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Abstract: Finite element modeling of ballistic impact of inserts containing titanium structures were
presented in the article. The inserts containing an additional layer made using additive manufacturing
technology were analyzed. The layer was created from repetitive elements made without connections
(adjacent cells were inseparable). Four variants of printed titanium structures were placed between
layers of Twaron CT 750 aramid fabric to create ballistic inserts. In order to assess the ballistic
resistance of the inserts, numerical simulations of ballistic impact phenomenon were carried out
using LS-Dyna software. In the simulations the inserts were placed on a steel box filled with ballistic
clay and were fired at with the 9 × 19 mm full metal jacket (FMJ) Parabellum projectile. The main aim
of the work was to check the effectiveness of such solutions in soft ballistic protection applications
and to select the most effective variant of 3D printed structure. Results of the numerical analysis
showed a high potential for 3D printed structures made of titanium alloys to be used for bulletproof
vest inserts. In all analyzed cases the projectile was stopped by the armor. In addition, thanks to
the cooperation of adjacent cells, the projectile energy density was distributed over a large area, as
evidenced by large volumes of hollows in the ballistic clay. The indentations in the ballistic clay
obtained in the simulations were significantly lower than the acceptable value for the back face
deformation (BFD) parameter required by international body armor standards.

Keywords: ballistic impact; ballistic insert; additive technologies; printed titanium structures; nu-
merical simulations

1. Introduction

The function of a bulletproof vest is to protect the human body from negative effects
of an impacting projectile by absorbing and dispersing its kinetic energy. A review of
structural and material solutions of ballistic inserts currently used in bulletproof vests
shows that layered material systems [1–3], such as ceramic [4,5], ceramic-composite [6–9],
titanium [10,11] and polyethylene [12,13] segments, provide effective protection against
small caliber ammunition fired from handguns. Such a shield is used to protect the most
important internal organs of the human body, which is about 0.5 m2 of the area [14]. Thanks
to continuous progress of material engineering [15–17] and production technologies, more
efficient bulletproof vests may be developed. Current research projects in the field of
personal protection [18], are focused on increasing the protected area and reducing areal
density of vests related to the v50 ballistic limit.
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One of the ways of increasing the protective effectiveness of bulletproof vests may be
by using elements made by additive manufacturing technology [19]. Recently, thanks to a
wide range of possible additive production methods [20,21], their dynamic development
can be observed, especially in medicine [22,23], but also in the defense industry. For
example, the stab resistance body armor made of polyamide and carbon fiber plates
produced using laser sintered materials technology was analyzed in the paper [24]. The
original approach was presented in the paper [25], where a prototype of flexible armor was
created on the basis of chitin scales manufactured with the use of 3D printing technology.
The armor was composed of segments in the form of scales imitating biological organisms
(e.g., crustaceans, fish or chiton). More traditional methods of manufacturing of armor
elements were presented in the works [16,26]. In the paper [27], the authors presented a
plymetal, which is a new type of composite metal manufactured by a laser-aided additive
manufacturing (AM) process using two different metal powders. Ballistic tests were
then performed on the structural components made of plymetal with impact velocities of
183–357 m/s. Additive manufacturing technologies were often used to produce porous,
honeycomb [28] or cellular structures [29–32]. An interesting example of ballistic inserts
produced by using additive technology was presented in the paper [33]. The inserts were
made as an array of many loosely intertwined repetitive elements in the form of closed
uniform cells. The cells formed a multi-object layer made of sintered powders in one
technological operation. Three-dimensional printing technology is poorly described in
cases of impact energy dissipative materials. Most studies refer to materials made of
sintered metal powders (aluminum or titanium alloys). The remaining group of materials,
for example, aramid or polyethylene, still presents a challenge for 3D printing.

In the article, numerical simulations were performed to check the possibility of using
3D printed titanium structures as energy absorbing and dissipating layers in bullet-proof
vests inserts. On the basis of the literature review, it was noted that there is a lack of
information regarding the effectiveness of such structures under ballistic impact conditions.
Therefore, the phenomenon of the 9 × 19 mm full metal jacket (FMJ) Parabellum projectile
impact into a 100 × 100 mm layered composite armor was modelled using LS-Dyna
software. The armor included four variants of 3D printed titanium structures placed
between layers of Twaron CT 750 aramid fabric. Results of studies were summarized and
conclusions were drawn. On the basis of the simulation results an attempt was made to
choose the most effective variant of the analyzed structures, as well as to show directions
for further works in the field of 3D printing technology in ballistic applications.

2. Materials and Methods
2.1. Materials Insert Configurations

Four variants of 3D printed titanium structures [33] placed between layers of Twaron
CT 750 aramid fabric (Figure 1) were analyzed in the study. The structures were made of
Ti-6Al-4V titanium alloy with a density of 4.4 g/cm3 and had the form of a grid consisting
of many loosely intertwined repeatable components (uniform cells). The whole structure
was additively manufactured in one technological operation by sintering powder with
laser or electron beam. The grid made in this way may use cells of different geometry
(Figure 1). The ratio of empty space between the cells to the total volume of the layer may
be within the range of 5–60%. All of the analyzed variants of structures had the same areal
density (ms = 18.0 kg/m2) which made it easier to compare their effectiveness.
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Figure 1. Variants of 3D printed titanium structures chosen for analyses: (a) structure of the S1 type; (b) structure of the S2
type; (c) structure of the S3 type and (d) structure of the S4 type.

The analyzed ballistic inserts had dimensions of 100 × 100 mm and a sandwich form
(Figure 2). Each variant of titanium structure was placed between layers of Twaron CT 750
aramid fabric (two layers behind and two layers in front of the structure).

Metals 2021, 11, x FOR PEER REVIEW  3  of  27 
 

 

       

(a)  (b)  (c)  (d) 

Figure 1. Variants of 3D printed titanium structures chosen for analyses: (a) structure of the S1 type; (b) structure of the 

S2 type; (c) structure of the S3 type and (d) structure of the S4 type. 

The analyzed ballistic inserts had dimensions of 100 × 100 mm and a sandwich form 

(Figure 2). Each variant of titanium structure was placed between layers of Twaron CT 

750 aramid fabric (two layers behind and two layers in front of the structure). 

 

Figure 2. Configuration of the analyzed ballistic insert. 

Twaron  CT  750  is  a  para‐aramid  fabric  characterized  by  favorable  strength 

parameters and impact resistance to many types of threats. Laminates made of the fabric 

are often used in hard body armors. Basic parameters of the fabric are presented in Table 

1. 

Table 1. Properties of Twaron CT 750 aramid fabric [34]. 

Style 
Type 

Warp/Weft 
Weave 

Set (per 10 cm) 

Warp/Weft 

Areal Density 

(g/m2) 

Thickness 

(mm) 

Minimum Break Strength (N/5 cm  
1000) Warp/Weft 

CT 750  2000  plain  69/69  460  0.70  16.5/18.0 

2.2. Construction of the 3D Printed Structures 

The 3D printed structures were made by interlacing many cells, through the inner 

perimeters of  the adjacent repetitive elements  (Figure 3). That kind of grid has greater 

strength and energy‐dispersing capacities in relation to full structures. 

Figure 2. Configuration of the analyzed ballistic insert.

Twaron CT 750 is a para-aramid fabric characterized by favorable strength parameters
and impact resistance to many types of threats. Laminates made of the fabric are often
used in hard body armors. Basic parameters of the fabric are presented in Table 1.

Table 1. Properties of Twaron CT 750 aramid fabric [34].

Style Type
Warp/Weft Weave Set (per 10 cm)

Warp/Weft
Areal Density

(g/m2)
Thickness

(mm)
Minimum Break Strength

(N/5 cm × 1000) Warp/Weft

CT 750 2000 plain 69/69 460 0.70 16.5/18.0

2.2. Construction of the 3D Printed Structures

The 3D printed structures were made by interlacing many cells, through the inner
perimeters of the adjacent repetitive elements (Figure 3). That kind of grid has greater
strength and energy-dispersing capacities in relation to full structures.
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Figure 3. Example of additively manufactured cell interlacing: 1—cells forming the grid structure;
2—internal circuit of the adjacent grid structure element; 3—external circuit of the adjacent grid
structure element.

In the analyzed 3D printed structures, adjacent repetitive components had the pos-
sibility of angular movement in relation to each other, which allowed modifying of the
layer’s geometric dimensions within certain limits. Areal density of structures composed of
repetitive elements is smaller than traditional solid composite inserts with similar impact
resistance. This feature, together with high flexibility, increases the ergonomics of the user
and the protected area of the body [14].

Randomly selected 3D printed components were examined by scanning and light
microscopy. Microstructures were analyzed in order to check the influence of the printing
process on the quality of generated components. Additive manufacturing using selective
laser melting (SLM) technology involves multiple cycles with rapid heating and cooling
in the laser melting zone [35]. Such a dynamic heat transfer affects the microstructure of
the printed material. The metallographic analysis showed the overall morphology and
the effect of the β-phase diffusionless transformation into metastable martensitic α’-phase
(Figure 4).
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Figure 4. Microstructure of the Ti-6Al-4V titanium alloy after the selective laser melting (SLM)
process (scanning microscopy). Distribution of α’-phase lath martensite on the background of the
β-phase.
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Kinetics of the transformation affected the final phase composition of the alloy, and
as a consequence, the final properties of the β alloy [36,37]. As a result, separations of the
α’-phase lath martensite were observed on the background of the β-Ti phase. During the
metallographic examination a randomly distributed residual porosity was also noticed in
the sample (Figure 5).
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Figure 5. Microstructure of the Ti-6Al-4V titanium alloy after the SLM process (light microscopy)
etched with Kroll’s reagent.

2.3. 9 mm FMJ Parabellum Projectile

The 9 × 19 mm Parabellum projectile was used in the analyses. The projectile was
developed by George Luger in 1902. Since the Second World War it has become one of
the most frequently used ammunitions, fired with guns and sub-machine guns. Different
variants of the bullet were produced in more than 70 countries around the world. The
bullet become standard in NATO countries. In the analyses the full metal jacket (FMJ)
version of the projectile was used. The projectile has a rounded shape and consists of a core
made of lead/antimony alloy and jacket made of brass or tombac plated steel (Figure 6).
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dimensions of projectile.

Depending on type, the mass of the projectile can range from 6.8 to 8 g. The projectile
can be fired at an initial velocity of 300–420 m/s which gives the kinetic energy of about
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Ek = 600 J. During the analyses the 9 mm projectile with a mass of 8.0 g, muzzle velocity of
360 m/s and initial energy Ek ~ 518 J was used [38].

2.4. Determination of Material Characteristics for Numerical Modeling

Experimental tests were carried out to gather data necessary for further validation
of numerical models of materials used in the simulation. Three types of experiments
were performed.

Twaron CT 750 aramid fabric was tested in a quasi-static puncture test of a single layer,
3 layers, 6 layers and 9 layers. The sample was fixed peripherally with a specific cladding
pressure moment, and penetrated by impactor moving at a constant speed perpendicular
to the target surface. The force acting on the impactor and its displacement were recorded.
The obtained material characteristics were used as a reference during the validation process
of the fabric numerical model. An example of a single layer of Twaron CT 750 aramid
fabric penetration is shown in Figure 7.
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Figure 7. Experimental test of quasi-static penetration of Twaron CT 750 aramid fabric: (a) test stand and (b) example of results.

In order to check the behavior of the 9 mm FMJ Parabellum projectile at different strain
rates and to collect data required for validation of its numerical model, a simple experiment
similar to the classic Taylor test described in the literature [39–41] was proposed. Ballistic
tests of the projectile’s impact into the polished thick non-deformable Armox 500T armor
steel plate at appropriate velocities (50–150 m/s achieved by weighing of gunpowder)
were carried out. Results of the projectile impact tests and outcomes of the validation tests
carried out with the numerical simulations are shown in Figure 8. Deformations of the
projectile obtained in simulations and experiments were very similar, which testified that
selected values of parameters in material models of projectile components provide proper
reproduction of the projectile behavior at the analyzed strain rates.
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In the last stage of experimental tests response of ballistic clay to specific loads was
determined by performing tests recommended by international standards [42]. GM1 0–0.2 mm
ground clay (cyclone) was used. Calibration of the ballistic clay was carried out by simple drop
test to confirm a proper plasticity of the material. A cylindrical steel impactor with spherical
frontal part, weight of 1 kg and diameter of 44 mm, was dropped from the height of 2 m onto
the clay placed in a container (at least three times). The indentation in the clay was measured
and compared to the proper value of 25 ± 3 mm.

3. Numerical Investigations
3.1. Assumptions Adopted for Modeling

Phenomenon of ballistic impact of the 9 × 19 mm FMJ Parabellum projectile into
layered composite armor consisting of 3D printed titanium structure was modelled with
the LS-Dyna software [43,44]. In the model, the ballistic insert was placed on a steel box
filled with ballistic clay. The projectile initial velocity was v0 = 360 m/s. Scheme of the
analyzed phenomenon is shown in Figure 9.
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In order to reduce the time required to complete the calculations, a single symmetry
plane was used in the model, thus modelling only half of the system. Due to irregular-
ity of the structures and asymmetry of their interactions with the penetrating projectile,
deviation of the projectile from its initial (perpendicular to the target surface) flight path
was predicted. Therefore, it was unreasonable to use two symmetry planes which prevent
reproducing this effect. Nodes in the plane of symmetry were deprived of possibility of
translation and rotation in the appropriate directions. Use of the symmetry plane excluded
the possibility of giving the projectile a rotational velocity, which, however, according
to the information available in the literature [45], does not significantly affect projectile
penetration capability.

3.2. Numerical Models
3.2.1. General Assumptions

Discretization of the simulation components is shown in Figures 10–13. It was per-
formed using HyperMesh software. Components of the simulation were meshed by 8-node
solid elements with one integration point and a stiffness criterion of hourglass effect
control [40]. Size of the elements was selected in such a way that their number did not
significantly slow down the calculations and, on the other hand, allowed precise reproduce
of the geometry of the bodies and obtaining accurate results. In addition, in order to limit
the number of elements in the armor model, the mesh of the ballistic clay was refined in
the projectile impact point zone. The distance between the neighboring nodes ranged from
approximately 0.25 mm in projectile impact zone to 1 mm in non-deformed armor areas.
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Several contact models based mainly on the “penalty function” method [43] and
considering friction between components were used in the analyses [45,46]. Boundary
conditions were set in such a way that the numerical model reproduced features of the real
phenomenon as much as possible. The bottom of the box filled with ballistic clay was fixed.

3.2.2. Projectile Model

Half of the 9 × 19 mm FMJ Parabellum projectile was modelled with 71,200 8-
node elements. Elastic-plastic projectile behavior was described with the * MAT_107-
MODIFIED_JOHNSON_COOK material model [44]. The model included strain hardening,
strain rate hardening and thermal softening effects on the material flow stress defined as a
function [44]:

σ =

{
A + Brn +

2

∑
i=1

Qi[1 − exp(−Cir)]

}
·
(

1 +
.
r∗
)C

·
[

1 −
(

T − Tr

Tm − Tr

)m]
(1)

where: A, B, C, m and n are material constants, Tr, Tm—room and melting temperatures
and σ—material strength.

The normalized damage-equivalent plastic strain rate
.
r∗ is defined by:

.
r∗ =

.
r
.
ε0

(2)

where:
.
ε0 is a user defined reference strain rate.

The extended Johnson–Cook damage evolution is defined as:

∆D =

{
0 ; p ≤ pd
Dc∆p
p f −pd

; p > pd
(3)

where the current equivalent fracture strain p f = p f (σ
∗, ∆p∗, T∗) is defined as:

ε f =
(

D1 + D2eD3σ∗)·(1 + ∆p∗)D4 ·
(

1 + D5
T − Tr

Tm − Tr

)
(4)

where: D1–D5 and pd are material parameters.
The normalized equivalent plastic strain increment ∆p∗ is defined by:

∆p∗ =
∆p
.
ε0

(5)

Additionally, the stress triaxiality σ∗ reads:

σ∗ =
σH
σeq

; σH =
1
3

tr(σ) (6)

Soft lead core of the projectile is usually significantly deformed during impact with the
target. Therefore, it was modelled with hybrid elements in order to avoid problems related
to excessive erosion of finite elements (lack of system mass preservation, understating
the projectile penetration capability). After reaching failure criterion, elements were not
removed from the calculations but were replaced by smoothed particle hydrodynamics
(SPH) [43].

Material parameters of the projectile components used in the simulations are presented
in Table 2. Contacts between the lead core and the brass jacket of the projectile were treated
as frictionless and described by the * CONTACT-ERODING_SURFACE_TO_SURFACE
algorithm [43]. Neglection of friction between the projectile components did not negatively
affect obtaining proper deformation of the projectile during the validation test.
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Table 2. Parameters of the * MAT_107-MODIFIED_JOHNSON_COOK model for projectile.

Specification RO,
(Tonnes) E, (MPa) PR,

(-)
A,

(MPa)
B,

(MPa)
n,
(-)

C,
(-)

m,
(-)

D1,
(-)

D2,
(-)

D3,
(-)

D4,
(-)

D5,
(-)

Lead-Core 1.01 × 10−8 18.4 × 103 0.42 24 40 1.00 0.01 1.00 3 0 0 0 0

Brass-Jacket 8.52× 10−9 11.5× 104 0.31 206 899 0.42 0.01 1.68 - WC 1414 - -

RO—density; E—Young’s modulus; PR—Poisson’s ratio; A—yield strength of the material; B—strain hardening constant; n—strain
hardening exponent; C—strengthening coefficient of strain rate; m—thermal softening exponent; D1, D2, D3, D4 and D5—constants.

Numerical model of the projectile was validated against experimental data (see
Section 2.4). Results of the validation indicated that the adopted coefficients of the Johnson–
Cook material model, mesh size and contact definitions provided a correct representation
of the projectile behavior in the analyzed velocity range [47].

3.2.3. Ballistic Clay Model

Half of the ballistic clay block was modelled with 564,128 8-node solid elements
(Figure 10). The mesh was refined in the projectile impact zone.
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The material model *MAT_018-POWER_LAW_PLASTICITY was used to describe the
ballistic clay performance. It is a model of isotropic plastic material considering influence
of strain rate according to power function [44]. Parameters of the material model are listed
in Table 3.

Friction between the projectile and the ballistic clay was omitted due to the fact that the
projectile was not expected to penetrate the armor and to interact with the clay. The contact
was modelled with the *CONTACT-ERODING_SURFACE_TO_SURFACE algorithm [43].

Table 3. Parameters of the *MAT_018- POWER_LAW_PLASTICITY model for ballistic clay.

Specification RO,
(Tonnes)

E,
(MPa)

PR,
(-)

K,
(MPa)

N,
(-)

SRC,
(s–1)

SRP,
(-)

SIGY,
(MPa)

EPSF,
(-)

VP,
(-) Source

Ballistic clay 1878 14.2 0.49 0.24 0.014 0 0 0 2.5 1 [48]

RO—density; E—Young’s modulus; PR—Poisson’s ratio; K—material constant; N—strain rate sensitivity coefficient; SRC—strain rate
parameter C for Cowper–Symonds strain rate model; SRP—strain rate parameter P for Cowper–Symonds strain rate model; SIGY—yield
strength; EPSF—plastic failure strain for element deletion; VP—formulation for rate effects.

Results of the validation of the numerical model of the ballistic clay are shown in
Figure 10. Validation was performed by numerical reproduction of the calibration test
described in Section 2.4. Depth of indentation in the ballistic clay obtained in the FE
simulation was 26 mm and was within the acceptable range according to international
standards (25 ± 3 mm).
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3.2.4. Fabric Model

Half of a single aramid layer was modelled with 83,232 8-node solid elements (Figure 11a).
Due to the local character of the projectile-fabric interaction, it was decided to model the fabric
at mesoscale level including geometry of yarns and their interlacing (Figure 11b).

Contact interaction including friction between yarns (static coefficient of friction
µs = 0.18, dynamic coefficient of friction µd = 0.19) and between the fabric and the other
components of the simulation (fabric-projectile: µs = 0.38, µd = 0.5; fabric-titanium structure:
µs = 0.5, µd = 0.5; fabric-ballistic clay: µs = 0.9, µd = 0.9) was modelled [49]. The contacts
used the * CONTACT-ERODING_SURFACE_TO_SURFACE algorithm [43].
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Behavior of aramid fabrics was described by the *MAT_002-ORTHOTROPIC_ELASTIC
model [44]. In this model the elastic and shear moduli as well as Poisson’s ratios may differ
for the different principal directions. The material law that relates stresses to strains was
defined as [44]:

C = TT ·CL·T (7)

where: T—transformation matrix and CL—constitutive matrix defined in terms of the
material constants of the orthogonal material axes, {a, b, c}.

The inverse of CL for the orthotropic case was defined as [44]:

C−1
L =



1
Ea

− vba
Eb

− vca
Ec

0 0 0
− vab

Ea
1

Eb
− vcb

Ec
0 0 0

− vac
Ea

− vbc
Eb

1
Ec

0 0 0
0 0 0 1

Gab
0 0

0 0 0 0 1
Gbc

0
0 0 0 0 0 1

Gca


(8)

where: Ei—Young moduli in principal material directions, νij—Poisson ratios and Gab, Gbc
and Gca—shear moduli.

In Figure 11 material directions adopted in the simulations are shown. Parameters of
the material model are presented in Table 4.
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Table 4. Parameters of the *MAT_002-OTHOTROPIC_ELASTIC model for Twaron CT 750 fabric.

Specification RO,
(Tonnes)

EA,
(MPa)

EB,
(MPa)

EC,
(MPa)

PRBA,
(-)

PRCA,
(-)

PRCB,
(-)

GAB,
(MPa)

GBC,
(MPa)

GCA,
(MPa) Source

Twaron CT 750 1.158 × 10−9 62,800 628 628 0 0 0 31,000 158 31,000 [50–52]

RO—density; EA—Young’s modulus in a-direction; EB—Young’s modulus in b-direction; EC—Young’s modulus in c-direction; PRBA—
Poisson ratio, ba; PRCA—Poisson ratio, ca; PRCB—Poisson ratio, cb; GAB—shear modulus, ab; GBC—shear modulus, bc; GCA—shear
modulus, ca.

3.2.5. Titanium Structures Model

Four variants of 3D printed structures made of Ti-6Al-4V titanium alloy were ana-
lyzed in the study (Figure 12). The structures were modelled with 8-node solid elements.
Individual variants were modelled with the following number of elements:

• 316,080 elements for S1 structure;
• 113,152 elements for S2 structure;
• 199,680 elements for S3 structure;
• 352,560 elements for S4 structure.
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Contact interaction including friction between individual cells of the structures
(µs = 0.36, µd = 0.3) as well as between the structures and the other components of simula-
tion (structure-ballistic clay: µs = 0.9, µd = 0.9; structure-projectile: µs = 0.36, µd = 0.27) [49]
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were modelled with the *CONTACT-ERODING_SURFACE_TO_SURFACE algorithm [43].
The elastic-viscoplastic material model *MAT_224-TABULATED_JOHNSON_COOK [44]
was used to describe behavior of titanium structures. In the model plastic heating causes
adiabatic temperature increase and material softening. Plastic failure strain can be defined
as a function of triaxiality, strain rate, temperature and element size. The user has the
ability of direct input of parameters defining curves. The Ti-6Al-4V titanium alloy used in
the simulations was defined with the following curves:

• LCK1: effective stress–effective plastic strain curves for different strain rates (1.0 × 10−4–
5.0 × 104 (s−1);

• LCKT: effective stress–effective strain curves for different temperature values (223–
2500 K);

• LCF: curves that define plastic failure strain as a function of the triaxiality parameter;
• LCG: curves that define plastic failure strain as a function of plastic strain rate;
• LCH: curves that define plastic failure strain as a function of temperature;
• LCI: curves that define plastic failure strain as a function of element size.

Flow stress σy expressed as a function of plastic strain εp, plastic strain rate
.
εp and

temperature T have the following form (using curves LCK1, LCKT) [44]:

σy = k1
(
εp,

.
εp
) kt

(
εp, T

)
kt(ε1, TR)

(9)

Plastic failure strain is defined as a function of triaxiality p/σνm, lode parameter,
plastic strain rate

.
εp, temperature T and initial element size lc (volume over maximum area

for solids) by [44]:

εp f = f
(

p
σvm

,
27J3

2σ3
vm

)
·g
( .
εp
)
·h(T)·i

(
lc,

p
σvm

)
(10)

using load curves LCF, LCG, LCH and LCI.
The default failure criterion of this material model depends on plastic strain evolution

.
εp and on plastic failure strain εpf and is obtained by accumulation over time:

F =
∫ .

εp

εp f
dt (11)

where element erosion takes place when F ≥ 1. This accumulation provides load-path
dependent treatment of failure.

An additional, load-path independent, failure criterion can be invoked, where the
current state of plastic strain is used [44]:

F2 =
εp

εp f
(12)

Temperature increase is caused by plastic work [43]:

T = TR +
β

Cpρ

∫
σy

.
εpdt (13)

where: TR—room temperature, β—dissipation factor, Cp—specific heat and ρ—density.
Definitions of the curves used in the model of 3D printed titanium structures were adopted

on the basis of works [53,54], where a number of material tests were carried out in order to
build an accurate numerical model of Ti-6Al-4V alloy. The material model was validated in the
papers [53,55] by conducting dynamic perforation tests of plates made of Ti-6Al-4V alloy and
comparing the results of experiments with the results of similar numerical tests.

4. Results and Discussion
4.1. Results of Ballistic Impact Simulations

Results of simulations of ballistic impact of the 9 mm FMJ Parabellum projectile into
bulletproof vest inserts containing different variants of 3D printed titanium structures
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are shown in Figures 13–16. Due to specific shape of the structures (presence of air gaps
and denser areas) calculations were carried out for two different and characteristic impact
points selected separately for individual variants of structures. The impact points were
selected in such a way that they covered two extreme impact scenarios—the maximum
and the minimum amount of the structure material in the projectile flight path. Results of
the simulations included (Figures 13–16):

• Final deformations of the phenomenon components;
• Distribution of plastic strain in the 3D printed titanium structures;
• Volumes, shapes and dimensions of characteristic deformation parameters of the

ballistic clay;
• Plots of kinetic energy of the projectile versus time.

Results of simulation for the S1 variant of 3D printed titanium structure are shown in
Figure 13. Titanium structures were damaged in the direct projectile interaction zone in both
variants of impact points (Figure 13c). Results of simulations indicated that structure S1 was
very sensitive to location of impact point. During penetration of the S1 structure at impact
point 2 the projectile was deformed in a characteristic way. Due to large air gaps between the
structure cells, the deformed projectile took the shape of a truncated cone (Figure 13b). This
projectile self-sharpening effect was undesirable because it caused concentration of the impact
energy on the smaller area. As a consequence, the smallest diameter of indentation (impact
point 2) and volumes of hollows in the ballistic clay were observed after the projectile impacted
into the S1 variant of structure at impact point 2. On the other hand, the structure showed high
effectiveness when the projectile hit at impact point 1. Values of back face deformation (BFD)
obtained for the S1 structure were 14.0–16.1 mm (Figure 13d).

In the S2 3D printed structure variation, individual cells had toroidal shape (Figure 12c).
Thanks to that, the S2 structure showed high capability to dissipate the impact energy of the
9 mm projectile. The smooth shape of the cells prevents their blocking during their movement
in relation to each other. Only individual cells were damaged and cracked in the area of
the projectile impact (Figure 14c). Taking into account the mushroom shape of the projectile
after the impact (Figure 14b), it can be concluded that a significant part of impact energy was
dissipated to plastic deformation of projectile. Values of BFD obtained for the S2 structure
(14.7–14.0 mm) were significantly smaller than in the case of the S1 structure (Figure 13d).
Additionally, volumes and diameters of hollows in the ballistic clay (Figure 14d) were much
larger than for the S1 structure. This indicated that the smooth toroidal shape of cells has greater
potential in bulletproof vest application.

The S3 structure was similar to the S2 variant. The main difference was that individual cells
had octagonal forms instead of circular ones (see Figure 12c,d). The S3 structure also showed
satisfying energy absorption and dissipation capabilities during the simulations (Figure 15). The
depth of indentation in the ballistic clay observed after the impact of the 9 mm FMJ Parabellum
projectile was 14.6 mm (Figure 15d) for both impact location points. That indicated that both
S2 and S3 structures were much less sensitive to the projectile impact location than variant S1.
Significant mushrooming of the projectile demonstrated that the impact energy was dispersed
over a larger area. The projectile deformation (Figure 15b) took a similar shape as for the S2
structure. Only individual cells under the projectile impact point were damaged (Figure 15c).

In the last 3D printed structure variation—S4 (Figure 16)—cells had the shape of an octagon
with an internal scaffold (Figure 12b). Regarding the shape of the cells, it was predicted that the
S4 structure would provide the most efficient absorption and dissipation of the projectile energy.
However, results obtained for the S4 structure varied greatly. The structure turned out to be
very sensitive to the projectile impact location. On the one hand, structure S4 showed the best
protection capability when the projectile hit impact point 2. Although a few cells were damaged
the greatest diameter (65.8 mm) and the smallest BFD (12.7 mm) was obtained in that case. On
the other hand, when the projectile hit impact point 1 the structure showed the worst energy
absorption and dissipation capability; depth of indentation in the ballistic clay was the highest
(17.2 mm) in that case. It seemed that the main reason for that lay in the specific shape of a single
cell of the S4 structure. In some cases when the loads are distributed particularly unfavorably
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on the cell it fractures in a specific way forming fragments with sharp edges (Figure 16b). These
fragments may cut the aramid layers and significantly decrease their resistance to impact.
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energy against time.
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Figure 14. Results of simulation for S2 structure: (a) location of the impact point; (b) final deformation; (c) distribution of
effective plastic strain in the titanium structure; (d) shape of the hollow in the ballistic clay and (e) plot of the projectile
energy against time.
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Figure 15. Results of simulation for S3 structure: (a) location of the impact point; (b) final deformation; (c) distribution of
effective plastic strain in the titanium structure; (d) shape of the hollow in the ballistic clay and (e) plot of the projectile
energy against time.
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Figure 16. Results of simulation for S4 structure: (a) location of the impact point; (b) final deformation; (c) distribution of
effective plastic strain in the titanium structure; (d) shape of the hollow in the ballistic clay and (e) plot of the projectile
energy against time.
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Comparing the plots of the kinetic energy of projectiles against time it can be noticed
that structure S1 seemed to have the lowest stiffness. The projectile was stopped signifi-
cantly later than in the case of other variants. Stopping of the projectile was observed in
t = 0.2 ms while in the other variants of simulations the projectile velocity reached zero
value at of t = 0.15 ms (structures S2, S3) and t = 0.175 ms (structure S4). Additionally,
only in the case of the S1 structure did the projectiles come into contact with the aramid
layers. In other cases, the projectile was stopped at the titanium layers. It was probably
caused by the significantly greater proportion of empty space in the total volume of the
titanium layer.

Based on simulation results it can be concluded that the analyzed 3D printed titanium
structures together with additional aramid layers are effective against the 9 mm FMJ
Parabellum projectile. All the analyzed structures stopped the projectile. Additionally,
thanks to the cooperation of adjacent cells, the concentrated energy of the projectile was
distributed over a much larger area compared to classical systems based on aramid layers.
That was proved by large diameters of hollows in the ballistic clay. However, it should be
noted that during the analyses the areal density of structures was not optimized. Structure
variants were compared in order to select the most efficient shape of cells that show the
greatest potential of application in bulletproof inserts as a layer with high capability of
absorption and dissipation of the energy of the impacting projectile. On the basis of the
simulation results it was observed that variants S2 and S3 of the structures showed the
greatest capability of absorbing and dissipating of the projectile impact energy. Therefore,
this structure variant may constitute the initial geometry used in further optimization of
shape and areal density of 3D printed structures used in bulletproof vest inserts.

4.2. Mesh Sensitivity Study

In order to check the influence of the finite element size on the damage intensity
of the titanium structure during the projectile impact the mesh sensitivity study was
carried out. Additional simulations of the S2 structure were performed in which the size
of the elements used to describe the cells of the structure the projectile impact zone were
decreased (Figure 17). It was considered from 0.5 to 0.25 mm (Figure 17b) and from 0.5 to
0.125 mm (Figure 17c).
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Figure 17. Variations of discretization used in the mesh sensitivity study: (a) base size; (b) mesh size 0.5–0.25 mm and (c)
mesh size 0.5–0.125 mm.

Results of simulations carried out for different mesh size were shown in Figure 18.
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Figure 18. Results of simulations performed in the mesh sensitivity study: (a) final deformation; (b) distribution of effective
plastic strain in the titanium structure; (c) shape of the hollow in the ballistic clay and (d) plot of the projectile energy
against time.

On the basis of the simulation results it can be concluded that damage intensity of
the titanium structures increased together with the decrease of the mesh size (Figure 18b).
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As a consequence, the kinetic energy of the projectile was distributed on the smaller area
(the smallest indention diameter of 54.7 mm), and the highest back face deformation
(BFD) = 16.8 mm was observed in the variant where the cells of the titanium structure
were modelled with elements of 0.125 mm size (Figure 18c). The most intense absorption
and dissipation of the kinetic energy of the projectile was observed in the variant with
the coarsest mesh (Figure 18d). Larger size of the elements increased their stiffness and
resulted in the elements being eroded later than in cases with refined mesh. To conclude, the
developed model of the ballistic impact phenomenon showed moderate mesh sensitivity.
In order to decrease the influence of the mesh size on the failure intensity of titanium
structures the curves that define plastic failure strain as a function of element size in the
*MAT_224-TABULATED_JOHNSON_COOK should be tuned while taking into account
the correlation to experimental data.

5. Conclusions

The results of numerical analysis of the ballistic impact of the 9 × 19 mm FMJ Para-
bellum projectile into 100 × 100 mm composite layered armor containing four variants
of 3D printed titanium structures were presented. Numerical models of the phenomenon
were developed. Numerical models of individual components were verified against ex-
perimental data from the authors’ own research as well as those available in the literature.
The models provide proper representation of the actual behavior of materials. This may
indicate that the adopted methodology of numerical analysis was correct, but the final veri-
fication of the numerical model of the whole phenomenon will be possible after performing
experimental tests.

All of the analyzed variants of structures stopped the 9 × 19 mm FMJ Parabellum
projectile. Indentations in the ballistic clay after the projectile impact into the analyzed
ballistic inserts, were within the range of 12.7–17.2 mm. These values are significantly
lower than the limiting BFD value of 44 mm allowed by the standards [42]. On the basis
of the simulation results it was observed that variants S2 and S3 of the structures showed
the greatest capability of absorbing and dissipating the projectile impact energy. These
structures were also less sensitive to the projectile impact location than structures S1 and
S4. Therefore, structures S2 and S3 may constitute the initial geometry used in further
optimization of shape and areal density of the 3D printed structures used in bulletproof
vest inserts. Small indentations in the ballistic clay after the projectile impact into protective
structures indicated that they were overweighed and can be optimized to reduce the areal
density while providing protection against a 9 × 19 mm FMJ Parabellum projectile.

To sum up, it seems justified to continue this project focused on using 3D printed
titanium structures in inserts of bulletproof vests protecting against 9 × 19 mm FMJ
Parabellum projectiles.
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16. Baranowski, P.; Płatek, P.; Antolak-Dudka, A.; Sarzyński, M.; Kucewicz, M.; Durejko, T.; Małachowski, J.; Janiszewski, J.; Czujko,

T. Deformation of Honeycomb Cellular Structures Manufactured with Laser Engineered Net Shaping (LENS) Technology under
Quasi-Static Loading: Experimental Testing and Simulation. Addit. Manuf. 2019, 25, 307–316. [CrossRef]

17. Szymczyk, P.; Hoppe, V.; Ziółkowski, G.; Smolnicki, M.; Madeja, M. The Effect of Geometry on Mechanical Properties of Ti6Al4V
ELI Scaffolds Manufactured Using Additive Manufacturing Technology. Arch. Civ. Mech. Eng. 2020, 20, 1–13. [CrossRef]

18. Horn, K.; Biever, K.; Burkman, K.; Sheikh, P.D.; Jamison, L.; Kolb, M. Lightening Body Armor: Arroyo Support to the Army Response
to Section 125 of the National Defense Authorization Act for Fiscal Year 2011; Report No. W74V8H-06-C-0001; United States Army:
Santa Monica, SM, USA, 2011.

19. Kristoffersen, M.; Costas, M.; Koenis, T.; Brøtan, V.; Paulsen, C.O.; Børvik, T. On the Ballistic Perforation Resistance of Additive
Manufactured AlSi10Mg Aluminium Plates. Int. J. Impact Eng. 2020, 137. [CrossRef]

20. Ngo, T.D.; Kashani, A.; Imbalzano, G.; Nguyen, K.T.Q.; Hui, D. Additive Manufacturing (3D Printing): A Review of Materials,
Methods, Applications and Challenges. Compos. Part B Eng. 2018, 143, 172–196. [CrossRef]
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