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ABSTRACT - This paper investigates the ballistic impact behavior of fiber metal laminates (FML) Received 09"; Feb. 2023
composed of aramid fiber-reinforced epoxy with a central layer of aluminum alloy AI5083. The Revised @ 23" Jan. 2024
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research examines the ballistic performance influenced by factors such as hole shape and depth in Published . 20" Sept. 2024
the laminate and integrates both macro and microstructural analyses of FMLs. The FML variations ' Pt
studied included a perforated first layer with hole diameters of 3 mm and 5 mm, through which KEYWORDS

bullets penetrated. Ballistic tests were conducted from a firing distance of 5 meters using 9-mm Ballistic impact
cartridges loaded with full metal jacket bullets approximately 25 mm wide, fired at an angle Fiber metal laminate
perpendicular to the target surface. The experimental and simulation ballistic impact tests closely Perforated plate
matched, with a 95.63% agreement and an error margin of about 4.37%. The FML resisted bullet Aramid fiber
impact by allowing perforation through three layers (the aluminum plate and the first and second Aluminum

aramid/epoxy plies) while forming a bulge due to longitudinal deformation in the final layer (the back
plate). The experimental and simulation results showed similar trends, with a 5 mm diameter hole
leading to a deeper bulge on the backside. Bullet penetration at the center, following a square
pattern, resulted in the smallest bulge formation and a reduction in both initial and final bullet
velocities. The fracture morphology indicates a ductile fracture, characterized by dominant dimple
formations across the surface. The dimples in the FMLs are coarser than those in monolithic
aluminum plates due to the reduced bullet velocity as it penetrates each layer of the target FMLs,
significantly decreasing the remaining bullet velocity. In contrast, monolithic aluminum plates exhibit
a minimal velocity decrease, resulting in smoother dimple fractures.

1. INTRODUCTION

The military is at risk during defense and security operations on battlefields and hostile terrains, making bullet-
resistant materials crucial. They provide an effective solution against medium to high-velocity bullets. The protective
action of these systems is largely determined by their energy absorption and the ability to prevent penetration from impacts
of bullets with different calibers. Bulletproof vests are categorized by the United States Department of Justice under the
National Institute of Justice (N1J) Standards 0101.04 and 0101.06, with classifications ranging from levels I1-A, I11-A, up
to 1V [3]. In modern times, bulletproof vests are made from synthetic fabrics and high-strength fibers such as aramid,
spectra, twaron, or dyneema [4-6]. Bullet-resistant materials have been developed through the discovery of new materials,
the integration of materials, and the manufacture of composites from metals, ceramics, and fiber-reinforced polymers.
The aim is to reduce and absorb as much as possible the bullet's kinetic energy to stop its penetration [7-9]. The
development of materials includes carbon nanotubes [10] and graphene [11]. Fiber Metal Laminates are extensively used
in primary aircraft structural applications because they offer a lightweight design and superior mechanical properties
compared to monolithic metal structures [12-14]. Composite materials are laminated, merging the high strength and
stiffness of metals with their toughness and thermal properties, making FMLs highly effective [13,15-20].

Carrillo et al. carried out a low-velocity bullet impact ballistic test on polypropylene-reinforced aramid fiber FMLs.
The results revealed that a 3/4-layer FMLs configuration offers excellent energy absorption potential. The specific
strength versus absorbed energy curve indicated that FMLs have more load-carrying capacity compared to their
constituent monolithic materials [21]. D.W. Lee et al. analyzed the behavior of FMLs using steel as a base material, with
CFRP or GFRP, under low-velocity impact loads. The study concluded that the orientation of the fiber determines the
direction of crack propagation on impact [22]. Finite element-based simulation techniques are also employed to explore
bullet penetration through hard or challenging targets observed in empirical tests. Using the well-documented Ls-Dyna
code, various bullet-resistant materials were successfully simulated for different threat levels [23-27]. Rashed et al.
studied the ballistic response of a 12.7 mm projectile against a perforated structural steel plate, developing a finite element
model to investigate the penetration process. The Johnson-Cook plasticity equation was applied in this analysis [28].
Nayak et al. used a material model based on orthotropic elasticity to develop finite element models that replicate projectile
impact on aramid fabric composites [29]. These micromechanically-based numerical models provided input parameters
to simulate the ballistic impact response using two primary approaches: the macro-homogeneous and meso-heterogeneous
methods [30]. Mishra et al. conducted a series of experimental simulations to study the impact loads from ballistic attacks
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on steel plates with different hole sizes and shapes, revealing that the presence of holes suppresses the formation of
adiabatic shear bands on monolithic plates [31].

Soft body armor typically utilizes a single layer of aramid fiber to provide protection against bullets up to Level I11-
A[3,4,32,33]. The impact of bullets causes the aramid fibers to deform inward, absorbing the kinetic energy of the bullets.
This inward deformation, aligned with the bullet's trajectory, results in significant strain on the fibers until they eventually
fail [34-36]. Aramid can be combined with other materials to produce layered composites with increased ballistic
resistance. For instance, aluminum plates, known for their strength, impact resistance, and low density [37], can be
combined with aramid/epoxy composites, which have a rugged structure, excellent vibration damping properties, and
high resistance to dynamic loads [38,39]. These layered forms of FMLs can be developed as bullet-resistant materials.
There are a limited number of papers that give facts about the dynamic behavior of FML made from epoxy-reinforced
aramid fibers, and there is no research yet discussing hole patterns in materials with layered structures. This work reports
research on the experimental and simulated ballistic impact response to FMLs made from aramid/epoxy fiber and
aluminum alloy 5083. The effect of hole diameter and the bullet penetration position on perforated FMLs are observed.

2. EXPERIMENTAL METHODOLOGY
2.1  Materials

FMLs are constructed using a three-layer configuration, comprising two outer layers of 2 mm thick aluminum plate
5083 and a core made of four layers of aramid/epoxy. Aluminum plate 5083 and aramid fiber are cut to 150 x 150 mm
size. The chemical composition of aluminum 5083 after testing optical emission spectroscopy (OES) is shown in Table
1. Aluminum plates in the first layer of FMLs are also made hollow with a middle of square center pattern, as shown in
Figure 1.

Table 1. Chemical composition of Al5083
Composition (weight %)

Al Mg Si Fe Cu Mn Cr Zn Ti
93.94 4.52 0.2 0.081 0.08 0.784 0.10 0.043 0.09
Ni Pb Re Bi Sn \% Ca Pr

0.01 0.014 0.01 0.078 0.0087  0.0052  0.0005 0.04
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Figure 1. Dimensions and hole patterns: (a) 3 mm hole; (b) 5 mm hole; (c) fabricated FMLs with a hole

The specimens are prepared using vacuum-assisted resin infusion (VARI) methods (Fig. 2), where the resin and
hardener mixture is drawn into the mold under vacuum pressure. FMLSs utilize epoxy resins as their composite matrices.
Aramid fiber, a class of heat-resistant and strong synthetic fibers derived from aromatic polyamide (aramids), specifically
paraphenylene terephthalamide, features amides and benzene rings in its polymer chain. The high modulus and tenacity
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of the fiber are due to strong inter-chain bonding and crystallinity [40]. Aramid fiber exhibits tensile strengths ranging
from 2400 to 3600 N/mm? with elongation percentages of 2.2% to 4.4%. The tensile modulus of these fibers is between
60 and 120 GPa [41]. The basic mechanical properties of epoxy resin, as reported by Maples et al., include a density of
1.2-1.4 g/cms3, a tensile modulus of 2.5-5.0 GPa, and tensile strengths up to around 50-110 MPa [42]. When the hardener
breaks the C-O-C rings, the epoxy resin polymerizes, forming a three-dimensional network of crosslinked molecules
[43].

.
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Figure 2. Stacking sequence of the FML and specimen for tensile testing

Units
in mm

2.1.1 Tensile properties of the FMLs and the constituent materials

The properties of FMLs and their components are evaluated through tensile testing in accordance with ASTM D-638-
03, as illustrated in Figure 2. This testing is conducted using the Universal Testing Machine (UTM) TN 20 MD control
lab with a capacity of 200 KN. The results from these tensile tests are also utilized as references for material modeling in
simulations.

2.2 Ballistic Test

The experimental ballistic test is conducted in accordance with the National Institute of Justice (N1J) Standard 0101.06
Level 111-A [3]. A 9 mm full metal jacket (FMJ) bullet with a hemispherical tip is fired using a Metrillo pistol. The setup
for the ballistic test is displayed in Figure 3.

Handgun Rounds : 5000 mm
= US National Institute of Justice — <300 mm
Standard (N1J-0101.06)

Test Barrel A - . Witness

TypelllA o | Buldmmsy f g e

Specimen Holder

Bullet Direction
:— .

., Specimen lock on
the pedestal

. Bolt

Figure 3. The ballistic testing scheme in accordance NIJ Standard 0101.06 level I11-A
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2.3 Numerical Models

Finite element-based simulations (explicit dynamics) are performed using Ansys 18.1 workbench software. The
geometry of bullets and FML models are similar to those of experimental testing. The property scores of each material
are input into the engineering data. The elastic material model is assumed to be linear with respect to the modulus of
elasticity and Poisson's ratio. The finite element analysis uses an elastic-plastic material model with the Johnson-Cook
metal failure criteria in the simulation. Both the bullets and aluminum plates are described using Johnson-Cook plasticity,
as shown in Equation 1 [44]:

o =(A+Be) (1+ Cin2) (1 (22 )m) @)

Tm—Tr

where ceq represents the equivalent stress, A denotes the yield stress constant, B signifies the hardening constant, ¢ stands
for the equivalent strain, C indicates the strain rate constant, n is the hardening exponent, m is the thermal softening
exponent, € is the strain rate test, €o is the reference strain rate, T is the test temperature (K), Tr is the room temperature
(K), and Tm is the melting temperature of the material (K). The Johnson-Cook damage model predicts the material failure
criteria, determining the equivalent strain (gp) at the onset of damage, as described in Equation 2 [8]:

9 = [dirdzexp (ds )] [1+ dIn (i')] @

where £” is the equivalent plastic strain, d1-d4 are material parameters, P represents the pressure stress, ¢ denotes the
Mises stress, and €' indicates the plastic strain rate, with €, as the reference strain rate. The aramid/epoxy material is
modeled using an orthotropic material model. If the material exhibits three perpendicular planes of symmetry, the rigidity
matrix is indicated as shown in Equation 3 [45] and its stress-strain relationship is shown with inverse matrix [Cj], so it
becomes [S;j] as shown in Equation 4 [46].
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2.4 Meshing Element "

Meshing divides the model being considered into smaller areas. The purpose of meshing selection is to determine the
desired precision level for simulation results. Before establishing the numerical study, mesh convergence was performed
to verify the accuracy of the grid. For all FMLs, five mesh sizes ranging from 0.9 mm to 2 mm were chosen and analyzed.
Figure 4 presents the mesh comparison of these FMLs under ballistic impact, showing bullet velocity reduction and force
reaction target. An element size of less than 1.2 mm was found to converge the residual velocity and force response, as
shown in the figure. The results for the mesh size of 0.9 mm are surprisingly close to each other, considering the depth of
penetration (DOP). Therefore, meshing is done on FMLs with 0,9 mm in size and tetrahedron-shaped meshing. The results
of meshing on FMLs and bullets are shown in Figure 5.
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Figure 4. Numerical mesh convergence tests for seed 0.9, 1, 1.1, 1.2, 2 and 3 mm: (a) velocity reduction,
(b) force reaction
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Figure 5. Meshing FMLs
3. RESULTS

3.1  Tensile Testing of the FMLs and Individual Components

A stress-strain curve of AI5083, composites, and FMLs after tensile testing is depicted in Figure 6. This shows that
the highest strength among the constituent materials of FMLs is found in composites, followed by FMLs and then
aluminum. The composite has the highest tensile strength of 410.72 MPa and the lowest strain value of 4.71%. AI5083
has the lowest strength at 212.78 MPa with a strain of 9.92%, while FMLs have a tensile strength of 330.11 MPa and a
strain of 5.96%. The tensile properties of these materials, derived from the engineering stress-strain curves, are presented
in Table 2.
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Figure 6. Stress-strain curve for aluminum, aramid/epoxy composite, and FML

Table 2. Tensile characteristics of FMLs and their component materials
Young’s modulus  Yield strength ~ Ultimate Tensile ~ Strain at UTS

Material

(MPa) (MPa) strength (MPa) (mm/mm)
AI5083 70.35 164.38 212.78 0.081
Composite 20.06 - 410.40 0.047
FML 48.94 108.13 330.11 0.059

Validation of numerical simulations was carried out using numerical simulations and test results, as shown in Figure
7. The depth of penetration of ballistic impacts on numerical simulations and experiments is measured. The measurement
results show that the level of ballistic impact similarity is 95.63% or with an error percentage of 4.37%.

Simulationsg

—
Bullet
Direction

Delamination

) Rear Face
Cross Section

Figure 7. Ballistic test result

3.2 Ballistic Test
3.2.1 Constituent materials

Figure 8 shows the ballistic impact of the AI5083 plate due to bullet penetration. Deformation formed on the bullet
impact area and moved away from the impact area. The hole characteristic of the Al5083 plate occurred as fractures
around the edge of the hole on the backside. On the front side, it can be seen that the diameter of the hole was pushed
forward in the direction of the bullet, while on the back side, it looked like petals. The formation of fractures, such as
petals, and deformation on the backside show that the plate is both ductile and soft, which causes bullets to perforate the
material along with plastic deformation. This is consistent with the statement of Igbal et al. that the ductile material

affected by the bullet will experience petaling failure [47]. The distribution and concentration of stresses on the AI5083
plate are shown in Figure 9.
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Figure 8. Ballistic impact in the aluminum
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Figure 9. Impact process of the bullet on aluminum configuration (equivalent stress-von misses)

The stress concentrations occurring in bullets and plates in the impact zone resulted in deformation where the velocity,
which was initially 426 m/s, decreased to 413.96 m/s. In the next second, that is 2.6008 x 10-5, showed that the plate
started to deform in the direction of the bullet and reached the maximum stress value spread in the area of the bullet
impact zone, reaching 522.56 MPa at 3.9001 x 10-5 seconds with a bullet velocity of 325.05 m/s. Al monolithic plate was
unable to hold the bullet, so the plate was perforated at 5.201 x 10-5 seconds. The maximum stress that occurred on a
plate is shown in red, while the core of the bullet (lead) low-stress distribution that occurred is indicated in blue. This
caused the bullet penetration into the Al monolithic plate to deepen, eventually perforating the plate. The macroscopic
characteristic of aramid/epoxy due to ballistic impact from 9 mm FMJ caliber bullets is shown in Figure 10.

(b)

Figure 10. Ballistic impact in the aramid/epoxy: (a) front face, (b) rear face

Both front and rear sides showed damage to the primary yarn caused by the fiber being unable to withstand the bullet
velocity, causing the fiber to break. The impact area also appeared to have delaminated and cracked the epoxy matrix.
Fibers that came in direct contact with the bullet triggered a crack in the matrix so that there was a separation in the
coating. Delamination that occurs on the front and back sides is one of the main mechanisms of energy absorption.
Research has been done by Randjbaran et al., which says that if the area of impact damage is wider, then the amount of
ballistic energy absorbed will be higher [33]. The distribution and concentration of stresses on the aramid/epoxy front
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view are shown in Figure 11. This can be seen in Figure 11 from the simulation, where the behavior of aramid fabrics
under ballistic impact shows that the momentum of the bullet was transferred to the primary yarn (local fabric), while the
fabric outside the impact zone (secondary yarn) remained unaffected. These bullet momentum transfers are the same as
those reported in previous studies [48-50].

t—6506x10 s 1—19506x10 s r—3251x10 s
v=422,23 m/s v=406,55 m/s v=2383,01 m/s

t=4,5502x10" s t=6,5002x10"s t=7,1502x10"s
v=2354,36 m/s v=2318,04 m/s v=2314,93 m/s

000 50,00
— —

Figure 11. Stress distribution on the fabric aramid/epoxy (front view)

3.2.2 FMLs

Figure 12 depicts the macroscopic features of FMLs following a ballistic impact. The bullet penetration caused a
perforation in both the initial aluminum plate layer and the second aramid/epoxy layer, while the last layer deformed into
abulge. FMLs also experienced failure due to delamination, which is the separation between the aluminum plates and the
aramid/epoxy. This delamination occurred because the bullet's impact on each layer caused stretching in the areas directly
contacted by the bullet, leading to overlapping layers. Two primary energy absorption processes accompany delamination:
membrane stretching, which involves plastic deformation, and the failure of translaminar tensile forces. The distribution
and concentration of stresses on the FMLs are depicted in Figure 13.

Peeling
forces

Bullet =

direction

Translaminar
tensile forcesh

ection A-A

Figure 12. Ballistic impact in the FMLs
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Figure 13. Impact process of the bullet on FML configuration (equivalent stress-von misses)

The bullet tip continued to penetrate the first layer of the aluminum plate while the bullet jacket started to deform and
disintegrate at 3.002 x 10-5 seconds. The second layer, which was aramid/epoxy, and the third layer (back plate) were
also pushed because of the properties of the ductile materials, resulting in plastic deformation. Penetration on the target
stopped after the bullet perforated the first layer (aluminum plate) and the second layer (aramid/epoxy) at 1.2698 x 10-4
seconds.

3.2.3 FMLs with 3 mm holes

Figure 14 shows a comparison of three bullet penetration positions on FMLs with 3 mm holes. The ballistic impact
with the center penetration position (FML 3A) and between the ligaments (FML 3C) shows similarity. The bullets are
attached to the target, and the formation of petals is found in the area around the hole on the front side of the aluminum
plate. The bullet also changed direction so that the bulge on the back side was not top-bottom symmetrical of the bullet
coordinate point. The penetration position in the middle of the square center pattern (FML 3B) provided better ballistic
resistance, with the bulge formed on the back side looking smoother. One failure due to the ballistic effect in this case
was the occurrence of delamination between layers. Delamination that occurred at the center of the penetration position
of the hole and between the ligaments of the hole was greater than the center position of the center square pattern, causing
the bulge on the back side to also increase. Bonds that are easily separated cause reduced ballistic endurance because
plastic deformation is easily formed due to the weak tensile bond between layers [51-52]. The distribution and
concentration of stresses in the 3 mm hole FMLs with three bullet penetration positions are shown in Figure 15.

Brass bullet

Delamination

Section A-/

Lead
bullet

5mm

Tensile
L Fracture
J Dclamination
Bullet —p
direction FML.3H
Translaminar
— - tensile forces
som

Crater wall
surface

Changes

trajectory floe

e & »
(a) (b) ()

Figure 14. Ballistic impact in the FMLs with 3 mm holes: (a) front face in the front plate, (b) cross-section, (c) rear face

in the back plate

The center penetration position of the hole (Figure 15(a)) caused the bullet to directly perforate the second layer
(aramid/epoxy), which experienced a maximum stress of 1015.5 MPa. After the bullet core perforated the target hole, the
bullets deviated from its initial trajectory. Plates with holes induce flexural strength in bullets and change the direction of
the bullet at 8.05 x 10-5 seconds. Meanwhile, the edges of the bullets were eroded. The initial bullet penetration positions
of the middle of the square center pattern and between the ligaments (Figure 15(b)) and (Figure 15(c)) showed similarity,
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causing a direct stress distribution to be distributed throughout the FMLs layer. Results demonstrate that the bullet is
slowed by a penetration position in the middle of the hole's center square pattern after passing through the first layer
(aluminum plate) and the second layer (aramid/epoxy) at 1.2927 x 10 seconds.
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Figure 15. Equivalent von Mises stress on FML with 3 mm hole: (a) center hole, (b) the middle of the square center
pattern, (c) between ligament hole

3.2.4 FMLs with 5 mm holes

Figure 16 shows the macroscopic character of three bullet penetration positions in FMLs with 5 mm holes. The center
penetration position of the hole (FML 5A) caused the bullet to penetrate and form a fracture on the backside. The fracture
at the center penetration position looked like curves and cracks due to collisions. The middle of the square center pattern
and between the ligaments (FML 5B and FML 5C) penetrations caused the bullet to stop at the target producing a bulge
on the backside. FML failure with 5 mm holes from the three penetration positions was the occurrence of delamination
between layers. Very high-velocity bullets caused the first and second layers to be perforated, and the delamination that
occurred was not so large compared to when the bullet had its velocity decreased on the back side of the plate (backing
plate), which experienced considerable delamination.

Fiber

S5mm

Peeling
forces

FML 5B

Bullet

direction ; FML 5C
Tensile
Delamination —= fracture

(b) ()
Figure 16. Ballistic impact in the FMLs with 5 mm holes: (a) front face in the front plate, (b) cross-section, (c) rear face
in the back plate
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The distribution and concentration stresses on FMLs with a 5 mm hole are shown in Figure 17. The center of hole
penetration (see Figure 17(a)) caused the hemispherical tip of the bullet to penetrate the second layer directly
(aramid/epoxy) and produced a maximum strain of 764.17 MPa. This was because there were no obstacles from the bullet
in the first layer, namely the aluminum plate that directly passed through the middle area of the hole. The bullet did not
experience a significant decrease in velocity at the beginning of penetration. Figure 17(b) shows a bullet stopping at a
target with a faster final velocity at 1.2776 x 10-4 seconds. Meanwhile, the penetration position between ligaments (Figure
17 (c)) shows the final velocity of the bullet at 0 m/s, where the bullet was deformed during penetration at the target, and
it seemed the direction of the bullet also changed from its incident trajectory.

11 kP PR

(a) (= 1IS01x10°s  t=3,4501 % 10°st=6,9002x 10°s t=1035x 10" s t=1495x10"s t=23x10"s
v=d410,63m/s  v=30L91ms v=17221ms v=11705ms  v=7527Imbs v=20,041 m/s

© © @
-0 @
OOOO ’

'v

'v

(b) r—11504\10 s I—34702\10 st=35, 7504\'10 s 1—80502\1{) s 1—1035\'10 s 1-12776\~10 s
v=2393,07 m/s v=283,12m/s v=178,69 m/s v=282,153 m/s v=28,547 m/s v=0m/s
O O O
O Ao
O 0 O
(C) 1—14502\’10€ 1—29001.\ 10 8= 58003)(10 s I—87004vl0 s t—1015\‘10'€ 1—16112\10 s
v=2381,61 m/s v=31284m/s v=18514m/s v=75841 m/s v=46,065 m/s =0m/s

Figure 17. Equivalent von Mises stress on FML with 5 mm hole: (a) center hole, (b) the middle of the square center
pattern, (c) between ligament hole

4. DISCUSSION

Figure 18 illustrates the bulge height for all specimen configurations. The high-velocity bullet penetration caused
perforation in aluminum plates, aramid/epoxy, and FML 5A specimens. The lowest back-side bulge height, in both
experimental and simulation results, was observed in the configuration of FML specimens without holes (FML code).
FMLs with a 5 mm hole produced deeper bulges than those with a 3 mm hole due to greater delamination, as shown in
Figures 16 and 17. The impact effects vary with the bullet penetration positions in FMLs with holes. Penetration at the
center of the square pattern, for both 3 mm and 5 mm hole diameters, produced the smallest bulge, followed by penetration
between the ligaments, and finally, penetration at the center of the hole. An exception was noted for the 5 mm diameter
hole (FML 5A), which was perforated by the bullet. Figure 19 shows the bullet velocity during penetration at the target.
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Figure 18. Bulge high after ballistic impact
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Table 3. Ballistic test results of FMLs and constituent materials

. Bulge High (mm) Damage
Material - X -
Experimental ~ Simulations
Al Perforated Perforated  Plastic deformation, petals

AR Perforated Perforated  Perforation, fiber fracture

FML 11,758 12,272 Plastic deformation, crack propagation
FML 3A 14,865 15,774 Plastic deformation, first damage, fiber fracture
FML 3B 12,444 12,839 Plastic deformation, fiber fracture
FML 3C 13,416 13,554 Plastic deformation, fiber fracture
FML 5A Perforated Perforated  Large damage, perforation
FML 5B 13,215 14,038 Plastic deformation, fiber fracture
FML5C 13,958 14,762 Plastic deformation, fiber fracture

The bullet velocity decreased gradually in all configurations. Both aluminum and aramid/epoxy plate configurations
were perforated by bullets, resulting in residual velocities. Aluminum plates had a lower residual velocity compared to
aramid/epoxy plates. However, aramid/epoxy showed good ballistic resistance; with only four layers of fiber and a final
thickness of 1.12 mm, it achieved a residual velocity similar to that of a 2 mm thick aluminum plate. This is because
aramid/epoxy can slow down the bullet and distribute the impact across the vest's cross-section in direct contact with the
bullet, leading to multiple deformations.
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Figure 19. Velocity time histories for different configurations

The FML 5A configuration was similarly perforated by bullets, causing residual velocity to exit the target. In other
configurations, the bullet velocity decreased with a final velocity of 0 m/s, which means the bullet was unable to penetrate
the target. The direction of the bullet reversed or bounced after penetration on the target to produce a negative value. FML
without holes (FML code) was the fastest way to stop the rate of bullets at the initial impact. The penetration of bullets
on a plate with a 5 mm hole caused a slower drop in bullet velocity than a 3 mm hole. For holes with diameters of 3 and
5 mm, the position of the bullet penetration in the center of the square pattern hole stopped the bullet rate faster, followed
by the penetration position between the ligaments and the center of the hole. Except for the 5 mm diameter hole, which
perforated the center of the hole (FML 5C), causing the bullet rate to be constant at the initial impact, this was due to the
absence of resistance from the bullet when the penetration happened right in the center of the hole in the first layer
(@luminum plate).

The FML 3A configuration caused the bullet velocity to stop at a final speed of 0 m/s, but it took some time. A similar
effect was observed in FML 5C, where the bullet velocity slowed gradually at the end of the impact. FMLs without holes
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and 3 mm hole FMLs with a penetration position in the center of a square pattern (FML 3B) both stopped the bullet at a
final velocity of 0 m/s. FMLs without holes initially reduced the bullet velocity faster, reaching 0 m/s at 1.05 x 10
seconds. FML 3B appeared to stop the bullet velocity more quickly, with the hole allowing a reduction in velocity at the
end of the impact when it perforated the second layer (aramid/epoxy). This is in accordance with previous research reports,
which state that monolithic plates with holes have the effect of changing bullet trajectory and decreasing bullet velocity
[8]. Figure 20 shows the fracture surface morphology after ballistic impact using scanning electron microscopy (SEM).

BEAE i) &,

Figure 20. SEM pictures of the fracture surface after ballistic impact: (a) aluminum, (b) aramid/epoxy, (c) FML 5A

The surface appears crushed due to the impact of high-velocity bullets, resulting in a "petaling" effect on the opposite
side of the bullet from where it was fired. As the bullet impacts and perforates the target, a shock wave propagates radially
outward, causing circular and radial cracks in the plate in front of the bullet. This leads to the petaling effect. SEM results
indicate that the predominant failure is ductile fracture, as seen in Figure 20(a), where dimple faults cover almost all
sections of the destroyed surface. Figure 20(b) shows the damage area of the aramid/epoxy composite caused by bullet
penetration. Near the bullet impact zone, fiber pull-out failure is observed, where aramid fibers are pulled out of the matrix
and cracked due to shear forces. However, some parts of the matrix appear to be attached to the fiber at some point. This
shows a perfect bond in the interface of the fiber and the matrix. The SEM results on the fracture of the FMLs surface
with a 5 mm hole penetrating the center of the hole can be seen in Figure 20(c). The fracture morphology that occurs is a
ductile fracture marked by a dominant dimple fault on the entire surface. Dimple fractures are seen as coarser compared
to monolithic aluminum plates. This is because the bullet velocity had decreased when penetration in each layer of the
target FMLs with the hole, so the remaining bullet velocity at the target also decreased significantly. This is different
from the monolithic aluminum plate, which has only experienced a slight decrease in velocity so that the dimple fracture
is formed more smoothly.

5. CONCLUSIONS

a) The results from experimental and simulation ballistic impact tests are very similar, showing a 95.63% similarity and
a 4.37% error margin.

b) FMLs can withstand bullets by allowing penetration through the first aluminum layer and the second aramid/epoxy
layer while the last layer deforms into a bulge. The first layer fails with petaling and dimple fractures, while the second
layer shows fiber fractures. Numerical experiments and simulations indicate that a 5 mm diameter hole at the
penetration point deepens the rear side bulge, except when the bullet penetrates through the center. Center penetration
results in the smallest bulge formation and a quicker reduction in bullet velocity

¢) The high-velocity bullet impact causes significant surface crushing and petaling on the target. SEM analysis reveals
that the primary failure mode is a ductile fracture characterized by dimple formation. The aramid/epoxy composite
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shows fiber pull-out and shear-induced cracks near the impact area, indicating a strong fiber-matrix bond. FML
surfaces exhibit coarser dimples due to reduced bullet velocity through each layer, contrasting with smoother dimples
in monolithic aluminum plates due to a smaller velocity decrease.
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