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Abstract

Original scientific paper
Lattice structures, produced by metal additive manufacturing technology, can be a potential alternative in armor applications, which are
important parts of defense technologies due to their shock wave damping, energy absorption and light-weight properties. Despite the fact
that the protection of metal lattice structures against explosives has been frequently investigated in the literature, their perforation
performance is rarely studied. In this research, numerical ballistic penetration tests were carried out with Johnson-Cook strength and failure
model parameters by using LS-DYNA software. AISi10Mg alloy was chosen as a lattice material, which has high energy absorption ability.
Both width and length were chosen as 4 mm for the body-centered lattice structure, while eight different cell height (3, 4, 5, 6, 7, 8, 9 and
15 mm) were used as unit cell parameters. The results show that the ballistic performance of lattice structures could be improved by
optimizing the unit cell height for the body-centered lattice structures.
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1  Introduction

Ballistic performance of the materials against rapidly
penetrating objects has long been a significant research
topic. Composite structures, ceramics, polymers, metal
alloys such as titanium, steel, aluminum, are generally
preferred in armor designs individually or in
combinations. These materials have some advantages
over each other according to the usage area. Low-density
aluminum alloys are substantially used in the applications
where the weight is a crucial design criterion. For
example, it is known that 5083 aluminum alloy, which
exhibits successful properties in terms of ballistic
performance, is used as an armor element in the M113
personnel vehicle [1] and 2139 aluminum alloy is utilized
in the CAMEL armored vehicle in a similar manner [2].

The researchers have been generally focused on the
ballistic perforation performance of the plate-shaped
alloys up to date [3-6]. One of the important reasons for
this preference is that the production techniques used until
the last decade did not allow manufacturing of complex
parts. The production of alloys with a much more complex
structure has become possible with the additive
manufacturing method that has emerged in recent years.
Unlike the traditional methods, additive manufacturing
enables the production of cellular materials with complex
geometries owing to its layer-based production technique.
For example, open-cell structures, which are called
"lattice structures”, consisting of struts with a diameter of
several hundred microns, can be easily produced by this
technology. AlSi10Mg alloy is one of the most produced
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aluminum alloys by additive manufacturing today, and it
is one of the few alloys that is widely produced with
selective laser melting (SLM) [7].

Among other metal additive manufacturing
processes, SLM stands out with its design flexibility, short
production cycle, high geometric accuracy, relatively low
production costs, and ability to form suitable
microstructures. Layer-wise production occurs by melting
each layer with laser in a bed of metal powder in SLM. Li
et al. [8] demonstrated the superiority of AISi10Mg lattice
structures manufactured by SLM in absorbing energy to a
degree that reaches the level of titanium alloy lattice
structures.

It has been determined that lattice structures absorb
and distribute the dynamic effect quite well and that these
structures can be successfully applied in passive
protection systems [9]. However, so far, the number of the
scientific studies related with the ballistic perforation
resistance of the lattice structures is quite limited.
Hassanin et al. [10] numerically compared the energy
absorption capacity of the plate-shaped and auxetic
lattice-structured Ni-Ti alloys and they found that energy
absorption per mass of the lattice structure is
approximately two times higher than that of the bulk
structure. On the other hand, there is no published work
on the ballistic performance of the body-centered cubic
whose dynamic energy absorbing performance were
substantially investigated by the researchers and found to
be encouraging [11].

Besides the lattice type, factors such as cell
dimensions are critical in terms of mechanical
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performance of the lattice geometries. The variation of
each parameter may cause the material to behave
differently in terms of ballistic performance [12]. In this
study, lattice structures with different body-centered unit
cell dimensions (cubic or tetragonal) were designed in
order to investigate the effects of the unit cell height on
the ballistic performance. Numerical perforation tests
were conducted, and the residual velocity of the
projectiles were compared for the different designs.
Therefore, the most protective body-centered structure
among these designs in terms of the perforation resistance
were revealed as a result of this study.

2 Materials and Method

The ballistic numerical simulations were done in an
explicit solver of the non-linear finite element method,
LS-DYNA, which is suitable for modelling ballistic
problems [13]. Strength and damage evolution for ductile
materials were modeled with Johnson Cook material
model (MAT _15) [14]. The Egs. (1)-(3) show the fracture
criteria, damage parameters and failure damage,
respectively. Johnson Cook material model have some
essential properties like simulating von Mises plasticity,
initial yielding, linear elasticity, strain hardening, strain-
rate hardening, damage evolution and fracture [15]. The
model calculates equivalent stress (o) with using of
temperature (T), strain rate (¢) and strain (¢) parameters
as presented in Eq. (1):
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A, B, n parameters refer to yield stress at reference
strain rate, strain hardening parameter and strain
hardening exponent, respectively. While C is strain rate
sensitivity, m represents the temperature exponent. To, Tm
are reference and melting temperatures, respectively and
Eret IS the reference strain rate.

Fracture strain (gf) for Johnson-Cook material model
is calculated with the stress triaxiality (¢”), strain rate (¢)
and temperature as given in Eq. (2):
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where D; - Ds are empirical coefficients of the materials.

Damage evolution is zero while the material is
exposed to elastic deformation. Damage evolves after
some certain threshold of the accumulated plastic strain.
The equation of Johnson Cook damage evolution is shown
in Eq. (3) [13]:
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pq is the damage threshold, ¢ is the fracture strain
and D, is the critical damage parameter. Solid bodies were
defined with elements using nodes and meshes and every
element has a damage value. If D reaches to 1, the element
is deleted and removed from simulation.

In this study, AISi10Mg alloy produced by SLM
method was used as target materials and 4340-H steel was
selected as projectile material. Johnson—Cook strength
and damage model parameters for AISil0Mg [16] and
4340-H steel [17] were taken from the literature and
tabulated in Table 1. Since the damage parameter was not
added for steel, “EFFEPS” (maximum effective strain at
failure) parameter was selected as 0.3 in the
“MAT_ADD_EROSION” section of the model. Mie
Griineisen, one of Equation of State function, for
AISil0Mg were also adapted from [17] which was
originally used for modelling 7075-T6 aluminum alloy.
Mie Griineisen for steel was taken from [18]. Materials
were assumed be isotropic, therefore the material response
is equal in all directions.

Table 1. Johnson—Cook material and damage model parameters for
AISi10Mg and steel.

Material model . 4340-H Steel

parameters AlSi10Mg [10] [11]
A 167 MPa 791 MPa
B 396 MPa 510 MPa
n 0.551 0.26
C 0.001 0.014
m 0.859 1.03
D1 0 0
D> 0.873 0
D3 -0.449 0
D4 0.00147 0
Ds 0.8 0

2.1 Numerical Modeling for Verification

Verification of the material model parameters was
done by simulating the experimental perforation study
performed by Kristoffersen at. al. [19]. Additively
manufactured AlSi10Mg plates with a dimension of 100 x
80 x 5 mm?® was exposed to AP 7.62 mm 4340-H steel
bullets which was fired with initial velocities in the range
of between 300 and 725 m/s. The finite element models of
the projectile and the plate were presented in Figure 1.

Figure 1. AP 7.62 bullet and AISi10Mg plate numerical setup.
2.2 Modeling of the Lattice Structures

Lattice structures with body-centered unit cells were
created in SolidWorks CAD system as target elements.
Unit cell length and width of the designed lattice
structures were chosen as 4 mm and cell heights of 3, 4, 5,
6, 7, 8, 9 and 15 mm were used to examine the effect of
cell height. Therefore, cell aspect ratio which will be
defined as unit cell height divided by the unit cell length
or width was varied. The weight of all lattice samples was
kept constant by adjusting the strut diameter of lattices.
Target lattice structures were named by their unit cell
dimensions. All the lattice structures were designed by
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considering the total volume of 30x30x30 mm?3, Lattice
material was selected as AlISi10Mg alloy. To improve the
ballistic response of the lattice structures, a 2 mm
AISi10Mg plate was placed in front of the lattice
structures where the first impact of the projectile occurs.
Some of the modelled lattice unit cells as well as an
example of entire lattice target were seen in Figure 2. A
cylinder-shape 4340H steel with a diameter of 5 mm and
a length of 8 mm was chosen as the projectile geometry.
An initial velocity of 600 m/s was used for the projectile.

Front Plate

Cylinder Bullet

30mm
Height

Figure 2. Geometry of the unit cells: (a) 4x4x4, (b) 4x4x3. (c) The
numerical model of a target lattice structure with 4x4x4 unit cell
dimensions with cylindrical projectile (d) mesh detail of the part shown
with white color in (c).

Projectile was modelled with hexahedron elements,
with an element size of 0.8x0.8x0.8 mm?® whereas the
lattice structure was modelled with tetrahedron elements.
The maximum tetrahedron element size was chosen as 0.4
mm after conducting a mesh dependency study. Each
simulation model has totally approximately one million
elements. The lattices were fixed from their bottom edge
faces with a boundary condition.
“ERODING_SINGLE SURFACE” eroding algorithm
was used with 0.2 static friction value. Hourglass type and
Hourglass coefficient parameter were chosen as 4 and 0.1,
respectively.

3 Results and Discussion
3.1 Verification Study

An experimental study conducted by Kristoffersen at.
al. [19] was modelled to verify our numerical model. The
residual velocity values of the AP7.62 bullets obtained
from our numerical models were compared with the

experimental values fitted by Recht—Ipson model [19] and
this comparison was shown with the calculated numerical
error values in Table 2. Low numerical values verify our
ballistic model including Johnson-Cook material model
parameters.

Table 2. Residual velocities after perforations.

Initial Residual Residual
Velocity Velocity Velocity (Our
(m/s) [19] (m/s) Result) (m/s)

Numerical
Error (%)

725 689 680 1.31
600 556 553 0.54
450 389.5 391 -0.39
300 197.8 207 4.65
200 0 0 0

3.2 Lattice Structure Study

Numerical ballistic resistance of the lattice structures
with different cell heights but in same weights were
performed by means of perforation tests. Residual
velocity values of the projectiles which has initial velocity
of 600 m/s are shown in Figure 3 as a histogram. The
residual velocities were obtained in the range of 473-484
m/s. Hence, the lattice structures with front thin-plates
absorbed 34.9% to 37.8% of kinetic energy of the
penetrator. It is seen that the residual velocity decreased
continuously when the cell height was increased from 3 to
6 mm or in other words aspect ratio of the unit cell was
increased from 0.75 (3/4) to 1.5 (6/4). Then, residual
velocity slightly increased with increasing cell height
from 6 to 9 mm as well as in 15 mm cell length as shown
in Figure 3. It should be also stated that almost same
residual velocity (477 m/s) was obtained for the 10 mm
and 12 mm samples which were not included in the Figure
3. While the maximum residual velocity is at 4x4x3
geometry with 484 m/s, the minimum residual velocity
was found at 4x4x6 geometry with 473 m/s. Even if the
residual velocity difference seen in the different lattice
structures seems to be relatively low, just modifying the
one geometric parameter of the unit cell without changing
the mass could lead to obtain more efficient lattice armor
structure. The results also indicated that 6 mm cell height
which corresponds to aspect ratio of 1.5 is the turning
point of the deformation behavior for 4-mm body-
centered structures. In addition, increasing the aspect ratio
above value of 2 did not influence the ballistic behavior of
the lattice structures prominently.
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Figure 3. Residual velocities of the projectiles with initial velocity of
600 m/s) after perforating the different lattice structures.
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Section views of the 4x4x4 lattice structure and the
projectile was presented in Figure 4 to illustrate the
deformation behavior of the both structures during the
penetration. The first interaction of the projectile on the
lattice structure caused to a densification as seen in Figure
4 (a). The layers of the lattice structure tried to resist
against to the projectile by getting closer as explained in
the study of Hassanin [10] for the auxetic structures. It is
also seen that AlSi10Mg target was deformed locally and
the material has been subjected to local fractures in Figure
4 (b). As expected, there was not much deformation on the
steel projectile, which is much harder than aluminum. It
should be noted that deformation of the only one of the
lattice structures was presented since there is no visible
discrepancy between the deformation behavior of the
different lattice structures.

Bai et al. [20] found that additively manufactured Ti-
6Al-4V body-centered lattice structures with small aspect
ratio have larger energy absorption capacity compared to
those have larger aspect ratio as a result of the quasi-static
tests. They attributed this result to the failure mode of the
structures by changing the aspect ratio and they observed
that lattice structure with a larger aspect ratio has more
cracks, unlike to the counterparts which showed more
stable mechanical response. However, an opposite trend
was seen in this study for cell height in the 3-6 mm range
and lattice structures with large aspect ratio absorbed
more energy. This could be sourced from the difference of
the deformation behavior of AISilOMg alloys than Ti-
6AIl-4V structures, as well as the difference of the
dynamical response from the static response.

Densification
Region

Figure 4 The deformation of 4x4x4 lattice structure: a) during the first
transition of the projectile from the front plate to the lattice structure b)
after perforation.

The velocity change of the projectiles which penetrate
three different lattice structures were shown in Figure 5 as
a function of time. An initial rapid decline in the velocity
for all the models takes place until the projectile passes the
front plate. Afterwards, a further decrease in velocity but
with lower slopes which corresponds to the interaction of
the bullet with the lattice structure is observed for all
numerical analyses. While the slopes of the velocity drop
of the 4x4x6 and 4x4x15 are almost equal, it is lower for
the 4x4x3 lattice structure. This stage shows the more
successful performance of the 4x4x6 and 4x4x15
structures in terms of the ballistic performance. Moreover,
it is observed that the penetrator completely pierced the
lattice structures in approximately 80 um for all the
numerical tests.
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Figure 5 Residual velocities of 4x4x3, 4x4x6 and 4x4x15 lattice
structures with respect to time.

4 Conclusion

In this study, ballistic performance of body-centered
lattice structures which have different cell heights was
investigated. Resistance against the penetration was
improved by increasing the aspect ratio of the unit cell
from 0.75 to 1.5. A further increase resulted in a decrease
in ballistic performance. The minimum and maximum
residual velocities were obtained at 4x4x6 and 4x4x3
lattice structures, respectively. The energy absorption
difference of these structures was found to be
approximately 8.3 %. The results show that the ballistic
performance of lattice structures can be improved by
optimizing the unit cell height parameter. Further research
related to the effect of lattice geometry on the
experimental ballistic performance is still under
development.
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