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An investigation was conducted to evaluate the effect of a high-speed ballistic impact of a copper projectile onto two different target plates, one made of mild steel, and one of high-density polyethylene. This was done through a finite element analysis simulation, and the results were analysed to determine the failures of each plate. This allowed for the conclusion to be drawn that the steel plate was stronger. This information was used to evaluate the uses of body armour made of each material. The limitations of the simulation were considered.
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[bookmark: _Toc51833421][bookmark: _Toc198191299]Introduction
[bookmark: _Toc198191300]Aim of the Simulation
This simulation was used to investigate the effect of a high-speed ballistic impact of a copper projectile onto two different target plates, one made of mild steel, and one of high-density polyethylene (HDPE). These materials were chosen due to their uses in the manufacture of body armour [1]. This simulation was used to determine the causes of failure in the target plates.
The simulation was modelled on Abaqus, a suitable programme due to its use of finite element analysis (FEA). This allowed for the simulations to be modelled with more advanced geometry and fibre architecture than an alternative analysis method [2], such as numerical, and allowed for a more accurate evaluation of the results.
The hypothesis was that the bullet would fully penetrate the HDPE plate due to its lower tensile strength, causing it to fail due to shear stresses, and that the steel plate would fail due to direct stresses. This was hypothesised through researching ballistic impacts.
[bookmark: _Toc198191301]Background Information on Ballistic Impact
When a target and a projectile experience a collision, there will be a transfer of energy between the two. As the projectile impacts the target, its kinetic energy is absorbed, causing stresses and strains within the materials. This is shown through the failure of one of the components, usually through a moving cone formation on the back face of the target, shear stresses, tensile stresses, elastic deformation or frictional energy [3].
[bookmark: _Toc198191302]Equations
Many equations were used in the computational modelling of the simulation; two notable ones are the Johnson-Cook plastic model and the Johnson-Cook damage model. These two models are important to ballistic simulations because they predict how materials will behave under impact, when strain rates and temperatures influence the results [4]. 
[bookmark: _Toc198191415]Equation 1 – Equation for Johnson-Cook Plastic Model

Where σ is the equivalent flow stress,  is the equivalent plastic strain,  is the plastic strain rate,  is a reference strain rate, A is the initial yield strength, B is the strain hardening coefficient, n is the strain hardening exponent [5], C is the strain rate effect, m is the thermal softening effect, T is temperature and ,  [6].
[bookmark: _Toc198191416]Equation 2 – Equation for Johnson-Cook Damage Model

Where  is ductile failure, - are failure parameters measured at or below the transition temperature [7], and all other symbols are the same as the plastic model.
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[bookmark: _Toc198191303]Material Properties of the Components Modelled
The material properties for each component were thoroughly researched to ensure the accuracy of the simulation. 
 was taken to be 1 unless stated otherwise.
 was taken to be 293K unless otherwise stated.
[bookmark: _Toc198191304]HDPE
[bookmark: _Toc198191406]Table 1 – Johnson-Cook Plastic Parameters for HDPE [8], [9]
	A / MPa
	B / MPa
	n
	Melting Temperature / K
	m
	C

	8.859
	30.56
	0.3838
	408
	1
	0.0455



[bookmark: _Toc198191407]Table 2 – Johnson-Cook Damage Parameters for HDPE [8]
	
	
	
	
	

	0.3
	0.075
	0.333
	0.0005
	0



[bookmark: _Toc198191408]Table 3 – Plastic and Elastic Properties for HDPE [10], [11]
	Density / 
	Young’s Modulus / MPa
	Poisson’s Ratio

	952
	500
	0.38



[bookmark: _Toc198191305]Mild Steel
[bookmark: _Toc198191409]Table 4 – Johnson-Cook Plastic Parameters for Mild Steel [12]
	A / MPa
	B / MPa
	n
	Melting Temperature / K
	m
	C

	324.1
	113.8
	0.42
	925
	1.34
	0.002



[bookmark: _Toc198191410]Table 5 – Johnson-Cook Damage Parameters for Mild Steel [12]
	
	
	
	
	

	0.05
	3.44
	2.12
	0.002
	0.61



[bookmark: _Toc198191411]Table 6 – Plastic and Elastic Properties for Mild Steel [13]
	Density / 
	Young’s Modulus / MPa
	Poisson’s Ratio

	7840
	198,000
	0.275




[bookmark: _Toc198191306]Copper
[bookmark: _Toc198191412]Table 7 – Johnson-Cook Plastic Parameters for Copper [14]
	Melting Temperature / K
	A / MPa
	B / MPa
	C
	n
	m

	1356
	90
	292
	0.025
	0.31
	1.09



[bookmark: _Toc198191413]Table 8 – Johnson-Cook Damage Parameters for Copper [14]
	
	
	
	
	

	0.18
	1.36
	-3.89
	0.014
	1.12



[bookmark: _Toc198191414]Table 9 – Plastic and Elastic Properties for Copper [15]
	Density / 
	Young’s Modulus / MPa
	Poisson’s Ratio

	8913
	117,200
	0.33
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[bookmark: _Toc198191307]Results
The results were formatted as images of the simulation as it was running and velocity-time graphs of the bullets. The images were taken frame by frame, either of cross-sections of the impact or of the top face of the target plate. In the dual-window images, the left window shows the shear stresses, and the right window shows the direct stresses (compression and tension).
[bookmark: _Toc198191308]Impact of Copper Bullet onto HDPE Plate with Johnson-Cook Damage Model Applied to the Bullet
[image: ]
[bookmark: _Toc198193009]Figure 1 – Copper bullet with Johnson-Cook damage model applied penetrating HDPE plate.
[image: ]
[bookmark: _Toc198193010]Figure 2 – Copper bullet with Johnson-Cook damage model applied after penetrating HDPE plate.
[bookmark: _Toc198191309]Impact of Copper Bullet onto HDPE Plate without Johnson-Cook Damage Model Applied to the Bullet
[image: ]
[bookmark: _Toc198193011]Figure 3 – Cross-section of frame 1 of the copper bullet impacting the HDPE plate.
[image: ]
[bookmark: _Toc198193012]Figure 4 – Cross-section of frame 9 of the copper bullet impacting the HDPE plate.
[image: ]
[bookmark: _Toc198193013]Figure 5 – Cross-section of frame 25 of the copper bullet impacting the HDPE plate.
[image: ]
[bookmark: _Toc198193014]Figure 6 – View from above of frame 2 of the copper bullet impacting the HDPE, showing the direct stresses.
[image: ]
[bookmark: _Toc198193015]Figure 7 – View from above of frame 29 of the copper bullet impacting the HDPE plate.
[image: ]
[bookmark: _Toc198193016]Figure 8 – View from above of frame 29 of the copper bullet impacting the HDPE plate.

[image: ]
[bookmark: _Toc198193017]Figure 9 – View from above of frame 100 of the copper bullet impacting the HDPE plate.
[image: ]
[bookmark: _Toc198193018]Figure 10 – Probe values for the direct stress acting on element 22501 of the HDPE target plate simulation in frame 6.
[image: ]
[bookmark: _Toc198193019]Figure 11 – Probe values for the shear stress acting on element 22501 of the HDPE target plate simulation in frame 6.

[image: ]
[bookmark: _Toc198193020]Figure 12 – Velocity-time graph for the copper bullet as it impacted the HDPE plate, with velocity in  and time in .
[bookmark: _Toc198191310]Impact of Copper Bullet onto Mild Steel Plate
[image: ]
[bookmark: _Toc198193021]Figure 13 – Cross-section of frame 1 of the copper bullet impacting the mild steel plate.
[image: ]
[bookmark: _Toc198193022]Figure 14 – Cross-section of frame 9 of the copper bullet impacting the mild steel plate.
[image: ]
[bookmark: _Toc198193023]Figure 15 – Probe values for the direct stress acting on element 20701 of the mild steel target plate simulation in frame 7.
[image: ]
[bookmark: _Toc198193024]Figure 16 – Probe values for the shear stress acting on element 20701 of the mild steel target plate simulation in frame 7.
[image: ]
[bookmark: _Toc198193025]Figure 17 – Velocity-time graph for the copper bullet as it impacted the mild steel plate, with velocity in  and time in .
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[bookmark: _Toc198191311]Discussion
[bookmark: _Toc198191312]Interpretation of Results
The simulation originally ran with the Johnson-Cook damage model applied to both the bullet and the steel plate. While this is technically a more accurate model of how the components would act in the real world, it had an impact on the behaviour of the bullet, preventing it from fully impacting the target plate to the intended extent (Section 3.1). Upon discovering this, the simulation was reprogrammed so that only the target plate had the Johnson-Cook damage model applied to it. The images of the simulation as it was running offer a visual representation of the stresses acting on the components, however quantitative values were obtained with the probe.
[bookmark: _Toc198191313]HDPE Target Plate
When the copper bullet first impacts the HDPE plate, the shear and direct stresses are both very high in the bullet and the plate, but cover a much smaller area in the plate comparatively. As the direct stress is very negative, it can be deduced that it is a compressive stress (Figure 3). As the bullet penetrates and moves through the plate, the values of the stresses increase. When the bullet is about halfway through the plate’s thickness, the direct stresses cover a significantly larger area than the shear stresses, almost surrounding it entirely, whereas the shear stresses act more towards the sides of the bullet (Figure 4). This is due to the fact that shear stresses are caused by forces acting parallel to the surface of a component [16]. As the bullet exits the target plate, the stresses disperse. The shear stresses are higher in the bullet, but the direct stresses are higher in the target plate. As they are very positive, they are tension stresses (Figure 5).
After the bullet exits the target plate, the tension stresses continue to move out from the point of penetration to the edge of the plate in waves, presenting as if it were rippling (Figures 7-9). This could be due to the dispersion of kinetic energy.
Probe values for both the direct and shear stresses were taken from frame six, element 22501 of the simulation. The values obtained were Pa (Figure 10) and Pa (Figure 11) for the direct and shear stresses respectively. The negative value for the direct stress indicates that it is compressive. As the modulus of the compression is over an order of magnitude greater than the shear stress, it can be said that the cause of failure of the HDPE plate was a direct, compressive stress.
[bookmark: _Toc198191314]Mild Steel Target Plate
When the projectile first makes contact with the mild steel plate, the direct stresses are a lot higher than the shear (Figure 13). As the impact progresses and the bullet flattens against the target plate, both stresses increase. While the shear and direct stresses are of fairly similar magnitude within the main body of the plate, the bullet is experiencing significantly more direct stress, as well as the area of the plate directly below the point of contact, and the same place on its opposite face (Figure 14). As the values are very negative and very positive respectively, they are a compressive stress and tensile stress.
Probe values for both the direct and shear stresses were taken from frame 7, element 20701 of the simulation. The values obtained were Pa (Figure 15) and Pa (Figure 16) for the direct and shear stresses respectively. The negative value for the direct stress indicates that it is compressive. As the modulus of the compression is over an order of magnitude greater than the shear stress, it can be said that the cause of failure of the mild steel plate was a direct, compressive stress.
[bookmark: _Toc198191315]Comparison
While both target plate materials failed due to compressive stress, the HDPE sustained a lot more damage than the mild steel, achieving complete penetration as opposed to the mild steel remaining fully intact. 
This shows that from a strength perspective, mild steel is a significantly better option for body armour than HDPE. However, when considering the densities, the value for HDPE (Table 3) is over eight times smaller than mild steel (Table 6). This means that a much thicker plate of HDPE could be used, which would offer more protection than shown in the simulation, and would still have less mass than the steel plate. An alternative option for increased safety and mobility could be layering the two materials, reducing the mass with the lightness of the HDPE, while also providing an extra level of protection through the mild steel’s resistance to penetration.
[bookmark: _Toc198191316]Limitations
Running a simulation as a computational model means that the capacity of the software is limited to the capacity of the machine. As the simulation was carried out on computers that weren’t particularly advanced, this decreased the level to which Abaqus could run, meaning there was a limit on the number of nodes that could be within a single simulation before the software crashed.
Another limitation of the results was the fact that only one mesh was created for each simulation. If each simulation had been run again with a finer mesh, a higher or lower number of nodes, or different shaped nodes, then it would have been ascertained whether or not this had an impact on the results. If it did, then the simulation could have been meshed multiple times, incrementally, to obtain the most accurate result. As this was not done, however, it cannot be confidently said that these results are definitely accurate or precise.
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[bookmark: _Toc290554242][bookmark: _Toc299621207][bookmark: _Toc299631432][bookmark: _Toc299631494][bookmark: _Toc299631584][bookmark: _Toc299631660][bookmark: _Toc198191317]Conclusion
In conclusion, the results did not fully support the hypothesis. The mild steel plate did fail due to compressive stress and the copper bullet did fully penetrate the HDPE plate, but it failed due to compressive stress rather than shear.
If the simulation were to be repeated to gain more accurate results, it would be run on a more powerful computer to allow for the use of more nodes. The simulation would also be run multiple times, to allow for finer meshing in increments to evaluate the accuracy and precision of the results.
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