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INTRODUCTION 

 

The use of high strength Aluminum alloys in the design of protective structures is becoming 

increasingly popular. Aluminum alloys has gained popularity as a suitable and a practical 

alternative to other kinds of materials in the domain of defense and aerospace applications mainly 

due to their mechanical and physical properties, their lightweight and high strength resistance. In 

general, the Aluminum alloy of 2xx series is characterized by high strength and good 

machinability. One member of this alloy family, the AA2014-T652, is widely used in the design 

of protective structures. In the recent years, it became the focal point of interest for protective 

engineering designers. For many decades, researchers have been focused on understanding the 

dynamic behavior of Aluminum plates subjected to the impact of high velocity projectiles. These 

researches were based on experimental approaches [1,2], analytical investigations [3,4], empirical 

studies [5,6] and numerical procedures [2], [7-11]. Analytical models are unable to predict with 

accuracy the complex combination of failure mechanisms that happens on the plate from the 

moment of impact to the full perforation of the target. These mechanisms are mainly: splashing, 

spalling, ductile hole growth and scabbing. Among the above mentioned studies, a validated 

numerical procedure such as using the commercial code LS-DYNA is considered as an efficient 

and accurate tool to predict these phenomena. Over the last years, a number of investigators [8] 

has reported that the accuracy of numerical results is heavily based on the choice of material 

models. A primary focus on numerical simulations of the impact behavior of high strength 

Aluminum alloys is material modelling. However other factors can influence the predicted results 

such as the good choice of the failure criteria. Finite element based-analysis could be also 

affected by the choice of the contact algorithm, the erosion criteria and element configuration (i.e. 

shell or solid elements). Solid elements representing target plates and projectiles are shown to be  

more reliable and accurate than shell elements. This is due to the fact that crack propagation 

inside the perforated plate does not happen in an axisymmetric way. In order to understand the 

influence of some of the above mentioned factors, this paper comes as a complementary study to 

the already existing numerical literature for predicting the fracture behavior of an Aluminum 

plate impacted by small size projectiles. Here, an effort is made to establish a numerical model 

for a spherical projectile of 10mm diameter impacting on 15mm thick Aluminum plate. The 

impact velocity range goes from 800 to 1300 m/s. The aim of this work is to show that a robust 

modelling procedure could be based also on a single parameter for failure criteria in order to 

capture all different failures mechanisms observed on the plate from the moment of impact to the 

full perforation of the target. 
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FINITE ELEMENT ANALYSIS 

 

The numerical simulation explained in this paper is based on an experiment from literature [12]. The 

aim is mainly to test the capability of the computational model to predict failure modes observed 

experimentally in the target. The explicit solver of the non-linear finite element code provided by LS-

DYNA is utilized. A detailed description of the finite element model is discussed. The experimental 

set-up was established to fire at high impact velocity commercially available steel ball bearings 

towards an Aluminum plate. The spherical projectile has a rigidity of 830 HV10 and a 10mm 

diameter. The target is an Aluminum plate with a 15mm thickness made of the commercial alloy 

AA2014-T652. The plate is square in shape with dimensions 500*500mm. The ballistic test results are 

compared with the numerical results of the finite element model.      

 

Finite element model 

The geometrical  model is prepared using 3D solid elements. The advantage of using a 3D model over 

a 2D model is the ability to capture with accuracy the macroscopic damage and the different failure 

modes in the plate. Taking into account the large dimensions of the target, a simplification is made to 

extract only a disc with 100mm diameter from the whole plate. The reason behind this is the local 

effect of projectile penetration. Transmitted boundary conditions is applied to the outer circumference 

of the disc. A schematic representation of the Al plate with the spherical projectile is shown in Figure 

1a. The 8-node constant stress solid elements with one integration point is used for both plate and 

projectile (ELFORM=1). Only a quarter model will be studied due to the symmetries of the load case 

and geometry of target as shown in Figure 1b. 

 

 
Figure 1. (a) Schematic representation of impact zone in the Al plate          (b) Quarter model 

 

An initial velocity is assigned to the rigid spherical projectile. The velocity range goes from 800 to 

1300 m/s. The eroding contact algorithm chosen for all impact perforation simulations is 

(*ERODING_SURFACE_TO_SURFACE). The projectile and the plate are identified respectively as 

slave and master parts. Both of them are treated as whole parts. Friction between projectile and plate is 

ignored due to the very high impact velocity of projectile to the plate. The run time for all simulations 

is set to 1.5e-4 s. This time is sufficient to capture the different failure modes on the plate from 

moment of impact to full perforation. 
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Material models 

A big variety of material models could be considered in treating the problem of impact and perforation 

of a rigid spherical projectile in an Aluminum plate. The impact zone in the target undergoes severe 

deformation in a very short period of time. Consequently, the target material will experience a high 

strain rate deformation. Therefore, the importance of using a material model that takes into account 

strain rate material properties is highlighted. In the present paper, the Johnson and Cook constitutive 

model is adopted for the target. The material model with the keyword *MAT_JOHNSON_COOK 

(material type 15) in LS-DYNA is used. This choice is based on the capability of this model to 

account in calculation for the effects of : strain, strain rate hardening and thermal softening in the 

deformation process. The equivalent flow stress depending on strain, strain rate and temperature is 

given by: 

 

𝜎(ℇ, ℇ̇ , 𝑇) = [𝐴 + 𝐵ℇ𝑛] [1 + 𝐶 ln
ℇ̇

ℇ𝑟𝑒𝑓
] [1 − (

𝑇−𝑇0

𝑇𝑚−𝑇0
)

𝑚
]                   (1) 

 

Where A, B, C, m and n are material constants, ℇ  is the equivalent plastic strain, ℇ ref  is a strain 

reference. T, T0 and Tm represents respectively the absolute, room and melting temperatures. The 

material constants are determined for Aluminum alloy AA2014-T652 based on an extensive material 

characterization program. The other parameters for the constitutive relation (1) are determined based  

on a thermal analysis. All values are taken from reference [12] and collected in Table 1. 

 

Table 1. Parameters for the constitutive model and some physical properties for the AA2014-T652. 

A[Pa] B[Pa] n[-] C[-] m[-] Tm[K] 

4.53e8 4.53e8 0.5948 0.013 1.08 903 

ρ[kg/m3] E[Pa] ν[-] Cp[J/kg.K] T0[K]  

3000 7.2e10 0.33 880 293 

 

The use of Johnson and Cook constitutive model in this numerical simulation requires the introduction 

of an equation of state EOS. One of the most used equation of states for solids under ballistic impact is 

the MIE-GRUNEISEN. The general expression is given by (2): 
 

𝑝 − 𝑝𝐻 =  Ɣ𝜌(𝑒 − 𝑒𝐻)      𝑤ℎ𝑒𝑟𝑒       𝑝𝐻 =  𝜌0𝐶0
2𝜂 (1 − 𝑠𝜂)2⁄                (2) 

 
Where p represents the pressure, pH is the hugoniot pressure, Ɣ is the Gruneisen parameter, ρ is the 
density of material after impact and eH is hugoniot energy. C0 and s represent the intercept and the 
slope of the shock hugoniot curve. Values are taken from reference [13] and collected in Table 2. 
 

Table 2. Equation of state parameters for the Aluminum alloy AA2014-T652 

Ɣ [-] C0[m/s] s[-] 

1.97 5238 1.34 

 
The spherical projectile is made out of steel with commercial code 4340. From experimental 
observations, the steel ball bearings did not experience any plastic deformation after full perforation of 
the plate. This hint is considered for the material choice of projectile. The material model with the 
keyword * MAT_PLASTIC_KINEMATIC (material type 03) in LS-DYNA is used for defining the 
interaction behavior of the spherical projectile with the plate. For this material, the visco-plastic 
formulation option is chosen. Physical properties and parameters for steel 4340 is collected in Table 3. 

 

Table 3. Parameters and physical properties for the projectile (steel 4340) 

ρ[kg/m3] E[Pa] ν[-] σ0[Pa] Et[Pa] 

7850 204e9 0.33 1.9e9 1.5e10 

 

Failure model 

Many failure models could be used to numerically simulate the damage caused by the spherical 

projectile to the plate. In numerical literature [13], many investigators used the cumulative damage 
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model associated with the Johnson and Cook constitutive relation for the prediction of failure modes 

in ballistic impact analysis. This model relates the fracture strain to the stress triaxiality ratio, strain 

rate and temperature as given in (3): 

 

ℇ𝑓(𝜎∗, ℇ̇ , 𝑇) = [𝐷1 + 𝐷2𝑒𝐷3𝜎∗
][1 + 𝐷4 ln ℇ̇] [1 + 𝐷5

𝑇 − 𝑇0

𝑇𝑚 − 𝑇0
]                   (3) 

 

Where D1-D5 represents the fracture model constants. These parameters has to be determined through 

an extensive material characterization program which can affect the accuracy of prediction of failure 

modes in the target. Most of the time calibration of the model is needed. Consequently, numerical 

models are unable to capture all perforation mechanisms observed in the target. For these purposes, it 

is better to choose a failure model based on simple parameters that reflect the real quasi-brittle fracture 

behavior of the target. A more focus is given to the fractured tensile specimens of Aluminum alloy 

AA2014-T652 from tensile tests experiments. It is very clear that the fractured surface is almost flat. 

This indicates that hydrostatic tensile stress is the primarily cause of fracture. Based on this 

conclusion, a tensile pressure failure model is adopted in numerical simulation to better predict the 

target fracture. This failure model is based only on one parameter: the hydrostatic stress of the 

material. A failure initiation occurs on the plate when the hydrostatic stress (material pressure) is 

greater than the ultimate tensile strength of Aluminum (500 MPa). This failure model is used as a kill 

algorithm and implemented into the code via *MAT_ADD_EROSION. 
 

Mesh convergence study 

A mesh convergence study is conducted to determine the optimum mesh size for the target and the 

projectile. The first step is to choose an impact velocity for the simulation which is greater than the 

ballistic limit velocity (Vbl=827.6 m/s). Consequently, a full perforation of the plate is guaranteed. The 

impact velocity of 995 m/s is adopted for all simulations conducted in the mesh convergence study 

Figure 2.  

 
Figure 2.  Initial impact velocity for mesh convergence study       

 

Different mesh sizes are investigated: 10mm, 5mm, 3mm, 2mm,1mm, 0.9mm and 0.8mm. The 

residual velocity as function of the inverse of the above mentioned element sizes shows that it 

decreases from 512 m/s to stabilize around 438 m/s. A plateau could be seen beginning from mesh size 

1mm with a small variation of about 5 m/s. Therefore, all the numerical simulations will be conducted 

using 1mm as an optimum mesh size which correspond to 15 elements through the plate thickness. 

The impact loading will be applied on elements having dimensions of 1mm*1mm*1mm as shown in 

Figure 3. The same mesh size is also adopted for the projectile. The run time for the simulation after 

normal termination is 7h:15mn:35s. 
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Figure 3.  Mesh convergence study 

VALIDATION OF NUMERICAL RESULTS WITH EXPERIMENTAL DATA 

Numerical simulations of impact of the spherical projectile at impact velocities from 803 m/s to 1247 

m/s are conducted. The Johnson and Cook constitutive model coupled with the hydrostatic tensile 

failure criteria is used to predict the different failure mechanisms on the plate. Validation of numerical 

results with the experimental data is based on three different approaches. First, the residual velocity as 

function of the impact velocity is compared to the results of the analytical model of Recht-Ipson. 

Second, finite element results for the values of the diameter of crater at front surface, the dimensions 

of the penetration channel and the diameter of crater at the rear surface are compared to those obtained 

in the ballistic tests from reference [12]. Finally, another validation is done based on the existence of 

failure modes on the fractured plate such as: ductile hole growth, splashing, spalling, crack 

propagation and scabbing. 
 

Validation based on Recht-Ipson analytical model 

The analytical model of Recht-Ipson [15] relates the residual velocity Vr to the impact velocity Vi and 

the ballistic limit velocity Vbl. The expression is given by: 
 

𝑉𝑟
2 =  𝑘(𝑉𝑖

2 − 𝑉𝑏𝑙
2 )   where    𝑘 =  𝑚𝑝/(𝑚𝑝 + 𝑚𝑝𝑙)               (3) 

 
where mp represents the mass of the projectile and mpl is the mass of the ejected plug from the rear 
surface of the target. The value of k is taken as 0.69 from reference [12]. The results from the 
numerical simulations shows a good agreement with both experimental and Recht-Ipson results (Table 
4). There was no perforation of plate at 803 m/s as this impact velocity did not exceed the ballistic 
limit velocity. Then, the residual velocity increases with the increase of the initial velocity from 834 
m/s to 1247 m/s. 
 

Table 3. Experimental, numerical and Recht-Ipson residual velocities. 

Vi[m/s] Vr[m/s] 

 Experimental results Numerical results Recht-Ipson results 

803 Not Perforated Not Perforated Not Perforated 

834 57 62 155 

869 229 195 229 

995 421 438 405 

1166 661 614 583 

1247 786 770 658 
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Figure 4. Residual velocity as function of impact velocity for: Experimental, numerical and Recht-

Ipson. 

 

The numerical results shown in Figure 4  are in a good correspondence with experimental results even 

at very high impact velocities (1166 m/s & 1247 m/s). The mismatch with Recht-Ipson results could 

be explained by the inability of this analytical model to capture all deformations mechanisms on the 

plate.     
 

Validation based on failure mechanisms 

When the spherical projectile fully perforate the plate at impact velocities higher than the ballistic limit 

velocity, failure occurs on the target. Parameters describing failure are: Dcf  the diameter of the crater at 

the front surface (Figure 5a), Dcm the diameter of the crater at the middle of penetration channel 

(Figure 5b), Dcr the diameter of the crater at the rear surface and Tc the thickness of the disc ejected 

from the target (Figure 5c). A good correspondence was found between the numerical values of failure 

parameters resulting from simulation and experimental measurements as shown in Table 5. This 

indicates that the choice of Johnson and Cook constitutive model coupled with the hydrostatic tensile 

pressure failure model is able to predict with accuracy failure modes in the target. 

 

 
Figure 5. Parameters describing failure on the target plate. 
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Table 5. Numerical versus experimental values of failure parameters at different impact velocities 

based on the hydrostatic tensile pressure failure model. 

Vi[m/s] Dcf [mm] Dcm [mm] Dcr [mm] Tc [mm] 

 Dcf exp D cf num Dcm exp D cm num Dcr exp D cr num Tc exp T c num 

803 13.36 13.19 9.98 10.10 NP* NP NP NP 

834 13.45 13.39 9.97 10.20 20.08 22.35 4.08 4.82 

869 13.48 13.81 9.95 10.05 20.09 20.38 4.55 4.11 

995 13.93 14.47 9.98 10.17 21.50 22.89 4.71 4.66 

1166 14.57 15.25 10.02 10.16 22.70 21.97 4.85 4.93 

1247 14.92 15.69 10.03 10.11 23.80 24.40 4.92 3.10 

*NP: Not Perforated 

 

The plot describing diameter of crater at the front surface of plate as function of the impact velocity is 

given by Figure 6. 

 

 
Figure 6. Numerical versus experimental results of diameter of the crater at front surface as function 

of impact velocity       

 

The numerical values for Dcf are almost equal to 1.5 times the projectile diameter. The error in 

numerical results versus experimental results is less than 5%. This could be due to the complexity of 

modeling “spalling” at the impact surface of plate. When the compressive shock waves from the 

impactor and the target are reflected from the lateral free surfaces of both parts, they interact to create 

a region of high stress on the plate (Figure 7).  

 

 
Figure 7. Region of high stress created in the plate resulting from the interaction of compressive 

shock waves reflected from the impactor and front surface of the target.       
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The shock pressure at the impact point becomes tensile. When this pressure becomes equal to the 

tensile strength of the Aluminum plate, an element failure in the simulation takes place. The failed 

elements can no longer sustain any negative pressure and shear stresses. Consequently, a crater will be 

formed at the front surface and the failure mechanism is called spalling. The plot describing diameter 

of crater at the middle surface of plate as function of the impact velocity is given by Figure 8. 

 

 
Figure 8. Numerical versus experimental results of diameter of penetration channel as function of 

impact velocity       

 

The numerical values for Dcm are almost equal to the projectile diameter. The error in numerical results 

versus experimental results is less than 1%. This indicates the efficacy of the hydrostatic tensile 

pressure failure criteria to capture with accuracy the “ductile hole growth” failure mechanism. After 

the projectile penetrates the front surface of the target, a rapid attenuation of shock waves occurs. A 

penetration channel is created until the projectile reaches almost 2/3 of the plate thickness. At this 

depth, cracks propagate radially at an approximate angle of 45° in the direction of penetration as 

shown in Figure 9. This failure mode seems to be predicted correctly by the numerical model.   

 

 
Figure 9. Ductile hole growth and crack propagation failure mechanisms 

 

The plot describing diameter of crater at the rear surface of plate as function of the impact velocity is 

given by Figure 10. 
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Figure 10. Numerical versus experimental results of diameter of crater at the rear surface as function 

of impact velocity   

     

The numerical values for Dcr are all around 22mm which is almost equal to 02 times the projectile 

diameter. The error in numerical results versus experimental results is less than 4%. This indicates 

again the efficacy of the hydrostatic tensile pressure failure criteria to capture with accuracy the 

“scabbing” failure mechanism. When the impact velocity is less than ballistic limit velocity, it was 

seen from simulation that the projectile could not fully perforate the plate. A star shape crack is 

created on the rear surface of plate as shown in Figure 11. 

 

 
Figure 11. Star crack shape failure mode at rear surface of plate 

 

This phenomena is caused by high tensile stresses due to local bending of plate. At velocities above 

the ballistic limit and up to 1247 m/s, cracks continue to propagate radially in the circumference of the 

rear plate surface until a disc is ejected. The disc has a diameter of about twice the projectile diameter 

and a thickness of half projectile diameter. At higher impact velocities the disc begins to disintegrate 

into small fragments and its dimensions remains almost constant as shown in Figure 13. The plot 

describing the thickness of the disc as function of the impact velocity is given by Figure 12. 
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Figure 12. Numerical versus experimental results of thickness of ejected disc from the rear surface as 

function of impact velocity       

 

It is noticeable that there is a small mismatch between the numerical and the experimental values for 

Tc. This mismatch could be due to many reasons: First, the presence of highly complicated failure 

mechanisms at the rear of target. Second, “scabbing” is more difficult to model than ductile hole 

growth that happens in the middle of penetration channel. Finally, numerical erosion of highly 

distorted elements could affect the accuracy of predicted results.  

 

 
Figure 13. Disc ejection and disintegration at high impact velocities. 

CONCLUSIONS 

This study presents a detailed numerical model of the impact-perforation of high velocity rigid steel 

spherical projectile through an Aluminum plate AA2014-T652. Spalling, ductile hole growth and 

scabbing were identified as the principal failure mechanisms on the target. The numerical analysis 

shows a good correspondence with the experimental data for the failure parameters and a good 

prediction of failure mechanisms that were observed in the ballistic tests. Simulation results based 

on Johnson and Cook constitutive model coupled with the hydrostatic tensile stress failure 

criterion were able to predict the fracture of material with a good accuracy both qualitatively and 
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quantitatively. The hydrostatic tensile stress parameter used to predict failure of the target could 

be considered as a fast and accurate solution for the prediction of dynamic mechanical behavior 

of high strength Aluminum structures.  
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