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Abstract: Defense mechanisms remain important and indis-
pensable due to the different types of pistols and ordnance
besides many guns. Hybrid composite sandwich panels are
an attractive focus because of their ingrained characteris-
tics, such as high stuffiness and high energy absorption.
Hybrid composite sandwich panels are among the most
important in armoring various structures. Despite the high
density of these panels, they have significant qualities that
qualify them to be the first selection for use in armored
vehicles or body armor. Recently, there have been several
types of structures, and selecting the appropriate structure
as armor against the projectiles is very important. The study
subjected three samples to the ballistic impact test using a
7.62 x 39 mm bullet. The first sample, S1, consists of ultra
high molecular weight polyethylene (LHMWPE)/epoxy, unfilled
honeycomb core, Kevlar/epoxy, unfilled honeycomb core,
Kevlar/epoxy, and UHMWPE/epoxy; the second sample, S2,
comprises Kevlar/epoxy, unfilled honeycomb core, Kevlar/
epoxy, unfilled honeycomb core, and UHMWPE/epoxy, and
the third sample, S3, comprises Al,0;, Kevlar/epoxy, unfilled
honeycomb core, carbon/epoxy, unfilled honeycomb core, and
carbon/epoxy. ABAQUS software was used to evaluate the
ballistic impact numerically, and after that, the study exam-
ined the same armor samples experimentally. The results
manifested that only the armor S3 succeeded in stopping the
bullet. This is attributed to the structure of the cores, which
helps compress and accumulate the cells under the projectile.
The speeds of the bullet after penetration (residual velocity;
VR) were 7485 and 7153 m/s for S1 and S2 armors, respec-
tively, where the back face signature for S3 was 1.5 mm, which
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is optimum and within the allowed range. The total energy
absorption of these armors S1, S2, and S3 is 344.65, 539.04, and
2585.66 ]. Furthermore, the highest deviation between numer-
ical and experimental approaches is about 2.04% in the VR.

Keywords: ballistic impact, 7.62 x 39 mm bullet, hybrid
sandwich armor, energy absorption, back face signature

1 Introduction

One of the primary issues for engineers and researchers in
ballistic armor against bullets and shrapnel is the require-
ment for high-level ballistics for military and defense sec-
tors. In recent years, terrorist attacks and wars have
increased. This is because donning body armor has pre-
vented armies and warriors from losing countless lives
while waging wars and conducting counterterrorism opera-
tions. According to the research conducted during the Iraq
warfare in 2003, 58% of the wounds were medium, while 9%
were in the eyes, legs, or hands, and several of the wounds
infected the trunk [1].

Furthermore, body armor is spaciously employed in
peacekeeping and public security missions. According to
statistics, ballistic-resistant body armor supplied by inter-
national police enforcement forces has recently kept over
3,000 cops on the beat. Personnel armor is designed to
withstand bullets, fragments, and small 2-caliber projec-
tiles [2]. The degree to which a person is protected from a
ballistic attack provided by these armaments is determined
by the kinetic energy that bullets deliver, which can be
sealed with the armor. The National Institute of Justice
(NI)) has issued a report detailing defamatory threats. The
whole plane of safeguard and bomb gender has its require-
ments [3]. Several armor solutions for effective ballistic
protection use advanced alloys, ceramics, and composite
materials. One of these important solutions is the sandwich
structure together with composite materials [4].

The concepts of science underlying the construction of
sandwich armor structures must be understood to satisfy
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the armor industry’s demands better. The industry still
needs to overcome significant hurdles, such as mobility
and protection, despite the enormous effort to grasp these
concepts, particularly concerning armor textiles and com-
posite. Mobility and protection are the two main require-
ments of the users of armor materials. The lightest armor
materials are required for ballistic armors to improve
mobility. On the other hand, defensive qualities improve
as the armor material weight increases, which restricts
movement. Research into armor materials now primarily
focuses on weight reduction and strength development to
improve mobility and conserve user energy. As a result,
the field was attracted to a lightweight, flexible, and highly
energy-absorbent material. Sandwich composites changed
the game thanks to their high-rigidity and lightweight struc-
ture. Composite materials that enable large-scale manufac-
ture are gaining interest due to various reinforcing elements’
availability and novel processing techniques’ development
[5]. Numerous studies are now looking into ways to enhance
the performance of composite structures. To enhance the
energy-absorbing qualities of the structures without losing
sight of the overall weight, researchers are examining alter-
native settings for sandwich composite materials. Other para-
meters that can be changed to enhance the performance of
sandwich composite structures include material qualities,
thickness, and core characteristics. The ballistic armor per-
formance has been improved thanks to the use of cutting-
edge materials in producing armor systems [6].

Several studies have examined the ballistic resistance
of sandwich structures and hybrid composites to under-
stand the characteristics of the materials and their effec-
tiveness when subjected to impact loads. Stanislawek et al.
[7]1 modeled a pyramidal ceramic (Al,03) in the front face of
armor with a ductile aluminum alloy (AA2024) in the back
face besides different arrangements of ceramic structure
and AA2024 in other models, and this structure was impacted
by armor piercing (AP) projectiles. The experimental and
numerical studies proved that pyramidal ceramic armor
could resist a projectile threat due to the change in its tra-
jectory [7]. Liu et al. (2016) simulated the fish skin to produce
a protection system collected between effective resistances
to external loads with superior flexibility. The scales com-
prise silicon carbide ceramic and aluminum (Al6061-T6)
materials in the outer and inner faces, respectively. FEM
has been used to simulate the ballistic impact of steel bullets
on the scaled armor. The numerical results displayed that
the depth of penetration (DOP) and the residual velocity (VR)
of the scales decreased with the increase in the thickness of
composite scales; furthermore, the inclination of the scale
led to eroding and a slip of the projectile, and this is very
important to absorb the kinetic energy of the projectile [8].
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Mullaoglu et al. investigated how polycarbonate (PC)
projectile dynamically impacts at varied speeds. The numer-
ical test of a PC plate under impact was examined using LS-
DYNA. The findings demonstrated that the PC materials are
significantly more impact-resistant than other materials [9].
Hu et al. used three types of a mosaic of silicon carbide (SiC)
with a ultra high molecular weight polyethylene (LHMWPE)
plate to resist the impact of an AP bullet. The geometry of
mosaic was square, cylindrical, and hexagonal in the front
face. The test results offered a significant enhancement in
the ballistic resistance of armor and proved the effect of
geometry on the ballistic performance of the armor [10].
Oliveira Braga et al. evaluated the multilayered armor
system that was impacted by a projectile; the front face of
the system consists of the hexagonal convex or flat ceramic
tile, and the aramid fabric and aluminum plate arrange-
ment are in the middle and last layer, respectively. The
test presents satisfactory results regarding the back face
signature (BFS) and the superior performance of convex
ceramic tile [11].

Liu et al. exhibited the high-strength material
(UHMWPE) with a high-energy absorption material and
structure (EAMS) to construct a new type of armor. The
hybrid panel was used against the high speed of spherical
bullets. The UHMWPE was used in the front of the panel,
and the hollow cylinders of EAMS were utilized in the back.
The experimental and numerical results of the study exhib-
ited an increase in the ballistic performance of the panel
compared with the pure UHMWPE [12]. Eventually, Yang
et al. [13] designed sandwich panels made from the carbon
fiber composite in the front face, then the aluminum alloy
and the core of this structure made from the pyramidal
truss. For these sandwich panels, an experimental and
numerical test was done to evaluate this structure, and
the result elucidated the considerable amount of energy
absorption [13]. According to the literature reviews above,
research was conducted on how well the sandwich struc-
tures can survive the bullets.

It was also concluded that the various sandwich struc-
ture reviews are mostly directed at the test of metallic sand-
wich structures. Only a few works have been carried out
using composite sandwich structures that consist of metallic
honeycomb core and composite skins. This study presented
a hybrid sandwich structure with an aluminum honeycomb
as the core, ceramic tiles, steel plates, and Kevlar fibers
reinforced polymers as the skins. Finally, the hybrid sand-
wich panels were fabricated from Kevlar fibers, SiC ceramic
tiles, steel plate, and aluminum honeycomb in this work.
Two hybrid sandwich specimens were fabricated utilizing
the hand lay-up method for sheets and the water jet
machine cutting for the aluminum honeycomb core.
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2 Experimental work

2.1 Materials used

The first step in the experimental work is to choose the right

materials. The materials used in the manufacturing process

for the present work are listed below and shown in Figure 1.

1. Aluminum honeycomb

2. Aluminum oxide tiles (Al,05)

3. Composite material (UHMWPE, Kevlar and carbon fibers,
and epoxy resin)

4. MS hybrid polymer silicon

The aluminum honeycomb was purchased from “Huarui
Honeycomb Technology Co., Ltd, China.” The aluminum oxide
ceramic tiles (Al,03) were bought from “Ningxia Northern Hi-
Tech Industry Co., Ltd., China.” The woven Kevlar, woven
carbon and unidirectional UHMWPE fibers were purchased
from “Wuxi GDE Technology Co., Ltd. China.” Epoxy resin type
(Sikadur 52LB) was purchased from Sikadur Company. MS
hybrid polymer silicon was bought from SOUDAL Company.
Mechanical properties of Kevlar, carbon and UHMWPE fibers,
and epoxy [14], aluminum alloy (AL3003) [15] and aluminum
oxide ceramic are defined in previous literature [16].

.~/

d
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2.2 Composite fabrication process

The composite material was prepared using the hand lay-
up technique, which is the open molding technique to fab-
ricate the composite materials. This study used this method
to fabricate high-performance composites consisting of a
matrix material (epoxy) reinforced by the layers of Kevlar,
carbon, and UHMWPE fibers. After that, the mold (glass
sheet) was prepared for brushing by covering the inner
surface via a layer of wax to guarantee no adhesion
between the woven fabric and the mold to facilitate the
laminate removal. Then, the base material of epoxy was
manually mixed with the hardener, taking into account
that the weight percent between hardener and epoxy is
3:1. At room temperature, the fabric was manually placed
in the mold and then the resin matrix was brushed on the
laminates of reinforcing material until it covered all the
layers. Another glass sheet was laid on top of the laminated
fibers, and the excess resin was allowed to escape from the
sides. An appropriate load was used to press the fiber and
epoxy mixture. Finally, after completing the hand lay-up
process, the sample was left for 24 h at room temperature
before opening the mold. Figure 2 shows the mold and
fabrication process, and Figure 3 depicts the final shape
of the composite.

Figure 1: The main materials used in the armor. (a) aluminum honeycomb, (b) aluminum oxide (Al,05) tiles, (c) Kevlar fibers, (d) carbon fibers, (e)

UHMWPE fibers, (f) epoxy resin, and (g) MS hybrid polymer silicon.
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Figure 2: The mold and the fabrication process.

2.3 Preparation of aluminum honeycomb

Using a water jet cutter machine, the aluminum honey-
comb structure was cut to the required dimension (150 x
150 mm). This machine works depending on the principle
of micro erosion, which occurs due to the large volume of
the water jet through a very small-diameter bore of the
nozzle (0.2-0.3mm) with a very high jet speed, about

869 m/s with huge kinetic energy. Figure 4 reveals the
photo of this machine with the nozzle. The water jet cutting
machine owns main sub-systems, such as the water and
abrasive tank, a high-pressure pump used to compress
water up to 3,000 bar to generate sufficient kinetic energy
for cutting, high-pressure valves, and a hydraulic unit.
Figure 5 illustrates the final shape of aluminum honey-
comb after cutting. To control the cutting process, this

b

Figure 4: Water jet cutter.
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Figure 5: The final shape of aluminum honeycomb after cutting.
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Figure 6: Hybrid sandwich body armor of first sample S1 after assembly and fabrication. (a) Schematic of arrangement of layers, (b) schematic of

isometric view, and (c) photograph of side view.

machine uses computer-aided manufacturing and design
systems [17].

2.4 Layers assembly and fabrication of
hybrid sandwich body armor

After completing the composite layers, the layers of hybrid
sandwich composite structure body armor to be fabricated
were prepared. The honeycomb core was assembled (glued)
with the front and back sheets using the modified-silane
hybrid polymer silicon. It remained until the full silicon
curing of sandwich structure body armor samples. After com-
pleting the adhesion process, the sample was left for 24 h at
room temperature before using the sample in a ballistic test
[18,19]. The MS hybrid polymer adhesive is excellent [20].
Figures 6-8 describe the hybrid sandwich composite body
armor after assembly and fabrication for the first, second,
and third samples. The three samples of hybrid sandwich
body armor (150 mm x 150 mm) were made. The first sample,
S1, consists of UHMWPE/epoxy, unfilled honeycomb core

(6.4mm cell size), Kevlar/epoxy, unfilled honeycomb core
(12.7 mm cell size), Kevlar/epoxy (EPX), and UHMWPE/epoxy,
the second sample, S2, comprises Kevlar/epoxy, unfilled
honeycomb core (6.4 mm cell size), Kevlar/epoxy, unfilled
honeycomb core (12.7 mm cell size), and UHMWPE/epoxy,
and the third sample, S3, comprises Al,03; Kevlar/epoxy,
unfilled honeycomb core (6.4 mm cell size), carbon/epoxy,
unfilled honeycomb core (64mm cell size), and carbon/
epoxy. Table 1 provides the measurements and details of
the hybrid sandwich body armor’s various parts.

2.5 Ballistic test: chronograph apparatus
and test procedures

The chronograph refers to an apparatus used to measure
the speed of a projectile that is launched from any weapon
or can be defined as a shooting speed tester. Consequently,
this apparatus is one of the substantial tools used to char-
acterize and assess any panel subject to the ballistic test
[21]. Figure 9(a) manifests the beta model chronograph
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Figure 7: Hybrid sandwich body armor of second sample S2 after assembly and fabrication. (a) Schematic of arrangement of layers, (b) schematic of

isometric view, and (c) photograph of side view.
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Figure 8: Hybrid sandwich body armor of third sample S3 after assembly and fabrication. (a) Schematic of arrangement of layers, (b) schematic of

isometric view, and (c) photograph of side view.

used in this investigation. However, before implementing
the ballistic test, the armor panel must be clamped using
the backing material fixture. This equipment comprises
several parts, such as a square frame, rigid plates, a hollow

shaft, and the ground base [22]. Figure 9(b) reveals the
equipment for the ballistic test.

To obtain a suitable ballistic response for an armor
panel, it is necessary to acquire reliable data about the

Table 1: Details of the hybrid sandwich body armor components of three samples

Number of Face skin Core material Back skin Thickness (mm) Core Armor Armor Notes
samples material material cell weight thickness
Faf:e Core Ba.ck size @ (mm)
skin skin (mm)
1 UHMWPE Aluminum UHMWPE 10 10 2 6.4 1,380 30.8 Double core with
honeycomb 2 15 6.4 intermediate
2 Kevlar 2 mm
2 Kevlar Aluminum Kevlar 10 10 2 6.4 1,331 28.9 Double core with
honeycomb UHMWPE 2 10 12.7 intermediate
2 Kevlar 2 mm
3 Al,03 Aluminum Carbon 10 10 2 6.4 37.5 Double core with
Kevlar honeycomb 2 10 127 intermediate
2 carbon 2 mm
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Figure 9: Schematics of (a) the chronograph device and (b) the backing material fixture.

shots. Consequently, according to the NIJ ballistic standard,
a particular number of shots are required for each round
of tests [23]. In effect, the complete and partial penetrations
are the only two types of penetrations for any impact test.
Undoubtedly, the benefit from complete penetration is to
calculate the energy absorption by the armor panel, and
experimentally that occurs when two devices of speed
measurement are placed between the tested panels to mea-
sure the bullet speed before and after penetration. The
initial or strike velocity and the residual velocity represent
the velocities of the bullet before and after penetration,
respectively. Hence, these velocities were used to calculate
the lost energy of the bullet [24].

Figure 10: Photographs of the ballistic test equipment used in this study.

Set up the distance between the muzzle and the backing
material fixture; this distance equals (5.0 m + 1.0 m). Set up
the distance between the chronograph and the backing mate-
rial fixture; this distance equals (25m + 25 mm). Figure 10
shows the equipment of the ballistic test, and the whole
equipment has been set up according to the standard of NIJ.

2.6 Details of projectile

The bullet 7.62 x 39 mm is the projectile adopted in all tests
of the study. This type of caliber is so familiar in this
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Table 2: Specifications of 7.62 x 39 mm bullet
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Caliber Cartridge weight (g) Bullet weight (g)

Bullet length (mm)

Bullet diameter (mm) Cartridge length (mm)

7.62 x 39 mm 18 8 17.3

7.62 56

domain, and many handguns shoot this ammo. All specifi-
cations of the bullet are listed in Table 2.

3 Numerical work

It is recommended to use the software LS-DYNA, ABAQUS,
and ANSYS (AUTODYN) to simulate the impact of armor;
this software represents the most useful and reliable tools,
according to most of the cited articles [25]. This study used
the commercial program ABAQUS to use the finite element
approach on the hybrid sandwich composite armor. The
armor model for the analysis was developed in a step-by-
step manner. In the part module, geometric pieces were
first constructed, after which the material properties were
assigned to the parts. These components were put together
in the assembly module after the creation of boundary
conditions, interactions, steps, mesh, and ballistic loading
with a velocity of 804 m/s. The goals of this research were
then accomplished by varying the model parameters using
various design matrices. Below is a discussion of the key
steps in the finite element analysis.

3.1 Bullet

The bullet has a hemispherical top and a cylindrical
base. This refers to a typical ballistic with a diameter of
7.62mm and a length of 17.3 mm. It has a steel property
given to it, resulting in an overall mass of 8 g [26]. The

Figure 11: Steel bullet.

penetrator employed in the finite element study is dis-
played in Figure 11.

3.2 Armor skin layer

Kevlar and epoxy, UHMWPE and epoxy, and carbon and
epoxy composites were used to design the armor’s top and
bottom layers. The composites were built as a 3D deform-
able shell 150 mm by 150 mm rectangular laminates. It was
extruded to a thickness of 2mm to evaluate the perfor-
mance of the armor. These laminates have four plies,
each of which is 0.5 mm thick. In weaved orientation, the
plies are piled. The layers of the armor composites made of
Kevlar and epoxy, UHMWPE and epoxy, and carbon and
epoxy are manifested in Figure 12.

3.3 Armor honeycomb core

A honeycomb structure built of the aluminum alloy A13003
makes up the core. A 3D deformable solid with dimensions
0f 150 x 150 mm and heights of 10 and 15 mm was used in its
construction. The cells have a thickness of 0.1mm and a
size of 6.4 and 12.7 mm. The software ABAQUS depicts the
honeycomb core structure in Figure 13.

Figure 12: Armor skin layer of composites.
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Figure 13: Aluminum honeycomb core.

3.4 Armor ceramic tiles

The tile is a ceramic structure made of Al,0s, the first top
layer of the armor. It was built with a 3D deformable solid
with dimensions of 150 x 150 mm and a height of 10 mm.
The number of tiles is nine. The software ABAQUS portrays
the ceramic tiles structure in Figure 14.

3.5 Armor assembly

The geometric components are all put together, as illustrated
in Figure 15. To enable the initiation of the steel bullet, a 1 mm
gap was designated between the projectile and the top skin.

3.6 Armor meshing

The assembly meshing is shown in Figure 16; the total
number of elements and nodes of the assembly mesh are
203,513 and 330,463, respectively.
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Figure 15: Armor assembly.

3.7 Armor step, interaction, and load

The final body armor model was built with 150 mm x
150 mm dimensions. The ABAQUS software widely depends
on the steps in working; indeed, after constructing and
assembling the geometries, generating the appropriate
meshes of the model, selecting the appropriate mathema-
tical model for materials that play a vital role in the accu-
racy of results, and inserting the properties of materials,
the next step is how to utilize these steps to obtain a more
realistic simulation. Hence, the use of these steps is dif-
ferent from one model to another, so the software consists
of many categories, and these categories can be divided
into the following main groups:

+ Step: Include defining the time to conduct the simulation
where the step time is 0.005s.

* Interaction: Includes the contact between the layers and
the contact between the armor and the bullet where the
coefficient of friction is 0.3.

¢ Load: Include the boundaries, initial conditions, clamped,
and the applied loads where the bullet’s velocity is 840 m/s.
Figure 17 Shows the armor clamping.

Figure 14: Al,05 ceramic tiles.

Figure 16: Assembly meshing.
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Figure 17: Armor clamping.

3.8 Armor material properties

The material properties of all geometric components that
make up the armor have material properties defined. All
fundamental properties of Kevlar/epoxy [27], UHMWPE/
epoxy [28], carbon/epoxy [29], Aluminum alloy (AL3003)
[15,30] and ceramics Al,O3 [16], and AISI 4140 steel alloy
[31] were used in the model. Table 3 lists the mechanical
properties of the bullet (AISI 4140 steel alloy).

3.9 Mesh and mesh convergence

Meshing is a crucial step required to build a model simula-
tion for ABAQUS, so getting the appropriate meshing is
required to give accurate results through several attempts
to divide the total area of each part into an ideal number of
elements. The output results may differ slightly depending
on the mesh size selection. The number of element-level
calculations may grow, as may the computing cost, but the
accuracy of the results may increase with a finer mesh. It is
a well-known fact that mesh refining improves the out-
comes of most simulations. Prior to doing finite element ana-
lysis on the built-in hybrid sandwich armor models in this
research, a mesh convergence check was performed. The goal
is to produce correct findings for these models’ finite element
analysis. This was accomplished by employing the hybrid
sandwich armor to plot the VR against the mesh sizes of
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0.4, 0.6, 0.8, and 1.0 mm. The outcome confirmed the conver-
gence, which indicated a difference of about 3% between the
0.8 and 1mm mesh. In this investigation, a fine mesh of
0.6 mm was chosen in the hybrid sandwich structure armors’
center and a coarse mesh of 3 mm at the edges. Because of the
complexity of these structures, different mesh sizes were
chosen. The skins’ fine and coarse meshes were combined
to cut down on computing time.

3.10 Materials constitutive models

The significant enhancement of computer technology and
numerical analyses affected the beneficial utilization of
constitutive models; indeed, selecting an appropriate con-
stitutive model is crucial and entirely locates the insight
into the actual problem and the method of analysis [32].
Hence, the study focused on understanding the constitutive
material models and offered a group of essential models
available in the simulation programs and used in many
engineering applications. Accordingly, these models can
be used as a guide for researchers in this domain of study.

3.10.1 Drucker-Prager model

To determine whether a material has failed or suffered plastic
yielding, Drucker and Prager proposed the Drucker-Prager
material model in 1952, which is a pressure-dependent model.
The model was developed to transact soil plastic deformation.
It has been used with various cohesive geological materials,
including ceramic, concrete, rock, polymers, foams, and other
pressure-dependent materials [33]. In this work, it has been
used for ceramic tiles (SiC and Al,Os).

Jh = A + K, M

where A and k are Drucker—Prager material constants, J, is
the second invariant of the stress deviator tensor, and I is
the first invariant of the stress tensor, and are defined as
follows:

Table 3: Results of the experimental test of the hybrid sandwich composite armor samples

Samples Initial velocity VR (m/s) Ballistic limit Areal density  Energy Specific energy DOP BFS
(m/s) velocity (m/s) (kg/m?2) absorption (J) absorption (J/kg) (mm) (mm)

S1 804 748.5 293.5366 9.688 344.65 1580.986 27.8 —

S2 804 715.3 367.0993 13.55 539.047 1767.369 — —

S3 804 0 804 58.84 2585.66 1952.918 — 1.5
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01,07/, and oy’ are the major, intermediate, and minor
principal effective stresses.

3.10.2 Johnson-Cook (JC) model

The JC has been suggested in 1983. Despite being empirical
and having a simple form, it is the most common model
used today. However, two factors, namely, strain rate and
temperature significantly impact how most materials behave,
particularly alloys and metals. According to this concept, the
influence of temperature and speed of strain on flow stress
are alternately independent, so it is crucial to research a wide
range of deformation and temperatures before designing any
structure or component. In this work, this model has been
used for an aluminum honeycomb core. The model can be
expressed as follows [34,35]:

0, = (A+BeP)1+ Clner)(d - T, “

where A, B, C, n, and m are material coefficients for the JC
equation. The expression in the first series of this equation
gives strain hardening term. The second series of this equa-
tion expresses the effect of strain rate, and the third series
expresses the thermal effects. £ is the equivalent plastic
strain constant. €* is the dimensionless strain rate. A is
the material’s yield stress under reference deformation
conditions, B is the strain hardening constant, C is the
strain rate strengthening coefficient, and T* is the homo-
logous temperature.

gt = —, (5)

where &, is reference strain rate.

T* = T — Troom i 6)
Tnett = Troom
where Tis the deformation temperature, Tyoon, iS the refer-
ence deformation temperature, and Ty, is the material’s
melting temperature.
The fracture occurs when the value of D equals one,
the formula for calculating D is as follows:

D= Z“j_f, ™

where D is the damage parameter and £ is the strain at
fracture.
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3.10.3 Hashin failure model

In the numerical analysis of composite materials, the
damage initiation and modes can be judged using Hashin
damage failure criteria. This model was proposed in 1980
and is considered the most popular in this field. However,
this model has four failure modes, i.e., tensile failure of
fiber, compression failure of fiber, tensile failure of matrix,
and compression failure of matrix [36,37]. In this work, it
has been used for composite materials (Kevlar, carbon, and
UHMWPE).
Fiber tension (61, 2 0):

o1

P [ N Y ®)
f—XT a .

St

Fiber compression (6y; < 0):

2

6'11
Ff = xc| - 9
Matrix tension (62, 2 0).
~ )2 A )2
_[%z) , [fe

F, = v [SL] . (10

Matrix compression (65, < 0):

A 2 C 2 A A )2

¢ |92 Y r_,|oz= + 82 11
Fn 28T 28T 1 'S St)”’ an

where X* denotes the tensile strength in the fiber direction,
X© denotes the compressive strength in the fiber direction,
YT represents the tensile strength in the direction perpendi-
cular to the fibers, Y€ represents the compressive strength in
the direction perpendicular to the fibers, St indicates the
longitudinal shear strength, and ST indicates the transverse
shear strength; and a is a coefficient that determines the
contribution of the shear stress to the fiber tensile initiation
criterion; and 6y, Gy, and 7, are the components of effective
stress tensor, ¢ that is used to evaluate the initiation criteria

is computed as follows:
6 = Mo, (12)

where o is the nominal stress and M is the damage
operator.

o 0
(1 -dp)
1
M= 0 m 0 , 13)
1
° RS
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where dy, dn, and d; are internal (damage) variables that
characterize fiber, matrix, and shear damage, which are
derived from damage variables df, df, d\, and df, corre-
sponding to the four modes previously discussed, and
expressed as follows:

af  if 61320,
d; = [ A (14)

df if 64 <0,

dl if 6520,
dn=1" = 7 (1)

dm if 69 <0,
do=1-(1-dHd - dHA - di)d - d).  (16)

4 Results and discussion

This section presents the experimental and numerical
results of the ballistics tests performed on the manufac-
tured hybrid sandwich composite armor samples, and

DE GRUYTER

these samples have been classified based on the protection,
deformation, and order of the layers. Different materials
were selected to fabricate the ballistic hybrid sandwich com-
posite body armors, including aluminum oxide ceramic tiles
(AL,05) having 10 mm thickness, aluminum honeycomb (6.4
and 12.7mm cell size) possessing 10 and 15mm thickness,
carbon/epoxy composite, UHMWPE/epoxy composite, and
Kevlar/epoxy composite, and all composites were of 2 mm
thickness. Six parameters were used to analyze all samples
after the ballistic impact of hybrid sandwich composite
armor samples by the 7.62 x 39 mm bullet with an average
impact velocity of 804 m/s. These parameters are the ability
to withstand this projectile, method of layers (sheets) order,
Vr, BFS, the mode of deformation, and the energy dissipa-
tion and absorption.

Figures 18-23 demonstrate the deformation behavior
of the hybrid sandwich composite body armor samples (S1,
S2, and S3) in real ballistic and numerical tests. These sam-
ples include the first sample (UHMWPE/epoxy, unfilled
honeycomb, Kevlar/epoxy, unfilled honeycomb, Kevlar/

Figure 18: Photographs of the deformation of first sample (S1) after the ballistic impact (Experimental). (a) Front face, (b) back face, and (c) isometric.

a b C

Figure 19: Photographs of the deformation of first sample (S1) after the ballistic impact (Numerical). (a) Front face, (b) back face, and (c) isometric.
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Figure 20: Photographs of the deformation of second sample (S2) after the ballistic impact (Experimental). (a) Front face, (b) back face, and (c)
isometric.

a b C

Figure 21: Photographs of the deformation of second sample (S2) after the ballistic impact (Numerical). (a) Front face, (b) back face, and (c) isometric.

EPX, and UHMWPE/epoxy), the second sample (Kevlar/ honeycomb, and carbon/epoxy). Under the ballistic velo-
epoxy, unfilled honeycomb, Kevlar/epoxy, unfilled honey- city impact, the hybrid sandwich composite body armors
comb and UHMWPE/epoxy), and the third sample (Al,03, (S1 and S2) failed to stop the bullet, while the armor S3
Kevlar/epoxy, unfilled honeycomb, carbon/epoxy, unfilled succeeded in stopping the bullet. From these figures, it

Figure 22: Photographs of the deformation of third sample (S3) after the ballistic impact (Experimental). (a) Front face, (b) back face, and (c) isometric.
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b c

Figure 23: Photographs of the deformation of third sample (S3) after the ballistic impact (Numerical). (a) Front face, (b) back face, and (c) isometric.

can be seen that the failures of the S1 and S2 samples
include the rupture of front face sheets, compression of
the cells of the double honeycomb core, and rupture of
the intermediate layer and back face sheet. The armors
S1 and S2 failed to stop the bullet because of the absence
of the ceramic tiles material in these samples, where these
samples can be strengthened by adding the ceramic tiles to
them to prevent penetration. The hybrid sandwich compo-
site armor S3 system formed by the combination of the ceramic
strike, Kevlar/epoxy facing sheet, double aluminum honey-
comb core, carbon/epoxy intermediate layer, and carbon/
epoxy backing sheet exhibited superior ballistic perfor-
mance against the Type III threat, completely stopping the
projectile. This is attributed to the geometry of doubled
honeycomb cores, where the compressibility of double hon-
eycomb cores preserves the ceramic faceplates from exces-
sive damage, and the structure of the cores helps crush and
accumulate the cells under the projectile. The speeds of the

804 804 804
748.5
715.3
¥ Initial velocity
m Residual velocity
0
T T T
S1 S2 S3

Samples

900 -

800 A

700 A

600 -

500

400 -

Velocity m/s

300

200 A

100 A

Figure 24: Initial and VR after the impact of the samples.

bullet after penetration (VR) were 748.5, 715.3, and 0 m/s,
respectively. The BFS for S3 was (1.5) mm, which is optimum
and within the allowed range [38]. The DOP through this
armor S3 was 27.8 mm. Figure 24 illustrates the initial and
VR after the impact for these samples.

The brittle crack in Kevlar/epoxy, carbon/epoxy, and
UHMWPE/epoxy composites layers with perforation in (S1,
S2, and S3) at the failure includes delamination, matrix
spalling and pullout, and breaking and shearing failure
of fibers in the layers of the composite, while in S3, the
bullet can shatter the ceramic. The aluminum honeycomb’s
deformation appeared ductile with a large plastic deforma-
tion after the ballistic impact [39]. In S3, upon impact, the
hard ceramic face plate shatters while deforming and
eroding the tip of the projectile [40], where the projectile
can cause ceramic failure in a ring, radial cracks form, and
the resulting damage pattern in the ceramic is conical in
shape and serves to spread out the impact area; however,
just one tile in the impact zone was damaged. The projec-
tile may destroy the whole ceramic plate, while smaller
tiles will only receive localized damage that only has an
impact on the nearby tiles, so that it is able to survive
multiple impacts; benefits of using numerous tiles over a
single ceramic faceplate is to limit the spread of damage,
and being more durable [41]. If the ceramic is utilized with
no support layers, under heavy impact force, it will break
quickly due to extreme little toughness. The ceramic layer
cracked and fractured, absorbing the majority of the kinetic
energy of the projectile [40]. The face sheets contain a more
significant number of layers than the back sheet, making the
front sheets and aluminum honeycomb core absorb the
projectile’s remaining kinetic energy through plastic defor-
mation and damage, supporting the damaged ceramic layer
[42]. The back sheet was responsible for withstanding the
compression of the front and intermediate layers and hon-
eycomb cores and catching the fragments. The ceramics are
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brittle on the surface that faces the projectile, where the
reduced localized pressure on the backing plate is the pri-
mary goal of the ceramic’s capability to warp and degrade
the projectile. Little projectile fragments stay inside the
Kevlar/Epoxy and honeycomb core layers, or no fragments
of this projectile could be found after the ballistics tests of
armors, which suggests a complete disintegration of the 7.62
x 39 bullet. The kinetic energy of the bullet represents the
magnitude of the energy which the structure of armor
should absorb. Therefore, the kinetic energy undergoes a
severe descent after the impact, so the speed of the bullet
after penetrating the armor is inversely proportional to the
amount of absorbed energy. The initial or strike velocity and
the residual velocity represent the velocities of the bullet
before and after penetration, respectively. Hence, these
velocities have been used to calculate the absorbed energy
via the following equation [43,44].

AE = 1m(vi2 - ). a7

2
vi, vy, and m represent the initial and residual velocities
and the mass of the bullet, respectively, as well as AE is the
energy absorption by the sample after the ballistic impact.
After calculating the initial and VR beyond the impact of
the hybrid sandwich composite armors samples (S1, S2, and S3),
the values of energy absorbed and specific energy absorbed
were calculated. Therefore, the total energy absorption of these
armors is (344.65, 539.04, and 2585.66 ]) for S1, S2, and S3, respec-
tively. Furthermore, the specific energy absorption of these
armors is (1580.98, 1767.36, and 1952.91 J/kg) for S1, S2, and S3,
respectively, where the specific energy absorption is the energy
absorption per unit mass. Figures 25 and 26 evince the energy
absorption and specific energy absorption for each sample,
respectively. To provide a consistent way of comparing the
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Figure 25: Energy absorption by each sample.
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Figure 26: Specific energy absorption by each sample.

weights of armor, the term areal density was used. This is
defined as the mass of armor per unit surface area and is
usually stated in kg/m” The areal density of these armor sam-
ples (S1, S2 and S3) were (9.68, 13.55 and 58.84) kg/mz, respec-
tively. The ballistic limit velocity of the bullet represents the
magnitude of the velocity required for a particular bullet to
penetrate a particular piece of material reliably (at least 50% of
the time). In other words, a given bullet will generally not
pierce a given target when the bullet velocity is lower than
the ballistic limit, and when the VR is zero, the ballistic limit
velocity is equal to the initial impact velocity [45]. The initial
and residual velocities were used to calculate the ballistic limit
velocity of the bullet via the following equation [46]:

- 2 2
Vp = AV — VW,

where vy, represents the ballistic limit velocity. The bal-
listic limit velocities of these armors were 293.53, 367.09,
and 804 m/s, respectively. Figure 27 plots the ballistic limit
velocity as a function of the areal density of the hybrid

(18)
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Figure 27: The ballistic limit velocity-areal density behavior of all
samples.
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sandwich composite armor samples. The results of this
figure show that the complete penetration of S1 and S2
can be attributed to the low areal density of the armor
and the early failure of each layer. The results also revealed
that using the ceramic tiles in the face sheet in S3 results in a
moderate percentage increase and improved ballistic limit
velocity. However, this increase in ballistic limit velocity is
accompanied by an increase in sample areal density. These
results indicate that the ceramic tiles’ ballistic resistance of
the samples can be significantly enhanced, with a moderate
increase in their areal density. The relation between the
specific energy absorption and the areal density of the hybrid
sandwich composite armor samples is shown in Figure 28.
From this figure, the results demonstrate that adding ceramic
tiles to the S3 face sheet improves the specific energy absorp-
tion by a significant percentage. However, the sample areal
density increase coincides with this increase in specific energy
absorption. These results manifest that, with a moderate
increase in areal density, the sample’s ability to absorb energy
can be significantly improved by employing ceramic tiles.
Table 3 lists the resulting values of the ballistic test of initial
velocity, VR, ballistic velocity, areal density, energy absorption,
specific energy absorption, DOP, and BFS of the hybrid sand-
wich composite armor samples experimentally. Table 4 depicts
the resulting values of the ballistic test of initial velocity, VR,
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Figure 28: The specific energy absorption-areal density behavior for all
samples.

Table 4: Results of the numerical test of the hybrid sandwich composite
armor samples

Samples Initial velocity (m/s) VR (m/s) BFS (mm)
S1 804 755 —
S2 804 719 —
S3 804 0 17
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Table 5: Results deviation of the VR

Sample VR (m/s) Deviation %
Experimental Numerical

S1 748.5 756.8 1.10

S2 715.3 729.9 2.04

and BFS of the hybrid sandwich composite armor samples
numerically.

The validation of numerical simulations is essential,
especially in modeling the protective structures, due to
the high rate of the kinetic energy of this event. In general,
to validate the BFS of modeling, the following relation was
used to calculate the deviation of the numerical results to
the exact values recorded in the ballistic test:

Deviation%
_ (Experimental results - Numerical results) (19)

Experimental results

After using this equation to calculate the deviation of
numerical results, the results elucidated a good agreement
between the experimental and numerical results of the
BES. Table 5 shows the deviation of VR results. If the com-
parison is made among the S1, S2, and S3, S3 is the best and
strongest, and it was able to stop the bullet due to the
presence of ceramic tiles and the structure of the cores,
which helps compress and accumulate the cells under the
projectile. In the double core, the compressing and accu-
mulating of the cells is increased, whereas it cushions the
bullet and begins to compress and densify in a localized
region.

5 Conclusion

In this work, hybrid composite sandwich structures were
manufactured and tested experimentally and numerically.
After analyzing the experimental results of the work, this
work presents the fundamental conclusion and highlights
the essential results that contributed to the evaluation of
the hybrid sandwich armors performance. However, the
ballistic impact of using a 7.62 x 39 mm bullet offered cru-
cial points that explain the importance of this structure.
The analysis of the ballistic behavior of the S3 armor elu-
cidated the ability of this armor to absorb all the energy of
impact except S1 and S2, which were penetrated by the
bullet. The BFS of the S3 armor was 1.5mm, which is
optimum and within the allowed range. The DOP through
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the armor S3 was 27.8 mm. Also, the energy absorption
according to the velocity of the initial impact of the S1,
S2, and S3 were 344.65, 539.04, and 2585.66 ], respectively.
Furthermore, the ballistic limit velocity of these armors
was 293.53, 367.09, and 804 m/s, respectively. On comparing
the samples S1, S2, and S3, S3 was found to be the best and
strongest, and it was able to stop the bullet due to the
structure of cores, which helps compress and accumulate
the cells under the projectile, as it cushions the bullet and
begins to compress and densify in a localized region.

The results of the experimental and numerical work
comparison elucidated a good agreement between these
approaches, with a significant matching in the failure pat-
tern. The deviation of the VR result of numerical modeling
from the experimental work is acceptable and limited between
1.10 and 2.04% for S1 and S2, respectively. Finally, the software
of ABAQUS is one of the most reliable software; hence, this
study highly recommends using this software in the ballistic
field, and it also recommends evaluating the performance of
this armors under ballistic impacts by using the last type of
ammunitions 30 caliber M2 AP after the pre-last type used in
this study is 7.62 x 39 mm bullet.

6 Recommendations and future
works

The number of observations might serve as a reflection of a
particular insight, and these points of view serve as a cru-
cial road map for enhancing this unique form of body
armors; therefore, several recommendations can be made
for future work in this field of study, some of these recom-
mendations are:

* Create new hybrid sandwich composite structure designs
of body armors via a selection of new hybrid sandwich
systems.

+ Change the core’s geometry to another geometry, such as

an auxetic, corrugated, and chiral shape.

Evaluate the performance of these armors under ballistic

impacts by using ammunition such as a 30 caliber M2 AP

(IV level).

» Use new ballistic materials for the core, front and back
sheets of these designs of body armors.

*» Change the thickness and cell size of the core and the
thickness of the front and back sheets.

» Use advanced materials such as nanotubes, nanomater-

ials, or natural fibers in the armor’s structures.

It is recommended to use functionally graded materials

in the armor’s structures.
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