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Abstract: This work performed a nonlinear numerical
analysis of Armox 500T and Hardox 450 armor steels, Kevlar
29/epoxy laminate, and aluminum honeycomb materials
under ballistic conditions, validating the results via experi-
mental data. The ballistic performance of 20 distinct armor
configurations was investigated, including monolithic steel,
steel-composite, and steel-composite-honeycomb panels
produced by various material arrangements. Ballistics tests
were conducted using 7.62 x 51 mm full metal jacket bullets
with a muzzle velocity of 838 + 15 m s™* under the NIJ 0108.01
III protection level standard. The effect of Kevlar29/epoxy
layer thickness in multi-layered panels was examined
extensively. The results showed that the ballistic perfor-
mance of the composite armors was significantly improved
due to the combination of monolithic steel plates with Kevlar
29/epoxy and aluminum honeycomb layers. Steel-Kevlar 29/
epoxy and steel-Kevlar 29/epoxy-honeycomb multi-layered
plates provide identical ballistic protection to monolithic
steel counterparts while being 51 wt.% and 57 wt.% lighter
than monolithic steel armor. Comprehensive finite element
simulations of the ballistic impact events were conducted to
elucidate the phenomena of defeat and penetration with
greater precision.
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1 Introduction

All armored vehicles require a balance in ballistic protec-
tion, providing adequate defense while minimizing weight.
Therefore, vehicle armor design meets inconsistent needs;
there is a common desire to reduce structural weight to
enhance maneuvering and decrease fuel consumption;
however, more mass is required to improve armor protec-
tion and payload capacity [1]. Developing the ability to
withstand high-caliber bullets and reduce weight is a crucial
objective for applications in the military. Hardened steel
plates are frequently employed as armor against the ballistic
threat of rifle bullets and fragments with similar destructive
power. The armor can be characterized by steels that exhibit
high ductility, as well as high hardness and strength values
[2], [3]. In addition to these attributes, it is crucial to consider
its superior loading capacity, low price compared to most
other armor materials, and ease of shaping [4]. The higher
density of steel offers a drawback compared to some metals,
ceramics, and composite materials. Also, in recent years,
with increasing demand for lighter structures, the use of
steel in ballistic applications has gradually reduced, while
the popularity of multi-layered armored structures has
increased [5].

The ballistic impact resistance of multi-layered armors
produced with different materials, including armor steels,
aluminum, ceramics (SiC, B,C, Al,03), ultra-high molecular
weight polyethylene (ULHMWPE) (Dyneema®), and aramid
(Kevlar®), has been investigated in the literature. Senthil and
Igbal [6] investigated the ballistic performance of layered
configurations of Armox 500T, mild steel, and Al 7075-T651
sheets against 7.62 AP (Armour Piercing) bullets with a muzzle
velocity of 818 m s™ in normal and oblique shots. As the best
configuration, the authors suggested using low ductility-high
strength Armox 500T in the front layer and high ductility-low
strength Al 7075-T651 or medium strength-medium ductile
mild steel in the middle and rear layers. Paman et al. [7]
studied the optimal order and thickness of the material layers
of a multi-layered armor module by numerical simulation
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and ballistic experiments to provide both ballistic resistance
against 7.62 armor-piercing bullets and minimum weight. The
authors applied the methodology to three metal alloys:
Armox-500T, Ti-6Al-4V, and Al-2024. They first carried out
numerical simulations to examine the ballistic impact
behavior of these three materials using the AUTODYN-3D
code. Ballistic experiments showed that the Armox-500T/Ti-
6Al-4V/A1-2024 array, with 5.5, 8.5, and 13 mm thicknesses,
respectively, has the best resistance against 7.62 mm armor-
piercing bullets at an initial velocity of 840 + 10 ms™". It was
found that the composite module was more efficient than
Armox-500T and Al-2024 in terms of weight and had better
performance than Al-2024 in terms of armor thickness. Peng
et al. [8] compared the ballistic resistance of hybrid layers
developed with SiC, B,C ceramic layers, Dyneema®, aramid
(Kevlar®), and compressed wood materials.

Test samples were subjected to field ballistics tests with
7.62 mm (x39 mm) bullets at a speed range of 806-887.5ms™.
According to ballistic results, the B,C-Dyneema composite
panel provided the best ballistic performance with the lowest
areal density and thickness. Although compressed wood is
one of the lightweight materials, it was observed that its
ballistic performance and energy absorption are poor. Palta
et al. [9] created nonlinear finite element (Fe) models of
Weldox 700E steel and Kevlar 129/epoxy plates and. compared
numerical solutions to experimental results. A parametric
study using numerical models was prepared to investigate the
ballistic performance of monolithic steel and multi-layer
plates following NATO Level I or EN1063 BR5 standards. It has
been demonstrated that the double-layer steel plate with the
thicker back layer has a higher ballistic resistance than the
one with the thinner back layer. For double-layer hybrid
plates with the same steel layer thickness, the plate using
Kevlar on the back layer had better protection and was more
efficient. The steel-Kevlar-steel configuration for three- and
four-layer plates was the most successful of all multi-layer
hybrid plates. It was also observed that using a single layer of
Kevlar provides better ballistic protection than using two
layers of Kevlar. Kraus et al. [10] numerically examined the
interaction of the heterogeneous structure they created by
placing steel and ceramic plates in the Kevlar pocket against
ballistic impact. Based on direct numerical simulation, they
concluded that the steel+B,C armor plate has the best weight
and size parameters. Kartikeya et al. [11] ballistically tested a
steel/ultra-high molecular weight polyethylene composite
armor system against a 7.62 x 39 mm hardened steel core
(HSC) projectile. The steel/UHMWPE composite structure with
a3 mm thick high hardness steel (HHS) plate protected against
7.62 x 39 mm HSC bullets fired at a speed of 700 m s,

The ballistic resistance of aluminum honeycomb struc-
tures under the influence of fragments with different
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geometries was investigated in the literature. Using honey-
comb structures has significantly contributed to the sand-
wich structure’s ballistic impact response by reducing the
residual velocity, kinetic energy, and damaged area.
Although the ballistic performance of aluminum honeycomh
structures has been studied in sandwich structures [12]-[15],
this work evaluated the contribution of armor steel and
Kevlar29/epoxy laminate plate to energy absorption.

This study aims to define multi-layered armor structure
arrays that are lighter while maintaining ballistic resistance
and can give a better result considering the armor combi-
nations to replace monolithic and high-area-weight steel
armor. To this end, it is planned to replace monolithic Armox
500T steel armor plates with multi-layer steel, Kevlar29/
epoxy, and aluminum honeycomb armor panels that meet
the NIJ 0108.01 Level III protection requirement for light
armored vehicles. The combination of armor steel with
aluminum honeycomb and Kevlar 29/epoxy composite
highlights the innovative side of this work. For this level of
protection, multi-layered plates were manufactured to pro-
vide protection against 7.62 x 51 mm full metal jacket (FM])
bullets with a velocity of 838 + 15ms™". Firstly, the finite
element model of the target plates, including material
modeling, was prepared using LS Dyna® software. Then, a
parametric study evaluated the ballistics tests of 20 hybrid
plate configurations with different thicknesses and layer
arrangements; the perforation, backface deformation, and
failure mechanisms were compared with the experimental
results. The test results showed that the 4A14K sample had
the highest specific energy absorbed value.

2 Materials and methods
2.1 Armour materials

A parametric study with 20 different armor plate configu-
rations was conducted to determine whether the targets
produced within the scope of the study fulfill the protection
level specified in the NIJ STD-0108.01 Level III standard [16].
The steel layers used in all configurations are made of Armox
500T and Hardox 450 steel. In addition, Kevlar 29/epoxy
composite and aluminum honeycomb panels were com-
bined with steel plates to form hybrid plates. Steel-composite
and multi-layer hybrid plates were studied experimentally
versus numerically to understand the effects of thickness
configurations for monolithic steel. The thickness of all
target armor structures varies between 4 and 24.8 mm. In
the abbreviation of all armor plates, the thickness is
expressed in mm for steel and aluminum honeycomb panels
and in layers for Kevlar 29/epoxy composite sheet. The code
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4A18K10B, for instance, indicates a hybrid armor plate with
4 mm Armox 500T steel, 18 layers of Kevlar 29/epoxy com-
posite, and a 10 mm aluminum honeycomb panel. The
chemical compositions of the two steels from the SSAB firm
are presented in Table 1, and their mechanical properties are
detailed in Table 2. The configuration of all armor plates
included in the experimental study is illustrated in Table 3.
The letters “A”, “H”, “B”, and “K” in the sample abbreviations
refer to Armox500T, Hardox450, aluminum honeycomb, and
Kevlar29/epoxy layers, respectively. The numbers before the
Kevlar29/epoxy layer indicate the number of fabric layers.
Other numbers denote each plate’s thickness in millimeters.

Plain woven Kevlar® 29 fiber, woven from lightweight,
water-repellent, and high-quality para-aramid fibers with an
area weight of 200 g m™% utilized in the fabrication of bal-
listic vests, was used to produce the aramid-epoxy com-
posite laminate. MGS lamination epoxy set (Resin: L1285,
Hardener: H285) was used as a matrix to manufacture
composite panels. Production was conducted using the hand
lay-up method, and the mixture was impregnated into the
fibers layer by layer with a brush, following the instructions
in the MGS lamination epoxy set. The resin and hardener
ratio is 100:40. Each layer of lamination aluminum roller is
used to evacuate the air gaps. The aluminum honeycomb
plate at the rear of the armor plate array has an area weight
of 5.0kgm™ and a bending value of 21,900 kNm* m™.
Moreover, it is a lightweight panel featuring a cell diameter
of 9 mm and a foil thickness of approximately 0.20 um.

2.2 Full metal jacket bullet

According to NIJ STD-0108.01 Level I1], a 7.62 x 51 mm NATO
FMJ] bullet was selected with a speed standard of
838 + 15 m s~ Figure 1illustrates the 7.62 x 51 mm FM] bullet
utilized in the parametric investigation, whereas Table 4
indicates the characteristics of the 7.62 x 51 mm FM] bullet.

2.3 Ballistic tests

Ballistics tests were conducted in the indoor shooting range of
ZSR corporation located in Balikesir province, Tirkiye. The
closed range had an air conditioning system, and the ambient
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Table 2: Mechanical properties of Armox 500T and Hardox 450 steels
[71.

Properties Symbols Unit Armox Hardox
500T 450
Hardness HBW - 480-540  420-475
Impact toughness at —40 °C KV ] 32 35
(Charpy)
Yield strength Rpo.2 MPa 1,250 1,200
Ultimate strength Rm MPa 1,450- 1,400
1,750
Elongation As % 8 10
Aso % 10 -

A5 (Extensometer range of 5 mm), A50 (Extensometer range of 50 mm).

temperature was maintained at 22 °C during the experiments.
This ambient temperature falls between the 20-28 °C range
specified in the standard. Armor plate targets were hit with
the Prototypa brand gun in Figure 2a in this range, utilizing
the 7.62 x 51 mm caliber FM] bullet manufactured by this
company. The ballistic test setup was set at level III protection
within the scope of the “NIJ 0108.01 Ballistic Resistant Pro-
tective Materials” standard (Figure 2b). Five shots were
completed on the test plates in compliance with the standard.
A single comprehensive photograph illustrating the damage
caused by the bullets on the plate was identified, and the
damage status of the relevant plate was shown during the
experiments. The target plates were not supported using clay
as recommended in the standard (Figure 2c). The distance
between the test plate and the gun barrel was 15m at pro-
tection level III. In ballistic laboratory tests, bullet exit veloc-
ities were not measured due to the risk of being detrimental to
ZSR’s velocity measuring apparatus; just muzzle exit veloc-
ities were recorded. The exit velocity values obtained from
finite element analyses are presented in this study.

2.4 Finite element modeling

2.4.1 Mesh procedure

Initially, a CAD model of the ammunition was made by uti-
lizing measurements from an actual 7.62 x 51 mm FM]J bullet.

Half of the bullet was meshed using eight-node brick ele-
ments with limited integration and stiffness-based hourglass

Table 1: The amount of alloying elements in Armox 500T and Hardox 450 steels [17].

Elements C Si Mn P S Cr Ni Mo B
Armox 500T 0.32% 0.40 % 1.20% 0.015% 0.010 % 1.01% 1.18% 0.70 % 0.005 %
Hardox 450 0.26 % 0.70 % 1.60 % 0.025 % 0.010 % 1.40 % 1.50 % 0.50 % 0.005 %
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Table 3: Target plate configurations.
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Configuration Geometry Code Total thickness (mm) Layers Areal density p, (kg m™)
Monolithic steels 4A 4.0 1 x 4mm Steel 7.83
DD 4H 4.0 1 x 4 mm Steel 8.13
6A 6.0 1 x 6 mm Steel 7.83
6H 6.0 1 x 6 mm Steel 8.13
Double-layered D 4A6K 6.7 1 x 4 mm Steel 5.18
D:I +1 x 2.4 mm Kevlar29/epoxy
4A8K 7.6 1 x 4 mm Steel 4.72
+1 x 3.6 mm Kevlar29/epoxy
4A10K 8.5 1 x 4 mm Steel 4.35
+1 x 4.5 mm Kevlar29/epoxy
4A12K 9.4 1 x 4 mm Steel 4.05
+1 x 5.4 mm Kevlar29/epoxy
4A14K 10.3 1 x 4 mm Steel 3.83
+1 x 6.3 mm Kevlar29/epoxy
4A16K 1.2 1 x 4 mm Steel 3.60
+1 x 7.2 mm Kevlar29/epoxy
4A18K 121 1 x 4 mm Steel 343
+1 x 8.1 mm Kevlar29/epoxy
4H24K 14.8 1 x 4mm Steel 3.12
+1 x 10.8 mm Kevlar29/epoxy
Triple-layered 4A6K10B 16.7 1 x 4mm Steel 3.70
— D:I:I +1 x 2.4 mm Kevlar29/epoxy
+1 x 10 mm Honeycomb
4A8K10B 17.6 1 x 4mm Steel 3.57
+1 x 3.6 mm Kevlar29/epoxy
+1 x 10 mm Honeycomb
4A10K10B 18.5 1 x 4mm Steel 3.46
+1 x 4.5 mm Kevlar29/epoxy
+1 x 10 mm Honeycomb
4A12K10B 19.4 1 x 4mm Steel 3.36
+1 x 5.4 mm Kevlar29/epoxy
+1 x 10 mm Honeycomb
4A14K10B 20.3 1 x 4mm Steel 3.26
+1 x 6.3 mm Kevlar29/epoxy
+1 x 10 mm Honeycomb
4A16K10B 21.2 1 x 4mm Steel 3.18
+1 x 7.2 mm Kevlar29/epoxy
+1 x 10 mm Honeycomb
4A18K10B 221 1 x 4mm Steel 3.10
+1 x 8.1 mm Kevlar29/epoxy
+1 x 10 mm Honeycomb
4H24K10B 24.8 1 x 4mm Steel 294

+1 x 10.8 mm Kevlar29/epoxy
+1 x 10 mm Honeycomb

control since the bullet was axisymmetric around the lon-
gitudinal axes. The mesh structure of the bullet-armor ele-
ments was created manually within the LS-DYNA® software.
The numerical model included 89,635 elements for the
7.62 x 51 mm FM] bullet, with mesh diameters varying from
0.07 to 0.25 mm. The bullet’s striking location to the armor
plate is where the penetration occurs; hence, it is repre-
sented by a finer mesh structure. A half-model was created
for each target using the same element type as the bullet. The

mesh sizes in the target plate were assigned between 0.25
and 0.625mm. This modeling technique minimizes pro-
cessing time needs while maintaining an optimal system
balance. For Armox 500T and HARDOX 450 steels, 276,480
elements were defined. The number of elements in the
composite layers ranged from 17,280 to 829,440, depending
on the number of layers. Eight hundred two thousand seven
hundred thirty elements were assigned for 0.2 mm mesh size
in the honeycomb structure. Figure 3 shows the boundary
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Brass
jacket

Lead core

|

Figure 1: 7.62 x 51 mm FM] bullet and dimensions in the experimental
and numerical study.

Table 4: Technical specifications of 7.62 x 51 mm FMJ ammunition.

Bullet 7.62 mm FM)
Core diameter 7.83mm
Core weight 9.60 g
Cartridge case weight 11.849g
Length 28.6 mm

Gunpowder quantity 2.768 + 0.005 g

condition where the armor plates remain fixed at each de-
gree of freedom along their four side surfaces.

Two different simulations were conducted in uthe 6 mm
Armox 500T test to determine the optimal element size, us-
ing element sizes of 0.5 mm and 0.25 mm for all components.
In the contact relations, all parameters remained constant
except for the contact stiffness and contact step duration,
which depend on the element size. The experimental results
were compared with those obtained by varying the mesh

L8
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size. The element size of 0.5 mm provided a 16-fold decrease
in solution time, but the deformation value on the back
surface of the plate was 14.7 wt.% higher than the experi-
mental result. On the other hand, it was determined that
although the element size was 0.25 mm, it responded closer
to the experimental results and had a 6.1 wt.% lower back
deformation depth. The mesh size used for the target plate is
consistent with the literature [18], [19]. The cause of this
phenomenon is the variance of about 15 m s ™ in the velocity
of the bullets used in the experiment, as indicated in the
relevant standard and by the manufacturer.

2.4.2 Material model

The MAT_015_JOHNSON_COOK (Ls-Dyna Software descrip-
tion) [20] material model was used for the steels because of
its excellent precision and stable performance, not affected
by dynamic fluctuations in deformation rate for explicit
dynamic conditions. This viscous-plastic material model in-
cludes the effects of temperature, strain rate, and strain
hardening [21], [22]. Table 5 shows the material parameters
of Armox 500T and Hardox 450 armor steel plates, which are
also obtained from the literature [23], [24].

The macro-homogeneous approach for modeling com-
posite laminates is widely used in the literature [25]-[29]. In
this method, each layer is assumed to be a homogenous
material, with no difference between the yarns and the
matrix; hence, the physical characteristics are homoge-
neous, the same at all points in the layer, but with ortho-
tropic mechanical properties. In addition, the fabric
structure has two perpendicular in-plane directions with the
same mechanical characteristics within the plane owing to
symmetry, for example, equal elastic modulus and strength
values, but different mechanical properties out of the plane.

N"or Panel 3
Line of Flight |

Stop Trigger (1 &2)

Figure 2: Ballistics Testing Laboratory. a) Closed range and prototype brand shooting apparatus belonging to ZSR A.S. Company, b) schematic
illustration of the test standard (NIJ STD-0108.01 level III), c) target plate holder.
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7.62x51 mm
FM]J bullet

Honeycomb

a)

Moreover, this method allows the introduction of preferred
delamination in planes. As the number of sub-laminates
increases, the number of elements in the problem increases,
thus increasing the total computational time required to
solve the problem [11], [30]. The modeling of Kevlar29/epoxy
laminates used the MAT_058 LAMINATED COMPOSITE_FA-
BRIC (Ls-Dyna Software description) material model [20].
This material model includes nonlinear material behavior,
damage initiation, and failure under impact or higher strain
rates, which is essential for the study. These characteristics
of the material model are appropriate for crash simulations
and ballistic impact analysis, where progressive damage
through the layers is vital for precise ballistic performance
prediction. The damage evolution in this material model
involves progressive degradation of the material’s stiffness
and strength as damage accumulates due to tensile, shear,
and bending loads. The model uses failure criteria based on

Kevlar 29/Epoxy

Table 5: Material properties for Armox 500T [22] and Hardox 450 [23]
armor steels.

Mechanical properties Hardox 450 Armox 500T
Density p (kg mm™) 8.13E-06 7.83E-06
Shear modulus G (GPa) 71.80 79.60
Yield stress A (GPa) 1.0690 0.3850
Hardening constant B (GPa) 0.9371 1.4050
Hardening exponent n 0.3438 0.0263
Strain-rate sensitivity constant c 0.0911 0.0870
Temperature sensitivity exponent m 1.0000 1.0440
Failure parameters

D1 1.6900 0.0680
D2 -0.2843 5.3280
D3 -0.1837 2.5540
D4 0.0600 0.0000
D5 0.0000 0.0000

M. Ozer et al.: Ballistic performance of multi-layered armor combinations under 7.62 x 51mm = 705

Figure 3: Details of the finite element model, a)
sectional view of the finite element model of the
4A18K10B armour plate b) image of the zero-
degree-of-freedom points of the armour plate.

L~

stress or strain in the fiber and matrix direction, initiating
damage once thresholds are exceeded by eroding a node or
an element. The mechanical properties of the Kevlar 29/
epoxy composite material are given in Table 6.

Table 6: Material properties for Kevlar 29/epoxy [31].

Material Values Values

parameters

Density p (kg mm™) 1.26E-06 XC (X Compressive strength) 0.1850

EA (Elasticity 17.23 XT (X Tensile strength) 0.4050

modulus X)

EB (Elasticity 17.23 YC (Y Compressive strength) 0.1850

modulus Y)

EC (Elasticity 10.40 YT (X Tensile strength) 0.4050

modulus Z)

PRBA (Poisson ratio 0.20 ZC (X Compressive strength) 0.0869

XY)

PRCA (Poisson ratio 0.12 ZT (Z Tensile strength) 0.0345

ZX)

PRCB (Poisson ratio 0.12 SC (XY Shear strength) 0.0770

ZvY)

GAB (Shear 5.51 SC23 (YZ Shear strength) 0.8980

modulus XY)

GBC (Shear 3.30 SC31 (X Shear strength) 0.8980

modulus YZ)

GCA (Shear 3.30 SLIMT3 0.5000

modulus ZX)

SLIMT1 0.50 SLIMC3 0.8000

SLIMC1 0.80 SLIMS23 0.5000

SLIMT2 0.50 LSIMS31 0.5000

SLIMC2 0.80 EFFEPS (Compound strain at 1.6870
fracture point)

SLIMS 0.50 VOLEPS (Volumetric strain at -0.6964
failure limit)

SOFT 0.90 EPSSH (Shear stress at failure 0.6033

limit)
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The MAT_098_SIMPLIFIED_JOHNSON_COOK material
model card was chosen for modelling a bullet element, and
the honeycomb layer faces since it offers a highly accurate
solution while optimizing processing power and solution
time. This model applies to problems where strain rates vary
dramatically. MAT_026_HONEYCOMB was used to simulate
the hexagonal profiled internal structure of the honeycomb
panel [20].

2.4.3 Contact assignments

The “Step-Duration” calculation included in the Ls-dyna
software via the CONTROL_TIMESTEP card was set to 0.85 to
enhance the efficacy of both the analysis and the contact
relationship, given the increased bullet velocity. Furthermore,
the “HOURGLASS” energies and CONTROL_ENERGY cards
were activated to obtain more realistic solutions. In addition,
by setting the “ECDT” option to 1 on the CONTROL_CONTACT
card, the influence of “ERODING_CONTACT” on the analysis
step time was minimized. The ERODING_SURFACE_TO_SUR-
FACE [20] card was selected to define the interaction between
the bullet components and the armor plates and the bullet’s
penetration toward the target inside the program. Due to an
incorrect operation of ERODING_SURFACE_TO_SURFACE
without activating optional cards, choices A, B, and C from the
optional cards were activated. The SOFT option was chosen as
2 (Reaction formula derived from pinball contact segments).
To enhance accuracy, the “contact step-time,” utilized exclu-
sively by the SOFT 2 contact algorithm, and the “contact
stiffness,” applicable to all contact algorithms, were manually
computed and specified within the program for the desig-
nated contact relationships between each component. The
default SOFT value of 0 was initially computed and estab-
lished in the “SLDSTF” section. The equation for SOFT = 2 was

850
700 -
% 550 -
E 400 - ‘
-%‘ 250 - : -
S 100 A C)
50 - 6A
2200 |
0.00 002 004 006 008 0.10
Time (s)

a)
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calculated and recorded in the “DTSTIF” section. Due to the
bullet’s high velocity, “MAXPAR” (Maximum Parametric Co-
ordinate Search in Segment Search) was increased from 1.025
to 1.12. The DEPTH option was set to 5 (which checks surface
and edge contact points). The ERODING_SINGLE_SURFACE
card contact algorithms established the contact relation be-
tween the armor plates and the bullet components. The
TIED_SURFACE_TO_SURFACE [20] contact algorithm card was
used to create the lamination connection between the layers
of the aramid/epoxy laminate composite.

3 Results and discussion
3.1 Monolithic steel panels

First, four monolithic steel panels of identical thickness were
evaluated: 44, 4H, 6A, and 6H. As anticipated, the 4A sample
with a higher hardness value had a much lower residual
velocity compared to the 4H sample (Figure 4a). Samples 4A
and 4H both suffered from petalling damage mode
(Figure 4c). Conversely, the 6A sample demonstrated ballistic
resistance with a reduced backface deformation compared
to the 6H sample however neither of the panel’s experienced
complete perforation failure mode. As anticipated, the back
surface bulging damage mechanism was seen in the 6A and
6H steel samples (Figure 4b). The backface deformation in
the monolithic 6A sample was less than that in the 4A sample
(Figure 4b and c).

3.2 Double-layered panels

Plates comprising double-layer steel and composite layers with
total thicknesses between 6.7mm and 14.8mm were

1M1.7mm
46,6 mm

~ 1015mm_

E
E
w
<
@

Figure 4: Ballistic evaluations for monolithic test panels. a) Bullet initial and residual velocity - time graphs of monolithic steel armor panels, postimpact

deformations of b) sample 6A, c) sample 4A.
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fabricated (see Table 3), and the effect of the Kevlar29/epoxy
composite layer structure was evaluated. Due to the occur-
rence of complete perforation failure in 4 mm thick monolithic
steels, the goal is to address this problem by implementing
multi-layered structures. The 4H24K hybrid plate, considering
double-layered armor, using Hardox 450 steel on the impact
surface, failed to show ballistic protection, resulting in com-
plete perforation damage. The front steel layer of the 4A24K
sample failed via petalling, while the rear Kevlar 29/epoxy
plate fractured completely. Hence, it was not practicable to
suggest double-layer panel armor composed of Hardox 450
steel instead of the 6H plate for ballistic protection. For armor
plates with Armox 500T on the impact surface, composite

850
700
550
400 -
250
100 -

Velocity (m-s™)

-200

0.04  0.06
Time (s)

0.00 0.02 0.08 0.10

Figure 5: Bullet initial and residual velocity - time graphs of steel-
composite armour panels.
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layers ranging from 6 to 18 layers of aramid-epoxy were used.
The 4A14K sample was found to provide ballistic protection.

The test results for the 4A6K, 4A8K, 4A10K, and 4A12K
samples showed complete perforation failure. Reducing the
Kevlar layer number in completely perforated samples
produced a higher residual speed value. The 4A14K sample,
which provides a weight benefit, may be preferred over the
6A panel. As expected, the 4A16K and 4A18K samples showed
better ballistic protections considering the thickness incre-
ment. Adding the Kevlar 29/epoxy layer facilitated increased
friction and better energy absorption during the passage of
the bullet core. Figure 5 shows the residual velocity changes
of eight configurations. In panels with complete perforation,
the bullet residual velocity decreased as the thickness of the
Kevlar/epoxy layer increased.

The front steel plate will absorb most of the bullet’s ki-
netic energy through petalling failure. The Kevlar/epoxy plate
absorbed the bullet’s residual kinetic energy via punching,
fiber fracture, and delamination. The bullet remained in the
Kevlar/epoxy layers and was eroded and distorted. This
instance demonstrates that layer thickness, combination type,
and arrangement form in double-layer plate plans can all
influence material performance. The visual of the damage
caused by the ballistic test of the double-layered critical 4A14K
sample is given in Figure 6. Cracks and radial fractures were
observed on the rear surface of the front steel layer of the
4A14K sample as a result of bulge damage.

Figure 7 presents the Von Mises stress distribution of
the thinnest and thickest steel-composite 4A6K and 4A12K
samples, respectively, when the complete perforation
occurred under the impact of a bullet. The stress values in

12.47 mm ¢

Figure 6: Damage image of double-layer 4A14K plate after impact, a) Armox 500T front view, b) Armox 500T rear view, c) composite front view,

d) composite rear view, e) damage view of finite element analysis.
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multi-layer panels.
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Figure 9: Post-damage images of the 4A12K10B sample, a) Armox 500T front view, b) Armox 500T rear view, c) Kevlar 29/epoxy front view, d) Kevlar 29/
epoxy rear view, e) aluminum honeycomb front view, f) aluminum honeycomb rear view, g) post-impact photograph, h) finite element analysis damage

sectional view.

the steel plate increased as the number of Kevlar29/epoxy
layers increased. Following this result, an aluminum hon-
eycomb was applied in the following step to increase wall
thickness in triple-layered panels and assess its ballistic
resistance contribution. Moreover, the failure mechanisms

of the 4A6K and 4A12K samples were also examined. The
main damage mechanisms resulting from this impact re-
gion are petalling and cracking in the steel plate’s rear,
fiber breakage, and delamination failures in Kevlar29/
epoxy layers.

Figure 10: Post-impact damage image of the 4A10K10B sample.
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Figure 11: Von Mises stresses (in Pa) of triple-layered panels, a) 4A6K10B and b) 4A10K10B.

3.3 Triple-layered panels

Multi-layered plates, including three layers of steel, composite,
and aluminum honeycomb, with total thicknesses between
16.7 mm and 22.1 mm, were designed to investigate the effect of
layer configuration. A hybrid armor plate using Hardox steel
could not be suggested, as even the 4H24K10B triple-layered
armor construction could not exhibit ballistic success either.
The front steel and rear aluminum honeycomb layers of the
4A24K10B sample failed due to petalling, whereas the inter-
mediate Kevlar29/epoxy layer failed due to fiber breakage. The
composite layer is fabricated in the armor plates using Armox
500T on the impact surface by increasing the aramid-epoxy
layers from 6 to 18. The test results for the 4A6K10B, 4A8K10B,
and 4A10K10B plates showed complete perforation. It can be
said that the number of Kevlar layers in these samples didn’t
work. To provide enough frictional resistance to dissipate the
energy of the bullet core. The 4A12K10B design has been
confirmed to offer ballistic protection since it stops the bullet.

The results indicated that increasing the Kevlar29/epoxy layer
in multi-layer structures enhanced ballistic resistance.

On the other hand, adding an aluminum honeycomb to
increase the overall layer thickness did not dramatically
improve the perforation resistance. The 4A14K10B, 4A16K10B,
and 4A18K10B plates exhibited ballistic protection. As the
number of Kevlar layers decreased, complete perforation
damage occurred. Ballistic resistance was offered as the
number of Kevlar layers increased. In this case, the 4A12K10B
plate, which has a weight advantage, is suggested for ballistic
protection instead of the 6A plate. Figure 8a illustrates the
residual velocities of the bullet penetrating hybrid eight con-
figurations. As shown in the numerical results, the factor that
induced the complete perforation of the hybrid plates was the
removal of the particle from the steel plate. In the multi-layered
samples, the rigid steel layer in front is well supported by the
Kevlar 29/epoxy and aluminum honeycomb plates in the rear,
which can be validated from the literature [32]. Therefore, the
fragmentation failure mode occurred in the steel layer. With an
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increase in the Kevlar layer’s thickness, the velocity of the steel
particles decreased. Figure 8b illustrates the velocity-time
graphs of steel particles from armor plates subjected to com-
plete perforation damage mode.

The visual of the damage caused by the ballistic test of
the hybrid 4A12K10B plate is given in Figure 9. Following
petalling damage to the Armox500T front steel plate, the
Kevlar29/epoxy laminate experienced delamination damage
and fiber breakage.

The rear aluminum honeycomb plate suffered buckling
damage in the cell walls and core crushing in the impact
zone. Figure 10 shows the post-impact fragmentation failure
mode of the 4A10K10B plate with total perforation damage.

Figure 11 shows the Von Mises stress distribution of the
4A6K10B and 4A10K10B samples, representing the thinnest and
thickest triple-layered panels subjected to total perforation by
bullet impact. Introducing additional Kevlar29/epoxy layers
resulted in higher stress values in the intermediate plate and
decreased deformation in the back aluminum honeycomb
plate. The Armox 500T and Kevlar29/epoxy plates in the
4A6K10B and 4A10K10B samples were entirely perforated,
resulting in fragments from the steel tearing the aluminum
honeycomb panel. In addition, the steel fragment induced se-
vere damage to the face sheets of the honeycomb plate, result-
ing in further crushing and distortion of the cellular structures.

3.4 Comparison of best samples providing
ballistic protection

The displacement amounts of the best panels exhibiting bal-
listic protection results in the direction of the bullet impact
axis are as in Figure 12. Samples 6A (Figure 12a and b), 4A14K

M. Ozer et al.: Ballistic performance of multi-layered armor combinations under 7.62 x 51mm = 711

b)

d)

Figure 12: Permanent deformation values of
plates providing ballistic protection a and b)
6A, c and d) 4A14K, e and f) 4A12K10B.

(Figure 12c and d), and 4A12K10B (Figure 12e and f) have
thicknesses of 6 mm, 10.3 mm, and 19.4 mm, respectively.

Monolithic 6A steel had the lowest permanent deforma-
tion value; however, its area weights were higher. The areal
density of the 6A sample is 7.83kg m™? the 4A14K sample is
383kgm™ and the 4AI12K10B sample is 3.36kgm™
Compared to the 6A sample, the 4A14K sample offers a 51 wt.%
benefit, while the 4A12K10B sample provides a 57 wt.%
advantage. Replacing the 6A with 4A14K and 4A12K10B double
and triple-layered panels will be possible. There are differ-
ences in damage mechanisms among samples that absorb all
bullet energy. The 4A14K sample had radial cracks on the rear
surface of the front steel layer, while the Kevlar29/epoxy layer
was not completely perforated. However, in the 4A12K10B
sample, Armox 500T and Kevlar29/epoxy plates were perfo-
rated entirely, and the aluminum honeycomb panel stopped
the fragments that broke off from the steel.

To clarify the results of the 20 samples, see Table 7. The
comparison criteria between simulation and experiment
results in the table are determined using the complete
perforation condition, the bullet’s remaining velocity after
perforation, if there is one, and the armor plate’s backface
deformation.

For a better evaluation of the results considering the
weight and ballistic performance, the specific energy ab-
sorptions of the best samples are also given in Table 8. As
seen in Table 8, the 6A design is the thinnest choice; how-
ever, it cannot absorb much impact energy and can be
regarded as being at the limit of ballistic resistance. It can
be concluded that monolithic plates exhibit superior
experimental performance; however, additional analysis
using finite element analysis reveals that their energy ab-
sorption capacity is at its limit. Sample 4A12K10H has the
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Table 7: Comparison between the experimental and simulation results.

DE GRUYTER

Sample Muzzle velocity (m  FEM residual speed (m Full Sample thickness Back face deformation
code s s™') perforation (mm) - - -
Experiment Simulation
(mm) (mm)
4A 838+ 15 544 Yes 4 - -
4H 774 Yes 4 - -
6A - No 6 1.10 1.12
6H - No 6 1.92 2.98
4A6K 506 Yes 6.70 - -
4A8K 447 Yes 7.60 - -
4A10K 430 Yes 8.50 - -
4A12K 412 Yes 9.40 - -
4A14K - No 10.30 1.20 1.24
4A16K - No 11.20 0.50 0.52
4A18K - No 12.10 0.43 0.44
4H24K 692 Yes 14.80 - -
4A6K10B 355 Yes 16.70 - -
4A8K10B 339 Yes 17.60 - -
4A10K10B 258 Yes 18.50 - -
4A12K10B - No 19.40 2.15 2.18
4A14K10B - No 20.30 1.78 1.82
4A16K10B - No 21.20 0.98 1.00
4A18K10B - No 22.10 0.81 0.82
4H24K10B 624 Yes 24.80 - -

Table 8: Specific energy absorption (SEA) of the best samples.

Configuration SEA (Joule kg’1) Mass (kg) Thickness (mm)
6A 244.54 3.19 6.00
4A14K 282.87 2.55 8.20
4A12K10H 502.10 2.88 17.60

highest SEA, but has the thickest panel, measuring 17.6 mm.
The 4A14K sample is the optimum design since it is placed
second in specific energy absorption while being 53 wt.%
thinner and 11.5wt.% lighter than the most impact-
resistant 4A12K10H sample.

4 Conclusions

A parametric study on 20 different armor combinations,
including four monolithic steel and sixteen multi-layered
panels, evaluated their ballistic resistance numerically vali-
dated via an experimental approach. The armor combina-
tions used against 7.62 x 51 mm full metal jacket bullet impacts
at a muzzle velocity of 838 + 15 m s~* during the ballistic tests.
The configurations were subjected to ballistic testing ac-
cording to the NIJ STD-0101.08 Level III standard. The nu-
merical models were tested to validate the experimental data

from the literature, demonstrating a good agreement he-
tween the simulation results and the experimental findings.
The following conclusions can be made from this research:

Monolithic thicker steel experienced bulge failure and
showed less permanent deformation than multi-layer
systems.

The 4mm thick Hardox 450 steel combination with
Kevlar29/epoxy laminate and aluminum honeycomb failed
to protect the 7.62 x 51 mm FM] bullet threat.

Double-layered 4A14K armor provides ballistic protec-
tion similar to thick steel 6 mm Armox 500T monolithic ar-
mor at a lower weight. Adding Kevlar 29/epoxy layers
produced the formation of radial fractures and crack dam-
age modes on the rear surface of the front steel plate, pre-
venting total perforation.

Triple-layer 4A12K10B hybrid armor is more lightweight
than 6A monolithic steel and offers equal ballistic protection.
Using an aluminum honeycomb, the fragmenting effect
induced complete perforation failure mode in triple-layered
samples. Increasing the number of Kevlar29/epoxy layers
prevented this situation.

Compared to the monolithic 6 mm Armox 500T panel,
the double-layered 4A14K plate is 51 wt.% lighter in areal
weight, while the triple-layered 4A12K10B panel is 57 wt.%
lighter in areal weight. It is clear that 4A14K and 4A12K10B
samples may be employed successfully in ballistic protection
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and have the potential to decrease area mass efficiency
significantly.

A deeper investigation using FEA reveals that the hon-
eycomb aluminum panel can be used on armored personnel
vehicles and increases specific energy absorption capacity.

Future research aims to analyze the multi-layered ar-
mor configurations proposed in this work for their ballistic
resistance against larger caliber and armor-piercing (AP)
bullets.
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