Behavior to Dynamic Loads of Multi-layer Composite Structures
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The explosive effect and high velocity penetration of the ballistic projectiles of various sizes, design and
compositions, on impact with different targets (armors composed of a combination of different metals) are
complex. Both practical experiments and mathematical modeling of the phenomena associated to the
interaction projectile-target are required to estimate their effect or to design more efficient projectiles and
armor. In this study, the basic element of the simulation model is an incendiary projectile of caliber 7.62 mm
with medium piercing power, launched with a maximum speed of 750 ms-1 on the multi-material target,
which contains 4 different layers assembled into a ballistic cassette made of aluminum. The purpose of this
ballistic cassette is to ensure a better contact and handling of multi-layer materials. The proposed model
was calculated using mathematical modeling and empirical material constants to describe the nonlinear
transitory impact process. Mathematical simulation of the impact between the projectile and target during
impact shows that the projectile moves sequentially through the ballistic package, causing perforation,
plastic deformation and heating, the resulting fragments being then expelled into the space around the
target. The model indicates that the projectile will penetrate the front aluminum plate, as well as the
AlCrFeCoNi and steel plates, but will be stopped by the aluminum backing plate. The real impact tests
carried out using the ballistic cassette at dynamic impact with the 7.62mm incendiary projectile confirm
the model assumptions, which prove the capacity of the composite model to safely stop the projectile.
Keywords: modeling, dynamic impact, composed structures, high entropy alloy, ballistic cassette

The simulation and modeling methods allow the
qualitative and quantitative study of the most complex
mechanical, physical and chemical processes and
phenomena. Through them, the system dynamic
development and behavior could be estimated. In the area
of materials science, the simulations allow the researcher
to determine the outcome of material - system interaction
in dynamic conditions, such as the impact relation between
projectile and target.
Split Hopkinson Pressure Bar (SHPB) is the most widely
used method to describe the results of different
materials samples exposed to medium and high speed
shaping [1 - 6]. The best described SHPB process induces
unidirectional pressure in the target sample by the
simultaneous opposing impact of two bars. The impact
generates an elastic wave in the impacting bar which is
partially transferred to the sample and partially reflected
by the transition bar. Sensors installed at the ends of the
bars measure the generated energy, and the results will
allow the shaping of the energetic phenomena and the
estimation of the generated forces. The SHPB method has
data accuracy shortfalls related to noise level, characteristic
wave length dispersion and a number of other specific
characteristics [7 - 9].
The professional publications have dedicated extensive
attention to the phenomena and processes arising during
armor piercing projectile impact with materials of various
compositions. Such research is focused on various types
of high impact perforator projectiles and projectiles
fragments, as well as the behavior vs. various impact
targets such as armed concrete, metal plates and
composite structures. The mathematical simulation using

a limited number of preset characteristics, offers the
possibility to study the impact and deformation process in
real time and estimate the area of target crack by analyzing
the depth of the penetration, calculate the residual speed
of the projectile or fragments, calculating the deceleration
profile as function of the initial launching speed. The
characteristics of the impact area, cracks, craters and
adjacent zones, are in general good agreement with the
simulation data, leading to a good description of the
complex interaction between the projectile and target [10].
An alternative to dynamic or static simulations is provided
by compression tests. Static or dynamic compression tests
permit the design and use of SHPB to study the deformation
gradient at various values of temperature. Using lanthanum
cylindrical specimens and employing the Johnson-Cook
(J-K) equations, the specific deformation characteristics
could be easily calculated. J-K compression equations
calculated in the SHPB tests for lanthanum sample were
calibrated through numeric simulations and the results
confirmed large deformations when exposed to complex
pressure tests. Based on the static and dynamic test results
(MTS) using the pulling test on a divided Hopkinson
lanthanum sample, the tractor J-K equations were
calculated. The reflected and transferred wave of the PSHB
tests resulted from the numeric simulation for lanthanum
sample, using the speed of deformation as function of crack
failure and was confirmed by the subsequent experiments.
The relationship between the dynamic crack failure and
the speed of tractor force was pointed out as critical. SEM
analysis of the fractured surface showed the crack failure
mechanism becomes erratical with increased speed of
the applied effort [11, 23 - 24].
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One objective of the other study was modeling the mass
loss of the projectile nose when the projectile hits a defined
target at high velocity. Using a semi-empiric model
determined that the mass loss percentage is linear,
depending on the projectile speed, and the depth of the
penetration is directly dependent on the projectile nose
mass loss [12].
Quantitative evaluation of physical, chemical,
mechanical, etc., phenomena and processes can be
successfully done by numeric simulation and
mathematical modeling. In this study, the basic element
of the simulation model is an incendiary projectile of caliber
7.62 mm with medium armor piercing power, launched
with a maximum speed of 750 ms-1 on the multi-material
target which contains 4 different layers (Al + AlCrFeCoNi
+ Armored Steel + Al) assembled into a ballistic cassette
made of aluminum. The model and experiments indicate
that the projectile can penetrate the front aluminum plate,
as well as the AlCrFeCoNi and steel plates, but is stopped
by the last back aluminum plate.
Experimental part
Discrete mathematics used to study the physical
simulation model
To simulate the system interaction in terms of
mechanics of continuous medium and to increase the
chances of a representative simulation model, the basic
assumptions for the target are the physical properties,
encompassed in the equations describing the properties
of the chosen materials and the proprieties of standard
used projectile produced for tactical weapons (fig. 1).
Discrete mathematics offers the opportunity to study and
describe the system using geometry and algebra equations
to transform the continuous aspect of the interaction
projectile - BT (Ballistic Target) described by integer and
differential equations into discrete, isolated events.

Fig. 1. Concept flow diagram

The differential equation of the dynamic equilibrium
The differential equation of the dynamic equilibrium
describes the kinetic state of the system for the elemental
volume:
(1)

The equation (1) will be derived to the limit:
-tension on border
`

(2)

-position on border
(3)
Legend for equations (1), (2) and (3):
- U i , - position if observed point during process
development;
-ρ -specific gravity;
-fi -applied stress forces;
-pi -pressure stress on the border;
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-Di – resulted points of position changes;
-nj - cosine directors of the normal area.

Geometric equations
The geometric equations are expressed differentially
describing the relation between deformations and
displacements:
(4)

In the event of large deformations, similar to those that
occur at impact on the intended target, the approach is
incremented. Following, the calculated distorted state
made at the time t becomes the initial condition for the
next calculation interval, set up as the elementary time dt.
To calculate the incremental geometric mean, the
equations become:
(5)

where d represents base variations.
System deformation at any time is obtained by summing
up the increases on calculation intervals:
(6)

The deformations defined elementarily by relations (5)
and (6), are called natural deformations.

Physical equations
Physical equations are constitutive equations, reflecting
the physical link between stress, strain, speeds of
displacement and temperature. The general form of
physical equations is:
(7)

Analysis of the three sets of equations leads to the
conclusion that the primary functions of the field in
deformable solid mechanics - three shifts, six and six
tensions deformations - are not independent.
Most of the methods used for describing the deformable
solids limit the group of unknown factors to the three
displacement factors - regarded as the primary unknown.
After solving the displacements equations, the deformation
values are obtained from the equation (5), and the values
of tensions from the constitutive equations (7). The method
of solving the system of displacement vectors of the
equations governing the deformable solid mechanics is
taken into the mathematical formalism calculation of the
method using finite element criteria.
The discretization of the simulated model was done
using a hexahedron net of 3D finite discrete spatial
elements. The use of the hexahedron net enables the
development of structured networks (I, J, K), more flexible
and easier to control than other types of dimensional
networks. The network allows diversifying the system
using finite element mesh on the field, as required. Thus, in
regions where large gradients of primary functions are
generated, the network can be refined.
A correct geometric discretization accurately generates
acceptable solutions without excessive consumption of
computing resources. The structured network with variable
pitch is often used to build models with finite elements for
the structural elements analyzed. Using this procedure,
here were discretized key components such as: the impact
stress loading including the characteristics of the incendiary
piercing penetrator and ballistic protection package. Figure
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2 presents the impact configuration and details of the two
components.

Empirical data derived for the materials used in the
mathematical simulation
All types of material involved in the simulation models,
from the simplest linear elastic to the most complex such
as Johnson-Cook, are formulated by mathematical
equations which include a range of material coefficients.
The plastic Johnson - Cook model fully defines the flow
tensor σy, taking into account deformation effects velocity
and temperature in addition to the actual effect of plastic
deformation. The plasticity Johnson - Cook is expressed in
terms separately by the constitutive equation:

T0, Ttop - the environment temperature and the specific
melting temperature;
ε. p - the real plastic deformation;
ε. p - speed of plastic deformation;
εo - reference value defining temporal casualty as
function of time unit used;
T - local temperature in the BT at time t;
n, m - numerical factors.
The mechanical coefficients of the materials used in
this study were determined experimentally, involving a
number of additional specific tests. For the Johnson Cook
models, the mechanical characteristics of the most
important materials (core penetrator, plate steel, high
entropy alloy - HEA) included in the physical model
designed for the numerical simulation of the ballistic impact
behavior of packages with penetrator piercing incendiary
caliber 7.62 mm, are shown in table 1.
Numerical simulation results
Numerical simulation of kinetic impact processes
between ballistic projectiles and BT uses, in most cases,
finite element analyses methods. These methods use
materials like Lagrange networks, i.e. a network attached
to the bodies and which deforms together with them. In
figure 3 can be seen in three successive images the
penetration hole in the ballistic cassette components of
the BT of the 7.62 mm caliber projectile. It should be noted
that during the penetration process of the BT, the projectile
tip starts eroding and fragments from it are scattered in
adjacent areas of the impact.

Fig.2. Virtual model of the impact between the
projectlie and the BT.

(8)

where:
established;

- the exponential component already
Fig.3. Ballistic casette penetration structure after impact.

- the speed of deformation factor;

- the temperature factor;

A, B, C - specific material constants;

For a detailed analysis of the phenomenon and to draw
comparisons with experimental validation of the
simulation model, in figure 4 are shown the sequences of
BT penetration process at different points in time.
From the figure, it can be noticed how the projectile
(bullet) penetrates the steel and HEA plates forming the
BT, but does not penetrate the ballistic frame, being
retained by the last aluminum backing plate. Therefore, it
can be said that all the projectile kinetic energy is

Table 1
CHARACTERISTICS OF MATERIALS AND THE JOHNSON – COOK COEFFICIENTS
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Fig.4. Sequential stages of the perforation process

consumed during perforating the steel and HEA plates,
being held ultimately by the aluminum plates at the back
of the frame.
Two important factors of the analyzed phenomenon are
the projectile speed and its kinetic energy. The evolution
with time of these is shown in figure 5, which shows
sequential axial velocity field of the 7.62 mm caliber
projectile at impact time on the BT. Figure 5 also describes
the projectile velocity reduction and its core erosion as it
advances through the BT.

The materials chosen for production of the BT are part
of the AlCrFeCoNi class, heat treated alloys [13 -18, 20 22] with high entropy and mechanical and physical
properties adequate to such an application, steel with high
resistance to dynamic stress and aluminum plates with
the expressed role to reduce the freedom of movement
inside the BT. The BT was packaged into a rectangular
prism frame made of aluminum, to rigidize the two main
metallic components (figs. 6 and 7) and contains a high
entropy alloy plate with dimensions of 100x100x6 mm,
under which is positioned a steel plate, both plates
sandwiched by 100x100x2 mm aluminum plates of the
same general size. The structural cohesivity and reduced
freedom of movement within the BT frame is enhanced by
adhesive resin inside the sandwiched structure of a ballistic
aluminum box frame. The edges of the box were pressed
around the BT, leaving one side open to face the projectile
during impact. The assembling procedure is illustrated in
sequence in figure 5 and 6.

Fig.6. Positioning of BT inside the aluminum ballistic box

Fig.5. Projectile kinetic energy, speed and core variation during
impact
Fig.7. Section view of the BT

The numerical simulation showed that during the
impact of the piercing incendiary 7.62 mm projectile fired
at 750 ms-1 speed and BT having as main components
AlCrFeCoNi HEA and steel plates, the complete penetration
of the target does not happen. This was also demonstrated
by determining the time variations of the speed and energy
of the projectile core.

Physical model of the ballistic multi-layer target
To study the projectile-target interaction there was
designed a physical model for the target, a sandwich
composed of metallic, multi-wall sheets(aluminum, high
entropy alloy and steel with good strength to dynamic
stress). The design and construction of the experimental
target is based on previous results of the mathematical
analysis [3, 6], of the estimated data for the chosen
materials, well defined by the current data base. To develop
the physical model of the projectile impact with the multilayer target, several physical models were built, called
Ballistic Target or BT, made of combinations of different
layers of metallic materials. The BTs were used as targets
for impact projectiles, to test their reaction and interaction
with the projectile and kinetic fragments, with the direct
objective of determining the level of protection that such
system could offer to the manufacturing of individual and
collective protective shields. The choice of the sandwich
thickness, of the number and structural order of the layers
in the composite BT was dictated by the efficiency of the
shield protective property.
MATERIALE PLASTICE ♦ 56♦ No. 2 ♦ 2019

Fig.8. Physical model contained multi-layers used for numerical
simulation: HEA+Steel (high entropy alloy + steel)

The data introduced in the mathematical model are the
most accurate available data, describing the metallic and
nonmetallic components material. The assembly target
was impacted by a caliber of 7.62 mm penetrant incendiary
bullet, with an assumed impact speed of 750 ms-1 of a
military cartridge, to exceed the STANAG 4635, no. 2
minimum 695 ms-1, standard requirement speed for testing
of shield protective performance.
The target model geometry was a result of transitory,
non-linear phenomenon simulation using professional
modeling software. Figure 8 shows the BT and projectile
physical model at Time 0 exposing the position of the
projectile vs. BT.
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Results and discussions
To validate the numerical model, a series of shooting
range tests were performed using the experimental BT,
designed to determine the dynamic behavior of multi-layer
structures made of steel, HEA and aluminum plates, in
order to comply with the provision of operational
requirements. Experimental tests were conducted on
shooting range appropriate for such activities, using
piercing-incendiary caliber 7.62 mm projectiles. The
ballistic cassette (BT) was built in accordance with figures
6 - 8, with final dimensions of 112 x 108 x 25 mm, resulting
from the use of impregnation resin. This was used to test
the impact behavior against piercing incendiary projectiles
of 7.62 mm caliber, and was mounted on a wooden stand,
placed at 5 m distance from the firing weapon mouth (fig.
9).

Fig. 10. BT front plate piercing

Fig.11. Side view of the
ballistic frame

Fig.9. Experimental stand for dynamic test

Table 2
EXPERIMENTAL RESULTS

To determine the initial rate of the projectiles
perpendicular to the direction of travel, a multiple-frame
chronograph photocell was aligned. The test procedure
involved varying the initial speed of the projectile to
establish the speed at which all kinetic energy of the
projectile is consumed for its plastic deformation and for
the total or partial penetration of BT. Tests were performed
at 25 °C and a humidity of 55%.
The characteristics of the ammunition used in the
experimental tests were as follows:
-Ammunition type: piercing incendiary;
-Size: 7.62 x 39 mm;
-Projectile weight: 7.67 g;
-Core weight: 4 g
To obtain the required initial velocity, the amount of
powder in the cartridge was varied. The shooting program
(26 shots) was made with different masses of explosive
charge (table 2), as follows:
-Set 1 - explosive load weight of 1.0 g;
-Set 2 - explosive load weight of 1.3 g;
-Set 3 - explosive load weight of 1.6 g (maximum speed).
Figures 10 and 11 show ballistic frames from the front
and profile after experimental tests in the shooting range.
It is to be noted that piercing-incendiary projectiles
penetrated just the front of the BT, but failed to penetrate
BT entirely. The experimental results perfectly validate the
numerical simulation and modeling of the multi-layer
system for individual and collective protection against high
velocity projectiles. At the same time, these results can be
464

considered in order to further develop other composite
systems, such as: HEA -ceramic, HEA-Dyneema, HEAKevlar, HEA-Nylon etc., which are serious candidates for
personal and collective armor applications.
Conclusions
Numerical simulation and modeling methods are
excellent tools for examining quantitative mathematical
processes and phenomena in the physics of materials. They
can ensure maximum accuracy in the interpretation of
dynamic evolution and the behavior of metallic materials
or complex structures.
Modeling of composite structures, consisting of
combinations of materials - aluminum alloy, high entropy
alloy AlCrFeCoNi and armor steel for military applications,
was carried on real physical models, taking into account
the mechanical characteristics of the materials and testing
conditions. The ballistic package designed on the principle
of multiple interfaces was composed of different materials,
having specific role, as follows: the front plate, made of
high purity aluminum 99,5%Al, absorbed a part of the
impact energy of the projectile, by plastic deformation;
the second plate made of high entropy alloy (AlCrFeCoNi)
absorbed a large part of the impact energy, due to its
toughness and high compressive strength; the third plate
made of armor steel absorbed the final impact energy, by
conversion into heat and plastic deformation; the backing
plate of aluminum allowed the retention of fragments
resulting from breakage of the previous plates.
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Experimental validation of the mathematical model was
performed by a real impact test, using a piercing-incendiary
projectile with caliber of 7.62 mm. The composite
structures built and assembled into a ballistic frame,
provided a ballistic protection against a piercing-incendiary
projectile of 7.62x39mm caliber, of up to 750 ms-1 speed.
Compared to the target made of armor steel having the
same wall thickness, the HEA experimental alloys used in
the experiments show a higher aptitude to retain the
projectile, under the same testing conditions.
For the future improvement of target design, the
composite structure will be rebuilt to reduce the size of the
metallic parts (HEA and armor steel) simultaneously with
the addition of light alloy (Dural) or polymer.
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