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A B S T R A C T

In this study, the penetration/perforation behavior of a core material with previously determined static and dy-
namic crushing characteristics was investigated both experimentally and numerically. Penetration/perforation
problems occur due to shrapnel effect when sandwich structures containing energy-absorbing core materials
by crushing are exposed to blast loads. The penetration behavior of combined geometry shells consisting
of a hemispherical cap and a cylindrical segment was investigated experimentally using blunt, conical and
hemispherical penetrator tips. The quasi-static penetration tests were performed in a universal test machine,
and the intermediate strain rate penetration tests were performed in a drop weight test device. The numerical
models of penetration tests were implemented in LS-DYNA at the test strain rates as well as at the higher
strain rates. Results showed that different penetrator geometries induced damage forms of symmetrical tearing,
petaling, plugging and inversely formed hemispherical domed cone. The increase in the thickness of core
geometry resulted in a decent increase in force–displacement curves, as average of force levels increased around
140%, 200% and 220% for blunt, conical and hemispherical tip penetrators, respectively. Numerical results
indicated very good correlation with experimental work and enabled to investigate effect of strain rate and
micro-inertia over numerical models at elevated penetrator velocities. Penetration behavior was found to be
affected from micro-inertia effects up to a threshold displacement of 4 mm for thicker and 5 mm for thinner
core units and strain rate effects were found to be dominant beyond that point.
1. Introduction

High-strength thick-monolithic metal plates are conventionally used
to provide protection against bullets [1–3]. A higher protection level
is merely achieved in metal armors by an increase in the thickness
of plate, usually resulting in an excessive increase in the total weight.
Metal armors have gradually being replaced by multi-layered material
systems. A typical example is the integrated composite armor, which
is mainly composed of functionally different two material layers. A
hard ceramic front layer effectively deforms the penetrator, reducing
its velocity and a composite backing layer absorbs the residual kinetic
energy of penetrator, avoiding its full penetration [4–7]. Apparently,
the so-called sandwich armor structures are a kind of new versions of
multi-layered armor structures, enabling advance design of armors with
enhanced strength and weight properties. Various face plates and cores
in different forms and geometries are investigated in the sandwich ar-
mor structures, and their ballistic performance are determined by their
components’ mechanical properties, both individually and as a com-
bination. Each component of a sandwich armor structure has its own
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characteristics and core units play an important role in the absorption
and dissipation of impact energy. The ballistic performances of sand-
wich structures with different faces and core units have been widely
studied, the examples of which can be found in the following Refs. [8–
19]. Jover et al. investigated the ballistic performance of carbon fiber
face and backing plates with balsa wood core units under steel sphere
impact with a single stage gas gun [20]. Single and multi-stage gas gun
tests indicated a ballistic limit of 96 m s−1 for the proposed geometry.
Impact tests conducted during the study indicated that balsa wood core
is stiffer whereas PVC foam core has the ability to reduce the delami-
nation area on the non-impacted side. Inverse perforation of sandwich
panels with aluminum foam-like core structures were also investigated
by Zhao et al. [21]. Experimental study was done using a modified
Split Hopkinson Pressure Bar to conduct inverse perforation tests which
was able to reach the impact velocities around 46 m⋅s−1. Penetration
behavior of metallic and polymeric foams were used as core units
and their ballistic performance was studied by Tasdemirci et al. [22].
Penetration behavior of sandwich armor structures with Teflon, rubber,
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Fig. 1. A picture of a shell unit with its segments and dimensions.
Fig. 2. Geometric dimensions and images of the penetrators used in quasi-static tests; (a) blunt, (b) conical, and (c) hemispherical tip.
aluminum foam was compared against the structure without a core
unit against impact velocities ranging between 790–810 m s−1. Study
concluded that Teflon and aluminum foam cores significantly reduced
the stress on backing plate. In an event of explosion from a landmine
or improvised explosive device (IED) with close stand-off distance,
both blast wave and blast propelled shrapnel were produced. It is
expected from an armor structure to withstand both of these threats.
In this study, the penetration/perforation behavior of a core material
with previously determined [23–25] static and dynamic crushing char-
acteristics was investigated both experimentally and numerically. In
addition to determining the energy absorption characteristics of such
structures, which protect against blast by absorbing energy, it is also
very important to examine the penetration and perforation behavior of
the structures against pointed or blunt shrapnel like geometries that
occur during explosion. For this reason, in this study, the effect of
different geometry tips on the penetration performance of the cores
was investigated instead of ballistic threats. The penetration behavior
of combined geometry shells consisting of a hemispherical cap and a
cylindrical segment was investigated experimentally using blunt, coni-
cal and hemispherical penetrator tips. The quasi-static penetration tests
were performed in a universal test machine, and the intermediate strain
2

rate penetration tests were performed in a drop weight test device. The
numerical models of penetration tests were implemented in LS-DYNA
at the test strain rates. Once the quasi-static and drop weight numerical
models presented the experimental behavior accurately, the study was
continued with higher impact velocities. In this way, it was possible to
distinguish the contribution of two main effects, which were thought to
be effective on the behavior at high deformation rates: the material’s
strain rate sensitivity and micro inertia. The strain rate parameter in
the material model was activated and deactivated and the solutions
were repeated. Then, the results were compared for the two extremities.
As a result, in this study, the effect of some important variables on
the penetration/perforation behavior that could not be distinguished
experimentally was investigated by using a verified numerical model
at higher impact velocities.

2. Experimental study

2.1. Materials

The investigated combined geometry shell structure (shell unit)
consisted of a hemispherical cap and a cylindrical segment, Fig. 1. The
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Fig. 3. Experimental tensile stress–strain curves of AISI 304L steel at quasi-static and high strain rates and corresponding Johnson–Cook model fits [24].
Fig. 4. Numerical models of (a) blunt, (b) conical, and (c) hemisphere tip penetration tests.
shell units were manufactured by a deep drawing process using 304L
stainless steel blanks. The wavy edge of shell units resulted from the
applied deep drawing process were cut using a CNC lathe. The shell
units were formed with a hemispherical-cap radius of 7.5 mm and a
cylindrical-segment length of 5.5 mm, either in 0.5 mm or in 1 mm
thicknesses (Fig. 1). The units with 0.5 and 1 mm thicknesses were
coded S1 and S2, respectively.

2.2. Quasi-static and intermediate velocity penetration tests

Quasi-static penetration tests were performed in a Shimadzu AG-
X conventional test device at three different cross-head speeds, 0.013,
0.13 and 1.3 mm s−1, using custom design penetrators. A video ex-
tensometer was used to record the displacement of penetrators during
penetration tests. Each group of penetration tests was repeated at least
three times, and the results were then averaged. The penetrators were
machined from an AISI 4140 steel and hardened to 52 HRC by applying
a post heat-treatment process. The penetrators with a common diameter
of 7.62 mm that was the same as the NATO armor piercing rounds [26],
were manufactured in three different tip geometries, namely blunt,
3

hemisphere and conical. The penetrators and their dimensions are
shown in Fig. 2.

Intermediate velocity penetration tests were carried out in a Frac-
tovis Plus drop weight test machine using the penetrators with the
same tips (attached to the end of a strain-gaged striker of the drop
weight test machine) as with the quasi-static penetration tests, except
the hemispherical tip penetrator. In tests using hemispherical tip pen-
etrator, it was determined that there was a slip due to the geometrical
confirmation between the hemispherical tip and the hemispherical part
of the sample. For this reason, hemispherical tip was not used in
intermediate strain rate tests, since it was determined that a similar
slip would occur in the drop weight tests. In case of slippage, there is
a high probability that the tip will slide directly without penetrating
the sample surface and damage the lower support plate. Tests were
conducted at an impact velocity of 3.5 m s−1 using a strain gaged
90 kN striker. The 5.75 kg mass selected in the drop weight tests was
determined by the energy values calculated by considering the quasi-
static force displacement curves. Again, each group of intermediate
velocity penetration tests was repeated at least three times and the
results were then averaged.
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Fig. 5. Force–displacement curves of S1 specimen and deformation progress against blunt tip penetrator.
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3. Numerical study

All numerical investigations were implemented in LS-DYNA. As the
details of the models are given in another study [24] and the dynain
methodology was used to consider the residual stress and residual
strain effects that occur in the structure during deep drawing. In this
methodology, first the deep drawing is modeled numerically and then
the deep drawn numerical sample containing residual stress and strain
is used as input to the next numerical model. Thus, in the next step,
penetration into the sample containing residual stresses and strains in
the penetration numerical model was performed. The details of the
numerical deep drawing process were given previously in [23–25]. The
combined geometry shells were modeled using the Johnson–Cook (JC)
material flow stress model given as [27]

𝜎𝑒𝑞 =
[

𝐴 + 𝐵𝜀𝑒𝑞
𝑛]
[

1 + 𝑐 ln(
𝜀̇𝑒𝑞
𝜀̇0

)
] [

1 −
(

𝑇 − 𝑇𝑟
𝑇𝑚 − 𝑇𝑟

)𝑚]

(1)

here, 𝜎𝑒𝑞 and 𝜀𝑒𝑞 are sequentially the equivalent stress and plastic
train, A, B, n, c and m are the material constants to be determined,
𝜀̇𝑒𝑞 is the equivalent plastic strain rate, 𝜀̇0 is the user defined reference
lastic strain rate and T, 𝑇𝑟 and 𝑇𝑚 are the temperature, room temper-
ture and melting temperature, respectively. The damage was modeled
sing the JC damage model, given as [27]

𝑓 =
[

𝐷1 +𝐷2𝑒
𝐷3𝜎∗

]

[

1 +𝐷4 ln
( 𝜀̇𝑒𝑞

)][

1 +𝐷5

(

𝑇 − 𝑇𝑟
)]

(2)

𝜀̇0 𝑇𝑚 − 𝑇𝑟 d

4

here 𝜀𝑓 is the equivalent plastic fracture strain, 𝐷1, 𝐷2, 𝐷3, 𝐷4 and
𝐷5 are the damage parameters to be determined, and 𝜎∗ is the stress
triaxiality defined as 𝜎∗ = 𝜎𝑚

𝜎𝑒𝑞
, where 𝜎𝑚 is the mean stress. As the

stress triaxiality does not change significantly during compression and
the tests were performed at room temperature without any heating of
unit shell during penetration process, the stress triaxiality and thermal
effects are neglected. Thus, the fracture strain is simplified into the
following relation,

𝜀𝑓 = 𝐷1

[

1 +𝐷4 ln
( 𝜀̇𝑒𝑞

𝜀̇0

)]

(3)

The JC flow stress and damage parameters of the investigated unit
shells were determined and reported in a previous study [24], and
are also tabulated in Table 1. For the numerical model of the penetra-
tion/perforation behavior, the elastic and plastic constitutive behavior
of as-received AISI 304L stainless steel sheets were determined at both
static and high strain rates. The static tension tests were carried out
in accord with ASTM E8M-04 at the strain rates of 10−3, 10−2 and
0−1 s−1 using a Shimadzu universal test machine and high strain
ate tests were carried out in a tensile Split Hopkinson Pressure Bar
SHPB) at the average strain rates of 1100 and 1400 s−1. The details
f the used 316L stainless steel bar tensile SHPB and the methodology
f obtaining material model constants are given elsewhere [24]. The

isplacement history of static test specimens were recorded using a
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Fig. 6. Force–displacement curves of S1 specimen and damage progress against conical tip penetrator.
Table 1
The JC flow stress and damage parameters used in the numerical model [24].
𝜌 (kg/m3) 𝐺 (GPa) 𝐸 (GPa) 𝜐 𝐴 (MPa) 𝐵 (MPa) 𝑛 𝐶 𝐷1 𝐷4 𝜀0
7830 80 193 0.305 264 1567.33 0.703 0.067 0.53467 −0.01913 0.0049
video extensometer, while a high speed camera was used to monitor
the deformation during the SHPB tests. Typical static and high strain
rate true stress–true plastic strain curves of AISI 304L stainless steel are
given in Fig. 3 [24]. The material shows a strong strain rate dependent
flow stress as seen in Fig. 3 [24]. The yield stress increases from about
230 MPa at quasi-static strain rate to about 475 MPa at high strain
rate. The fracture strain is also found strain rate dependent; the fracture
strain decreases from about 0.6 at quasi-static strain rate to about 0.3
at high strain rate. The damage equation of the material model used
represents the effect of strain rate on the failure strain with parameter
𝐷4. The 𝐷4 value was calculated to be negative in the current study
since the failure strain value decreased as the strain rate increased.
As elaborated in detail in the modeling section, a constitutive model
incorporating the effect of strain rate on both strength and failure strain
was used in the simulations.

The finite element models of the penetration tests consisted of 3
parts as depicted in Fig. 4: (a) penetrator, (b) unit shell generated from
deep drawing analysis and (c) bottom plate. Since it was observed
that no significant amount of deformation occurred in the penetrator
5

and the lower support plate during the tests, these two parts were
modeled as rigid in the numerical models. The penetrator was allowed
to move only in the height direction, while the bottom plate was fully
constrained. The movement of the penetrator in the quasi-static tests
was defined by the BOUNDARY_PRESCRIBED_MOTION_RIGID card,
which included a constant crosshead velocity only in the penetration
direction as with the tests. INITIAL_VELOCITY_RIGID_BODY card was
used to define the motion of penetrator in the drop weight test models.
In the numerical model of the drop weight tests, the penetrator tip and
the striker are modeled together to stay within the acceptable solution
times. For this reason, part-based mass lumping was used to reach the
total mass of the penetrator attached to the striker. In this method,
LSDYNA automatically calculates the mass that needs to be added
and includes it in the numerical model. In both numerical models,
quasi-static and intermediate velocity penetration, penetrators and unit
shells were modeled using Belytschko–Tsay shell elements with five
integration points, while the bottom plate was modeled using 8-node
constant stress solid elements. Automatic surface to surface contact
definition was used between the bottom plate and the unit shell. For
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Fig. 7. Force–displacement curves of S1 specimen and damage progress against hemispherical tip penetrator.
the definition of contact between penetrator and sample, eroding nodes
to surface and eroding single surface contact definitions were used for
conical tip and blunt tip penetrators, respectively, depending on the
type of penetrator.

The static and dynamic friction coefficients at all contacts were
taken 0.3 and 0.2, respectively. The aforementioned values were also
used in previous studies for the static and dynamic compression nu-
merical models of the same core unit [23–25], and a good consistency
between the experimental and numerical results was noted. As the
penetration problems involve a high amount of plastic deformation and
tearing, numerical model requires the optimization of contact and mesh
sizes, mesh sensitivity analyses were conducted for each penetrator
type. An optimized element size of 0.5 mm was determined from these
analyses by keeping the solution times within acceptable limits and
accuracy levels.

4. Results and discussion

4.1. Experimental results and damage progress

In the blunt tip penetrator, the deformation of S1 specimen tested
at 0.013 mm⋅s−1 is initiated by inward dimpling of spherical segment
up to a threshold displacement of 4 mm (d in Fig. 5). Beyond that
point, the deformation of the cylindrical segment by the progressive
folding in the longitudinal direction starts (e and f in Fig. 5). This re-
sults in a simultaneous increase of force with increasing displacement.
The longitudinal folding mechanism results in a plug formation and
the failure occurs due to shearing of the plug. This failure mode is

commonly reported in previous studies including penetration of blunt

6

tip penetrators [28–30]. It is also noted in Fig. 5 that the force–
displacement curves of quasi-static force–displacement curves are very
close, strain rate independent, while the force in the intermediate im-
pact velocity test decreases below those of quasi-static tests after 4 mm
displacement. This is somewhat related with the increased thinning rate
of plug edges at higher strain rates as the main deformation mode at
both velocity levels is the shear-based plug formation. As can be seen
from the negative 𝐷4 (indicating the effect of strain rate on failure
strain) constant, the failure strain value of 304L stainless steel material
decreases with the increase in strain rate. It is thought that the decrease
in the force level in the dynamic tests is due to the decrease in the
failure strain value.

The force–displacement curves and the pictures of a deformed S1
specimen against conical tip penetrator is shown in Fig. 6. Again,
the force–displacement curves at quasi-static velocities are almost the
same, while the force in the intermediate impact velocity test de-
creases below those of quasi-static tests after 2 mm displacement. The
deformation pictures shown in Fig. 6 indicate that the conical tip
penetrator results in a more localized hemispherical cap deformation
than the blunt tip penetrator (c in Fig. 6). Further penetration after the
point c in Fig. 6 results in tearing of inward folded spherical section
at around 2 mm displacement. Damage progress tends to follow the
trend of symmetrical tearing and compression of spherical segment
simultaneously (e and f Fig. 6) indicating a rapid force increase up to
failure. As can be seen from Fig. 6, the displacement value at which the
first localized tearing occurs has decreased due to the decrease in the
failure strain value due to the increase in the strain rate.

Force–displacement curves of S1 specimen and the pictures of a de-

formed sample against hemispherical tip penetrator at different strain
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ates are shown in Fig. 7. Again, there is no strain sensitivity in the
orce–displacement curves at the quasi-static velocity range with the
se of hemispherical tip penetrator. The bi-linear portion of force–
isplacement curves refers to the compression-like behavior rather than
enetration and the first three deformation pictures shown in Fig. 7
corresponding to the points of a, b and c in the force–displacement
urve) indicate the global plastic deformation of both hemispherical
nd cylindrical segments with a progressive inward dimpling on the
ongitudinal direction.

The force–displacement curves and the pictures of a deformed S2
pecimen against blunt tip penetrator at low and intermediate impact
elocities are shown in Fig. 8. A local maximum force is reached at a
isplacement of 2 mm (b in Fig. 8), followed by a sudden decrease of
orce due to initiation of progressive inward bending of spherical cap.
ormation of a plug with small size radial tear is noted at increasing
isplacements (c and d in Fig. 8), followed by the failure of specimen (e
n Fig. 8). The force values of S2 specimens against blunt tip penetrator
re also noted to decrease as the penetration velocity increases from
.01 mm s−1 to 3.5 m s−1. Detailed comments on this subject are given
n the section where the numerical model results are presented.

Force–displacement curves of S2 specimen against conical tip pene-
rator at low and intermediate penetrator velocities are shown in Fig. 9.
t is seen in the graphs that, along with penetrator velocity dependency,
2 specimen indicates a change both in shape of force–displacement
urves and damage formation throughout the displacement-controlled
ests. As shown in Fig. 9, first two images (a) and (b) of damage
7

progress indicate the indentation of penetrator tip to the hemispherical
cap. Local damage due to tearing is also noted for both of the specimens
and it is followed by petaling as in Fig. 9 (d1 at the cross-head speed
of 0.013 mm⋅s−1), while symmetrical tearing is observed at the cross-
head speed of 0.13 mm⋅s−1 (d2 in Fig. 9). Compared to the S1 sample,

ith the increase in thickness in the S2 sample, strain rate sensitivity is
bserved even in quasi-static tests from the point of the first tearing. In
he dynamic test results, the decrease in the failure strain value due to
he increase in the strain rate shows itself with the formation of the first
eak in the dynamic force–displacement curve at lower displacement
alues. Similarly, this tear rapidly expanded in the manner of petal
ormation, and the force value increased rapidly at low displacement
evels.

Force–displacement curves of S2 specimen against hemispherical tip
enetrator at low penetrator velocities are shown in Fig. 10. Results
ndicate that the shape of force–displacement curves and damage have
imilar characteristics with S1 specimen, and S2 samples also shows

compressive-like behavior with global plastic deformation (a–d in
ig. 10), followed by radial shearing of inward folded cylindrical
egment (e in Fig. 10). It is also noted that force–displacement curves
f S2 specimen show a velocity independent behavior when subjected
o the penetration against hemispherical tip penetrator.

The experimental and numerical values of the forces and energies
f the penetration tests are tabulated in Table 2. In this table, Pi is the

initial peak force, Pm is the mean force, Pmax is the maximum force, AEF
is the absorbed energy up to failure and SAE is the specific absorbed
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Fig. 9. Damage progress of S2 specimen against conical tip penetrator.
energy (the ratio of absorbed energy to weight of the structure). The
highest AEF value of S1 core unit is observed in the tests against blunt
tip penetrator with an average of 39.91 J, followed by hemispherical
and conical penetrators with the averages of 30.13 J and 8.05 J, respec-
tively. AEF parameter tends to increase with increasing the thickness
of core units. However, the increase in thickness results in a reduced
SAE due to weight increase of core units and tests of S2 core units
8

against blunt tip indenter shows lower SAE values regardless of the test
type. Highest AEF value of S2 core units occurs against hemispherical
penetrator with an average of 93.96 kJ/kg. Tests against blunt and
conical tip penetrators are followed the aforementioned results with
AEF averages of 46.79 kJ/kg and 26.86 kJ/kg, respectively. AEF and
SAE values tend to decrease with increasing penetrator velocity from
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Fig. 10. Damage progress of S2 specimen against hemispherical tip penetrator.
Fig. 11. Comparison of experimental and numerical behavior of S1 structure.
9

quasi-static to drop weight tests except the tests of S1 core units against
conical tip penetrator.

4.2. Numerical results

The numerical force–displacement curve of S1 specimen against
blunt tip penetrator at 1.3 mm s−1 penetrator velocity is shown in
Fig. 11, together with that of an experimental force–displacement
curve. An acceptable agreement is seen between the numerical and
experimental force–displacement curves. A small difference noted in
the maximum force may be correlated with the difference between
the actual and numerical thicknesses of the structure [24]. Residual
stresses resulting from forming operations may lead to differences in
the thicknesses. The experimental and numerical deformation profiles
of core structures at increasing displacements are also very similar to
each other as shown in Fig. 12.

The numerical and experimental intermediate velocity
force–displacement curves of S2 core structure with blunt penetrator
are shown in Fig. 13. The numerical force–displacement curve shows a
good correlation with the experimental one. As commented previously,
S2 specimens show reduced forces and maximum force at increasing
velocities against blunt penetrator. Numerical study reveals that, the
thickness of deformed area tends to decrease with the displacement of
penetrator. The initial thickness in model is around 0.80 mm while the
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Fig. 12. Comparison of experimental and numerical deformation profiles of S1 structure.
Table 2
Experimental and numerical results.

Specimen type Penetrator type Test type Result Pi (kN) Pm (kN) Pmax (kN) AEF (J) SAE (kJ/kg)

S1 Blunt Quasi-static Experimental 2.86 3.30 5.63 39.91 20.78
Numerical 2.92 2.97 4.91 36.49 19.05

S1 Conical Quasi-static Experimental 0.91 1.04 1.94 8.05 4.18
Numerical 0.94 0.98 1.75 8.74 4.55

S1 Hemispherical Quasi-static Experimental 0.61 2.51 4.77 30.13 15.69
Numerical 0.66 2.21 4.18 26.55 13.83

S1 Blunt Drop weight Experimental 2.87 2.62 3.95 31.63 16.47
Numerical 2.81 2.91 4.16 33.71 17.55

S1 Conical Drop weight Experimental 0.80 1.04 1.85 9.02 4.69
Numerical 0.76 1.03 1.89 9.03 4.70

S2 Blunt Quasi-static Experimental 8.68 7.84 8.83 46.79 13.60
Numerical 9.29 7.73 9.29 47.33 13.76

S2 Conical Quasi-static Experimental 3.23 3.35 5.68 26.89 7.81
Numerical 2.18 3.32 5.81 25.64 7.45

S2 Hemispherical Quasi-static Experimental 4.82 7.83 13.39 93.96 27.32
Numerical 4.32 7.61 12.62 91.38 26.56

S2 Blunt Drop weight Experimental 6.21 5.17 8.24 17.82 5.18
Numerical 8.02 5.51 9.01 15.71 4.56

S2 Conical Drop weight Experimental 2.8 3.15 5.25 9.29 2.70
Numerical 2.05 4.07 5.18 12.1 3.51
Fig. 13. Comparison of experimental and numerical behavior of S2 structure at
intermediate velocity range.
10
thickness decreases to 0.6 mm, when the plug formation starts. The
decrease in thickness is seen as tearing at points in contact with the
penetrator, which results in decrease of maximum force with increasing
velocity. Initial and final thickness of the torn piece are shown in
Figs. 14(a) and (b), respectively.

4.3. Strain rate and micro-inertia effects

Having seen the validity of the numerical models with experimental
studies, the study continued with this section, in which higher impact
rates were included and different mechanisms were examined. The
crushing behavior of thin-walled structures defines the classification of
energy absorbing structures as Type I and Type II [31,32]. The force–
displacement curves with a relatively flat-topped form is classified as
Type I, whereas the force–displacement curves with a steep decline
are classified as Type II. Type II structures are more sensitive to strain
rate and micro-inertia than Type I. The energy absorption capability of
Type II structures increase more rapidly with the strain rate sensitiv-
ity of base material [32]. As the investigated core structure includes
both Type I (hemispherical segment) and Type II (cylindrical segment)
portions, the effects of micro-inertia and strain rate were numerically
investigated by conducting additional FEA work at increasing penetra-
tor velocities. The effect of strain rate was investigated by the difference
between the force–displacement curves under quasi-static and high
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Fig. 14. Initial (a) and final (b) thicknesses of deformed area at intermediate velocity range.
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Fig. 15. Effect of strain rate and micro-inertia on S2 core structure against
hemispherical tip penetrator.

Fig. 16. Effect of strain rate and micro-inertia on S1 core structure against
hemispherical tip penetrator.
11
velocity penetration, while the effect of micro-inertia was investigated
under high velocity penetration by setting the strain rate parameter
on and off for deforming structure’s material model. Therefore, the
influence of the loading rate on the penetration/perforation behavior is
not only a material strain rate effect, but also is related to local dynamic
effects induced by the rapid deformation of the thin-walled structure
i.e., micro-inertia.

In order to investigate the aforementioned effects, finite element
models of S2 structure against hemispherical tip penetrator were taken
as a case study. The strain rate and micro-inertia effects were inves-
tigated by increasing the penetrator velocity to 300 m⋅s−1 and setting
he strain rate parameter to 0.067 and 0 in the Johnson–Cook material
odel. Comparison of force–displacement curves for strain rate and
icro-inertia effects are shown in Fig. 15. As depicted in the same

raph, it has been observed that the strain rate is not very effective
n the dynamic penetration behavior, especially at low deformation
evels. In other words, it can be said that the increase in the dynamic
urve when compared to the static curve is mainly due to micro inertia.
owever, with the progression of the deformation (after ∼3 mm of

displacement), the global deformation occurring in the sample also in-
creases and it is observed that the strain-rate sensitivity of the material
also becomes more effective after this point.

Strain rate and micro-inertia effects were also investigated for S1
core structure against hemispherical tip penetrator and results are
shown in Fig. 16. Again, the penetrator velocity is selected 300 m s−1.

gain, in this case, a behavior similar to the S1 sample was observed.
educing the thickness has brought the displacement value, where the
train rate sensitivity comes into play, to about 4 mm. However, with
he progression of the deformation, the efficiency of the strain rate sen-
itivity increases again. Since the sharpness of the hemispherical tip is
lunt than the conical tip, the initial stages of the penetration behavior
re quite similar to the crushing behavior of this structure. Similarly,
n the study in which the crushing properties of the aforementioned
tructure were examined [24], it was observed that the micro-inertia
ffect was more dominant in the increase in force at the initial stages
f the deformation.

. Conclusions

The penetration behavior of combined geometry core structures
ith different penetrator tip geometries was investigated experimen-

ally and numerically at varying penetrator velocities. The strain rate
ensitivity in the material model and the residual stress and strain
evels in the numerical model were both included in the numerical
nalysis. Experiments showed that, regardless of the penetrator ge-
metry, penetration behavior of S1 core units were not affected with
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the changes in penetrator velocity, while S2 core units were found
to be affected with changes in the penetrator velocity against blunt
and conical tip penetrators. Increasing the thickness of core geometry
resulted in an overall increase in Pi, Pm and Pmax values. AEF values
were found to increase with the increase of core unit thickness but SAE
was found to decrease with the increase of thickness against blunt tip
penetrator. Additional numerical studies were conducted on a single
case where core units were subjected to penetration of hemispherical
tip penetrator at 300 m s−1 to investigate the effect of strain rate and

icro-inertia. Behavior of core units showed that strain rate effects
ere more dominant at increased penetrator velocities and micro-

nertia effect was much pronounced at the displacements above 4 mm
or thicker and 5 mm for thinner core units. In this study, impact
ocation was in the center of a single core unit, for future work the
ffect of impact location and the multiple core unit configurations will
lso be investigated.
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