
Citation: Kubit, A.; Trzepieciński, T.;
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Abstract: In this paper, shields made of 1.3964 stainless steel bonded to a fiber laminate were
subjected to ballistic impact response of 7.62 × 51 mm ŁPS (light projectile with a lead core) projectiles.
Additionally, between the steel sheet metal and the laminate, a liquid-filled bag was placed, which
was a mixture of ethylene glycol (C2H6O2) with 5 wt.% SiO2 nanopowder. Numerical modeling of
the projectile penetrating the samples was carried out using the finite element method in the Abaqus
program. The elasto-plastic behavior of the projectile material and the component layers of the
shields was taken into account. Projectile penetration through glycol-filled bag has been performed
using the smooth particle hydrodynamics technique. The morphology of the penetration channel
was also analyzed using a scanning electron microscope. For the shield variant with a glycol-filled
bag between the steel and laminate plates, the inlet speed of projectile was 834 m/s on average,
and 366 m/s behind the sample. For the variant where there was no glycol-filled bag between
the steel and laminate plates, the inlet and outlet average velocities were 836 m/s, after 481 m/s,
respectively. Referring to the steel-glycol-laminate and steel-laminate variants, it can be concluded
that the laminate-glycol-laminate is more effective.

Keywords: ballistic impact; ballistic shield; FML; smooth particle hydrodynamics; FEM-SPH

1. Introduction

Due to their high specific strength and high strength to weight ratio compared to
traditional materials, composite materials are more and more often used in transport,
construction [1] and aviation industry [2]. Fiber metal laminates (FMLs) are multifunctional
hybrid materials that exhibit excellent impact resistance and improved energy absorption
properties compared to a structure made of metal or composite alone [3]. The brittleness
of composites and the associated tendency to fracture make the resulting structures very
sensitive and susceptible to sudden localized dynamic loads, such as ballistic impacts and
aviation bird strikes.

Lightweight multilayer ballistic shields are increasingly used to increase the blast
resistance of light ships, cars, airplanes and bulletproof jackets [4,5]. For many years, high-
strength steel plates have been used as shields. Currently, with the development of ballistic
shields consisting of, among others, composites, low-density multi-layer shields seem more
and more promising. Lightweight ballistic shields are a system of several or even a dozen
or so layers of different materials, combined or separated, forming the so-called layered
composite structure [6]. D’entremont et al. [7] emphasized the role of the adhesive bond
in forming the protective properties of a material. Adhesives based on epoxy resins or
cyanoacrylate adhesives are most often used to join individual armor layers [6].
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The suitability of the materials used for multilayer structures to absorb the energy of
the projectile is carried out by means of impact and ballistic tests. The basic tests include the
measurement of the resistance force of the shield against projectile, the test of the projectile’s
velocity in front of and behind the sample (energy measurement), and the measurement of
the pendulum swing angle at the moment of penetration of the test sample by the projectile.
Composites have high ballistic resistance and show different mechanical properties at
different deformation rates [8].

In order to improve the ballistic resistance of composite materials, many improvements
have been developed, such as the development of high-strength, ultra high molecular
weight polyethylene (UHMWPE) fibers [9], the development of ceramic-based laminates
as armor covers [10], and the overlapping of layers of brittle and ductile material in an
appropriate arrangement stack [3]. FMLs consist of alternating composite plies and metallic
sheets and due to superior fatigue behavior and impact resistance and damage tolerance
they are excellent candidates for hulls of marine transportation systems. Blast loaded FML
panels are able to distribute the loading more evenly across the panel than monolithic metal
configurations [11]. Moreover, over the past few years, composite/aluminum hybrids such
as FMLs have begun attracting interest for use in blast-attenuating structures [12]. The
relatively high cost of aluminum alloys caused interest in the development of steel-based
FMLs [11].

The ballistic properties of FMLs depend on many factors, such as the shape and
incidence angle of the projectile, the impact energy and the stacking order [13]. The impact
behavior of composite materials, including FMLs, is mainly attributed to impact velocity.
According to the velocity, the impact event can be divided into low-velocity (≤11 m/s),
high-velocity (≥11 m/s), ballistic (≥500 m/s), and hypervelocity impact (≥2000 m/s) [14].

In the collision at high speed, transverse shear stresses regulated by transverse shear
waves dominates. On the other hand, during the collision with low velocity, the stresses
in the plane, regulated by bending waves, dominate [3]. Studies on the effect of fiber
thickness and orientation on the energy absorption of laminates and ballistic limit under
high impact velocity conditions were carried out by Sirkawar et al. [15]. They found that the
0/90◦ laminate showed the best ballistic resistance and strain change at break in different
directions of the fibers. The ballistic limit and the energy absorption of glass fiber reinforced
polymers (GFRPs) significantly depend on the shape of the penetrator [16].

Various parameters such as the fibre material (glass, carbon, aramid and polypropy-
lene), reinforcement types (woven or unidirectional), the number of metallic layers, and the
material of metallic layers (aluminium alloys, steels and titanium) have been analysed by
Abdullah and Cantwell [17,18], Ahmadi et al. [19], Chen et al. [16], Li et al. [20], Sharma
and Khan [21] using rigid projectiles shot via gas gun setups. The permanent deformations,
external and internal damage patterns, and different failure modes have been investigated
by the mentioned researchers. The interaction among failure area, ballistic limit velocity,
damage modes, and various mechanisms of energy absorption based on projectile’s rigidity
or deformability have been investigated by Sangsefidi et al. [22]. Three sets of FML samples
containing 4, 8, and 16 composite plies and two facing 2024-T3 aluminium alloy plates
have been considered. It was found that by increasing the deformability of the projectiles,
the amount of absorbed energy for perforating the targets and the ballistic limit velocity
of the FML targets increase. Abdullah and Cantwell [23] studied the high-velocity impact
response of thermoplastic–matrix FMLs. The impact resistances of the various laminates
based on the 2024-T3 and 2024-O were compared by determining their specific perfora-
tion energies. The ballistic response of FMLs based on the high-strength 2024-T3 alloy
out-performed their 2024-O counterparts. Moreover, it was found that the self-reinforced
polypropylene FMLs offer a slightly lower perforation resistance than FMLs based on the
glass reinforced polypropylene composite. Kikakis, et al. [24] investigated the influence of
the mechanical properties of different aluminium alloys (2024-O, 2024-T351, 6061-T6, 7075-
T6, and 7039) on the ballistic resistance of glass-reinforced FMLs. It was concluded that the
ballistic limits of the FML panels can be substantially affected by the constituent aluminium
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alloy. Ramadhan et al. [25] investigated the high velocity (400 m/s) impact response of com-
posite laminated plates has been experimentally investigated using a nitrogen gas gun and
a cylindrical shape of 7.62 mm diameter steel projectile. FML structures based on Kevlar-29
fibre/epoxy-alumina resin with different stacking sequences of 6061-T6 aluminium alloy
plates were considered as targets. It was fund that the increasing of the amount of the
energy absorption obtained was 7.3% and 2.7% of the back to middle and back to front
6061-T6 aluminium alloy sheet stacking sequence, respectively. Investigations of blast
performance of the glass/polypropylene FML samples shown the presence of delamination
and localised fibre fracture in the composite plies, extensive matrix microcracking and
thinning in the aluminium layers [26]. The adhesion at the steel-composite interface in
the FMLs was investigated by Langdon and Rowe [11] using three point bending and
it was shown that a single heating/pressing operation had better performance than the
two-stage methods and those involving a third party adhesive. Inelastic deformation and
debonding failure of the steel-composite interfaces were similar to those exhibited by blast
loaded FMLs manufactured with the same composite material but with aluminium alloy
sheets. Balkumar et al. [27] show that the thickness of the aluminium-based FML plate and
impactor geometry were the significant process parameters related to the response of low
velocity impact analysis of target plate. A comprehensive review on impact properties of
FMLs is provided by Sadighi et al. [28].

Particularly helpful in the analysis of FMLs responses to dynamic impact is numerical
modeling based on theorems of continuous media mechanics, fracture mechanics and
computer-based methods of solving equations of motion [29]. In the literature many exam-
ples of the use of numerical modeling in the study of the behavior of multilayer structures
can be found. These methods include the finite element method, finite element method
coupled to smooth particle hydrodynamics (FEM-SPH), elastic bond-based peridynamics
(PD), generalized particle algorithm (GPA) and discrete element method (DEM). FEM is
unsuitable for the description of discontinuity of cracks initiation and propagation [30]. The
disadvantages of the FEM may be compensated for by the use of mesh-free methods. The
FEM-SPH method has proven to be very effective for brittle fracture simulation, especially
for high-speed impact conditions [31]. In particular they can easily handle large defor-
mations, since they do not need predefined connections between nodes. Guan et al. [32]
investigated the impact response of FMLs based on a polypropylene fiber/polypropylene
matrix composite and two types of aluminum alloy (2024-O and Al 2024-T3) using explicit
finite element model. Shear and tensile failure criteria were employed to model failure in
the aluminum plies by specifying failure tension cut-off stresses. To model non-perforation
failure of FMLs subjected to projectile impact, the combination of tension cut-off stresses
and shear strain failure may be appropriate. The ballistic resistance of GLARE 4A FMLs sub-
jected to high velocity impact has been investigated by Bikakis et al. [33]. They considered
simultaneous existence of various impact damage mechanisms of laminate plies. It was
numerically found that the ballistic limit of the GLARE 4A panels becomes higher as their
thickness increases. Yaghoubi and Liaw [34] build finite element model of ballistic perfora-
tion of GLARE 5 (3/2) FMLs. It was found that cross-ply composites dissipate more energy
than unidirectional composites. Perforation failure of various stacking configurations of
layers of woven glass fiber in a polypropylene matrix and aluminum alloy sheets subjected
to the localized high intensity blast loading was studied by Sitnikova et al. [35]. The results
indicate that the failure criteria and material constitutive models are able to represent a
number of high strain-rate failure features in the FMLs, such as perforation failure, multiple
debonding and petaling. Numerical analyses conducted by Karagiozova et al. [36] high-
lighted the importance of accurate finite element modelling of the applied pressure, since
the initial deformation phase is highly sensitive to spatial distribution of applied pressure.

Predicting the behavior of a multilayer shield on the basis of the results of numerical
analyzes requires the calibration of the numerical model based on the results of experiments.
Zhang et al. [37] established a nonlinear dynamic Finite Element Method (FEM) model to
analyze energy absorption and FML damage due to oblique impacts. They found that the
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impactor’s residual velocity and the energy absorption by FMLs were significant for the
initial impact velocity and impact angle. Ansari et al. [38,39] developed three-dimensional
finite element-based model for progressive failure analysis of GFRP laminates and showed
failure evolution and laminate propagation due to projectile impact. Damage to the GFRP
laminate at various angles of incidence, boundary conditions and shapes of the nose of the
projectile is also discussed.

Chen et al. [40] investigated ballistic resistance of GFRP laminates subjected to an
impact of 150 m/s. A three-dimensional model combining the strain rate effect and the
Hashin failure criterion was established. It was found that the stacking sequence contributes
a stronger influence on the maximum deflection of the GFRP laminates. Vo et al. [41]
numerically investigated influence of different aluminum alloys in FMLs and found that
FML with higher yield modulus and strength (7075-T6) provide better explosion resistance
among other aluminum alloys (2024-O, 2024-T3, 6061-T6) tested. It was also found that the
internal debonding is dependent on the yield strength of the aluminum alloy. Chai et al. [3]
applied FEM in order to investigate the dynamic perforation behavior caused by the ballistic
impact loading of titanium-based fiber metal laminates (TFMLs) made from different
stacks. The addition of an additional titanium layer and a CFRP layer to create TFML-3/2
compared to TFML-2/1 increased the weight of the target by 58%. The thicker thickness of
TFML-3/2 increased ballistic speed by 32% (in the experiment) and 37% (in the numerical
model) compared to the TFML-2/1. Sitnikova et al. [35] have reported that most of the
failure modes of FMLs for loading with high-intensity blast impact have been captured
by their finite element model. The penetration resistance of elastomer matrix Kevlar
composites during impact of spherical projectile was investigated numerically by Asemani
et al. [42]. They found that elastomeric composites can cause to reduce the damage area
and increase energy absorption. Yang et al. [14] developed FEM model to simulate the
effect of thickness and fiber stacking sequence on the ballistic response of FMLs at speeds
500 m/s < v ≤ 900 m/s. It has been concluded that the fiber stacking sequence in FMLs
has very limited influence on the impact performance.

One of the methods to improve ballistic response of variable-stiffness armors in the
field of military protection are magnetorheological fluids (MRFs) [43]. The other low-
cost method of improvement of the ballistic response of target is to use high-density
suspensions. MRFs are suspensions of magnetic particles dispersed in a non-magnetic
carrier liquid. The concept of liquid-filled bags in smart protective armors arises from
their characteristic ability to dissipate and absorb energy by varying the magnetic field
intensity [44]. In order to improve the absorption of energy by composite panels, various
modifications have been made in the geometry of its core [45] and application of the shear
thickening fluid-filled core of a composite panels [46]. Shear thickening fluid (STF) is a kind
of intelligent ballistic-resistant material that shows non-Newtonian behavior [47]. When
subjected to a high-speed impact of projectile, the viscosity increases rapidly and gradually
returns to a colloidal state after the external force disappears [47,48]. Chatterjee et al. [49]
investigated the steady-state rheological behavior of the formulated STF using spherical
silica nanoparticles dispersed in polyethylene glycol of molecular weight 200 g/mol (PEG-
200). Panels with polyethylene glycol-filled core could absorb an energy of 81.3% whereas
the hollow sandwich panel could absorb only 56.3% of the impacted energy. According to
the Abtew et al. [5], the ballistic performance of composite panels could also be improved by
impregnated the fabrics with a colloidal STF (silica particles (450 nm) dispersed in ethylene
glycol). The solid particles dispersed in STFs may be synthetic (polymers) or naturally
occurring mineral, including calcium carbonate, SiO2 or other oxides [50]. Classification
of dispersed phases and dispersion fluids in STFs investigated in the last decade were
provided by Zhang et al. [47].

In this paper, the samples made of 1.3964 stainless steel bonded to the fibre laminate
were subjected to ballistic impact response of 7.22 mm ŁPS projectiles. Additionally,
between the steel sheet metal and the laminate, a liquid-filled bag was placed, which was a
mixture of ethylene glycol (C2H6O2) with 5 wt.% SiO2 nanopowder. Numerical modeling



Materials 2022, 15, 3711 5 of 20

of the projectile penetrating the samples was carried out using combined the finite element
method and smooth particle hydrodynamics technique. The elasto-plastic behavior of
the projectile material and the component layers of the shields was taken into account.
The changes in velocity of the projectile during its passage through different variants of
FML-based shields were compared.

2. Materials and Methods
2.1. Materials

The target was three variants of samples with dimensions of 100 × 100 mm, which
were shot through a projectile, caliber 7.62 × 51 mm (Mesco S.A., Skarżysko-Kamienna,
Poland). Projectile consists of a lead core and a copper jacket. The dimensions of the
samples corresponded to the dimensions of the sample mounting head in a B571 Optical
Target System used in ballistic testing by manufacturer of the service ammunition (Zakłady
Mechaniczne in Tarnów, Poland).

In the first variant the 1.3964 stainless steel plate with thickness of 4 mm and a laminate
plate with thickness of 6 mm (Figure 1a) were joined together using Araldite 2014-2 (Hunts-
man Advanced Materials, Everberg, Belgium) epoxy based adhesive (the manufacturer
recommended resin and hardener mixing ratio 100:50 by weight was used). The 1.3964 steel
is a non-magnetic stainless steel with austenitic structure, characterized by high mechanical
properties and very good corrosion resistance. The grade shows comparable corrosion re-
sistance to other austenitic steels, high yield strength, and stability of mechanical properties
at low temperatures. This steel is also resistant to inter-crystalline corrosion, sea water, salts,
chlorides, sulfur compounds, nitric acid, formic acid and phosphoric acid [51]. The physical
and mechanical properties of 1.3964 sheet metal allow it to be used as ballistic shields used
in the marine environment. The Brinell hardness test was performed, the hardness was
measured at three points on the surface of the sheet, the average value was 252 HB.
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Table 1 shows the chemical composition of this material according to the metallurgical
certificate provided by the supplier.

Table 1. The chemical composition (in weight %) of 1.3964 stainless steel.

C Mn Cr Ni Mo Nb N Si Fe

0.012 4.42 20.32 15.46 3.15 0.12 0.305 0.36 remainder
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The laminate plate was made of 20 layers of aramide fabric with a grammage of
230 g/m2. The fabric layers were joined according to the orientation [0/90/45/0/90/-
45/0/90/45/0/90/-45/0/90/45/0/90/-45/0/90]. Epoxy resin MGS 285 with a dedicated
hardener was used as the matrix using resin and hardener mixing ratio equal 100:40 by
weight. The laminates were post-cured at an elevated temperature 140 ◦C for 90 min. In
the second analyzed variant of the sample, a liquid-filled bag with thickness of 8 mm
(Figure 1b) containing a mixture of ethylene glycol with 5 wt.% SiO2 nanopowder was
placed between the steel and laminate plates.

2.2. Experimental Setup

The tests of perforation resistance of the samples were carried out on the basis of
internal materials certification procedures for the defense industry in Zakłady Mechaniczne
in Tarnów. Projectile velocity before hitting the sample was measured with a B571 Optical
Target System (Figure 2). On the other hand, the measurement of the impactor’s residual
velocity after shooting the sample was made with the use of mesh detectors, the principle
of which is based on the fact that at a distance of 1 m from each other, packages of two
separated steel mesh constituting an open electrical system were placed. At the moment of
shooting through such packages, the originally separated meshes closing the electric circuit.
Such a phenomenon was registered with the use of a digital oscilloscope, in this way, the
moments of short circuit were recorded. Based on the time interval of both short circuit
and the known distance between the mesh packets, the projectile velocity was determined.
The first package of steel mesh was placed 500 mm behind the target. The principle of
operation of such a measurement is schematically shown in Figure 3. The samples were
mounted symmetrically in the central part of the base frame. The ALEX .308 ZMT HS rifle,
which uses the .308 Winchester ammunition, which is a variant of the BOR-7.62 military
sniper rifle, is mounted in the technological holder of the launcher (Figure 4), 20 m away
from the target.
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2.3. Numerical Modeling
2.3.1. Constitutive Equation

On the basis of the conducted experiments, a projectile penetration simulation of
the aluminum alloy-based FMLs was carried out with the use of FEM. In this case, the
constitutive equation of the solution is complicated and can take the following form [52]:

M(U, n)
..
U + C

.
U + K(U,

.
εpl, εfailure, n)U = F(mpr,α, v, t,

.
εpl, εfailure, Cint,µ . . .) (1)

where: K is stiffness matrix; M is inertia matrix; C = αM + βK is damping matrix
(α, β—constants); U,

.
U,

..
U are the vectors of displacement, velocity and acceleration,

respectively; F is vector of loads;
.
εpl is vector of strain rate; εfailure is vector of failure

deformation; n is number of material layers; v is projectile speed before impact; t is time; α
is inclination angle, mpr is projectile mass; Cint are interactions and contact forces between
colliding FEM elements; and µ is the coefficient of friction.

Equation (1) shows the multitude of factors influencing the solution of problems re-
lated to dynamic loads. A constructor facing a problem in this area must find a compromise
between the accuracy of the solution and the number of factors taken into account. Due to
the very short loading time, great attention should be paid to the selection of the size of
the finite elements and the time step. Calculations in the dynamic range are complex and
long-term, therefore for large structures, with an incorrectly selected time step, the nature
of the load depending on the strain rate may significantly distort the results.



Materials 2022, 15, 3711 8 of 20

2.3.2. Model Geometry

Target in the numerical model consisted of a 100 × 100 mm plate which is hit by a
deformable projectile (Figure 5a). Three variants of geometry of the target were considered.
In the first one 1.3964 steel and a laminate were joined together (Figure 5b). Inside the
laminate 20 layers were modeled. In the second model fluid-filled bag was placed between
the steel plate and laminate (Figure 5c). The variant where fluid-filled bag between two
laminate plates was also considered. Projectile consists of a lead core and a copper jacket.
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consisted a fluid-filled bag between FML and steel plates.

In the considered variants of geometry, eight-node solid elements with different mesh
sizes were used for modeling. The mesh was densified at the point of intended contact of
plate with the projectile. The sample model was prepared and discretized in such a way
that the finite element size at the point of contact with the projectile was L = 0.0005 m. In
the most complex case, the task consisted of 235,604 finite elements, as shown in Figure 6.
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2.3.3. Boundary Conditions

After modeling the geometry of the task, the boundary conditions were assigned.
According to the measurements from the experiment, the speed of the projectile at the
moment of hit in sample was assigned 836 m/s. Then the global finite element contacts
were defined. Due to the fact that new contact surfaces appear during the destruction of
individual elements, interactions should be defined for each finite element. The friction
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coefficient of µ = 0.55 was assumed between the elements. The two edges of the steel and
FML plates were prevented from moving in each direction. The boundary conditions of the
modeled problem are presented in Figure 7.
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2.3.4. Material Properties

The next stage of creating a finite element model is assigning material data to indi-
vidual elements. The material data were obtained on the basis of own experiments and
literature. In most cases, a Johnson-Cook (J-C) material model describing both the plastic
properties and the destruction conditions of a given material is used. In the case of the
plastic material model, the J-C equation is presented as [53–57]:

σ = (A + Bεn)

(
1 + Cln

( .
ε
.
ε0

))(
1 − T − T0

Tm − T0

)m
(2)

where σ is the equivalent stress, A is the field stress of the material under reference condi-
tions, B is the strain hardening constant, ε is equivalent plastic strain, n is strain hardening
exponent, C is the strengthening coefficient of strain rate,

.
ε is deformation strain rate,

.
ε0 is

the reference strain rate, T is deformation temperature, T0 is ambient temperature, Tm is
melting temperature, and m is the thermal softening coefficient.

The presented Johnson-Cook material model is a description of the material behaviour
as a function of strain rate and temperature. It is suitable for the description of phenomena in
which the strain rate does not exceed 105 s−1 [58]. The J-C failure criterion is a special variety
of the failure prediction model based on the nucleation and enlargement of voids in plastic
metals. It is a function of the triaxial stress and strain rate as well as temperature [59,60]:

ε
pl
D

(
η,

.
ε

pl
, T̂
)

(3)

The strain for which the J-C criterion is met is given by the Equation (4) [61]:

ε
pl
D = [d1 + d2 exp(−d3η)]

1 + d4 ln

 .
ε

pl

.
ε0

(1 + d5T̂
)

(4)

where d1, d2, and d3 are material constants describing the quasi-static failure of a material;
d4 is material constant depending on the strain rate; d5 is the temperature-dependent
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material constant;
.
ε0 is the speed of quasi-static deformation

.
ε0 = 0.0001 s−1; and T̂ is the

equivalent temperature coefficient defined as:

T̂ =


0

T−T0
Ttop−T0

1

for T < T0
for T0 ≤ T ≤ Tm

for T > Tm

(5)

The use of advanced failure criteria is also justified due to the mechanism of the
formation of adiabatic shear bands. The interaction of the tested material with the projectile
is complicated due to the high interaction energy and strain rate. This interaction causes
fracture of the material and can also induce significant changes in the material in the area
of interaction. A characteristic feature of dynamic deformation in metallic materials, which
occurs at a deformation rate higher than 103 s−1, is the formation of areas with extremely
high accumulation of deformation energy, called adiabatic shear bands. In these areas, the
dynamic strain energy generated in the shear bands is almost entirely used for phase and
structural transformations [62].

To complete the fully nonlinear analysis, a model of failure and deformation for the
projectile is also considered. Most studies in this area propose to use the projectile as a
non-deformable body in order to reduce the computation time. The validity of such a
solution was verified in [63]. A series of simulations were carried out with the use of a
projectile modeled as an elastic, elastic-plastic and elastic-plastic body with the failure
criterion. The results of the simulations show that the fully deformable projectile model
with failure criterion which has been taken into account as described is the most accurate.
Material data for the projectile (Table 2) were obtained from the literature [64].

Table 2. Material properties for the core and jacket of the 7.62 mm ŁPS projectile [64].

Element of Projectile
J-C Plastic Model J-C Failure Model

A B n C d1 d2 d3

core 234.4 413.8 0.25 0.0033 5.625 0.3 −7.2

jacket 448.2 303.4 0.15 0.0033 2.25 0.0005 −3.6

Based on the tests included in [63,65], the parameters in the material model of
1.3964 steel (Table 3) were determined with the use of the J-C visco-plasticity and fail-
ure equations. The material data for the laminate was adopted on the basis of literature [66]
and the material issue list. Laminate is an orthotropic material, therefore it is characterized
by material constants depending on the direction of the load force. Material parameters of
laminate are presented in Table 4.

Table 3. Material constants in J-C material model for 1.3964 steel [63,65].

J-C Plastic Model J-C Failure Model

A B n C d1 d2 d3 ufailure

302 1250 0.3334 0.006 0.02 0.05 0.5 0.00025

Table 4. Material constants for the laminate (E, Young’s modulus; ν, Poisson’s ratio; G, Kirchhoff’s
modulus) [66].

Ex Ey Ez νxy νyz νxz Gxy Gyz Gxz

Pa Pa Pa - - - Pa Pa Pa

1.7989 × 1010 1.7989 × 1010 1.948 × 109 0.08 0.698 0.0756 1.857 × 109 2.235 × 108 2.235 × 108
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Failure of laminates is complex and difficult to model in the case of solid finite el-
ements. Therefore, it was decided to use a simplification in which failure was assigned
for the triaxiality factor equal to η = ± 0.33. This simplification does not always work in
practice, but in the considered case it is sufficient to achieve simulation results similar to
the experiment. Failure parameters for the laminate were modeled as ductile damage and
they are as follows:

1. Failure strain εfailure = 0.03;
2. Failure displacement ufailure = 0.0003;
3. Friaxiality factor η = ± 0.33.

The above parameters were determined using an experiment in which steel samples
joined to the laminate were shoot through. These data can be refined, but require more
laminate testing. The combination of two completely different media (fluid—solid body)
in numerical quantification is a complex issue and requires careful selection of many
factors. One way of modeling fluids are meshless methods. One of the most popular
methods is the smooth particle hydrodynamics (FEM-SPH) method, which is used to solve
boundary problems. It uses a specific type of discretization, in which neighboring nodes
remain adjacent to each other during the calculations [67,68]. The FEM-SPH method is
effective when applied to fluid–structure interaction (FSI) simulations in the case of complex
and time-varying contact zones [69,70], which makes it effective for simulating the shoot
through process with plastic deformation and the failure criterion.

The FEM-SPH method was derived for problems described by partial differential
equations in space of variables, such as density, energy, and velocity. An analytical solution
to such a system of equations is usually impossible. The numerical solution requires first
discretization of the domain on which the equations were defined, and then approximation
for each point of each variable from the permissible function space and its derivatives. This
method is based on the interpolation theory. Unlike FEM, in which the values of individual
model variables are calculated using the shape function, the FEM-SPH method discretizes
the continuous distributions of parameters such as liquid density or pressure by replacing
them using estimates at the assumed interpolation kernel. In this paper, the Hugoniot and
Rayleigh state equation (called the shock Hugoniot in the us-up plane) was used to describe
the behavior of the fluid during an impact with a projectile (transfer of a shock wave) in
the form [71]:

us = c0 + s · up (6)

where s is a parameter (the slope of the shock Hugoniot) obtained from fits to experimental
data, c0 is the bulk speed of sound in the material and up is the particle velocity inside the
compressed region behind the shock front.

By treating glycol as an incompressible gas, it is possible to use the us-up state equation
and the FEM-SPH method to calculate the velocity of the particles and their impact on the
specimen, projectile or adjacent particles. The material constants of the glycol model for
the us-up equation were determined in such a way in order to obtain the convergence of
the simulation and experiment results. Taking into account the above considerations, the
parameters of the glycol equation of state were:

1. Speed of sound c0 = 343 m/s;
2. Glycol density ρ = 1250 kg/m3;
3. Dynamic viscosity µ = 0.002 Pa·s;
4. Compressibility parameter s = 0 (incompressible fluid was assumed).

3. Results and Discussion
3.1. Ballistic Impact Response of Samples

Figure 8 shows the speed drop and the distribution of equivalent stresses during the
projectile’s passage through the steel-laminate variant of sample. The impactor’s residual
velocity determined experimentally is also shown as the reference. The greatest reduction
in speed was observed when the projectile passed through the steel plate. The laminate
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plate slowed down the velocity of the projectile to a lesser extent, while at the same time
the projectile’s passage through the laminate causes the oscillating character of velocity
changes as a result of the destruction of aramid fiber layers. Large elastic deformations of
the laminate are also visible after the projectile leaves the sample zone.
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Figure 8. Equivalent von Mises stress distribution (in Pa) and speed drop for a steel-laminate variant.

In the variant of steel-glycol-laminate sample (Figure 9), the outlet velocity was
reduced by about 20% compared to the steel-laminate variant (Figure 8). The slope of
the velocity curve indicates that the projectile’s passage through the glycol layer provided
more mechanical resistance than the projectile’s passage directly into the laminate layer
(Figure 8). The passage of the projectile through the laminate layer is preceded by large
elastic deformations.

The passage of the projectile through the laminate-glycol-laminate sample is associated
with a stable, almost uniformly sloped, velocity drop from the inlet value to the outlet value
of approximately 630 m/s (Figure 10). The history of force changes showed a pulsating
reaction with a series of sudden drops in load. The amplitude of the force peaks and the
pulse excitation were at the same level as the projectile passed through the sample. These
vibrations could be induced as a result of sudden stress shock waves in the laminate layer
caused by the high velocity impact. The initial laminate layer did not represent a high
mechanical resistance, therefore the projectile front was not flattened as in the previous
variants (Figures 8 and 9). This phenomenon made it easier for the projectile to pass through
the barrier.
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Figure 11 shows a comparison of the changes in the projectile speed depending on
the sample variant. In addition, the values from the experiments were marked on it in
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order to present the convergence of the simulations carried out. It can be seen from the
chart that the greatest drop in speed occurs in the steel-glycol-laminate variant. The time
taken by the projectile to completely perforate the target is termed perforation resistance.
Presence of glycol-filled bag allows the projectile to be reduced by an additional 120 m/s.
If two layers of laminate and glycol are used, the reduction in projectile speed is less
noticeable. The simulations showed a speed decrease to the value of about 630 m/s.
Referring to the steel-glycol-laminate and steel-laminate variants, it can be concluded that
the laminate-glycol-laminate is the least effective.
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3.2. Microstructural Analysis

The microstructure of the penetration channel reveals material flow lines along with
numerous shear bands (Figure 12a). The penetration of the projectile into the target causes
ductile hole growth [72]. The target material was nitrogen-strengthened austenitic stainless
steel. The interstitial nitrogen has the greatest solid-solution strengthening effect and
stabilizes austenite [73]. Srivathsa and Ramakrishnan [74] suggested that the behavior of
strain hardening determines the ballistic resistance of the steel more than the absolute value
of the strength. Some of the authors stated that martensite is often observed in austenite
stainless steel under quasi-static strain rate as a result of martensite transformation [75,76].
Although the content of martensite has not been tested in this work, the results of [77,78]
show that martensition transformation occurs under dynamic loading which influence
perforated behavior of austenitic stainless steels [79].

The whole surface of the penetration channel is contaminated with lead from the
projectile (Figure 12b). When the bullet hits the target the thin jacket is quickly eroded (thus
difference in jacket calibration are almost negligible) and the soft core is able to damage
the stainless steel target [80]. The high temperature generated by friction between the
projectile and the target causes the lead material to heat up. In this way, a smooth surface
contaminated with lead was created with the material flow lines (Figure 12b). Micro cracks
are observed originating from the bottom of the crater (Figure 13). The steel plate was
damaged by ductile fracture with fine dimples stretched in the direction of the projectile
impact. Such dimples, clearly visible in Figure 14a, are formed as a result of the micropore
growth in the material during plastic deformation [81]. This testifies to the shear nature of
the material damage at the edge of the inlet of hit (Figure 14). Figures 15 and 16 show the
results of the EDS analysis on the edge of the bullet in the steel layer from the exit (Figure 15)
and entry (Figure 16) side of the projectile. At the side of the projectile exit the hole surface
is mainly contaminated with copper and lead as projectile remain. Weight concentration of
the lead contaminated the the edge of the bullet hole at the side of projectile entry is similar.
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Figure 14. Ductile fracture of the steel plate with lead layer from projectile material at various
magnifications: (a) ×2750, (b) ×1550, (c) ×1650, and (d) ×2450.
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by SEM-EDS (FOV: 86.6 µm, Mode: 15 kV—Image, Detector: SED).
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tile entry (a) and listing the most important chemical elements on the analyzed surface (b) determined
by SEM-EDS (FOV: 86.6 µm, Mode: 15 kV—Image, Detector: SED).

4. Conclusions

The movement of the projectile through a fluid-filled bag creates a resistance force.
The value of perforation resistance increases as the projectile speed decreases. Field

tests have shown that the presence of glycol-filled bag increases the perforation resistance
of the structure, which is also confirmed by numerical models. The FEM-SPH method
made it possible to use the behavior of gases known as an equation of state to model the
behavior of the fluid-filled bag. It required an appropriate approach to simplification of
task analyzed. The following conclusions can be drawn from the research results:

1. For the shield variant with a glycol-filled bag between the steel and laminate plates,
the inlet speed of projectile was 834 m/s on average and 366 m/s behind the sample;

2. For the variant where there was no glycol-filled bag between the steel and laminate
plates, the inlet and outlet velocities were 836 m/s and 481 m/s, respectively;

3. Passage of the projectile through the laminate layer was preceded by large elastic
deformations of this layer;

4. Impact of the projectile into the first steel layer leads to a large flattening of the front
of the projectile and an increase in perforation resistance of subsequent layers;

5. Referring to the steel-glycol-laminate and steel-laminate variants, it can be concluded
that the laminate-glycol-laminate is less effective;

6. The steel plate was damaged by ductile fracture with fine dimples stretched in the
direction of the projectile impact;

7. The high temperature generated by friction between the projectile and the target
causes the lead material to heat up which causes lead contamination of bullet holes.
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