluminum alloys, and structural steels, were analyzed using numerical simulation and ex-
perimental testing in identical warhead configurations. The results of numerical simulations con-
ducted in Ansys Autodyn with calibrated material models closely mirrored the experimental mea-
surements. Projectile velocity and penetration diameter differed by less than 6% from the values
observed in tests. The aluminum alloy casings, particularly Al 7039, performed the best, producing
high-velocity, streamlined projectiles with deep and stable penetration. Polyethylene was a bal-
anced alternative, yielding consistent formation and good experimental correlation. Steel casings
caused excessive confinement, leading to premature fragmentation of the projectile into two sepa-
rate parts, andwere deemed unsuitable for stable EFP formation. The results underscore the critical
role of casing material selection in EFP design. Aluminum alloys are optimal for high-penetration
applications, while polymer casings are a practical option for lightweight and balanced configura-
tions.
Key words: Explosively formed projectiles (EFP), casing material, velocity, penetration depth,
Ansys Autodyn

INTRODUCTION
Explosively formed projectiles (EFP), also referred
to as self-forming fragments, are a type of advanced
weapon designed to penetrate armor at high speeds
and over long distances. A conventional EFP war-
head consists of a ductile metallic liner, typically
hemispherical and fabricated from oxygen-free high-
conductivity (OFHC) copper, surrounded by a high
explosive charge and encased within a containment
shell. Upon detonation, intense shock waves and det-
onation gases exert high-pressure loading on the liner,
inducing its rapid collapse and reshaping it into a co-
herent, high-speed projectile. These projectiles can
attain velocities from 1500 to 2500 m/s and can per-
forate armor plates up to one caliber thick, depend-
ing on the charge geometry and stand-off distance1,2.
The performance and aerodynamic stability of the
formed projectile are governed by the detonation ve-
locity and the spatial configuration of the explosive,
making these essential design parameters in EFP war-
head development.
Many domestic and international researchers have ex-
amined how various factors, including material prop-
erties, geometric parameters, and explosive types, af-
fect EFP formation. Wu et al.3 proposed an initial de-

sign configuration for an EFP warhead’s liner and ex-
plosive charge. Li et al.4 used numerical simulations
to study the role of a steel casing in EFP formation.
Their results indicate that employing a partial casing
(at least 35% of the charge length) yields a projectile
almost as compact as one from a fully cased warhead,
while reducing the casing mass by up to 65%. How-
ever, completely removing the casing was found to in-
crease tail instability and the risk of projectile fracture.
Minh et al.5 showed through simulations that altering
the liner’s curvature radius has a measurable effect on
EFP performance; in their study, the simulation out-
comes deviated from experimental values by less than
8%. Quan et al.6 demonstrated that a liner height be-
tween 0.2 and 0.3 times the diameter results in an opti-
mal EFP aerodynamic configuration and a high flight
velocity. Jeremić et al.7 compared numerical simula-
tion results with analytical predictions and observed
discrepancies below 13% between the two methods.
Couque et al.8–10 reported improved predictive per-
formance in Ansys Autodyn simulations when us-
ing a modified Johnson–Cook model, which yielded
smaller errors than the conventional Johnson–Cook
model.
A 54-mm EFP warhead (Fig. 1) was analyzed in this
study. The device consisted of four primary compo-
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nents: the casing, the explosive charge, the detona-
tor, and the liner. The casing, manufactured from
polyethylene, was a cylindrical shell characterized by
its outer diameterDo, overall length L, cylindrical wall
thickness t1, and base thickness t2. Its function was to
contain the explosive and channel the detonation en-
ergy toward the liner.
A C4 charge of diameter d and height l, as defined
by the design specifications, was housed within the
casing. The liner, fabricated from oxygen-free high-
conductivity (OFHC) copper, has a hemispherical
profile of height h, diameter d, outer radius r1, and in-
ner radius r2. The height h determines the curvature
and governs the initial direction of the forming pro-
jectile. The diameter d influences the final EFP size
and stability.
The top thickness δ 1 and edge thickness δ 2 dictate the
liner’smass distribution, which in turn controls its de-
formation response and the aerodynamic characteris-
tics of the resulting projectile. The offset distances X1
and X2 specify the locations of the outer and inner ra-
dius centers relative to the warhead base, thereby in-
fluencing the symmetry of the liner collapse.
To evaluate the effect of the casing material on EFP
formation, all other warhead parameters were held
constant across the different configurations, includ-
ing the liner shape and material, explosive type and
dimensions, and initiation method. By maintaining
consistent conditions, the study isolated the effect of
casing material as the only variable. The six config-
urations considered in this study differed only in the
material used for the casing, which ranged from low-
density polymers to high-strength steels. The com-
plete set of geometrical and structural specifications
for each design is summarized in Table 1. These pa-
rameters served as the baseline for both the numerical
simulations and the experimental validation.
The research team employedAnsys Autodyn tomodel
the formation of the EFP and its subsequent impact
on steel targets. The output generated from the for-
mation stage was directly used as the initial condi-
tions for the impact simulations. A two-dimensional
axisymmetric model was adopted to take advantage
of axial symmetry and minimize the computational
effort. The casing, liner, explosive, and surrounding
air were defined within an Eulerian computational
domain with a uniform cell size of 0.25 mm × 0.25
mm. “Flow-out” boundary conditions were applied
to the outer boundaries, while the central axis was
designated as a symmetry boundary. Model prepa-
ration, encompassing geometry creation, mesh setup,
material assignment, and the installation of diagnos-
tic gauges, was completed within Autodyn-2D8,11,12.

MATERIALMODELS AND
PARAMETERS FOR DYNAMIC
SIMULATIONS
The plastic explosive C4 was modeled as an ideal
elastoplastic material governed by the vonMises yield
criterion. Upon detonation, the explosive converts
to gaseous detonation products whose thermody-
namic behavior is described by the Jones–Wilkins–
Lee (JWL) equation of state. In this formulation, the
detonation product pressure p is expressed as a func-
tion of the relative volume V and the specific internal
energy E:

p = A
(

1− η
R1V

)
e−R1V+

B
(

1− η
R2V

)
e−R2V +

ηE
V

(1)

Thematerial constants η , A, B, R1, and R2 are param-
eters characteristic of the material, calibrated based
on experimental data. The values are given in Table
28–14 .

Table 2: Values of JWL
Parameters for C4 Explosive

Parameter Units Value

A kPa 6.0977e8

kPa 1.2950e7

R1 - 4.5

R2 - 1.4

η - 0.25

r kg/m3 1601

E kJ/m3 9.0e6

D m/s 8193

The warhead casing was manufactured from
polyethylene and exhibited substantial volumetric
and shape deformation under explosive loading. The
shock and linear equation of state (EOS) were em-
ployed characterize this behavior. The corresponding
parameters are experimentally determined constants.
Their values are provided in Table 3.
The liner was fabricated from OFHC copper. Its
mechanical response was described using the modi-
fied Johnson–Cook (MJC) elastic–plastic constitutive
model8–10 .

σ = (A+Bεn
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Figure 1: Numerical model of the EFP simulated using ANSYS Autodyn

Table 1: Dimensions of EFP warheads with different casingmaterials

No casing
(Type 1)

Polyethylene
(Type 2)

Al 5083H116

(Type 3)

Al 7039
(Type 4)

Steel 1006
(Type 5)

Steel 4340
(Type 6)

L(mm) 59.24

Do(mm) 54

d(mm) 45.2

l(mm) 54.24

h(mm) 9.04

δ1(mm) 1

δ2(mm) 2

t1(mm) 2.5

t2(mm) 4.4

X1(mm) 84.25

X2(mm) 90.27

r1(mm) 35.79

r2(mm) 39.8

Table 3: Shock and Linear EOS parameters for the selectedmaterial

Material EOS r, g/cm3 Γ K, kPa C1, m/s S1 T0, K Cp, J/kgK

No casing - 0 0 0 0 0 0 0

Polyethylene Shock 0.915 1.64 - 2901 1.481 0 0

Al 5083H116 Linear 2.7 - 5.833e7 - - 293 910

Al 7039 Shock 2.77 2 - 5328 1.338 300 875

Steel 1006 Shock 7.896 2.17 - 4596 1.49 300 452

Steel 4340 Linear 7.83 - 1.59e8 - - 300 477
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where σ is the dynamic yield stress, which together
with thematerial constants A, B, C,D, n,m, and k, was
determined experimentally; εpis the plastic strain; ε∗

is the plastic strain rate; ε∗· is the reference value for
the plastic strain rate; ε∗l is the reference strain rate
characterizing the transition between the thermally
activated and viscous regimes; T is the instantaneous
temperature; Tre f is the initial temperature; and Tmelt

is the melting temperature of the material. In this
simulation, the liner was made of oxygen-free high-
conductivity copper (Cu-OFHC) and modeled using
theMJC constitutive model. Tomitigate plastic insta-
bility at high strain rate conditions (103÷106) s-1, the
hardening constant was increased by 10%, from 29.2
GPa to 32.1 GPa. The target plate was composed of
Steel 1006, and its mechanical behavior was described
using the standard JC constitutive model6–10. The
corresponding material parameters for both models
are summarized in Table 4. These constitutive de-
scriptions ensure accurate simulation of linear defor-
mation, projectile formation, and target response un-
der extreme loading conditions.

Table 4: Elastic–Plastic Model
Parameters

CU-OFHC Steel 1006

EOS Linear Shock

r, g/cm3 8.960 7.830

T0, K 1 356 1 811

SM JC JC

A, GPa 0.09 0.35

B, GPa 0.3212 0.275

C 0.025 0.022

0.31 0.36

m 1.09 1

The equation of state for air was represented using the
gamma law formulation in the numerical simulations,
which assumes perfect gas behavior characterized by
the ratio of specific heats γ 14 :

p = ρ(γ −1)E (3)

where E = 2.5× 105 J/kg, r= 1.225 kg/m3, and g = 1.4.
During the penetration stage, a Lagrangian mesh was
applied to both the EFP and the target. The projectile
parameters obtained from the formation stage, which
was simulated using the Euler formulation, were used
as input conditions for the penetration analysis. The
target material was defined as Steel 1006 andmodeled

as a plate 200 mm wide and 30 mm thick. Its ther-
modynamic response was described using the shock
equation of state, and its strength and failure behavior
were characterized using the Johnson–Cook constitu-
tive and damage models15.

Table 5: Johnson–Cook Failure Model
Parameters

D1 D2 D3 D4 D5

0.05 4.22 −2.73 0.0018 0.55

Figure 2 presents the simulationmodel of the EFP im-
pacting the steel target. Both the penetrator and the
target were meshed using rectangular elements with
a uniform size of 0.25 mm. This mesh density was
selected to ensure numerical stability and accurately
capture the stress wave propagation and localized de-
formation during impact.

Figure 2: Simulation of EFP impact on steel plate.

EXPERIMENTAL AND SIMULATION
METHODS
Explosively Formed Projectile with Experi-
mental Target
The Type 2 liner configuration was chosen to validate
the simulation model. Its geometry and dimensions
are provided in Table 1. The forming liner was fabri-
cated fromOFHC copper, and the casing wasmade of
polyethylene. A C4 plastic explosive charge was initi-
ated by a No. 8 electric detonator. The target mate-
rial was steel, represented by a plate 20 mm thick with
plan dimensions of 500 mm × 500 mm, as shown in
Fig. 3.

Experimental Arrangement
For the purpose of validating the numerical compu-
tation, a physical experiment was performed under
representative circumstances, using a warhead featur-
ing a polyethylene casing (Type 2). The experimen-
tal setup positioned the warhead horizontally, aligned
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Figure 3: EFP warhead and steel target

with the center of a steel target plate (20 mm in thick-
ness) placed at a stand-off distance of 3 m. A high-
speed electronic timer (UTC-8), located 2 m from the
warhead, was employed to record the projectile veloc-
ity.

Post-test observations focused on the terminal effects
on the target. Figure 4 shows a global view of the per-
forated steel plate and detailed close-ups of three dis-
tinct impact craters, designated as Symbols 0.1, 0.2,
and 0.3. The damage morphology observed in these
detailed views provided the basis for determining the
crater dimensions. The recorded penetration width
(wp) and depth (lp) were subsequently employed to
assess the terminal performance of the EFP and val-
idate the simulation results for the Type 2 configura-
tion.

Table 6: EFP velocity and steel target penetration
results

Type 2

Symbol 0.1 0.2 0.3

V (m/s) 2 278 2 150 1 859

VAg (m/s) 2096

wp (mm) 36 37 40

wp.Ag (mm) 37.7

l (mm) > 20 > 20 18

DISCUSSION

Table 7 summarizes the findings concerning how the
casing material influences EFP formation at t=0.6 ms
for all configurations whose parameter sets are pro-
vided in Table 1.

Influence of Casing Material on EFP Forma-
tion
The simulation results show that the EFP shape is
strongly influenced by the casing material. At the
early formation stage (t = 0.1 ms), the liner undergoes
radial expansion followed by an initial collapse. As
collapse progresses (t = 0.2–0.6 ms), the liner forms a
streamlined forward-facing EFP with favorable aero-
dynamic characteristics1.
The simulation results demonstrate that the casing
material significantly affects the liner collapse process
and the overall quality of the EFP. Among the six con-
figurations, Types 1 through 4 (no casing, polyethy-
lene, Al 5083H116, and Al 7039) resulted in the for-
mation of coherent projectiles with relatively stable
shapes. In contrast, Types 5 and 6 (steels 1006 and
4340) led to projectile fragmentation due to excessive
confinement and were therefore excluded from fur-
ther performance evaluation.
For Type 1 (no casing), the liner expanded freely un-
der detonation, producing a blunt, wide projectile
with visible tail deformation. Although the formation
was coherent, the lack of confinement resulted in re-
duced velocity and directional control.
Type 2 (polyethylene) provided moderate confine-
ment, guiding the liner into forming a symmetric and
compact projectile with balanced geometry. Types 3
and 4 (aluminum casings) delivered higher degrees of
confinement, producing more streamlined, elongated
projectiles with good axial symmetry. Notably, Type
4 (Al 7039) produced the most refined aerodynamic
shape among all viable configurations, slightly better
than Type 3 (Al 5083H116).
The disparity in formation outcomes across the differ-
ent casing materials can be fundamentally attributed
to the physics of explosive confinement and shock
wave interaction. According to the theory of shaped
charges, the casing functions as an inertial tamper1,2.
Materials with higher density and stiffness, such as
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Figure 4: Experimental Results

aluminum alloys and steel, provide greater confine-
ment than polyethylene. This confinement delays the
radial expansion of detonation products, thereby con-
centrating the impulse delivered to the liner 16.
However, the fragmentation observed in the steel cas-
ings (Types 5 and 6) indicates a state of excessive
confinement, which is probably driven by the signifi-
cant acoustic impedance mismatch between the high-
density steel and the explosive charge. This mismatch
causes intense shock waves to reflect off the casing
wall back into the liner16. These reflected waves gen-
erate extreme velocity gradients along the liner’s axis
that exceed the dynamic ductility limit of the copper,
leading to the observed fragmentation. Conversely,
the aluminum alloys (Types 3 and 4) offer an optimal
balance: they possess sufficient density to enhance
the forward impulse and projectile elongation signif-
icantly better than does polyethylene, yet their lower
acoustic impedance and moderate ductility allow for
controlled radial expansion, mitigating the destruc-
tive shock reflections associated with steel.

EFP Velocity and Structural Stability
As illustrated in Fig. 5 and summarized in Figure 5,
the projectile velocity increased with the stiffness and
density of the casing material. Type 1 (no casing) had
the lowest simulated velocity of 1956m/s, followed by
polyethylene (Type 2) at 1980 m/s. Aluminum-cased
Types 3 and 4 achieved velocities of 2116 m/s and

2171 m/s, respectively, corresponding to increases of
7.4% and 11% compared to the no-casing configura-
tion (Type 1). Although aluminum casings resulted
in higher velocities, their ability to maintain projec-
tile coherence was not compromised. Al 7039 (Type
4) had both the highest velocity and the most stream-
lined projectile, suggesting it achieved the best aero-
dynamic performance among all cases.
For the Type 2 configuration with a polyethylene cas-
ing, the experimentally obtained projectile velocities
for the three test specimens were 2278 m/s, 2150 m/s,
and 1859 m/s, with an average velocity of 2096 m/s.
This average value deviates by 5.8% from the cor-
responding simulation result. The overall discrep-
ancy between the experimental and simulated data re-
mained within 15%, which is considered acceptable
for high-speed impact experiments, confirming the
reliability of the numerical model.

Kinetic Energy of EFP

The evolution of projectile kinetic energy during for-
mation is shown in Fig. 6. Type 1 produced the lowest
kinetic energy of 35.26 kJ. The use of a polyethylene
casing in Type 2 increased this value to 38.79 kJ, an
improvement of approximately 10%. Type 3 reached
46.27 kJ, and Type 4 had the highest value of 50.93
kJ, a 44.5% increase over Type 1 and a 31.3% increase
over Type 2.
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Figure 5: Shape of EFP at specific times and displacements

This trend indicates that aluminum casings signifi-
cantly enhance energy transfer from the explosive to
the liner. Notably, Type 4 outperformed Type 3 by an
additional 10%, confirming that Al 7039 ismore effec-
tive than Al 5083H116 in converting explosive energy
into projectile motion.

Penetration Process

After impact, the EFP induced a complex stress state
in the 30-mm-thick steel plate, involving coupled
compressive, shear, and tensile components, as shown
in Fig 7. The initial response is governed by strong
compressive and shear stresses at the front surface,

promoting localized plastic deformation and shear-
dominated damage. As the penetrator advances,
stress waves propagate and reflect at the rear sur-
face, giving rise to a tensile–compressive field on both
faces. Tensile stresses progressively intensify, par-
ticularly at the edges of the shear zone, where large
plastic strains and material stretching occur. This re-
sults in the formation of two distinct failure regions:
a front compressive zone dominated by compressive
and shear failure and a rear tensile zone where tensile-
driven cracking and damage become predominant.
With increasing penetration depth, the target’s resis-
tance to motion increases and the damaged region

7
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Figure 6: Simulatedand experimentally measured EFP velocities

grows, indicating progressive degradation of the load-
bearing capacity of the plate.

Figure 7: Steel target plate subjected to EFP impact

Penetration performance was assessed using both the
depth and diameter of the hole in the steel target. The
results are presented in Fig 8 and Fig 9. Type 1 created
a wide penetration diameter of 40 mm but a shallow
depth of 21mmbecause of its lower velocity and blunt
projectile shape.
Type 2 produced a balanced penetration profile in
simulation, with a 40-mm width and 24-mm length.
Experimental testing confirmed a mean diameter of
37.7 mm, a 6.1% difference from simulation. This de-
gree of agreement supports the reliability of the sim-
ulation model.
Aluminum casings resulted in deeper but narrower
penetrations. Type 3 achieved a penetration 29 mm
in length and 39 mm in width, and Type 4 achieved
a penetration 37 mm in length and 36 mm in width.

Compared to Type 2, Type 4 offered a 54% increase in
length but a 10% reduction in width.
Of the two aluminum alloys, Al 7039 (Type 4) consis-
tently outperformed Al 5083H116 (Type 3) in terms
of velocity, energy, and penetration length, making it
the more effective casing for high-performance EFP.
For the Type 2 configuration, the measured penetra-
tion widths of 36 mm, 37 mm, and 40 mm (average
37.7 mm) indicate a relatively stable deformation pat-
tern of the target under EFP loading. The fact that the
deviation between the experimental and simulated
penetration widths remains below 6.1% suggests that
the numerical model captures the key mechanisms
governing the target response, including the interac-
tion between the penetrator nose and the steel plate,
the development of the plastic zone, and the lateral ex-
pansion of the damage region. This level of agreement
falls within typical experimental uncertainty for im-
pact and penetration tests and therefore supports the
reliability of the adopted constitutive models, bound-
ary conditions, and mesh resolution in reproducing
the global penetration behavior of the plate.

CONCLUSION
This study employed a combined numerical–
experimental approach to evaluate the influence
of various casing materials on EFP formation and
subsequent performance. The main conclusions
drawn from the research are as follows:
The numerical model proved to be highly accurate.
Differences between the simulated and experimental
results were within 6% for both the projectile’s veloc-
ity and the penetration width, demonstrating that the
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Figure 9: Penetration Hole Diameter and Depth Obtainedfrom Simulations and Experiments

Figure 8: EFP penetrationprocess for different cas-
ing materials

model can reliably predict EFP behavior across vari-
ous casing materials.

The results show that the choice of casing mate-
rial plays a critical role in projectile formation, en-
ergy transfer, and terminal effectiveness. Aluminum
alloy casings, especially Al 7039, performed best,
producing high-velocity projectiles with streamlined
shapes and deep penetration. Polyethylene is a well-
balanced alternative that enables stable projectile for-
mation and consistent penetration while also being
lightweight and experimentally validated. Theno-
casing configuration resulted in lower energy effi-
ciency and limited penetration depth, despite forming
a wide-impact projectile. Steel casings caused projec-
tile fragmentation and were unsuitable for stable EFP
formation.
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