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A combined experimental and numerical investigation is carried out to study systematically the ballistic per-
formance of a metallic plate that deforms continuously under pre-imparted impulsive loading (e.g., due to TNT
explosion) before being impacted by a projectile. First, based on a novel experimental method, ballistic impact
test of a deforming thin steel plate is performed via an one-stage gas gun; as benchmark, ballistic impact test of a
static (non-deforming) thin steel plate via a two-stage gas gun is also performed. Results show that deforming has
significant influence on ballistic performance of metallic plates in terms of perforation mode and ballistic limit.
Then, based on three-dimensional finite element simulations that are validated against experimental measure-
ments, physical mechanisms underlying the deforming effect are explored. The effects of pre-imparted impulse,
the shock resistance of target plate, and the nose shape of projectile on the ballistic performance are also
quantified. It is demonstrated that deforming leads to changes of the projectile-target system in three aspects:
providing initial kinetic energy to target, changing plastic deformation in dished region, and altering shear force
during perforation. The interaction of these three aspects dictates the ballistic performance of a deforming target

plate. The results are employed to carry out anti-penetration design for deforming steel plates.

1. Introduction

Steel plates are widely used to construct civilian and military sub-
structures, such as hulls of ships, fuselages, and chassis of cars. While
the main focus was placed upon load carrying capacity in early times,
their ballistic resistance performance received increasing attention later
on [1-4]. Generally, the target plates are in static state, e.g., ballistic
penetration of a static thin steel plate. In some cases, however, the target
plates suffer combined blast and fragment impact loading, generated say
by cased-explosives such as roadside bombings and improvised explo-
sive devices (IEDs) [5-7]. As the velocity of blast wave propagation is
different from that of fragment flying, there exists one situation that,
while a target plate is deformed by blast loading, it is also penetrated by
fragments simultaneously, namely, ballistic impact on a deforming
target plate.

The ballistic penetration behaviors of a wide variety of metallic
plates have been extensively investigated using experimental, analytical
and numerical methods[8-27]. The focus has primarily been placed

upon how different factors influence the ballistic resistance of the target
plate and the underlying penetration mechanics. Key factors that have
been considered include those associated with the projectiles such as
nose shape [8-11] and hardness [12-13], those with the targets such as
monolithic or layered (either in-contact or separated) [14-18], strength
and ductility [19], strain rate sensitivity and strain hardening [20],
thickness [21-23], and those with the loading conditions such as impact
velocity and incidence angle [24,25]. However, existing studies mainly
considered static metallic plates, and few reported on ballistic pene-
tration of deforming thin steel plates, in spite that this is a pretty com-
mon situation when cased-explosives are considered. Chen et al.
[26-27] investigated the effect of a soft nose on the penetration of
metallic plates: the soft nose initiated an ahead structural response
(deforming) of the plate, which was found to have notable influence on
penetration. It is therefore of importance to investigate systematically
the ballistic performance of deforming metallic plates.

For a deforming metallic plate subjected to projectile penetration,
experimental tests provide a primary cognition while numerical
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Fig. 1. Schematic of impact experimental setup:

simulations provide a choice to reveal the underlying mechanisms.
However, at present, the ballistic impact test of a deforming metallic
plate is yet performed experimentally. At the laboratory scale, light-gas
gun is the most common choice for impact tests, due to its safety, sta-
bility and economy. Through sudden release of compressed gas, the
projectile loaded into the gas gun barrel is accelerated to strike the
target. Traditionally, when a solid projectile is loaded, the technique can
be used to perform ballistic impact tests on static targets [28-29]; when
an aluminum (Al) foam projectile is loaded, the technique can be used to
perform simulate shock tests on static targets [30-31]. More recently,
the present authors proposed to embed a projectile into a Al foam sabot
to construct a novel composite projectile which, when loaded into the
light-gas gun, enables performing combined shock and projectile impact
tests on static targets [32]. For a composite projectile with purposely

8
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@

(a) one-stage gas gun; (b) two-stage gas gun.

selected impact velocity, the Al foam sabot arrives at the target first to
generate a shock loading that forces the originally static target to deflect
(deform); subsequently, while the target continues to deform, the
embedded projectile arrives and starts to penetrate the deforming target.
Therefore, the proposed composite projectile is deemed suitable for
conducting ballistic impact test on a deforming target. In contrast, the
composite projectile can also be designed to enable the projectile
striking the static target first, followed by the impact of Al foam
projectile.

With the light-gas gun setup, most numerical simulations on target
plates impacted by Al foam projectiles only tracked the macroscopic
properties of the foam [31-32]. However, it has been demonstrated that
the dynamic deformation of a cellular foam may be affected by
micro-inertia [33]. As the shock loading generated by a Al foam
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Fig. 2. Schematic of (a) blunt projectile with foam sabot and (b) target plate and boundary setting (measured in mm).
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Table 1

Loading conditions and results of the tests (mass of the foam sabot my, mass of
the blunt projectile my, initial projectile velocity v; and residual projectile ve-
locity v;).

Tests Specimen types Ad(mm) me(g) my(g) vi(m /s) vr(m/s)
#1-1 Static - - 7.1 125 0
#1-2 Static - - 7.1 152 80
#1-3 Static - - 7.1 177 117
#1-4 Static - - 7.1 244 205
#1-5 Static - - 7.1 292 267
#1-6 Static - - 7.1 310 283
#1-7 Static - - 7.1 320 298
#1-8 Static - - 7.1 348 323
#2-1 Deforming 15 61.7 7.1 105 0
#2-2 Deforming 15 60.3 7.1 149 105
#2-3 Deforming 15 62.5 7.1 185 152
#2-4 Deforming 15 61.9 7.1 236 208
#2-5 Deforming 15 62.3 7.1 299 269
#2-6 Deforming 15 61.2 7.1 336 307
#3-1 Deforming 5 59.8 7.1 136 0
#3-2 Deforming 5 61.3 7.1 159 86
#3-3 Deforming 5 60.7 7.1 199 133
#3-4 Deforming 5 62.2 7.1 249 196
#3-5 Deforming 5 60.3 7.1 275 225
#3-6 Deforming 5 61.5 7.1 320 282

projectile is highly dependent upon its dynamic deformation, using a full
foam model with three-dimensional (3D) cellular structure to simulate
the factual foam projectile becomes a necessity. Two different types of
3D mesoscopic foam model have been commonly used to represent a
real cellular foam, i.e., the 3D foam structure reconstructed by using the
technique of X-Ray computer tomography [34,35] and the 3D Voronoi
structure constructed by dividing a 3D space [36,37]. Compared with
the solid elements in X-Ray reconstructed model, the 3D Voronoi foam
model is meshed by shell elements, thus exhibiting higher efficiency for
numerical calculation.

The current study aims to characterize the ballistic resistance per-
formance of deforming steel plates and explore physical mechanisms
underlying the deforming effect by using a combined experimental and
numerical approach. The paper is organized as follows. In Section 2, a
series of ballistic impact tests for both static and deforming steel plates
are conducted and the results are presented in terms of failure modes of
target plate and residual velocity of projectile. Finite element (FE)
models on cell-based foam sabot and solid projectile is constructed in
Section 3. In Section 4, upon validating the proposed FE models against
experimental measurements, the underlying mechanisms involved in
the ballistic penetration of a deforming target are quantitatively
analyzed via FE simulations. The effects of pre-imparted impulse, shock
resistance of target plate, and nose shape of projectile on ballistic
resistance are explored. In Section 5, for practical applications, anti-
penetration design of deforming thin steel plates is illustrated.

2. Experimental investigation
2.1. Experimental set-up

Ballistic impact tests for deforming thin steel plates were carried out
by using an one-stage gas gun (bore diameter 57 mm), as shown in
Fig. 1a. In the test, a blunt projectile with aluminum foam sabot (Fig. 2a)
was accelerated and projected on the thin steel plate. For reference,
ballistic impact tests for static thin steel plates subjected to blunt pro-
jectile were also performed based on a two-stage gas gun, as shown in
Fig. 1b. A high-speed video camera (I-SPEED 716, IX) was used to record
the residual velocity of the projectile perforating the target, while its
incident velocity was measured by laser velometer.

The blunt cylindrical projectiles employed in both impact tests were
made of hardened steel, thus could be considered as rigid during ballistic
penetration. The size of each blunt projectile was 20 mm in length and
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Fig. 3. Residual velocity of blunt projectile plotted as a function of impact
velocity: comparison between static and deforming steel plates for Ad = 0.5 cm
and Ad =1.5 cm.

7.62 mm in diameter, whose mass is nearly 7.1 g for all tests; Fig. 2a. The
cylindrical aluminum foam sabot was 65 mm in length and 57 mm in
diameter, while its cylindrical inner hole had a diameter of 8 mm,
slightly larger than that of the projectile. The cylindrical foam sabot was
electro-discharge machined from a block of closed-cell aluminum foam
which had a relative density of 13.7% and a compressive plateau
strength of approximately 4.5 MPa. Since the distribution and
morphology of the core in the aluminum foam block was irregularly, the
mass of each foam sabot taken from the foam block was different,
detailed values of the masses are presented in Table 1. The length of
inner hole was larger than the length of blunt projectile that it housed,
leaving a depth Ad between the front surface of foam sabot and the top
of projectile; Fig. 2a. In the present study, two values of hole depth were
selected, i.e., Ad = 0.5 cm and Ad = 1.5 cm, to study the ballistic per-
formance of deforming thin steel plates.

Square Q235 steel plates (180 mm in width and 0.9 mm in thickness)
were fully clamped and fastened along each edge by a cover strip (40
mm in width) and a base frame, leaving an exposed area of 100 mm x
100 mm; Fig. 2b. The yield strength and strain hardening slope of Q235
steel are 293 MPa and 600 MPa, respectively.

2.2. Measurements and observations

The experimental program and some test results of the three groups
of shots were given in Table 1, while the ballistic performance of
deforming steel plates was compared with that of static ones in terms of
residual projectile velocity in Fig. 3. The residual velocity of the pro-
jectile after penetrating a static target was found to be larger than its
counterpart after penetrating a deforming target when Ad = 0.5 cm for
all impact velocities tested, but lower than the latter when Ad = 1.5 cm
for impact velocities lower than 275 m/s. These results indicated that
significant influence of deforming on ballistic performance. Besides,
comparison between deforming targets impacted by projectiles
embedded in foam sabots having different Ad showed that the pene-
tration resistance was also strongly affected by the deforming extent of
target, which varied as Ad was changed. It should be noted that the
corresponding impact velocities whose residual velocities were zero
were not the ballistic limit velocities, but situations not giving perfora-
tion. Due to the limitations of the employed gas gun, the ballistic limit
velocities are not obtained experimentally. The ballistic limit velocities
employed in the following discussion would be calculated numerically.

Fig. 4 presented cross-sectional views of perforated thin steel plates,
with the test impact velocity marked in the lower-right corner of each
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Fig. 4. Cross-sectional views of penetrated thin steel plates under varying impact velocities.

image. For static targets, the plate was perforated by the blunt projectile
directly and the perforation mode was plugging dominant, accompanied
by hinging. For deforming targets, the final deformation modes include
both global deflection and central perforation, the global deflection
generated a deforming state of the target in the perforation process. It
was observed that the final deflection profiles converted from only
deflection to deflection and large petals as the impact velocity increased.
The large petals can be explained as that the kinetic energy of the foam
sabot was not completely consumed by self-compaction and deflection
of the target under high impact velocities, after the deforming target was
perforated by the steel projectile, the foam sabot continued to impinge
on the target, during which cracks formed around the perforation hole
and propagated to the clamped edges, which further formed large petals.
Unlike the static targets, where a plug was ‘ejected’ from each target, a
stripe of the target was moved out from each deforming target. This
incomplete circumferential plug was believed to be induced by un-
evenness of the target caused by the impact of Al foam sabot. In addition,
it was also found that the stripe generated in deforming targets of Ad =
0.5cm was bent backwards, while the stripe generated in deforming
targets of Ad = 1.5cm was nearly vertical to target surface. This indi-
cated that the kinetic energy transmitted to the stripe from projectile
was also influenced by the deforming extent. In the present study, the
phenomenon that deforming affects the ballistic performance and
perforation mode of a metallic plate is called “deforming effect”.

3. Cell-based finite element modeling
3.1. Voronoi foam modeling

The technique of 3D Voronoi construction is employed to generate
FE models for cylindrical sabots made of close-celled Al foam. The
methodology begins with a total of N nuclei randomly placed in a 3D
space, where the distance between any two nuclei is larger than a
minimum allowable distance, r. Subsequently, based upon the Delaunay
triangulation, the space is divided into Nclosed cells. The boundaries of
all the cells constitute the so-called §-diagram, namely, the Voronoi di-
agram with an irregularity degree of § = r /ro. Here, ry is the distance
between two adjacent nuclei in a regular tetrakaidecahedral foam model

AL
Tzone Il zoneTl -~

Blunt projectile
with foam sabot

Fig. 5. Finite element model (showing three quarters of model) for thin steel
plate impacted by blunt projectile embedded in aluminum foam sabot.

with N cells in volume V, given by:

Vo[ V!
=27 @

With all the cell walls assumed to have a uniform thickness of h, the
density of the Voronoi foam is calculated by:

n

ST Arh

_ =l .
Pr = P @

where n and A; are the number of cell walls and the area of the i th cell
wall, respectively, and oL denotes the density of cell wall material. By
changing the uniform thickness, 3D foam models with different densities
can be constructed for FE simulations.
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Table 2

Parameters of constitutive model for aluminum.
E, (GPa) E (MPa) o} (MPa) ok (kg/m?) v
69 58 100 2700 0.3

3.2. Finite element modeling

Ballistic impact on deforming thin steel plate is simulated using full
3D finite element models in Ls-Dyna, as shown in Fig. 5. The Al foam
sabot (65 mm in length and 57 mm in diameter; diameter of inner hole 8
mm) is constructed based on the Voronoi foam technique, and meshed
with Shell 163 element that has 5 integration points through the
thickness of cell walls. Since the foam sabot is mainly used to generate a
shock loading, the mesh convergence of foam sabot is checked by
comparing the contact pressures between target plate (a fixed rigid
target is used) and the Voronoi foam sabot that is meshed with various
sizes of shell element (i.e., 0.2 mm, 0.1 mm, 0.05 mm). Since refinement
of the mesh size only has slightly influence on the contact pressure, upon
considering both mesh convergence and computational efficiency, the
size of the shell element is eventually set to 0.2 mm. Both the blunt
projectile (20 mm in length and 7.62 mm in diameter) and square steel
plate (100 mm in width and 0.9 mm in thickness) are meshed using
eight-node brick elements with reduced integration. A global mesh size
of 0.5 mm is used for the blunt projectile, while the steel plate is divided
into two zones having different mesh sizes so as to improve computa-
tional efficiency and maintain numerical accuracy. Zone I has a square
edge length of 15 mm in the center, within which the mesh size is 0.3
mm in length. In Zone II, which includes the remaining region of the
plate, the mesh size is varied from 0.3 mm to 2 mm. In thickness di-
rection, there are ten elements for both Zone I and Zone II. Mesh
sensitivity is carefully carried out for the target plate, both in-plane
mesh size and through-thickness mesh size are checked by comparing
the maximum central deflection and residual velocity of the blunt pro-
jectile, respectively. The results indicate that the above mesh size is
sufficient for numerical convergence.

In the present FE simulations, the foam sabot and the blunt projectile
impact the edge-clamped steel plate with a common prescribed velocity.
An automatic surface to surface contact is set between the blunt pro-
jectile and sabot while an automatic node to surface contact is set be-
tween the composite projectile (blunt projectile and sabot) and steel
plate. Besides, a single surface contact is employed for the sabot. For all
contact pairs, a constant coefficient of friction 0.2 is used according to a
previous experimental study [38].

For static steel plates, FE models of ballistic impact are also con-
structed. The models are nearly the same as those for deforming steel
plates, except for the lacking of Al foam sabot.

3.3. Material models

The materials involved in FE simulations include the hardened steel
(blunt projectile), aluminum (foam sabot), and Q235 steel (target plate).
Since the blunt projectile exhibits little deformation during the entire
course of impact, as shown in Fig. 7b, the rigid material model is
adopted, with a density of 7800 kg/m® and a Young’s modulus of 200
GPa.

For the foam sabot, the material make of its cell walls is character-
ized with a bi-linear strain-hardening model, given by:

Ele, e< 2
F

o= (3
Gf of 0(5 Gfs
s TE L e— = € > i

s

where 0§s denotes the yielding stress, and E, and E’: are the Young’s
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Table 3

Parameters of constitutive model for Q235 steel [41].
Material property Value
Density, p, (kg/m®) 7800
Shear modulus, G (GPa) 75
Static yield strength, A (MPa) 293.8
Strain hardening coefficient, B (MPa) 230.2
Strain rate coefficient, ¢ 0.0652
Thermal softening exponent, m 1
Strain hardening exponent, n 0.578
Reference strain rate, & 0.0021
Reference temperature, T, (K) 293
Melting temperature, T,, (K) 1795
Damage constant, D; 0.472
Damage constant, Dy 18.728
Damage constant, D3 -7.805
Damage constant, Dy -00,193
Damage constant, Ds 3.811

modulus and tangent modulus, respectively. The cell wall material used
in the present study is aluminum, with mechanical properties listed in
Table 2.

The constitutive behavior of steel is represented by the Johnson-
Cook fracture model [39,40], characterized by an equivalent stress
defined by:

o= (A+Bes,) (1+,) (1-1") o)

where ¢, and e, denote the equivalent stress and equivalent plastic
strain, respectively; &, is the normalized equivalent plastic strain rate,
defined as the ratio of equivalent strain rate (¢,4) to a reference strain
rate value (ég); n is the strain hardening parameter;A, B, ¢ and m are
material constants. In Eq. (4), the homologous temperature is given as
T* =(T — T;) /(T;m — T:), where T is the absolute temperature, T is the
reference temperature, and Ty, is the melting temperature. The fracture
strain is given as:

e = (D, +Dzexp(D3(7*))<l +é:q>04(1 4 DsTY) 5)

where D; ~ Ds are material constants determined from experimental
measurements, and ¢* is the stress triaxiality ratio. Fracture occurs when
damage of a material element equals unity, and the damage is defined
by:

D:Zﬁ 6)

&

where Ag, is the increment of accumulated plastic strain. In the FE
simulations, when the damage in an element reaches its critical value 1,
the element is deemed to fail by element erosion. In the present study,
relevant material constants are determined from existing tensile test
data of Q235 steel [41], as listed in Table 3.

4. Results and analysis
4.1. Validation of finite element model

For both static and deforming steel plates, Fig. 6 compares the
numerically calculated ballistic performance (in terms of projectile re-
sidual velocity) with that experimentally measured. Good agreement is
achieved between experimental data and numerical results, particularly
when the impact velocity is larger than the ballistic limit. When the
impact velocity is around the ballistic limit, the numerical residual ve-
locities are somewhat higher than those measured. This difference is
acceptable since experimental data around ballistic limit always oscil-
lates due to structural response of the target plate.

The experimentally observed and numerically predicted deflection



L. Liet al

350 T T T T J
300 = Experimental data
® Numerical results e s
9
z 250 | b
E
2z 200 g i
<9
=
2150 -
_g °
[ ]
Z 100 F . .
]
I~ n
s0F ° -
0 'l 'l 'l 'l
100 150 200 250 300 350

Impact velocity (m/s)

(2)

International Journal of Impact Engineering 170 (2022) 104359

350 T T T T
300 = Experimental data
® Numerical results ]
o 250 F -
£ [ ]
2 200 | -
3 H
S 150 .
5 |
‘2 100 -
& .
50 -
°
0 L L L L
100 150 200 250 300 350

Impact velocity (m/s)

(b)

Fig. 6. Comparison between projectile residual velocities obtained numerically and experimentally: (a) static steel plates; (b) deforming steel plates (Ad = 0.5 cm).
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Fig. 7. (a) Comparison between experimentally observed and numerically simulated failure modes of static steel plate impacted by projectile at 244 m/s and
deforming steel plate (Ad = 0.5 cm) impacted by projectile at 249 m/s; (b) Blunt projectile after impact is complete; (c) Comparison between foam sabots employed

in experiments and simulations after impact is complete.

profiles and failure (perforation) modes are compared in Fig. 7a for a
static plate (impacted at 244 m/s) and a deforming plate (impacted at
249 m/s, Ad = 0.5 cm), respectively. For both types of steel plate, the
experimental and numerical deflection profiles are nearly the same, thus
indicating the accuracy of the present FE simulation in capturing the
deflection of the plate under foam sabot impact. As for perforation, it is
found that the simulated perforation mode of static plate is plugging
dominates, which is nearly the same as the experimental result. For the
deforming target, the simulated perforation mode is plugging whereas
an incomplete circumferential plug perforation mode (cracks and petals)
was observed experimentally. The ‘cracks and petals’ mode is referred to
be a combined result of initial crack (caused by defects of the target
material or unevenness of target induced stress concentration) and

relative lower impact velocity [42,43]. In the present tests, defects of the
target material and unevenness of the target (caused by deflection) may
exist, which induces the initial crack on the target plate; Besides, the real
impact velocity for a deforming target is actually a relative velocity
between projectile and moving target (the target gets velocity in the
deflection process), which is much smaller than the initial impact ve-
locity of the projectile. These conditions provide a chance for the ‘cracks
and petals’ mode to occur. In the simulation, both unevenness of the
target and defects of the target material are not exist, thus plugging
dominates the perforation mode rather than the ‘cracks and petals’.
Comparison between the perforation channels of static target and
deforming target indicates that the bulge is obvious in the static target
but disappears in the deforming target.
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Fig. 8. Energy time history of the impact system: (a) static steel plate; (b)
deforming steel plate with Ad = 0.5 cm.

Fig. 7b presents the profile of the blunt projectile after impact, it is
found that the tested projectile is not plastically deformed (projectile
mushrooming does not appear), the projectile length is not decreased
and the projectile nose diameter is not increased, indicating that the
projectile is rigid like. Therefore, using rigid material model to simulate
the projectile is viable. Fig. 7c compares further the experimentally
observed compression of foam sabot after impact with that numerically
simulated. It is seen that both the final length and final nose profile of
the simulated foam sabot is similar to the one tested, thus validating the
numerical modeling of foam sabot. Therefore, the present FE models are
effective in simulating the deflection and perforation of both static and
deforming thin steel plates.

To further check the accuracy and reliability of the numerical
models, the energy conservation of the static target (impacted at 244 m/
s) and the deforming plate (impacted at 249 m/s, Ad = 0.5 cm) is
investigated, respectively. The energy time histories of the impact sys-
tem are plotted in Fig. 8. It can be seen that the sum of kinetic energy,
internal energy and hourglass energy is equal to the total energy at all
time instants. The ratio of the hourglass energy to the total energy is
1.59% and 1.07% for the static target and deforming target,
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Fig. 9. Velocity versus impact time histories of blunt projectile and plug for (a)
static target, (b) deforming target with Ad = 0.5cm, and (c) deforming target
with Ad = 1.5cm.
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Fig. 10. Comparison between numerically simulated impact processes of static target and deforming targets (Ad = 0.5cm and Ad = 1.5cm), the impact velocity is

200 m/s.

respectively, which is less than the threshold 5% typically used to
evaluating the accuracy of the numerical calculations [44]. Thus, the
impact system energy remains in a reasonable balance during the impact
process, indicating that the numerical results are reliable.

4.2. Physical mechanisms underlying the deforming effect

With the impact velocity fixed at 200 m/s, Fig. 9 presents the velocity
time histories of both the blunt projectile and plug for both static and
deforming targets. It should be noted that the plug is actually the
“central part” of the target before it is ejected out, here, we call the
“central part” (before ejection) and the plug (after ejection) as “plug” for
convenience of expression. The velocity time history of the plug is a
combination of these two stages. The deforming target of Ad = 0.5 cm is
seen to exhibit a better ballistic performance (i.e., smaller residual ve-
locity) compared with the static target, while the deforming target of Ad
= 1.5 cm performs worse (i.e., larger residual velocity). Compared with
the static target (Fig. 9a), the dynamic response of both deforming tar-
gets (Fig. 9b and Fig. 9c¢) includes an additional deflection stage, which
changes the initial condition of the perforation stage. That is, the initial
velocity of the plug (still part of target before being moved out) increases
from O (static) to 61.5 m/s and 87.3 m/s for the deforming targets of Ad
=0.5 cm and Ad = 1.5 cm, respectively, which results in changes of
relative velocity between target and projectile. Let t; and t, denote the
beginning and ending instant of perforation stage. It is observed that
there exists fluctuations for the velocity of the plug in the perforation
stage for both static target plate and deforming targets. It is inferred that
the fluctuation of the plug (central part) is a result of collisions between
the blunt projectile and the plug (central part): the first collision be-
tween the projectile and the “central part” leads to a high velocity of the
“central part”, then the projectile and the “central part” separates due to
velocity difference between them, since the first collision is not enough
to move out the “central part” from the target, the “central part” is
slowed down due to the pulling fore provided by the adjacent region of
the “central part”, then the second collision between the blunt projectile
and the “central part” happens and the “central part” is finally ejected
out. The entire perforation time for the static target is t, —to = 0.042 ms,
while it is 0.124 ms and 0.029 ms for the deforming targets with Ad =
0.5 cm and Ad =1.5 cm, respectively. It is thus inferred that the
deflection stage also affects the perforation process. Comparison be-
tween the two deforming targets (Ad = 0.5 cm and Ad = 1.5 cm) shows
that the perforation stage starts at the ascent phase of plug velocity for
the deforming target of Ad = 0.5 cm, while it starts at the descent phase
of plug velocity in the case of Ad = 1.5 cm. Besides, it is also found that
the difference between the residual velocities of plug and projectile is
less than 5 m/s for all the targets tested.

The numerically simulated processes of a blunt projectile penetrating
both static and deforming targets are displayed in Fig. 10. It is intuitive
that the impact of foam sabot on the target plate makes a deforming
target. Time histories of the cross sectional profile of the target is pre-
sented for both static target and deforming targets in Fig. 11. It is found
that the perforation process for either static or deforming target is
plugging dominated, of which the diameter of the plug is nearly the
same as the projectile. However, significant dishing (height of the bulge
is approximately 4.5 mm) is observed during the perforation process of
static target, while dishing (the height of the bulge is hard to distinguish)
is not obvious in deforming targets. The dishing is induced by the dif-
ference of normal velocities between the “central part” and adjacent
region. As the global deflection of the target also provides a normal
velocity to the adjacent region, the normal velocity difference between
the central plug and adjacent region is decreased, which causes addi-
tional flattening of the dishing region for a deforming target, thereto the
dishing is not obvious in deforming targets. Fig. 12 presents the time
histories of the foam sabot in view of length during the impact process. It
is found that the compaction process of the foam sabot is nearly the same
for both deforming targets, indicating that nearly equal energy is
consumed by the foam sabot in the impact process and nearly equal
impulse is transmitted to the deforming targets.

From the view of energy conservation, the energy dissipated during
the perforation of a static target comprises the energy E; consumed by
shearing force and the plastic energy E, consumed by bending and
membrane stretching of the dished region. Assume that the plug and
projectile attain the same velocity after the latter is moved out (a dif-
ference less than 5 m/s is ignored for simplicity). A general expression of
energy conservation for static target is thence given by:

1 1
7 Vo' = 3 (m, +my) V> + E, + E; )

where m; and m, are the mass of the projectile and plug, respectively,
and Vo and V; are the impact velocity and residual velocity of the pro-
jectile, respectively. It should be noted that wave propagation effects in
the acceleration of the plug are ignored as the impact velocity is much
lower than the velocity of wave. Besides, the energy consumed by
deformation of the projectile is also ignored, since it acts like rigid as
observed in the experiments.

As for the deforming target, the central plug attains a velocity V; at
the end of deflection stage, thus acquiring an initial kinetic energy
m,V? /2. In the perforation stage, the shear force around the central plug
and the bending and membrane stretching of the dished region remain
as the two key mechanisms of energy dissipation. However, the dissi-
pated energies E; and E, for a deforming target are different from those
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Fig. 11. Time-histories of deflection measured from the mid-sections of (a)
static target and deforming targets and deforming targets ((b) Ad = 0.5cm and
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version of this article.)
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Fig. 13. Numerically calculated shear stress between target and projectile
plotted as a function of impact time: comparison between static and deform-
ing targets.

of its static counterpart. Firstly, the extent of plastic deformation in the
dished region is different, as observed in Figs. 10 and 11. Secondly, the
normal velocity difference between the central plug and adjacent region
for a static target is different from that of a deforming target (Fig. 9),
thus leading to different dynamic shear forces. It follows that energy
conservation for a deforming target can be expressed as:

1 1 1
S Vo¥ + 7 Vi = 3 (my +my) V> + E, + E; ®

Comparison between Eq. (7) and Eq. (8) shows that deforming in-
fluences the ballistic performance by three items: the initial kinetic en-
ergy of the central plug Ej, the dissipated energy E;, and the dissipated
energy E,. The energy dissipated by shear force is given by:

E; = nrd,h, )
where 7 is the shear stress around the central plug, h and d, are the

thickness of the target and diameter of the plug, respectively, and &; is
the half-width of shear band, given as:

1+3
8

8 = h (10)
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target and deforming targets of Ad=0.5 cm and Ad=15 cm,
respectively.

According to the analysis above, most of the energy is dissipated by
plastic deformation of the dished region, followed by the shear force; the
initial kinetic energy has the least influence. On the basis of static target,
the additional energy AE = AEy — AE; — AE, can be calculated as
—19.25 J and 18.18 J for the deforming targets of Ad = 0.5 cm and Ad =
1.5 cm, respectively, where AE, AEs and AE, are in turn the difference
of Ey, E; and E, between a deforming target and a static target. Note that
AE < 0 means the residual velocity of a deforming target is lower than
its static counterpart, and vice verse. Therefore, the deforming target of
Ad = 0.5 cm exhibits a better ballistic performance (smaller residual
velocity) than the static target while the deforming target of Ad =1.5
cm exhibits worse ballistic performance (larger residual velocity).

Similar analysis is carried out for impact velocities of 150 m/s and

0.00 0.05 0.10 0.15 020 250m/s. The additional energies between the deforming target and the

Time (ms)

Fig. 14. Energy dissipated by plastic deformation of dished region plotted as a
function of time: comparison between static and deforming targets.

According to Fig. 9, the initial velocity of the central plug is 0, 61.5
m/s and 87.3 m/s for the static target, the deforming target of Ad = 0.5
cm, and the deforming target of Ad=1.5 cm, respectively. Corre-
spondingly, the initial kinetic energy Ej is 0, 0.67 J and 1.35 J.

In the FE simulations, E; is calculated by Eq. (9), in which 7 =
% Zf’zln, wherein 7; denotes the dynamic shear stress of the element in
the ith layer through the thickness of a target plate. Fig. 13 presents the
average shear stress 7 as a function of time for both static and deforming
targets. The dynamic shear stress for the static target, the deforming
target of Ad =0.5 cm, and the deforming target of Ad = 1.5 cm is
calculated to be 382 MPa, 373 MPa and 366 MPa, respectively. The
difference between these dynamic shear stresses is caused by difference
in normal velocities (Vo — V;) between the projectile and central plug
(just before it is moved out), i.e., the relative velocity is 200 m/s, 138.5
m/s and 112.7 m/s in turn. Larger normal velocity difference leads to
higher strain rate, thus leading to larger dynamic shear stress. Upon
substituting these FE calculated dynamic shear stresses into Eq. (9), the
shear force dissipated energy can be calculated as 3.12 J, 3.04 J and
2.99 J for the static target and deforming targets of Ad = 0.5 cm and Ad
= 1.5 cm, respectively.

Fig. 14 plots the FE calculated energy E, as a function of time for both
static target and deforming targets, of which E, is the internal energy of
the dished region (i.e., annular region fromr = d, /2 tor = 5d,) . For a
static target, the E, can be directly obtained. However, for a deforming
target, E, can not be directly obtained, because the internal energy of its
dished region includes both perforation induced dishing and global
deflection induced flattening. In the present study, the combined de-
formations of perforation and deflection are decoupled by assuming that

Ep of the deforming target is equal to Ej — Eﬁ. Here, Ej is the internal
energy of the dished region obtained from the target impacted by blunt
projectile with foam sabot, while E{, is the internal energy of the dished
region obtained from the target impacted by foam sabot alone. The re-
sults of Fig. 14 demonstrate that the energy consumed by plastic
deformation of the dished region is 33.4 J, 53.4 J and 16.7 J for the static

Table 4
Additional energies between the deforming target and the static target.

static target as well as each type of energy (AEx, AE; and AE,) are
summarized in Table 4. It is found that AE is less than zero for all
deforming targets of Ad = 0.5 cm, but larger than zero for all deforming
targets of Ad = 1.5 cm. From the view of energy conservation, the re-
sidual velocities of deforming targets of Ad = 0.5 cm should be lower
than the static targets under impact velocities considered here (150 m/s,
200 m/s and 250 m/s), and vice verse for the deforming targets of Ad =
1.5 cm. This analysis is in accordance to the experimental results, thus
indicating that the foregoing analysis about physical mechanisms un-
derlying the influence of deforming is reasonable. Besides, it is noticed
that plastic deformation of the dished region dominates the deforming
effect.

4.3. Analysis of influencing factors

Hitherto, it has been demonstrated that the ballistic performance of a
deforming target is dependent upon both its deforming state and pro-
jectile velocity. Prior to the perforation stage, the deforming state
(including deformation extent and velocity of the deforming target) is
dependent upon both the impulse pre-imparted to the target and shock
resistance of the target. In the experiments, the pre-imparted impulse is
determined by the velocity and density of foam sabot as well as the
depth of its inner hole, while the shock resistance of the target plate
depends on its own thickness. In fact, the pre-imparted impulse is
coupled with target deflection, i.e., a target with larger shock resistance
exhibits smaller deflection, which then feeds back a larger impulse pre-
imparted to the target. To present a general view on how pre-imparted
impulse and shock resistance affect separately the ballistic performance
of a deforming target, any coupling between the two influencing factors
is ignored in subsequent analysis. Further, to characterize the ballistic
performance of the deforming target, let the normalized residual ve-
locity and normalized ballistic limit velocity be defined as the residual
velocity post-impact normalized by that of static target and the ballistic
limit velocity normalized by that of static target, respectively.

4.3.1. Pre-imparted impulse

Prior to the arrival of blunt projectile, the pre-imparted impulse
transmitted to a target plate by the front part of foam sabot is dependent
upon three factors: inner hole depthAd, density of foam sabot p;, and
impact velocity of foam sabot. To provide a preliminary knowledge
about the effect of pre-imparted impulse, the influence of each factor is

vi(m/s) Deforming target (Ad = 0.5 cm) Deforming target (Ad = 1.5 cm)

AE(J) AE(J) AE,(J) AE(J) AE(J) AE;(J) AE,(J) AE(J)
150 0.89 -0.11 17.2 -16.2 0.31 -0.06 -21.3 21.67
200 0.67 -0.08 20 -19.25 1.35 -0.13 -16.7 18.18
250 0.59 -0.16 26.4 -25.65 2.9 -0.27 -12.6 15.77

10
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Fig. 15. Normalized residual velocity as a function of pre-imparted impulse: (a) the inner hole depth based impulse and (b) the density based impulse.

investigated individually. The value of pre-imparted impulse prior to the
arrival of projectile can be obtained by:

1= /Omj;.(t)dt

where f;(t) is the force transmitted to the target by foam sabot.

Fig. 15a plots the normalized residual velocity as a function of pre-
imparted impulse, the latter controlled by varying the inner hole
depth Ad while fixing the density of foam sabot at 405 kg/m°>. The
normalized residual velocity post impact increases with increasing pre-
imparted impulse for all impact velocities considered, but the increment
is gradually reduced. Further, the normalized residual velocity is less
than 1 for relatively small pre-imparted impulses, which indicates that
the ballistic performance of a deforming target outperforms the static
one under these conditions.

Fig. 15b presents the normalized residual velocity as a function of
pre-imparted impulse, where the pre-imparted impulse is controlled by
varying the density of foam sabot while fixing the inner hole depth at
1.5 cm. The residual velocity increases almost linearly with increasing
pre-imparted impulse for all impact velocites. Therefore, the ballistic
performance of a deforming plate becomes worse the pre-imparted im-
pulse is increased. Note that Ad and p; actually represent two charac-
teristics of a pre-imparted impulse: duration and amplitude. It is thus
concluded that the normalized residual velocity is mainly controlled by
the magnitude of the impulse (impact velocity), for the characteristics of
pre-imparted impulse affect less. Regardless of the characteristics of pre-
imparted impulse, the influence of impact velocity is nearly the same:
when the normalized residual velocity is larger than 1, the smaller the
impact velocity the larger the normalized residual velocity, causing thus
worse ballistic performance of a deforming target relative to its static
counterpart; in contrast, when the normalized residual velocity is less
than 1, the smaller the impact velocity the smaller the normalized re-
sidual velocity, thus better ballistic performance of a deforming target
relative to the static one.

(€8]

4.3.2. Shock resistance of target plate

The shock resistance of a target plate is typically related to the ratio
of its thickness to in-plane size h/L, and a larger h/L usually leads to
enhanced shock resistance. The effect of h/L on the ballistic resistance of
a deforming steel plate can be studied by either varying its thicknesses h
or in-plane size L. However, varing h also causes changes in ballistic
limit, and hence it is hard to distinguish the effect of shock resistance on
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Fig. 16. Normalized ballistic limit velocity of a deforming target with fixed
thickness plotted as a function of its in-plane size.

the ballistic resistance of a deforming plate. The effect of h/L is thence
studied by varying the in-plane size L from Lo to 3Ly, with target
thickness h fixed at hg.

Fig. 16 plots the normalized ballistic limit velocity of a deforming
target (thickness hy) as a function its in-plane size; different curves refer
to different pre-imparted impulses achieved by varying inner-hole depth
Ad. The normalized ballistic limit increases with increasing target size
for all pre-imparted impulses considered. This indicates that a deforming
target with larger shock resistance (larger h/Lor smaller L) exhibits
inferior normalized ballistic resistance. In other words, the “deforming
effect” is less effective in enhancing the ballistic resistance of a target
with high shock resistance. Besides, the results reveal that, as the pre-
imparted impulse (Ad) is increased, the critical target size above
which the ballistic performance of a deforming target outperforms its
static counterpart (i.e., the normalized ballistic limit is larger than 1)
also increases.

4.3.3. Nose shape of projectile
The nose shape of projectile plays a significant role in the perforation
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mode of a target, ultimately affecting the ballistic performance of the
latter. The results discussed hitherto are all for blunt nosed projectiles.
To quantify the influence of nose shape, in addition to blunt projectiles,
hemispherical and conical projectiles are also considered.

Fig. 17 plots the normalized ballistic limit velocity of a deforming
steel plate as a function of pre-imparted impulse when subjected to the
impact of projectile having varying nose shape. The pre-imparted im-
pulse is again adjusted by varying the inner-hole depth Ad, the pro-
jectiles with different nose shapes possess the same mass, and the
thickness of target plate remains fixed at 0.9 mm. In Fig. 17, it is seen
that the normalized ballistic limit velocity decreases with increasing pre-
imparted impulse for blunt both and hemispherical projectiles, although
the decrement is more significant in the case of blunt projectiles. In
sharp contrast, in the case of conical projectiles, the normalized ballistic
limit velocity is not only rather insensitive to the pre-imparted impulse
but also less than 1 for all pre-imparted impulses considered. That is,
when impacted by conical projectiles, static targets perform better than
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deforming targets.

Fig. 18 presents the variation of perforation mode for a deforming
steel plate (0.9 mm thick) subjected to impact velocity of 200 m/s as the
nose shape of impacting projectile is varied. It is found that the perfo-
ration mode of the deforming target varies with projectile nose shape,
but is similar to that of its static counterpart: blunt projectile perforates
by shear plugging, hemispherical projectile perforates by necking, and
conical projectile perforates by forming initially a small hole and then
enlargement of the hole. For both shear plugging and necking, the target
material in front of the projectile is moved out; for ductile hole
enlargement, the target material in front of the projectile is pushed
aside. This finding indicates that the deforming of a target plays a role in
the case of a plug is formed and then moved out.

5. Anti-penetration design of deforming target

Anti-penetration design of metallic plates is of importance in a va-
riety of engineering and military applications. Traditionally, the anti-
penetration design of a target plate is based on ballistic limit data of
the target with varying thickness. However, such an approach fails to
consider the “deforming effect” on ballistic limit. As have been analyzed
above, dependent upon the extent of deforming, a deforming plate may
exhibit better or worse anti-penetration performance than a static one,
especially when impacted by blunt projectiles. That is, the anti-
penetration ability of a deforming plate is not only related to its mate-
rial make but also to its deforming state. It is therefore necessary to
account for “deforming effect” when deforming targets are designed to
resist projectiles.

For illustration, a typical design case is investigated to distinguish
the difference between static and deforming targets in anti-penetration
design. By assuming that a target plate is impacted by a blunt-nosed
projectile (velocity fixed at 200 m/s; target material make and blunt
projectile same as those described in the previous section), the minimum
plate thickness that can resist the projectile impact is determined for
both static and deforming plates. Fig. 19a presents the ballistic limit data
of static target plates with various thicknesses. It is shown that static
steel plates with thickness exceeding 2.25 mm can meet the anti-
penetration design requirements. Fig. 19b presents the design chart
for deforming target plates, with contour lines denoting different bal-
listic limit velocities (as labeled on each contour line; unit m/s). The
horizontal axis and vertical axis of the figure represent target plate
thickness and pre-imparted impulse, respectively. Note that, as previ-
ously discussed in Section 4.3, the pre-imparted impulse represents the
deforming state of a deforming plate. The design chart reveals that,
when the available thickness of target plate is varied from 1.4 mm to 2.5
mm, there exist several combinations of plate thickness and deforming
state that can meet specific requirements of anti-penetration design. For
instance, if the shock wave pre-imparts an impulse of 3.5 N.s to the
target, a plate with thickness larger than 1.73 mm can resist the pene-
tration of projectile. When the pre-imparted impulse is increased to 7.5
N.s, the plate thickness needs to be larger than 2.4 mm to meet the same
requirement. If the pre-imparted impulse is not known such that any
deforming state is possible, the target plate needs to have a thickness
larger than the maximum thickness corresponding to the contour line
labeled as ‘200°. Therefore, due to the “deforming effect”, the anti-
penetration design of a deforming target plate is more complicated
relative to its static counterpart.

6. Conclusions

The ballistic performance of a deforming metallic plate has been
systematically investigated using a combined experimental and nu-
merical approach, and compared with its static counterpart. First, ex-
periments are conducted for both static and deforming thin steel plates
to characterize their ballistic performance and perforation modes. Then,
numerical simulations with the method of finite elements are carried out
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Fig. 19. (a) Ballistic limit velocity plotted as a function of thickness for static target plates, and (b) design chart for deforming target plates.

and validated against experimental measurements. The validated nu-
merical model is subsequently employed to explore physical mecha-
nisms underlying the ballistic performance of a deforming target and
quantify the effects of pre-imparted impulse prior to projectile arrival,
shock resistance of target material make, and nose shape of projectile.
Anti-penetration design of deforming targets is also illustrated. Main
conclusions are summarized as follows:

e The ballistic performance and perforation modes of a deforming steel
plate are sensitive to its deforming state;

e Deforming induced transmission of kinetic energy to target, energy

dissipated via plastic deformation in dished region, and energy

dissipated by dynamic shear force during projectile perforation are

three major mechanisms underlying the ballistic penetration of a

deforming plate;

While applying a pre-imparted impulse to a target plate before it is

impacted by projectile can enhance its ballistic resistance relative to

a static target plate, unnecessarily increasing the pre-imparted im-

pulse can also lead to inferior ballistic performance;

Increasing the inner-hole depth of foam sabot housing the projectile

can lead to enlarged critical thickness and in-plane size of target

plate above which a deforming plate outperforms its static

counterpart;

The influence of deforming extent on ballistic performance is sensi-

tive in cases when a plug is moved out such as deforming plates

subjected to blunt and hemispherical projectiles, but insensitive to

conical projectiles since no plug is moved out;

e Deforming effect needs to be accounted for by anti-penetration
design of deforming targets.
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Appendix A: Compressive performance of aluminum foam

Fig. Al presents the measured quasi-static uniaxial compressive
stress versus strain curve of close-celled aluminum foam. The foam is
used to construct sabots for blunt projectiles fired via a light-gas gun in
the present ballistic impact tests of deforming thin steel plates. Details of
foam fabrication and test sample preparation can be found in our earlier
study [38]. Under a nominal compressive strain rate of 0.0067 s ~ 1, the
aluminum foam displays a plateau strength of approximately 4.5 MPa
and a nominal densification strain of 0.7.
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