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IMPACT BEHAVIOR OF THE BALLISTIC TARGETS PACKAGE COMPOSED OF DYNEEMA POLYMER
AND HIGH ENTROPY ALLOY STRUCTURES

Ballistic targets are multi-material assemblies that can be made of various materials, such as metal alloys, ceramics, and
polymers. Their role is to provide collective or individual ballistic protection against high-speed dynamic penetrators or kinetic
fragments. The paper presents the impact behavior with incendiary perforating bullets having 7.62 mm of ballistic packages
made of combinations between Dyneema ultra-high-molecular-weight polyethylene and high entropy alloy from alloying system
AlICoCrFeNi, by analyzing the dynamic phenomena (deformation, perforation) that take place at high speeds. The geometry evolu-
tion of the physical model subjected to numerical simulation allows a very good control over the discretization network and also
allows the export for modeling to nonlinear transient phenomena. The results obtained by numerical simulation showed that the
analyzed ballistic package does not allow sufficient protection for values of impact velocities over 500 m/sec.

Keyword: ballistic target; high entropy alloy; Dyneema polymer; impact; numerical simulation

1. Introduction

Armor has long been a method used to protect people in-
volved in defense actions or on the battlefield. Concerns about
the manufacture of the most resistant and efficient armor are still
very relevant today. The basic conditions of an optimized armor
are capacity to absorb and redistribution the impact energy, in
order to diminish the force per unit area of armor material, to
stop the penetrating bullets or cutting/breaking some of them,
and compressing layers of fibers ahead of it [1]. To ensure the
optimal conditions for the manufacture of ballistic protection
equipment, military and security specifications have been de-
veloped, which provide for test procedures, protection levels
provided according to impact speeds with different types of
penetrators, environmental conditions and characteristics of
materials used (minimum 540-600 BHN or 55-60 Rockwell C,
minimum yield and tensile strength 1500 to 1700 MPa, mini-
mum transverse Charpy-V impact energy of 13 J at -40°C and
minimum elongation of 6%) [2,3]. Considering these required
properties, more of armors have been realized by metallic alloys:
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high strength low-carbon martensitic steel [3], high strength
steel [4], high entropy alloys from AICoCrFeNi alloying system
[5-7], Weldox 700E steel [8], AIST 4340 Q&T steel [9-11], 500
HB high hardness armor steel [12].

Recently, a series of organic materials, such as laminated
woven bamboo [13] or pineapple fibers [14] were integrated
into E-glass unsaturated polyester or associated with Kevlar, for
improve the impact and wear behavior. Lately, systems composed
of several types of materials (metallic, ceramic, polymeric) are
used to exploit their properties of mechanical strength, low
density, impact energy absorption capacity. Thus, various types
of ballistic packages composed of combinations of metal plates
(titanium alloys from the TigAl;V system [15]), and highly
elastic ultra-high molecular weight polyethylene (UHMWPE),
Polycarbonate [16], Polymers and Fibre-Reinforced Plastics
[17], SiC / UHMWPE [18], Kevlar fabric impregnated with n-
Si0, / PEG mixtures [19] and Kevlar 706 Greige fabric (CS-811
finish) [20], Twaron fabrics and Dyneema UD laminates [21],
alumina (Al,O;) containing 4 wt.% of (Nb,Os) [22]. Carbon
fibers can also be processed to obtain the desired strength. The

UNIVERSITY POLITEHNICA OF BUCHAREST, FACULTY OF INDUSTRIAL ENGINEERING AND ROBOTICS, 060042 SPLAIUL INDEPENDENTEI 313, BUCHAREST, ROMANIA
UNIVERSITY POLITEHNICA OF BUCHAREST, FACULTY OF MATERIALS SCIENCE AND ENGINEERING, 060042 SPLAIUL INDEPENDENTEI 313, BUCHAREST, ROMANIA

GHEORGHE ASACHI TECHNICAL UNIVERSITY OF TASI, FACULTY OF MATERIALS SCIENCE AND ENGINEERING, 67, DIMITRIE MANGERON STREET, ROMANIA
MILITARY TECHNICAL ACADEMY FERDINAND I, 050141, GEORGE COSBUC, 39-49, BUCHAREST, ROMANIA
NATIONAL RESEARCH-DEVELOPMENT INSTITUTE FOR NON-FERROUS AND RARE METALS — IMNR, 077145, BIRUINTEI, 102, PANTELIMON, ROMANIA

QOO

© 2022. The Author(s). This is an open-access article distributed under the terms of the Creative Commons Attribution-NonCom-
mercial License (CC BY-NC 4.0, https://creativecommons.org/licenses/by-nc/4.0/deed.en which permits the use, redistribution of
the material in any medium or format, transforming and building upon the material, provided that the article is properly cited, the

use is noncommercial, and no modifications or adaptations are made.


https://orcid.org/0000-0002-9065-3587
https://orcid.org/0000-0003-1343-7431
https://orcid.org/0000-0002-2618-4042
https://orcid.org/0000-0002-3593-9400
https://orcid.org/0000-0003-1524-3008
https://orcid.org/0000-0002-9876-7650
https://orcid.org/0000-0001-8306-9246
mailto:victorgeanta@yahoo.com

570

different types of carbon fiber differ in flexibility, electrical,
thermal conductivity and chemical resistance. Carbon fibers
coated with a layer of boron have special mechanical properties.
However, the extremely high costs of these types of materials
limit their use only to high temperature applications [23].

Polyethylene fibers have a mechanical strength 10 times
higher than steel and up to 40% higher than aramid fibers.
Polyethylene fibers are also very light, resistant to water and
chemical agents. They are used in many applications, including
bulletproof vests, helmets, armored vehicles, protective equip-
ment. The impact behavior of the new multi layered ballistic
package was good enough to be considered an alternative to
replace expensive Kevlar laminates [24].

Recent studies [25] have been dedicated to improve the
protection to conventional level IIIA of ballistic armor vests,
by introducing the PALF composite plate (natural fibers ex-
tracted from pineapple leaves). The impact tests, performed with
7.62 mm caliber ammunition on this new type of ballistic armor,
exhibited a back-face signature depth of 26.6 mm, which meets
the N1J standard for ballistic protection (smaller than 44 mm).

Due to the fact that the impact resistance is a critical prop-
erty for the ballistic package, both numerical simulation studies
and impact tests using incendiary bullet must be performed
before approval of new protection system [26-28].

In this paper impact tests performed with incendiary per-
forating bullets of 7.62 mm caliber against ballistic package
containing high entropy alloy from alloying system AlCoCrFeNi
and Dyneema ultra-high-molecular-weight polyethylene are
presented. The dynamic phenomena (deformation, perforation)
that take place at high speeds were studied using the physical
model subjected to numerical simulation. The results obtained by
numerical simulation were completed with real tests performed
with 7.62 mm caliber ammunition, in the ballistic tunnel, in
order to determine the protection level for different values of
impact velocities.

2. Experiment
2.1. Materials and methods

The first stage of the experimental program was to obtain
plates from alloys with high entropy. The alloy used in the
study was selected following mechanical and ballistic tests
performed under standard conditions. The high entropy alloy
(HEA) used in the experimental program was Al 4CrFeCoNi
(aluminum atomic ratio x = 0.6). This alloy contains 5 differ-
ent chemical elements, as follows: 6.16wt% Al; 24.36wt% Co;
21wt% Cr; 23.12wt% Fe and 24.36wt% Ni. The metallic alloy
was obtained by melting in VAR ABJ 900 equipment, in ER-
AMET Laboratory from University Politehnica of Bucharest,
Romania. The technical purity raw materials (99.5%) used for
the HEA obtaining were placed on the melting plate as granules
with diameter of 2 to 5 mm. The melting was performed with
electric energy under a protective atmosphere with argon (99.9%

purity). The electric arc for melting was primed between the
tungsten electrode (alloyed with 2% Th) and the metallic materi-
als placed on the melting copper plate. The metallic ingots were
rotated and remelted 5 times on each side to improve chemical
homogeneity [26-28].

Nine round plates with a diameter of 65 mm and thickness
of 8§ mm were used for impact testing. As results from Fig. 1, the
samples surfaces in as-cast state was covered with a thin layer
of complex oxide, which must be removed by cutting [26]. Cut-
ting behavior of HEA from AlCoCrFeNi system is better than
those of stainless steels (59% easier to perform cutting of plate
surface). An important aspect that appears during cutting of such
HEA is the self-hardening effect, caused mainly by the cutting
force components [29].

Fig. 1. As-cast HEA samples from AICoCrFeNi alloying system

The mechanical properties and stability of the microstruc-
ture were improved by annealing at 700°C/4 hours followed by
air cooling (TT1 treatment), then aging at 1100°C/2 h followed
by air cooling (TT2 treatment) in Nabertherm LT 15/12 / P320
furnace, having a programmable system for setting the thermal
regime. The different heat treatments determine the modification
of the hardness and the morphology of the phases in the high
entropy alloys [30-33].

The microstructure of the alloy was analyzed using In-
spect S SEM microscope equipped with EDAX analyzer Z2e and
by using Olympus GX 51 optical microscope equipped with Ana-
liSYS software for images processing. Before the metallographic
preparation, the specimens cut from HEAs (as-cast, heat treated)
were hot embedded in PhenoCure resin (pressure of 5 bars and
temperature of 185°C). Then, the specimens surfaces were met-
allographic polished using abrasive paper (grit 400-1200) and
polished, using alpha alumina (grit of 3 to 0.1 um). After that,
the specimen surfaces were cleaned with isopropyl alcohol and



then were electrochemically etched in 10% oxalic acid, (0.06A
and 3V, for 2 minutes).

The phase compounds of the Al (CoCrFeNi alloy has been
identified in our previous study [34]. Using XRD method has
been identified the microstructure of this high entropy alloy that
contains both BCC and FCC phases, with the crystallites size of
23.96 nm [34]. The hardness of HEA (in as-cast state and after
the heat treatments succession) was measured using Shimadzu
HMV 2T apparatus, by setting the testing force values of 1.961 N
and loading time of 10 seconds. The tensile tests have been
performed using ,,W+b” Walter + bai ag testing machine. The
thickness value of as-cast plates was reduced to 6 mm by grinding
process. After dimensional adjustment, HEA plates were inserted
into the ballistic packages to be dynamically tested.

2.2. Physical model

The ballistic packages studied in the paper were made of
metal plates (Al and high entropy alloy x HEA) and Dyneema
plate (Fig. 2a). The placement order within the ballistic package
was established according to the role of each material. Thus, the
succession of materials was: first impacted plate was made of
aluminum with 2 mm thickness (its role was to support the other
components in the ballistic package), the next plate was made
of HEA with 6 mm thickness (with role of reducing the impact
speed of the penetrator), the 3rd plate was made of Dyneema with
10 mm thickness (with the role of absorbing the impact energy)
and the last plate was also made of aluminum with 2 mm thick-
ness (with the role of sealing the ballistic package).

The package was then introduced in an aluminum frame
for mechanically rigidizing, and then all this assembly was
impregnated with phenolic resin, with the role of stiffening and
immobilizing the components (Fig. 2b).

The geometry of the physical model subjected to the simu-
lation was designed using the COSMOS program that allows
a very good control over the discretization network and allows
the export to LS-DYNA, a specialized program in modeling
nonlinear transient phenomena.

Dyneema plate 100x100x10

Aluminum plate 100x100x2

a) The components of the ballistic package

Fig. 2. Ballistic package
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2.3. Ballistic tests

In order to validate the results obtained by numerical simu-
lation, a series of practical tests were performed in the specialized
laboratory of the Military Technical Academy in Bucharest. The
ballistic box containing plates made by different materials (Al,
HEA and Dyneema, Figure 3a) was impacted with incendiary
bullet of 7.62 mm caliber, fired with a machine gun.

The maximum bullet launch speed (695 m/s) was chosen to
verify compliance and to validate the physical model, based on
the average value of the bullet velocity reached in real conditions
(in ballistic tunnel). The ballistic boxes assembled and impreg-
nated with resin were fixed on a wooden panel using 2 screws,
their positioning being made so that they are placed on the firing
axis of the machine gun (Fig. 3b). After each firing, the boxes
were detached from the wood panel and the perforation effects
on impact with the dynamic penetrator were analyzed.

3. Results and discussion
3.1. Materials characteristics

High entropy alloys from AlCoCrFeNi system have atypi-
cal behaviors during heat treatments. Depending on chemical
composition, the softening can occurs after aging, being caused
by the slow transformations at high temperatures. In slow cool-
ing conditions, the wear resistance can be higher compared to
the steel, even if hardness is lower. This surprising effect was
explained by Yeh [32] and is determined by the occurrence of
p phases during homogenization at 1100°C [32-33]. Micro-
structure of HEA (OM — optical microscopy, SEM — scanning
electron microscopy) in as-cast state and after heat treatments
is shown in Fig. 4.

The morphology of the grains was successively transformed
from coarse dendrites (Fig. 4a) into partially decomposed and
rounded particles (during annealing, Fig. 4b), then a multitude
of small inter-metallic compounds are separated from the base
matrix (during aging, Fig. 4c).

s.lllis(c box

HEA plate P 55x6 .
Aluminum plate 100x100x2 Dyncema plate 100x100x10

b) Cross section by assembly of ballistic box
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Fig. 3. The component elements of the ballistic box and the fixing mode for firing

This behavior influenced the hardness properties. It has been
found that the metallic matrix become more soften, as a result
of recovery, recrystallization and precipitation of intermetallic
phases that appears after long-term aging treatment (72 hours).
This treatment allows to increasing the impact energy during
Charpy tests performed at 20°C (from 62 J in as-cast state to
68 J after heat treatment TT2).

The average microhardness has increase from 245 HV), in
as-cast state to 403 HV,), after annealing at 700°C/4 h/air, then
decrease to 379 HV, , after annealing at 700°C/4 h/air + aging at
1100°C/2 h/air. In the same time, after annealing the compression
strength has increased from 2635 MPa to 2919 MPa.

Before being incorporated into ballistic packages, HEA
plates were struck with incendiary perforating projectiles to
estimate their protective capacity. The heat treatments efficiency

a)
Fig. 4. HEA microstructure in different processing stages (OM — up; SEM — down). a) as cast; b) annealed at 700°C/4 h/air; ¢) annealed at
700°C/4 h and ageing at 1100°C/2 h/air

could be observed by the ability of the material to stop the bul-
let in the metallic wall (Fig. 5). Prior to the heat treatment, the
bullet pierced and broke the metallic wall (Fig. 5a). After an-
nealing + aging, the bullet could not completely pierce the metal
wall, remaining stuck in it (Fig. 5b).

3.2. Numerical simulation

The impact behavior of the materials involved in the simula-
tion (from the simplest with linear elastic behavior, to the most
complex, like Johnson-Cook type), was estimated by equations
that include a series of material coefficients [27-28]. In this study,
the material coefficients for the high entropy alloy were deter-
mined experimentally, while for the other materials the values
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Fig. 5. The impact behaviour of HEA plates before and after heat treatment

from the literature were used. For the numerical simulation of
the impact processes of the multi-material ballistic package with
kinetic penetrators, the finite element method was used. This
method uses a graphical representation of a Lagrange material
network, which is associated with the bodies and which deforms
together with them. In the three successive images generated by
the finite element program, the hole produced by the 7.62 mm
caliber bullet that passed through the materials in the ballistic
box can be seen. The mechanical characteristics of the most im-
portant materials (bullet core and HEA) that have been included
in the physical model designed for the numerical simulation of
the ballistic boxes impacted with the incendiary bullet having
a caliber 7.62 mm, are indicated in TABLE 1.

In the simulation program, the bullet was launched with
speed of 750 m/s, this being the maximum speed that this am-
munition reaches when firing with machine gun. The physical
model used for the numerical simulation contain 2 aluminum
plates, one HEA plate and one Dyneema (Fig. 6).

Upon impact with HEA, the bullet caused the cracks initia-
tion and then fragmentation, resulting in a larger hole diameter.
Then, on impact with Dyneema, the delamination and rupture
of the fabric occurred (Fig. 7).

It can be seen that on impact with the HEA, the initial sharp
tip of the bullet begins to flatten and fragment, its small frag-

|

On the front entry In HEA plate

TABLE 1
Materials properties and Johnson-Cook coefficients
Properties Al0. 62(])2(1;‘ FeNi Bullet core
Density, Kg/m® 7720 7850
Transverse modulus of elasticity,
G. MPa Y1 081x10° 0.82x10°
Young modulus, E, MPa 2.2x10° 2.1x10°
Poisson coefficient, 0.35 0.3
Johnson-Cook coefficients
A, MPa 1550 2800
B, MPa 1200 850
n 0.24 0.18
C 0.032 0.015
m 1.00 1.00
Tyeis K 1850 1763
Ty, K 300 300

ments being scattered in the vicinity of the ballistic box exit area.
Another suggestive representation, in cross section through the
ballistic box, is presented in Fig. 8. Here you can see the effects
that the bullet produces when passing through the materials of
the ballistic package: first is perfect perforation of the frontal
aluminum plate; in second stage perforation and tearing of HEA

In Dyneema plate

.1

Fig. 6. Physical model (Al+HEA+ Dyneema+Al) involved in numerical simulation
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Ballistic box

Scraps
Bullet core, cal. 7.62

Fig. 7. Aspects of the ballistic penetration stages

1-Cover perforation HEA plate perforation

t=0.0044 ms

t=0.0182 ms

Fig. 8. The sequences during bullet penetration through ballistic package

is carried out followed by third stage, when deformation and
delamination of the Dyneema plate occur; in final fourth stage
the deformation and partial perforation of the last aluminum
plate is carried out. As shown in the graph from Fig. 9, both the
penetration velocity and the bullet energy register an accelerated
decrease at the impact with HEA plate, thus highlighting the
importance of this material in the ballistic package.

In the dynamic impacting process, the most important
parameters are the speed of the penetrator and its kinetic en-
ergy. The time variation curves of these parameters are shown
in Fig. 9.

3.3. Firing tests

The test equipment used for ballistic evaluation must meet
the all requirements for firing. The components of the testing
system used for experiments were: firing table with weapon fix-
ing system, chronograph and camera ultra-fast filming system
(for measuring the bullets speed), analytical balance (for dosing
the ammunition powder), thermometer and weather station (for
environmental conditions measuring), calipers, computer and

Delamination and br

king of sheets

3-Breaking of Dyneema sheets  4-Box perforation

=0.0426 ms t=0.0576 ms
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Fig. 9. Kinetic energy and penetrator speed evolution during penetration
process

telescope (for adjusting impact accuracy). To ensure the appropri-
ate ballistic impact, the testing system was set for satisfying the
following conditions: the impact speed measuring tolerance of
+20 m/s compared to the nominal value; impact angle tolerance
of+0.50° in rapport with the firing system axe; firing angle toler-
ance of 3° or 5° distance from the impact point to the edge or
between the impact points of 25 mm (for protection levels 1-3).



b) Untreated HEA
V =434 - 469m/s
i _ i m= 1.05¢g
a; Ta;/e pypm— Perforated box,
get sy Unaffected bullet
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d) Heat treated TT2
V =496 m/s, m=1.10g
No perforation
of ballistic box,
blocked bullet

c) Heat treated TT1
V=440 m/s, m = 1.05¢g
V =537 m/s, m=1.20g
Perforated box, HEA plate
broken, bullet partially
broken

Fig. 10. Positioning the ballistic box in the firing system and aspect of HEA impacted surface, where: V is the impact speed and m is the am-

munition powder mass

The firing conditions were: temperature of 15°C, humidity of
60%, incendiary bullet type 7.62%39 mm caliber, mass of 7.67 g
and mass core of 4 g.

The ballistic box was placed on the rigid support of the fir-
ing system (Fig. 10a), then 2 successive incendiary bullets were
fired for each ballistic package, being made a total of 18 shots
for the analyzed materials combination. Each ballistic box was
coded for impact behavior analysis with different impact velocity
values. After performing the firing program, the impact surfaces
of HEA were analyzed and conclusions were drawn regarding the
degree of protection provided by the combination of materials
used in the study (Figs 10b, 10c and 10d).

The impact speed is influenced by the quantity of ammuni-
tion mass of each bullet shirt. As the ammunition mass increase,
the impact speed is greater. For similar impact speed values, the
untreated samples were completely perforated and the bullet
tip was unaffected by the impact with the target. In the case of
HEA heat treated TT1, the bullet tip was partially broken and
the metallic plates were perforated and broken. A good effect
is, in this situation, reduction of perforation capacity of bullet
tip. As result from data presented in figure 10, the best results
were obtained in the case of samples HEA heat treated TT2.
In this case, the plates were partially perforated and the bullet
was retained in the metallic wall.

For comparison, some armored steel plates were tested
under the same conditions as the experimental HEA plates. The
behavior of the armor steel was good for impact velocity below
450 m/s. For higher impact velocity values (491 m/s), the armor
steel plate was completely perforated, without any influence on
the bullet tip. The role of Dyneema plates in this type of bal-
listic target was minor. If the HEA plates have been partially
perforated, then broken fragments from HEA or from bullet can
be retained in the Dyneema plate.

4. Conclusions
High entropy alloy from AlCoCrNiFe alloying system can

be a possible candidate for fabrication the protective metallic
walls in military applications. For the same impact speed values

of the dynamic projectile, heat treated HEA from the alloying
system Al (CoCrNiFe has a better capacity to retain the bullet
than armor steel.

Dyneema plates cannot have the same dynamic impact
performance as the high entropy alloys from Aly (CoCrNiFe al-
loying system. At best, they can be used as final plates to retain
debris and broken fragments from materials of target or bullets.
The main advantage of Dyneema boards is that they have a lower
density than HEA and contribute to the reducing total mass of
the protective wall.

Both the penetration velocity and the bullet energy register
an accelerated decrease at the impact with HEA plate, thus high-
lighting the importance of this material in the ballistic package.
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