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[bookmark: _Toc198469384]Abstract 
Presented in this paper is a demonstration of a student designed computational ballistic impact using Abaqus, a modelling software. Presented in the varying stress strain response when a steel-4340 projectile impacts an aluminium-7075 target at two speeds. The primary velocity is 650m/s with the secondary velocity being 400m/s. The ballistic shape chosen was a simple curved top, solid mass which impacted a smooth solid target as well as, both experiments occurred at a controlled temperature and atmosphere in idyllic conditions.
There was a significantly greater stress and strain average during the primary projection, where the velocity was at its highest. This occurs as the greater the velocity, the greater the kinetic energy, the higher the intensity shockwave acting throughout the target and due to Newtons third law of motion, “For every action, there is an equal and opposite reaction.” [1] we observe both higher stress and strain in both the projectile and target. 
To conclude, the faster velocity projection experienced higher and less localised shear stress and strain, causing a more direct route for the projectile, minimising damage to the plate both internally, on entrance and exit. The slower velocity projection experienced higher and more localised direct stress and strain, experience significant compression throughout the projectile and target. This caused deformation, extremely reduced velocity and internal failure within the plate. This caused significantly more damage to both the plate and projectile internally, on entrance and on exit.
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Figure 1 – Frame 100 for projection at 650m/s, displaying direct stress and strain 
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Figure 2 – Frame 300 for projection at 650m/s, displaying direct stress and strain 
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Figure 3 – Frame 100 for projection at 650m/s, displaying shear stress and strain 
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Figure 4 – Frame 300 for projection at 650m/s, displaying shear stress and strain 
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Figure 5 – Frame 100 for projection at 400m/s, displaying direct stress and strain 
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Figure 6 – Frame 300 for projection at 400m/s, displaying direct stress and strain 
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Figure 7 – Frame 100 for projection at 400m/s, displaying shear stress and strain 
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Figure 8 – Frame 300 for projection at 400m/s, displaying shear stress and strain 
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Figure 9 – Velocity time graph for projection at 650m/s
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Figure 10 – Velocity time graph for projection at 400m/s
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Table 1 – Material value inputs of the Johnson-Cook Damage Model for Aluminium 7075
	
	D1
	D2
	D3
	D4
	D5
	Melting Temp (K)
	Transition Temp (K)
	Reference Strain Rate

	Aluminium 7075 
	0.13
	0.13
	-1.5
	0.014
	1.12
	775
	293
	0.0001

	Steel 4340
	-0.428
	0.7566
	-3.4078
	-0.003
	24.93
	893
	293
	0.0001



Table 2 – Material values for Steel 4340 and Aluminium 7075 
	
	Density (Kg/m3 )
	Youngs modulus (N/m2)
	Poisson’s ratio
	Fracture Energy 

	Steel 4340
	2710
	64x109
	0.31
	65,000

	Aluminium 7075 
	2815
	71.7 x109
	0.33
	18,000



Table 3 – Material value inputs of the Johnson-Cook Plastic Model for Aluminium 7075
	
	A MPa
	B MPa
	m
	n
	Melting Temp
	C
	Epsilon dot zero

	Steel 4340
	792
	510
	1.03
	0.26
	893
	0.002
	1

	Aluminium 7075 
	503
	324
	1.34
	0.42
	775
	0.002
	1
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	KE = ½ mv2
	Kinetic Energy = ½ x mass x velocity2

	
	Poisson’s Ratio = Lateral Strain / Longitudinal Strain

	P = mv 
	Momentum = mass x velocity 

	F = ma = m     
	Force = Mass x acceleration = Mass x displacement 

	Ft = m(v-u)
	Impulse of a force = mass (final velocity – initial velocity)

	
	Stress = force/unit area

	
	Ɛ = extension / original length 
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1 [bookmark: _Toc198469391]Introduction 
Using the 3D modelling software Abaqus, a ballistic impact simulation involving a Steel 4340 projectile, and an aluminium 7075 target was programmed with the purpose of understanding the stress and strain values. Two comparative tests were simulated, at the primary velocity of 650m/s and the secondary velocity of 400m/s where the projectile fully penetrates the plate. This investigation was completed with the purpose of investigating and understanding the direct and shear stresses as the projectile penetrates the plate, to understand the likely cause of plate failure.
2 [bookmark: _Toc198469392]Simulation and results
2.1 [bookmark: _Toc198469393]Hypothesis
The primary velocity of 650m/s is expected to have a higher averaged direct and shear stress as well as strain. This is due to the increased velocity and therefore kinetic energy, which causes a higher intensity shockwave. The analysis is expected to show extensive plastic deformation [2], calculatable using the Johnson-Cook model [2], where most of the plate failure is in the form of adiabatic shearing localisation [3].
The secondary velocity of 400m/s is expected to have a lower, in comparison, direct and shear stress as well as strain due to the lower velocity value. As the kinetic energy is lower, the shockwave is less intense and although it is expected to see complete failure in the plate, the failure is more localised with potential shear plugging as a failure method [4].
2.2 [bookmark: _Toc198469394]Data Accumulation    
As shown in Table 1, the values accumulated are the material values for Aluminium 7075 and Steel 4340. This data was used to program the material properties for the target plate using Abaqus. [5] [6]
Table 2 – Material values for Steel 4340 and Aluminium 7075 
	
	Density (Kg/m3 )
	Youngs modulus (N/m2)
	Poisson’s ratio
	Fracture Energy 

	Steel 4340
	2710
	64x109
	0.31
	65,000

	Aluminium 7075 
	2815
	71.7 x109
	0.33
	18,000



As shown in Table 1, the values accumulated are the Johnson-Cook damage model material values for Aluminium 7075. This data was used to program the material properties for the target plate using Abaqus. [5] [8]
Table 1 – Material value inputs of the Johnson-Cook Damage Model for Aluminium 7075
	
	D1
	D2
	D3
	D4
	D5
	Melting Temp (K)
	Transition Temp (K)
	Reference Strain Rate

	Aluminium 7075 
	0.13
	0.13
	-1.5
	0.014
	1.12
	775
	293
	0.0001

	Steel 4340
	-0.428
	0.7566
	-3.4078
	-0.003
	24.93
	893
	293
	0.0001



As shown in Table 3, the values accumulated are the Johnson-Cook plastic model material values for Aluminium 7075. This data was used to program the material properties for the target plate using Abaqus. [5] [8]
Table 3 – Material value inputs of the Johnson-Cook Plastic Model for Aluminium 7075
	
	A MPa
	B MPa
	m
	n
	Melting Temp
	C
	Epsilon dot zero

	Steel 4340
	792
	510
	1.03
	0.26
	893
	0.002
	1

	Aluminium 7075 
	503
	324
	1.34
	0.42
	775
	0.002
	1



2.3 [bookmark: _Toc198469395]Programmed results and significant frames
Shown in Figure 1 and 5, at the 100th frame measuring direct stress and strain, we can see the primary shockwave occurring. At 400m/s, not only has the shockwave occurred slower throughout the plate but the S, Max Principal (Measurement of direct stress occurring throughout the material) occurs at a greater quantity below the projectile, insinuation compressive force, as well as more localised to the projectile. 
The larger shockwave is occurring as the projection at 650m/s has a greater kinetic energy, due to the higher velocity as KE = ½ mv2, resulting in a faster and stronger shockwave throughout the material, having a wider dissipation and therefore leading to lower compressive stress values. 
Using the key in the top left corner of both Figure 1 and Figure 5, where the material mesh shows a red and grey colouring, this indicates a high and positive S, Max Principal value. Figure 5, shows a large, localised area underneath the material of grey, indicating the plate is undertaking significantly more compressive stress at a slower velocity comparative with Figure 1, where the stress is lower and more evenly distributed. It is also observed the stress throughout the bullets, where the stress in Figure 5 is more localised to the tip of the projectile, causing the curve to compress as impact occurs. The stress occurs in the centre of the faster projectile, most likely the reaction shockwave [8].
Figure 1 – Frame 100 for projection at 650m/s, displaying direct stress and strain 
[image: ]
Figure 5 – Frame 100 for projection at 400m/s, displaying direct stress and strain 
[image: ]
As Shown in Figure 3 and Figure 7, we can see the shear stress and strain results at the 100th frame for the same projections. Similarly to Figure 1 and 5, the shockwave causes a larger dissipation area at a greater velocity. 
The highlighted yellow in comparison to the green in Figure 3 and 7, indicates a higher quantity of shear stress occurring with the faster projectile, this could have also been inferred using Figure 5, were the slower projectile experienced the highest compressive stress. An expected result as the faster and more intense shockwave sheared through the plate, causing minimal compression in either the bullet or target due to the higher energy transfer. The slower projectile not only did the projectile compress into the plate but the plate compressed rather than tore as the energy transfer was significantly lower. 
Figure 3 – Frame 100 for projection at 650m/s, displaying shear stress and strain 
[image: ]
Figure 7 – Frame 100 for projection at 400m/s, displaying shear stress and strain 
[image: ]
Figures 2 and 6 show the projectiles trajectory and movement throughout the complete further along in the simulation.
 Firstly, at a higher velocity, the bullet remains perpendicular to the plate, indicating minimal resistance. We can infer from this that not only does the aluminium being easier to deform than steel contribute to this, but the shear stress is consistently higher and more present than the compressive stress. As compression occurs, density increases which increases a materials stiffness (the materials resistance to deformation).
At a lower velocity, where compression has occurred throughout the plate (increasing density) and within the projectile (effecting the surface area and shaping) the bullet is no longer perpendicular and has tilted throughout the plate. The compressive force has caused this material deformation as it has been consistently higher than the shearing stress.
Secondly, the projectile has migrated significantly further through the plate at a higher velocity. This has occurred for a multitude of reasons, firstly the preset velocity means the projectile would move faster through material, secondly, due to the higher energy transfer and the greater shear stress over compressive stress, the aluminium 7075 has deformed far easier and allowed the projectile through with minimal resistance. As resistance is higher at the lower velocity, this reduces the projectiles velocity even further. 
Thirdly, at 650m/s the projectile is starting to experience greater compressive force as the projectile attempts to emerge from the plate. This is caused due to the majority of the kinetic energy being transferred and dissipated due to the resistance and therefore the reduced velocity as the projectile moves through the plate.
At 400m/s, the projectile is still experiencing greater localised, stress and strain in compressive form, reducing the velocity and therefore the projectile stored energy even more. This low energy quantity is demonstrated by the distance observed between each energy wave as they are occurring at a slower rate than with the higher velocity projectile.
Figure 2 – Frame 300 for projection at 650m/s, displaying direct stress and strain 
[image: ]
Figure 6 – Frame 300 for projection at 400m/s, displaying direct stress and strain 
[image: ]
Finally, as shown in Figure 4 and Figure 8, at a higher velocity distinct high shear stress waves occurred, with lower values, indicating slight compressive stress, occurring more localised to the projectile. The shear stress has decreased as energy dissipation has occurred due to the reduced velocity of the projectile due to resistance. However, shear stress is still the primary cause for the plate failure, allowing the projectile to pass through. 
At the lower velocity of 400m/s, shearing throughout the plate has started to occur, not just localised to the projectile as the compressive stress and strain is causing structural failing, causing the shearing to occur from the remaining energy transferal.
Figure 4 – Frame 300 for projection at 650m/s, displaying shear stress and strain 
[image: ]
Figure 8 – Frame 300 for projection at 400m/s, displaying shear stress and strain 
[image: ]
3 [bookmark: _Toc198469396]Discussion of Experiment   
3.1 [bookmark: _Toc198469397]Experimental Significance 
Using the 3D modelling software Abaqus, a ballistic impact simulation involving a Steel 4340 projectile, and an aluminium 7075 target was programmed with the purpose of understanding the stress and strain values. Two comparative tests were simulated, at the primary velocity of 650m/s and the secondary velocity of 400m/s where the projectile fully penetrates the plate. This investigation was completed with the purpose of investigating and understanding the direct and shear stresses as the projectile penetrates the plate, to understand the likely cause of plate failure.
The significance of this research is so aid design process of ballistic and targets. The data collected can provide insight into material selection, propulsion methods, purpose of projectile and target choice. For example, Aluminium 7075 is a popular choice for aircrafts [7], therefore when designing aircraft penetrating projectiles, they data above can provide insight depending on purpose. 
3.2 [bookmark: _Toc198469398]Stress and strain results of primary velocity 
Figure 9 shows the velocity time graph for the projectile travelling at an initial velocity of 650m/s. The red indicates 
Figure 9 – Velocity time graph for projection at 650m/s
[image: ]
The primary simulation of the Steel 4340 and Aluminium 7075 projection showed with greater velocity, the projectile experienced significantly less compressive stress, and the plate experienced consistently high and uniform shear stress and strain as the projectile moved perpendicularly through the plate with little movement of variance. Velocity decreased uniformly over time as shown in Figure 9. The velocity determined the stored kinetic energy and as uniform deacceleration occurred, so did uniform kinetic energy dissipation as presented through the shockwaves of the plate, reducing in speed and intensity as velocity reduces.
3.3 [bookmark: _Toc198469399]Stress and strain results of secondary velocity 
The secondary simulation of the Steel 4340 and Aluminium 7075 projection showed with lesser velocity, the projectile experienced significantly more compressive stress, and the plate experienced consistently high and non-uniform direct stress and strain as the projectile moved semi-perpendicularly through the plate with movement as the compression of the aluminium and the deformation of the projectile changed its ability to migrate through the plate. Velocity decreased non-uniformly over time as shown in Figure 10, where the velocity varied as deformation increased. The velocity determined the stored kinetic energy and as non-uniform deacceleration occurred, so did  non-uniform kinetic energy dissipation as presented through the shockwaves of the plate, reducing in speed and intensity as velocity reduces. 
Figure 10 – Velocity time graph for projection at 400m/s
[image: ]
3.4 [bookmark: _Toc198469400]Limitations and real-world differences 
Even with reliable sources, the material properties chosen and entered can have variance where a range occurs due to pressure, temperature, finishing process and manufacturing process altering the structural integrity. This can cause the materials reactions to change in the real world, where stress and strain externally and internally may change depending on these variables. [9]
Secondly, the mesh quality and quantity, determined by the programmer however limited by the software and hardware used, can affect the outcome. The more data points, the greater the accuracy however, with greater mesh comes longer processing time and a greater processing ability that some software and hardware are not capable of. In the real world, these changes and reactions are occurring an atomic level and therefore is almost unreplaceable by software.
Thirdly, Multiphysics and coupling changes [10] can affect the accuracy of the simulation. Often, when impact takes place energy is released through both sound and thermal energy, this thermal energy can cause property changes such as melting, deformation and general weaking of the items used, however the extent of this change is determined by the pressure this occurs and the simulation above occurs at ideal 1atm pressure. Similarly, acoustic damage can also effect the structural integrity and variables associated with the simulation [10].
[bookmark: _Toc198469401]3 Conclusion 
[bookmark: _Toc198469402]3.1 Summarisation 
Using a student designed computational ballistic impact simulation in Abaqus, varying stress strain results were able to be recorded when a steel-4340 projectile impacts an aluminium-7075 target at two speeds. The primary velocity is 650m/s with the secondary velocity being 400m/s. The ballistic shape chosen was a simple curved top, solid mass which impacted a smooth solid target as well as, both experiments occurred at a controlled temperature and atmosphere in idyllic conditions.
There was a significantly greater stress and strain average during the primary projection, where the velocity was at its highest. This occurs as the greater the velocity, the greater the kinetic energy, the higher the intensity shockwave acting throughout the target and due to Newtons third law of motion, “For every action, there is an equal and opposite reaction.” [1] we observe both higher stress and strain in both the projectile and target.
To conclude, the faster velocity projection experienced higher and less localised shear stress and strain, causing a more direct route for the projectile, minimising damage to the plate both internally, on entrance and exit. The slower velocity projection experienced higher and more localised direct stress and strain, experience significant compression throughout the projectile and target. This caused deformation, extremely reduced velocity and internal failure within the plate. This caused significantly more damage to both the plate and projectile internally, on entrance and on exit.
[bookmark: _Toc198469403]3.2 Future research and furthering the accuracy of ballistic simulation
The simulation of the ballistic impact between steel 4340 and aluminium 7075 had a multitude of limitations and errors such as; the expectation of perfect conditions such as temperature, pressure, varying acceleration, as well as ideal CAD modelling. To further increase the accuracy to how the projectiles would occur in the real world, incorporating variables such as temperature, pressure, wind resistance as well as assigning a surface finish and allowing for material purity variables would better mimic the real-world results, increasing the accuracy of the simulation.
Further research to increase the accuracy of these variables should include the research and development of areas such as the understanding and computational applications of peridynamics [11] or cohesive zone modelling [12]. These areas are crucial for bettering understanding and predicting failure in materials.
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