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Abstract. The requirement to protect the personnel against 7.62 x 54 mm API ammunition and 

facilitate the user's ability to move made it necessary to improve the lightweight armors.  One 

of the primary modifications made for these armors is the use of ceramics with high hardness 

and low weight.  The ballistic performance is improved by using these ceramics as the front 

layer of the armor.  The current study looks into how employing Silicon Carbide tiles can 

improve an ARMOX 500T armor's ballistic performance against 7.62 x 54 mm API 

ammunition and reduce its aerial density by about 70%. In order to reduce the required number 

of laboratory experiments, FEA models have been built, and results have been verified through 

comparisons with laboratory experiments. 

 

Keywords. ARMOX 500T, Kevlar, Silicon Carbide, FEA, Johnson-Cook model, Hashin 

damage, Johnson-Holmquist (JH2) model, 7.62 x 54 mm API, Ballistic performance. 
 

1.  Introduction 

Composite bilayer armor structures, which consist of a front brittle layer and a tough back plate, are 

broadly used in today's lightweight armors [1], to withstand different threats of ammunition.  The 

front layer, which is usually a ceramic layer (Alumina, Boron Carbide, etc.) with low density, high 

compressive strength and hardness, has a preeminent role in distorting the projectile’s tip.   

On the other hand, the backing plate (Steel, Kevlar-29 ….etc.) aims to dissipate the remaining 

projectile’s kinetic energy.  When the projectile’s tip is eroded by a front hard and brittle ceramic 

layer, the hard steel core is broken and its cross-sectional area is increased, so, it becomes easier to 

be stopped by the backing plate.  Also, the backing plate in conjunction with the adhesive material 

aims to constrain the ceramic fragments after impact which prolongs the lifetime of the armor.  

In order to investigate the deformation and failure mechanisms of fiber-reinforced composites in 

layered composite armor against Armor-Piercing ammunition, several experimental and numerical 

analyses are conducted. For example, Shah Alam et al. [1] used 7.62 mm APM2 ammunition at 

different velocities to study the ballistic performance of layered composite armors.   

Shaker et al. [2] reported using a layer of ceramic to the existing design to enhance the ballistic 

performance of the bare steel armor in the Kevlar-29 / epoxy composite target. 

https://creativecommons.org/licenses/by/4.0/
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The developments in finite element analysis and commercial software packages assisted in the 

advancement in the design and manufacturing of composite armors. These advancements are 

associated with the development of complex materials models to describe the behavior of different 

constituents of the armor.   In particular, the numerical simulation of brittle material's behavior 

during bullet penetration necessitates the determination of several material parameters. In addition, 

a failure criterion for each material within the armor system should be identified to investigate the 

impact of process-related fracture behavior. In that direction, Senthil1 et al. [3] conducted FEA 

simulations of AP projectiles against mild steel armor. Similarly, Abou-Elela et al. [4] described 

the penetration of a high-speed projectile into a metallic bi-element target, consisting of a finite 

thickness metallic layer facing a semi-infinite RHA armor.  On the other hand, Fayed et al. [5] 

investigated the performance of four different textile materials used as an outer shell of the Silicon 

Carbide vest to achieve the desired degree of protection against 7.62 x 54 mm caliber. 

Since calibers 7.62 x 54 mm are one of the most common calibers, Fayed [8] studied their 

penetration ability against modern lightweight armor.   

In these FEA simulations of the armor penetration process, two primary numerical methodologies 

have been utilized to simulate the penetration and erosion behavior of high-velocity projectiles 

fired on ballistic armor.  The first is the Lagrangian FE approach, which is the most popular 

method, where the material’s fracture is modeled by a specified fracture criterion and elements 

deletion technique to eliminate failed and highly distorted elements. However, Gregori et al. [6] 

compared the results obtained from two different procedures, first is the interaction simulation 

between armor and 7.62 mm Ball projectile by the implementation of the modified Bernoulli 

equation and estimation of the absorbed energy in the backing plate by the implementation of an 

energy formulation based on the wave propagation theory.  The second is a full-Lagrangian FEA 

using LS-DYNA software.  Both models had good agreement with the laboratory tests. 

The other technique is the smoothed particle hydrodynamics (SPH) method, which does not require 

element erosion criterion nor does distortion control as compared to the former method, but it 

suffers from particle inconsistency, tensile instability problem, and its high computational cost as 

compared to the first technique.  Meng et al. [7] applied the SPH approach to study the High-

Velocity Impact (HVI) mechanism in order to enhance the ballistic performance of the lightweight 

armors subjected to HVI.  In general, these simulations provide the possibility of conducting a 

large number of FEA experiments and obtaining results that resemble those obtained from 

experimental work, thus cutting the time and cost of developing an optimum design for the final 

product. In the present work, a comparison between a bare ARMOX 500T armors with 16 mm 

thicknesses and a composite bilayer Kevlar/Silicon Carbide armor structure is conducted 

experimentally and modeled by Lagrangian FE approach to investigate the enhancement of the 

ballistic performance and the reduction in aerial density against 7.62 x 54 mm API projectiles.   

2.  Methodology 

2.1.  Experimental Work 

2.1.1.  Materials. The current study is conducted to compare the ballistic performance of two different 

Armors against 7.62 x 54 mm API ammunition.  The first is a bare steel armor while the second is a 

composite bilayer Armor structure consisting of Kevlar-29 and Silicon Carbide layers.  Standard 

7.62 x 54 mm API projectile used in the present work is shown in Figure 1. The projectile’s length is 

33.4 mm and weighs 9.6 g, of which 5.67 g is a hard steel core. This core material has an initial yield 

strength of 1.2 GPa [8], and a fracture strength of 2.3 GPa at the strain of 2–3% according to Chocron 

et al. [9]. The constitutive models of the projectile’s materials were obtained from the study of 

Anderson et al. [10]. 

In the bilayer structure, Kevlar-29 is chosen as the backing plate based on its excellent mechanical 

properties specifically, good thermal and chemical resistance, high moisture resistance, and high 

strength-to-weight ratio.   
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Figure 1. (a) 7.62 x 54 mm API ammunition used in the present work, (b) detail drawing of 

7.62 x 54 mm API projectile (all dimensions in mm) 
 

The Silicon Carbide tile was selected as the front layer because of its excellent properties including 

high thermal conductivity, high strength and hardness, and high resistance to wear and oxidation.  

The following are the mechanical properties of the used tiles:  density equals 3215 Kg/m3, tensile 

strength equals 0.37 GPa, Young’s modulus equals 449 GPa and Poisson’s ratio equals 0.16 [16].  

The Silicon Carbide is attached to the Kevlar-29 plate using Polyurethane as an adhesive layer.  

The nature of polyurethanes allows them to be molded into unusual shapes, and to be used in 

coatings, adhesives, sealants, and elastomers (CASE) applications.  Specifically, Polyurethane 

adhesives can provide strong bonding advantages. 

2.1.2.  Preparation of the specimens. In the present work, the first specimen is a bare ARMOX 500T 

plate having dimensions of 200 × 200 mm and a thickness of 16 mm. Therefore, its areal density 

equals 126 kg/m2 as shown in Figure 2a. The second armor is a composite bilayer armor structure 

consisting of Kevlar-29 / epoxy as a backing plate and Silicon Carbide tiles as a front layer, both 

layers are joined together with a polyurethane layer. The front layer has a 9 mm thickness Silicon 

Carbide tile within an area of 180 × 180 mm and a Kevlar-29 / epoxy backing plate of an 8 mm 

thickness as shown in Figure 2b.  The areal density of the composite structure is 39 kg/m2.  This armor 

is manufactured by first cutting Kevlar-29 / epoxy prepreg laminates according to the required size; 

then adding a polyurethane adhesive layer with a thickness of 1 mm before stacking the ceramic tile 

on the adhesive layer. During the fabrication process, the specimen is checked thoroughly to assure no 

gaps or voids in the assembled parts. 
 

 
 

Figure 2. (a) ARMOX 500T Plate and (b) Bilayer Composite Plate  

2.1.3.  Experimental procedure. For the present work, the above fabricated specimens are subjected to 

7.62 x 54 mm API projectiles at 810 m/s impact velocity in the lab.  According to Fayed et al. [11], the 
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test lab was adjusted according to NIJ 0101.06 Level IV standard and the projectiles were fired in a 

test barrel.  Two sensor sets were adjusted to measure the velocity of the projectiles. The target is 

clamped at the peripherals, with an exposed area of 175 × 175 mm.  A schematic diagram of the firing 

range is shown in Figure 3.   
 

 

 
 

Figure 3. (a) The test range configuration according to NIJ 0101.06 Level IV, (b) Test range 

used in the present firing experiments 

2.2.  FEA Modelling 

2.2.1.  Modelling details. 3D FE models have been developed using FEA software package. The 

objective is to investigate the effect of composite bilayer armor structure on bullet penetration as 

compared to ARMOX 500T armor and the gained mass reduction.  In the present work, a 

Polyurethane layer was used as an adhesive layer between ceramic tile and backing plate, and 

considered to be completely bonded to both surfaces. The bond strength of the adhesive layer might 

vary as a result of several manufacturing settings. Therefore, the present FEA simulations are 

conducted at a normal strength of 93 MPa and a shear strength of 45.8 MPa [1].   
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Figure 4 shows the FEA models of the two cases. Because of the two orthogonal planes of 

symmetry of the composite laminates, only one-quarter of the armors and the projectiles are 

modelled to save computational costs. These models resulted in a total of 20,973 nodes for the 

symmetric model of bare ARMOX 500T armors by using C3D8R (An 8-node linear brick, reduced 

integration, hourglass control) elements, and a total of 51,231 nodes by using C3D8R elements for 

the symmetric model of the composite bilayer armor structure.   

To define the boundary conditions for one-quarter FEA model, We use three boundary conditions, 

the first one is for the armor to fix it from its outer edges completely (i.e. U1=U2=U3=UR1= 

UR2=UR3=0), the second is to define the first symmetrical plane (YZ Plane) for the armor and 

projectile (i.e. U1= UR2=UR3=0), and the last one is to define the second symmetrical plane (XZ 

Plane) for the armor and projectile (i.e. U2= UR1=UR3=0) .   

Verification experiments were conducted to compare between FEA and experimental results. 
 

    

 
    

 

Figure 4. Quarter symmetrical models of the armors used in FEA simulations, (a) Bare of 16 

mm thickness ARMOX 500T armor, (b) Composite bilayer armor structure 
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2.2.2.  Material Constitutive Models.  

2.2.2.1 Projectile material model. In the present work, the Johnson-Cook (JC) constitutive model 

[12], was utilized to describe the behavior of the nose filler, jacket, and core of the projectile.  The 

stress-strain relationship is given as: 
 

𝜎𝑦 (𝜀𝑝. 𝜀𝑝̇. 𝑇) = (𝐴 + 𝐵 𝜀𝑝
𝑛 )(1 + 𝐶 𝑙𝑛 𝜀𝑝

∙∗ )(1 − 𝑇∗𝑚 )                                (1) 
 

where 𝜎𝑦 is the yield stress, 𝜀𝑝, 𝜀𝑝̇ are equivalent plastic strain and equivalent plastic strain rate 

respectively.  𝜀𝑝
∙∗  Can be calculated as  

𝜀𝑝
∙∗  =  

𝜀𝑝̇

𝜀0̇
                                                                            (2) 

where 𝜀0̇ designates the reference strain rate.  Also, the homologous temperature 𝑇∗ can be defined 

as 

  𝑇∗ =  
(𝑇− 𝑇0)

(𝑇𝑚− 𝑇0)
                                                                 (3) 

 

where T*, T, T0, and Tm are the homologous temperature, working temperature, reference 

temperature, and melting temperature respectively. 

Moreover, n is the exponent of strain hardening, m is the exponent of temperature softening, A is 

the yield stress constant, B is the strain hardening constant, and C is a material constant. 

The J-C parameters of the projectile components are obtained from relevant literature.  

Specifically, the jacket and core material parameters are obtained from Anderson et al. [10], and 

lead filler parameters are taken from Fras et al. [13].  The J-C parameters are summarized in Table 

1. 

A criterion for element erosion that governs the projectile's erosion is used in the present FEA 

simulation, the equivalent plastic strain is used to estimate the erosion.  According to Anderson et 

al. [10] and Fras et al. [13], the equivalent plastic strain values for the jacket, lead filler, and core 

are 200%, 100%, and 10%, respectively. 
 

Table 1. Parameters of the projectile materials according to Johnson-Cook (J-C) model 
     

Parameter Notation Lead [13] Jacket [10] Core [10] 

Young’s modulus E [GPa] 17.156 124.9 210 

Poisson’s ratio ν 0.44 0.35 0.29 

Density ρ [Kg/m3] 11340 8940 7800 

Yield stress constant A [GPa] 0.024 0.5 1.034 

Strain hardening constant B [GPa] 0.3 0 18.095 

Strain rate constant C 0 0.025 0.005 

Thermal softening constant m 1.0 1.0 1.0 

Strain hardening exponent n 0.59 1.0 0.64 

Melting temperature Tm [K] 760 1360 1790 

Reference strain rate 𝜀0̇[s-1] 1.0 1.0 1.0 

Failure equivalent plastic strain FS 100 % 200 % 10 % 

Based on the fracture criterion of Johnson et al. [12], Hancock et al. [14] extended this criterion by 

including the failure strain sensitivity to temperature, strain rate, strain path, and stress triaxiality. 

The model assumed that damage builds up in the material elements during plastic straining, and 

accelerates when it reaches a critical value. If D defines the damage state, elements that are entirely 

damaged are referred to as D = 1, otherwise the undamaged elements will be identified as D = 0.  

Failure is defined as the condition that D equals or surpasses the value of unity. 
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D = ∑
𝛥𝜀𝑝𝑙

𝜀𝑝.𝑓
                                                                 (4) 

where 𝜀𝑝.𝑓 is the equivalent plastic strain at failure, and Δ𝜀𝑝𝑙 is an increment of the equivalent 

plastic strain; the sum of these values is estimated across all deformation increments.  Nevertheless, 

the damage variable's critical value, (i.e. the value at which the micro-cracks initiated is less than 

one).  Thus, the following is the failure criterion: 
 

D = 𝐷𝑐  ≤  1                                                                (5) 
 

In addition, earlier studies show that the damage value stays equal to zero as dislocations 

accumulate and initiate micro-cracks.  There might be a certain value for the total plastic strain at 

which damage begins to develop.  These earlier investigations allow for the proposal of the 

following damage rule: 

 

 

 

 

 
 

where Dc is the critical damage, 𝜀𝑝.𝑑 is the damage threshold and 𝜀𝑓 is the fracture strain, and the 

fracture is started by void nucleation.  A linear function of equivalent plastic strain termed the 

damage growth law is given by: 

𝐷 ̇ = 
𝐷𝑐1

𝜀𝑝0
 𝜀𝑝̇.𝑒𝑞                                                                (7) 

 

Here, 𝜀𝑝0 is the plastic strain and 𝐷𝑐1 is the initiation of necking and is assumed to equal 2%.  Void 

growth causes the damage to grow more quickly during the necking phase after the ultimate point.  

At this point, the damage is growing nonlinearly and can be expressed as: 
 

𝐷 ̇ = 

𝐷𝑐2−𝐷𝑐1
𝐷𝑐2−𝐷

𝜀𝑝.𝑓− 𝜀𝑝0
 𝜀𝑝̇.𝑒𝑞                                                                (8) 

 

Here, 𝐷𝑐2  is critical damage at fracture and taken as 0.8, 𝜀𝑝.𝑓 is the strain at failure and expressed 

as: 

𝜀𝑓 =  [𝐷1 + 𝐷2 exp(𝐷3𝜎∗)] [1 +  𝐷4 𝑙𝑛(𝜀𝑝̇
∗)] [1 +  𝐷5𝑇∗]                              (9) 

 

The model by Johnson et al. [12] stated that 𝜀𝑓 depends on stress triaxiality, temperature, and strain 

rate, where 𝐷1 to 𝐷5 are material constants, 𝜎𝑚 is the mean stress,  𝜎∗ = 
𝜎𝑚

𝜎𝑒𝑞
 is the stress triaxiality 

ratio and or hydrostatic stress.  Given that the material strength decreases during deformation due 

to damage, the constitutive equation for the damaged material can be expressed as: 
 

𝜎𝐷  =  (1 –  𝐷) 𝜎𝑒𝑞                                                  (10) 

where, 𝜎𝐷 is the stress at the damaged state and 𝜎𝑒𝑞 for the original (undistorted) material was 

previously estimated in equation (4). 

The failure model defined in equations (4) through (10) is implemented in the FEA software.  The 

stress components are set to zero when meet the failure criterion, and they stay at zero for the 

duration of the FEA simulation.  The mesh's failing elements are deleted by the FE code.  The used 

ARMOX 500T (J-C) model parameters are summarized in Table 2. 

 

 

 

0         , when 𝜀𝑝𝑙   < 𝜀𝑝.𝑑 

 

𝐷𝑐

𝜀𝑓− 𝜀𝑓𝑝.𝑑 
 𝜀𝑝̇𝑙   , when 𝜀𝑝𝑙  ≥ 𝜀𝑝.𝑑 

(6) 𝐷̇ = 
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Table 2. JC model parameters of the ARMOX 500T material [15] 

Parameter Notation Value 

Young’s modulus E [GPa] 210 

Poisson’s ratio ν 0.33 

Density ρ [Kg/m3] 7850 

Yield stress constant A [GPa] 0.286 

Strain hardening constant B [GPa] 1.510 

Strain rate constant C 0.0087 

Thermal softening constant m 1.04496 

Strain hardening exponent n 0.02482 

Melting temperature Tm [K] 1800 

Specific heat Cp [J/kg⋅K] 452 

Reference strain rate 𝜀0̇[s-1] 1.0 

Inelastic heat fraction χ 0.9 

Expansion coefficient α 1.2 x 10-5 

Fracture strain model constants 

D1 0.068 

D2 5.328 

D3 -2.554 

D4 0 

D5 0 

2.2.2.2 Ceramic material model. In the present FEA simulation, the Johnson-Holmquist (JH2) model 

was chosen to investigate the material behavior of ballistic ceramics. The Johnson-Holmquist (JH2) 

strength model described by Islam et al. [16] can be stated as follows: 

 

 

 

 

 

 

 

To manage the element erosion, an equivalent plastic strain value was assumed to be 0.25 to 

provoke acceptable material distortion.  The elements that meet the criteria will be eliminated.  The 

parameters of Johnson-Holmquist (JH2) model are summarized in Table 3.  

Table 3. JH2 model parameters of Silicon Carbide [16] 

Parameter Notation Value 

Tensile strength T[GPa] 0.37 

Pressure constants 

Bulk modulus K1 [GPa] 204.785 

Second pressure coefficient K2 [GPa] 0 

Third pressure coefficient K3 [GPa] 0 

Bulking factor 𝛽f 1.0 

Hugoniot elastic limit  HEL[GPa] 14.567 

𝜎𝑖
∗ = A (𝑃∗+ 𝑇∗)N (1 + 𝐶 𝑙𝑛 𝜀𝑝

∙∗ ) (12) 

𝜎𝑓
∗ = B (𝑃∗)M (1 + 𝐶 𝑙𝑛 𝜀𝑝

∙∗ ) (13) 

𝜀𝑓
𝑝 = 𝐷1(𝑃∗ +  𝑇∗)𝐷2      (14) 

𝑃 =  𝐾1 𝜇 +  𝐾2 𝜇2  +  𝐾3 𝜇3 +  Δ𝑃𝜇 ≥ 0 

 

(15) 

𝜎∗ = 𝜎𝑖
∗ - D (𝜎𝑖

∗ -  𝜎𝑓
∗) (11) 
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Table 3. JH2 model parameters of Silicon Carbide [16] 

Parameter Notation Value 

Pressure at Hugoniot elastic limit PHEL [GPa] 5.9 

Strength at Hugoniot elastic limit 𝜎𝐻𝐸𝐿 [GPa] 13 

Maximum normalized fractured strength 𝜎𝑚𝑎𝑥
𝑓

 [GPa] 0.8 

Intact strength constant A 0.96 

Fractured strength constant B 0.35 

Strain rate constant C 0 

Fractured strength exponent M 1 

Intact strength exponent N 0.65 

Damage coefficients 
D1 0.48 

D2 0.48 

2.2.2.3 Kevlar-29 / epoxy composite material model. The armor's backing plate is made of a Kevlar-

29 reinforced epoxy composite. A single-layer Kevlar-29 fabric has a plain weave structure with two 

in-plane orthogonal directions that have identical mechanical properties, with a thickness of 0.5 mm.  

To produce the required thickness, many layers of the composite were piled on top of each other.  The 

mechanical properties in the thickness direction are lower than in the other two directions as a result of 

the low strength of the epoxy.  An orthotropic elastic model is employed in the finite element model. 

Nevertheless, fiber-reinforced polymer composites may be subject to damage after impacts, including 

interlayer delamination, matrix cracking, and fiber breaking. 

In the present work, a user subroutine VUMAT was used to implement a Hashin damage initiation 

criterion [17] in FEA software, which takes into account the Kevlar-29 structure’s bi-directional 

strength.  However, Tan et al. [18] estimated the damage of the Kevlar-29 fabric composites 

according to the following equations: 

Tensile damage in the 1st fiber direction if 𝑑𝑓𝑡1 > 1, where 

𝑑𝑓𝑡1 =  (
𝜎1

𝑋1𝑡
)

2

 , 𝜎1 > 1                                                           (16) 

Compressive damage in the 1st fiber direction if 𝑑𝑓𝑐1 > 1, where 

𝑑𝑓𝑐1 =  (
𝜎1

𝑋1𝑐
)

2

+  (
𝜏12

𝑆12
)

2

+ (
𝜏13

𝑆13
)

2

 , 𝜎1 > 1                                         (17) 

Tensile damage in the 2nd fiber direction if 𝑑𝑓𝑡2, where 

𝑑𝑓𝑡2 =  (
𝜎2

𝑋2𝑡
)

2

 , 𝜎2 > 1                                                          (18) 

Compressive damage in the 2nd fiber direction if 𝑑𝑓𝑐2, where 

       𝑑𝑓𝑐2 =  (
𝜎2

𝑋2𝑐
)

2

+  (
𝜏12

𝑆12
)

2

+ (
𝜏23

𝑆23
)

2

 , 𝜎1 > 1                                       19) 

Tensile damage in the thickness direction if 𝑑𝑚𝑡 > 1, where 

𝑑𝑚𝑡 =  (
𝜎3

𝑋3𝑡
)

2

+  (
𝜏13

𝑆13
)

2

+ (
𝜏23

𝑆23
)

2

 , 𝜎3 > 0                                      (20) 

Compressive damage in the thickness direction if 𝑑𝑚𝑐 > 1, where 

𝑑𝑚𝑐 =  (
𝜎3

𝑋3𝑐
)

2

+  (
𝜏13

𝑆13
)

2

+ (
𝜏23

𝑆23
)

2

 , 𝜎3 < 0                                      (21) 

The 1st and 2nd directions in the previous formulations correspond to the two perpendicular in-plane 

directions, and the 3rd direction corresponds to the out-of-plane direction. The corresponding 

strength is the denominator of the terms, and the numerators are the stress levels computed in each 

respective direction. Based on the calculations of the fracture energy dissipation during the damage 

process, damage evolution in the corresponding direction is identified once the damage initiation 
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requirement has been satisfied. A damage evolution law was defined that was comparable to the 

one put by Lapczyk et al. [19]. A fracture energy of 12.5 N/mm is chosen.  The Mechanical 

properties of Kevlar-29 / epoxy are summarized in Table 4. 

2.2.2.4  Delamination and debonding model. The Kevlar-29 backing plate is made from multiple plies 

of Kevlar-29 fabrics assembled using an epoxy matrix.  On the other hand, the ceramic tile was 

mounted onto the backing plate using a Polyurethane layer.  This indicates that delamination could 

happen at the interface where the backing plate and ceramic tile meet, as well as in between the 

Kevlar-29 plies.  In FEA software code, this failure is modelled using surface-based cohesive 

behavior. In particular, the bonding layer interface fails when the maximum cohesive stress damage 

initiation value equals one as follows: 

                                                                         𝑚𝑎𝑥 {
⟨𝑡𝑛⟩

𝑡𝑛
0 .

𝑡𝑠

𝑡𝑠
0  .

𝑡𝑡

𝑡𝑡
0} = 1                                           (22) 

where tn, ts, and tt are cohesive stresses at the normal and the shear directions, respectively, and 𝑡𝑛
0, 

𝑡𝑠
0, and 𝑡𝑡

0 represent the normal and shear strengths in directions 1 and 2, respectively. In the 

current FE simulation, the normal strength is 93 MPa while the shear strength is 45.8 MPa. 

Table 4. Mechanical properties of Kevlar-29 / epoxy [1] 

Parameter Notation Value 

Density ρ [Kg/m3] 1259 

Young's modulus in direction 1 E1 [GPa] 20.5 

Young's modulus in direction 2 E2 [GPa] 20.5 

Young's modulus in direction 3 E3 [GPa] 6 

Poisson's ratio in direction 12 𝜈12 0.21 

Poisson's ratio in direction 13 𝜈13 0.33 

Poisson's ratio in direction 23 𝜈23 0.33 

Tensile strength in direction 1 X1t [GPa] 0.685 

Tensile strength in direction 2 X2t [GPa] 0.685 

Tensile strength in direction 3 X3t [GPa] 12 

Compressive strength in direction 1 X1c [GPa] 0.685 

Compressive strength in direction 2 X2c [GPa] 0.685 

Compressive strength in direction 3 X3c [GPa] 12 

Shear modulus in direction 12 G12 [GPa] 0.77 

Shear modulus in direction 13 G13 [GPa] 2.71 

Shear modulus in direction 23 G23 [GPa] 2.71 

Shear strength in direction 12 S12 [GPa] 0.077 

Shear strength in direction 13 S13 [GPa] 0.542 

Shear strength in direction 23 S23 [GPa] 0.542 
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3.  Results and Discussions 

Impact simulations were conducted for two different armor structures with and without a ceramic front 

layer, at an impact velocity equal to 810 m/s.  It was observed that the penetration resistance of the 

lighter composite armor was better than the heavier ARMOX 500T plate.  While the projectile was 

completely arrested by the first ARMOX 500T armor, the other one succeeded in bouncing the 

projectile backward after impact with minimum back trauma. In a parallel procedure, all the laboratory 

experiments were simulated on the FEA software package with accepted converged results.   

The developed FE models captured the global ballistic performance of the armors in terms of 

penetration resistance.  It is regarded as an appropriate technique for examining the current topic.  

Figures 5 to 9 show projectiles’ penetration in both samples.  Specifically, for the 16 mm thickness 

bare ARMOX 500T plate, the specimen was partially penetrated as shown in Figure 5. Also, for the 

composite bilayer armor structure, the specimen was not penetrated.  In other words, the lighter 

composite bilayer armor structure can resist 7.62 x 54 mm API projectiles better than the heavier and 

thicker ARMOX 500T armor as shown in Figures 7 and 8. 

The present FE models could investigate the dissipated energy by each component, and plots of the 

evolution of internal and kinetic energy have been generated for each case as shown in Figures 6 

and 9. 

Figures 6a and 6b show, for the case of bare ARMOX 500T armor with a thickness of 16 mm, a major 

part of the projectile's kinetic energy is transformed into internal energy in the armor and the projectile 

itself.  However, a small amount of the projectile’s kinetic energy was still maintained in the 

projectile’s debris. Nevertheless, the armor arrested the rest of the eroded projectile core after impact 

as shown in Figure 5d. 

 
 

 
 

Figure 5. Ballistic performance of the 16 mm thickness ARMOX 500T armor against 7.62 x 54 

mm API Projectiles at different times, (a) 0 µs; (b) 33 µs ; (c) 66 µs; and (d) 100 µs 
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We noticed that the projectile’s velocity is fluctuating as shown in Figures 6c, we assume this 

happens because of the way we define the projectile’s velocity during the impact. A single point 

(i.e. the core tip) is determined to measure the projectile’s velocity during impact. When some parts 

of the projectile break during impact, the mass of the part where the measurement point is located 

changes in a small percentage, affecting its kinetic energy and therefore its velocity.  But, in 

general, the velocity of the projectile tends to decrease due to the resistance of the armor. 
 

 

 

 
 

Figure 6. Time history of impact simulation against ARMOX 500T armor with thickness = 

16 mm, (a) kinetic energy, (b) internal energy, (c) Projectile’s core velocity 
 

 

For the other kind of tested armor, the Composite specimen after impact in the firing range is 

shown in Figures 7 and 8. An adhesive surface contact was designed to simulate the interaction 

between different layers of the composite armor.  The present FE models captured the failure of the 

adhesive layer interface.  It was investigated that the interface always initiates at the hit point and 

propagates to the peripherals.  On the other hand, the projectile’s core velocity could be measured 

by FEA software to study and analyze the performance of the two armors.  The impact velocity of 

the projectile in this study is 810 m/s.  Similarly, the dissipated energy by each component could be 

investigated, and plots of the historical evolution of internal and kinetic energy have been 

generated for each case as shown in Figure 9. 



AMME-22
Journal of Physics: Conference Series 3058 (2025) 012009

IOP Publishing
doi:10.1088/1742-6596/3058/1/012009

13

 

 

 

 

 

 

 

 

 
 

Figure 7. (a) Front view of the bilayer armor structure before impact, (b) Front view of the 

bilayer armor structure after impact (c) Section view of the composite bilayer armor 

structure after impact 
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Similarly, the Composite specimen was simulated during firing of 7.62 x 54 mm API projectile as 

shown in Figures 7. 

 

 
 

Figure 8. Ballistic performance of the composite bilayer armor structure against 7.62 x 54 mm 

API Projectiles at different times, (a) 0 µs; (b) 33 µs; (c) 66 µs; and (d) 100 µs 
 

Figures 9a and 9b show, in the case of the composite bilayer armor structure, a major part of the 

projectile’s kinetic energy is transformed into kinetic energy but in the opposite direction after 

bouncing. The armor bounced the rest of the eroded projectile core and debris after impact as 

shown in Figure 8d.   

The ceramic tiles contribute to the absorption of the projectile’s kinetic energy, which indicates that 

the ceramic tiles play an important role in the dissipation of the projectile’s kinetic energy.  Also, 

the Polyurethane adhesive layer and bonding between successive Kevlar-29 layers dissipated a 

small portion of the projectile’s kinetic energy, even when the amount is limited when compared to 

other armor elements.  This observation indicated that the adhesive layers affected the backing 

plate's ability to dissipate energy.  Therefore, in the present work, the backing plate absorbs less 

energy than in the bare case, i.e., the ballistic performance is improved for this kind of armor 

structure. 
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Figure 9. Time history of impact simulation against bilayer composite armor structure,  

(a) kinetic energy, (b) internal energy, (c) Projectile’s core velocity 
 

The present FE models captured the failure of the adhesive layer interface.  It is evident that the 

interface failure always initiates at the hit point and propagates to the peripherals.  Figure 10 shows 

a contour plot for damage spread upon impact at the cohesive surfaces representing the bonding 

between different layers. The colored contours represented the value of damage initiation as stated 

in Eq. (22), traced at the adhesive layer's upper surface, where it adhered to the Silicon Carbide tile, 

with the blue color indicating complete bonding through the red color indicating failure of the 

adhesive layer. 
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Figure 10. Interface failure extent on the adhesive layer at different time instants (a) 10 µs; (b) 

20 µs; (c) 40 µs 

4.  Conclusions 

 

 Compared to the ARMOX 500T armors, experimental and FEA simulation results suggest that by 

adding a front Silicon Carbide layer to a Kevlar-29 / epoxy backing plate, the aerial density 

decreases by 69 %  and the kinetic energy dissipated from the projectile was increased by about 

2.22 % with better ballistic performance against 7.62 x 54 mm API Projectiles.  

 The improved ballistic performance is associated with the following: (1) the energy dissipation by 

the front layer and the adhesive layer; and (2) the erosion of the projectile caused by the front 

ceramic layer.  

 The FEA simulation revealed that the bond strength between the different layers of the armor 

system could affect the penetration behavior, In order to confine the debris and disperse the 

projectile's kinetic energy, a higher bond strength is preferable.  This may be an opportunity to 

improve the ballistic performance of composite lightweight armors by further investigations. 

 The developed FE model has been validated against the experimental work and could be used for 

optimization of composite bilayer armor in future studies. 
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