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ABSTRACT
The present work aims to simulate the ballistic test DOP (Depth of Penetration) to compare the computational results with the values obtained in the real test. The impacts were made with 7.62 mm AP projectile (Armor Piercing) at a 6351 T6 cylindrical targets of 7” (177.8 mm) diameter and 100 mm thick. The result was simulated by software AUTODYN®. The target penetration varied from 13 mm to 17 mm, measured from the base of the projectile by a caliper rule. The resultant target penetrations from the real test and from the simulation were consistent.
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Introduction
The use of aluminum has increased, as well as the use of its alloys with metals which have low density, such as magnesium(1). When micro-alloyed with magnesium and silicon, forming 6XXX series alloys, aluminum, at equilibrium and room temperature, forms two phases. One being a solid solution of aluminum α and the other an intermetallic compound Mg2Si(1). As part of the nomenclature of the alloy, there is a letter and possibly a number, indicating the treatment performed. The 6351 T6 alloy has been used mainly in bus and trucks bodies, road equipment and vehicles in general, construction, facades and craft, among other applications(2). 
Alloys with similar properties, such as 6061 and 7018, are used in ballistic tests(3). However, the literature becomes scarce regarding the analysis of this alloy when subjected to medium and high loading rates impacts(4). In order to analyze its behavior and to provide more information about it, this research leads a series of DOP tests on this alloy.
FINITE ELEMENTS METHOD
It is a method of mathematical models analysis, more commonly implemented through differential or integral equations with their respective boundary conditions. Therefore, it’s based on the discretization of a structure in several substructures, called finite element. This division of a larger structure is what is called mesh and contains elements, compounds of edges, which are called faces. The points of intersection of the edges are called nodes and connect the elements in common points(5).
In modeling, there are different ways of observing a phenomenon, each with its own uniqueness, which interferes with the discretization of the model. In this work, the Lagrange method(6) was adopted.
EXPERIMENTAL
Materials used
As displayed in the literature(7), the 6351 T6 aluminum alloy used as a target is composed of 0.70 to 1.30% Si, 0.50% Fe, 0.10% Cu, 0.40 to 0.80% Mn and 0.40 to 0.80% Mg, and was subjected, by the manufacturer, to a T6 heat treatment. It consists of a solution heat treatment at about 500°C, with exposure of 15 minutes, followed by cooling in water and then heating at 170°C for an exposure time of 6 hours, followed by cooling in air(8). For the test were used billets with 7” (177.8 mm) diameter of 100 mm thick. 
DOP test
It consists in the attachment of the armor in a ductile backing material(9). Then, the target is hit by a projectile, whose depth of penetration is measured and compared with that without the armor(10). Thus, there are two situations to consider: the impact of the projectile in the support material and the impact on the armor. This research deals only with the first situation, and the billet as the support material.
The test was performed at Brazilian Army Evaluation Site (“Centro de Avaliações do Exército – CAEx”), with 12 shots of 7.62 mm AP ammunition, using different impact velocities. The velocity varies with the alteration on the quantity of the gunpowder.
The test was conducted under the NBR 15000 (“Blindagens para impactos balísticos – Classificação e critérios de avaliação” – Armor for ballistic impacts – Classification and evaluation criteria)(11), with 15 m between the firing device B290 Ammunition Test Gun, from HPI (High Pressure Instrumentation), and the target, according to the scheme represented in Fig. 1.
The speed measuring system consists of an optical barrier B471 Precision Light Screen, also from HPI, 2 m apart from the firing device. Two sensors located in the beginning and in the end of the barrier capture a beam of 1.5 V. As the projectile passes, there is a change in the voltage. The signal is transmitted to a time recorder, a small box which is part of the equipment. The time the projectile took to pass through the barrier (1.2 m in length) is obtained and, thereby, the velocity. Factors such as initiation of the primer, powder conditioning and temperature influence on the variation of the velocity. 
The billets were hold by four screws on a predefined diameter support, fixed on a flat plate.
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Fig. 1 DOP test scheme (Adapted from [11]).
Measurement of the penetration
An ultrasound analysis was performed as a preliminary method to analyze the depth of penetration. A Krautkramer USN 50R test equipment was used with no success. The signal emitted was dispersed on contact with the tip of the piercing core. Thus, it was not possible to achieve the depth of penetration.
So, the penetration on the billets was directly measured by the base of the projectile with a caliper rule.
DOP test simulation
The properties of the 6351 T6 alloy don’t exist in AUTODYN® database. Then, preliminary simulations were made with an existent 6061 T6 alloy database, which was further studied and have similar properties(7). In addition, to simplify the model, the projectile considered only the lead base and the jacket, with 14,832 elements and 28.6 mm in length. The simulations were performed with the minimum and maximum velocities, in three progressive steps, in order to improve the convergence.
AnALYSIS and discussion
Penetration of DOP test
The depth of penetration achieved from the real DOP ballistic test. The impact velocities varied from 791.10 m/s to 887.55 m/s.
Fig 2 presents graphically the effect of velocity on DOP. It could be seen a slight relation between the increase of the impact velocity with the depth of penetration. The great dispersion indicates the need to improve the measuring method, once the surface deformation did not allow the caliper to stay well positioned, hampering the measurement. On the other hand, the impact angle should be also measured to provide the correct impact velocity.
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Fig. 2 Velocity X DOP graphic.
Penetration achieved by the simulation
As first step, the targets were simulated with a small quantity of elements (approximately 11,400). Thus, the elements have a relatively large size. During the penetration the elements were eroded by the algorithm when they achieved an unrealistic deformation and had their contribution to the results impaired. So, the solver increases the reliability of the global result. Fig. 3(a) presents the modeled projectile and Fig. 3(b) illustrates the simulation initial stages with few elements containing a refined mesh in the vicinity of the projectile and target contact.
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Fig. 3 (a) The modeled projectile and (b) Initial stage of the simulation, on step 1.
This initial approach failed. At first it was thought that the simulations stopped because the mesh is poorly refined. Through this, a new 255,000 elements model was created. The improvement in the aspect of penetration is quite remarkable, since the space between the projectile and the target, during the penetration, became smaller and more similar to the real situation. However, this second attempt also failed. In the Fig. 4(a), is observed the initial stage of the simulation with this new number of elements, whilst Fig. 4(b) shows the moment in which the simulation stops on account of the error, around cycle 27,000. As the previous one, the step 2 took about 380 hours.
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Fig. 4 Moments of the simulation with the target composed of 255,000 elements on step 2; (a) Initial and (b) interrupted stage.
After some simulations and a search on the software tools, it was discovered where the energy uncertainty could be changed. By default, the program uses 5% margin of safety. After increase this parameter, the error message no longer appeared, enabling to perform the test simulation in the target containing 255,000 elements established before.
Hence, some simulations were made using the maximum and minimum velocities obtained on the real DOP test: 887.55 m/s and 791.10 m/s. However, they all have the same starting point. With this quantity of elements, each continuous simulation time is about 35 hours, even up to 38 hours. The Fig. 5(a) and 5(b) below illustrate, respectively, the final result of penetration with the lowest and highest initial velocity. As the thickness of the shaped billet is 100 mm, and has 50 cells throughout this measure, it is concluded that each cell has 2 mm.
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Fig. 5 Maximum penetration with initial velocity of (a) 791.10 m/s and (b) 887.55 m/s.
As can be seen in Fig. 5(a), the projectile obtained a maximum penetration of approximately 14 mm, since it passes through the extension of 7 elements. In Fig. 5(b), the projectile with the highest obtained speed penetrated between 15 mm and 16 mm at the target. These results were consistent with the real test, since the simulation didn’t contain the piercing core, and the carried out measurement didn’t take into account the tip of the piercing core.
CONCLUSION
A DOP test was conducted on a 6351 T6 aluminum alloy with the 7.62 mm AP projectile. It can be noted a slight increase of the depth of penetration due the increase of the impact velocity. The ultrasound analysis was not effective because of signal dispersion. The extent plastic deformation on the surface did not allow the caliper to stay well positioned, hampering the measurement.
The values achieved from the real test and from the simulation were consistent. This can be explained by the fact that the simulated 6061 T6 and the used 6351 T6 aluminum alloy have similar properties. Besides that, although the measurements have been made from the base of the projectile, the piercing core was not modeled, what, in part, balanced the results. It is plausible to expect that its modeling will also imply in consistent results, which experiments are on the way. 
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