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This report outlines the direct and shear stresses of a copper plate when impacted by a steel projectile. Two simulations were conducted with differing velocities and compared using Abaqus FEA; the second simulation has a 50% increase in velocity when compared to the first simulation, otherwise both simulations were identical. The two simulations are compared using the stress visualisation tools within Abaqus, as well as with stress and velocity plots.
[bookmark: _Toc199204675]Introduction
Finite element models of ballistic impact on a target plate are plentiful in the OME industry and are effective at defining the elastic deformation of a material when put under varying loads. When a material is impacted by a ballistic projectile, shock waves are formed which pass through the material. These shock waves can create pressures that exceed the strength of the material, during which the material behaves like a fluid [1]. Abaqus is an FEA (finite element analysis) software which can model such behaviours.
This report outlines the impacts that varying velocities have on the ballistic perforation through a plate. The direct and shear stresses will be measured and compared to understand the cause of plate failure. Two simulations were modelled, one with a velocity of 400m.s-1 and another with a velocity of 600m.s-1, in both instances the direction of travel of the projectile was normal to the face of the target plate.
[bookmark: _Toc199204676]The model
[bookmark: _Toc199204677]Representation of the problem in a model
The model consisted of a projectile, approximately 10cm in length and 3cm in diameter, slightly elevated above the centre of a plate which was approximately 26mm in thickness. The projectile had two defined loads for two separate simulations: the first had the projectile travelling at a velocity of 400m.s-1 toward the plate; the second maintained the angle of attack but increased the velocity to 600m.s-1.
[bookmark: _Toc199204678]Description of materials used in the model
[bookmark: _Toc199204679]Target Plate
The material chosen for the target plate was copper. Copper is a dense and malleable metal that is not effective as plate armour, however it is a common material used for dynamic material research experiments such as gas gun experiments [2]. Copper was chosen due to its higher levels of deformation when impacted, as this could make it easier to compare the effects of varying projectile velocity on the direct and shear stresses. Table 1 and 2 [3] show the material properties of copper which were input into the simulation.  
[bookmark: _Toc199204669]Table 1 – Table showing copper's general, elastic and plastic (Johnson-Cook Plasticity model) properties, used in the simulation.
	Density, ρ
	Elastic Modulus
	Poisson’s Ratio
	A
	B
	n
	m

	8960 kg.m-3
	124 GPa
	0.34
	90
	292
	0.31
	1.09

	

	Tmelt
	Tref
	C
	Epsilon dot

	385 K
	300 K
	0.0025
	1



[bookmark: _Toc199204670]Table 2 – Table showing the Johnson-Cook damage parameters for copper.
	d1
	d2
	d3
	d4
	d5
	Ref. Strain rate

	0.3
	0.28
	3.03
	0.014
	1.12
	1 s-1


[bookmark: _Toc199204680]Projectile
The material chosen for the projectile is steel, a common metal that is used as munitions such as Armor-Piercing Rounds [4]. It is a hard and dense metal which makes it an effective penetrator. Table 3 shows the properties of steel that were used in the simulation; as the deformation of the projectile was not the focus of the model, the Johnson-Cook plasticity and damage parameters were not needed for the simulation.
[bookmark: _Toc199204671]Table 3 – Defined properties used for the steel projectile.
	Density, ρ
	Elastic Modulus
	Poisson’s Ratio

	7800 kg.m-3
	200 GPa
	0.3
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The following figures show snapshots of the simulations. In each figure the simulations are positioned side by side for direct comparison.
[bookmark: _Toc199204682]Max Principal Stress (Direct Stress)
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[bookmark: _Toc199204655]Figure 1 – Direct stress visualisation on plate impact.
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[bookmark: _Toc199204656]Figure 2 – Direct Stress visualisation at time step 50.
[image: A screenshot of a computer

AI-generated content may be incorrect.]
[bookmark: _Toc199204657]Figure 3 – Direct Stress visualisation at time step 100.
[image: A screenshot of a computer

AI-generated content may be incorrect.]
[bookmark: _Toc199204658]Figure 4 - Direct Stress visualisation at time step 150.
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[bookmark: _Toc199204659]Figure 5 - Direct Stress visualisation at time step 200.
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[bookmark: _Toc199204660]Figure 6 – A plot showing the direct stress experienced by the central node at the bottom of the target plate throughout the duration of the simulation (400m.s-1).
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[bookmark: _Toc199204661]Figure 7 – A plot showing the direct stress experienced by the central node at the bottom of the target plate throughout the duration of the simulation (600m.s-1).
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[bookmark: _Toc199204662]Figure 8 – Shear Stress visualisation at plate impact.
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[bookmark: _Toc199204663]Figure 9 - Shear Stress visualisation at time step 50.
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[bookmark: _Toc199204664]Figure 10 - Shear Stress visualisation at time step 100.
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[bookmark: _Toc199204665]Figure 11 - Shear Stress visualisation at time step 150.
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[bookmark: _Toc199204666]Figure 12 - Shear Stress visualisation at time step 200.
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[bookmark: _Toc199204667]Figure 13 – The velocity plotted from the projectile travelling at an initial velocity of 400m.s-1.
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[bookmark: _Toc199204668]Figure 14 - The velocity plotted from the projectile travelling at an initial velocity of 600m.s-1.
[bookmark: _Toc199204685]Discussion
As represented in the model, figures 1 and 8 show the compressive stress waves that are generated when a projectile strikes the surface of a plate. The following figures 2 and 9 show the stress waves propagating fully through the plate and has already begun reflecting off the bottom face and causing destructive interference across the rest of the plate. The residual stresses left in the target plate causes further deformation across the plate. As the projectile pierces through the target, the plate almost peels away from the projectile due to the concentrated shear stresses experienced, as seen in figures 10 and 11. Comparing the direct stress plots of the two simulations (figures 6 and 7) you can see the effect that the increased velocity has on the plate.
The initial max principal stresses experienced by the plate are over twice as great when comparing 600V (the 600m.s-1 simulation) to 400V (the 400m.s-1 simulation), with the greatest direct stress measured in the 600V being approximately 3 times greater than that of the 400V. The plots also show the duration of the 400V was twice as long as that of the 600V, this is due to the node selected for the plots; 1µs into 600V the node had been destroyed by the projectile, whereas in 400V the node survives the duration of the simulation. Figure 4 shows pockets of direct stress in the centre of the plate, this could be a precursor to spalling in the plate.
The target plate in both simulations had failed which is to be expected when using copper, however with 400V it is possible that the projectile may not have the energy to pass entirely through the plate unlike with 600V. This is shown in the velocity plots (figures 13 and 14), at 0.5µs the velocity of 400V projectile is slightly above 50m.s-1 and rapidly decreasing, at that same point in time the average velocity of 600V projectile is slightly below 100m.s-1 and steadily decreasing.

[bookmark: _Toc199204686]Limitations of the model
The simulations represent a good baseline for what is occurring within the plate when placed under dynamic conditions. However, the low number of elements in the model does decrease the accuracy of the results and may prevent certain behaviours from appearing.
The projectile having no damage parameters also limits the accuracy of the model, as the projectile will also deform throughout the duration of the simulations. As the projectile deforms it will apply stresses to the target plate differently as the shape of the projectile is different.
The time base of the simulation could be increased further, as at the end of the simulations both plates were still experiencing some level of stress, this could cause further deformation of the copper plates.
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