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[bookmark: _Toc134971983]Abstract

Armor-piercing (AP) ammunition is a family of small arms rounds specifically designed to provide increased penetration against hardened targets such as light armor and vehicles. Steel cores are popular as they have no secondary hazards unlike Depleted Uranium or Tungsten Heavy Alloy’s which can produce toxic dust. They do, however, have far lower ballistic efficiency.
Research into the penetration ability of steel cores has been widely studied and in order to further explore this a finite element analysis software Abaqus was used. A common tool steel (C45) in the shape of a 7.62 NATO AP core was incident upon 6mm of  both rolled homogeneous armor (RHA) steel and aluminum (AL) at 300m/s and the results analysis.
The RHA absorbed 99.3% of the rounds kinetic energy (KE) defeating the projectile and causing rebound whereas the AL was defeated by the round absorbing 75% of the KE in the process. In both cases the most probable cause of failure would be a star shaped crack on the back face caused by high tensile stresses.
 


Table of Contents
Abstract	2
Table of figures	3
Table of Tables	4
1.0	Introduction	5
1.1 Armor-Piercing Rounds	5
1.2 Non-ferrous projectile cores	5
1.3 Steel projectile cores	6
2.0 Methodology	7
2.1 Materials	7
2.2 Material Models and Properties	7
2.3 Model set up	9
2.4 Shot Plan	12
3.0 Results and discussion	13
3.1 Projectile velocity	13
3.2 Stress Strain Within Plates	15
3.3 Critiques of the model	18
4.0 Conclusion	19
Appendix A – Impact Stress Imagery	20
Shot 1	20
Shot 2	25
Appendix B – Further Research Conducted	32
References	33

[bookmark: _Toc134971984]Table of figures
Figure 1	9
Figure 2	9
Figure 3	10
Figure 4	11
Figure 5	11
Figure 6	13
Figure 7	13
Figure 8	14
Figure 9	14
Figure 10	15
Figure 11	16
Figure 12	17
Figure 13	17
Figure 14	20
Figure 15	20
Figure 16	21
Figure 17	21
Figure 18	22
Figure 19	22
Figure 20	23
Figure 21	23
Figure 22	24
Figure 23	24
Figure 24	25
Figure 25	25
Figure 26	26
Figure 27	26
Figure 28	27
Figure 29	27
Figure 30	28
Figure 31	28
Figure 32	29
Figure 33	29
Figure 34	30
Figure 35	30
Figure 36	31

[bookmark: _Toc134971985]Table of Tables
Table 1	6
Table 2	6
Table 3	7
Table 4	7
Table 5	11




1.0 [bookmark: _Toc134971986]Introduction
[bookmark: _Toc134971987]1.1 Armor-Piercing Rounds

Armor-piercing (AP) ammunition is a family of small arms rounds specifically designed to provide increased penetration against hardened targets such as light armor and vehicles.
As with ball ammunition a soft copper jacket, designed to provide aerodynamic efficiency and interact with a weapons rifling, contains a core that delivers the effect. Unlike Ball rounds that use soft lead cores, AP rounds use hardened projectiles to deliver large amounts of kinetic energy to a low target area.
During impact the AP core erodes, flattening the projectiles point. This flattening increases the contact area and reduces the forces exerted decreasing penetration .As such AP cores are extremely hard to resist erosion remaining sharp and optimizing energy transfer.
AP cores are often long and thin to provide a greater mass and hence kinetic energy whilst having low frontal areas and sharp points. It is common for harder cores to be denser and hence have lower velocity as propellant charges are fixed. There greater efficiency however results in deeper penetration regardless.
[bookmark: _Toc134971988]1.2 Non-ferrous projectile cores

Non-Ferrous cores are often used due to there increased hardness and density. The two most common being Depleted Uranium (DU) and Tungsten Heavy Alloys (WHA)
DU is the most efficient core available for use providing unparalleled hardness and density. This ultimately means it delivers the greatest kinetic energy and penetration. DU however is a byproduct from enriching uranium making it radioactive waste. Due to this it has health and environmental implications. Upon impact it ignites producing toxic metal oxide dust and radioactively contaminating the surrounding area. In conflict this may be acceptable but the effects limit the use case for the round.
Tungsten alone has a hardness and melting point that can’t be worked with so WHA is made by holding tungsten dust in a cobalt alloy metal matrix. This alloy produces a highly efficient core with less secondary risks than DU making it a more popular choice. It should be noted WHA dusk is toxic if inhaled and so this round like DU shouldn’t be used in confined spaces.
 
[bookmark: _Toc134971989]1.3 Steel projectile cores

Steel AP cores are made up of high carbon alloys that are often heat treated to specified harness levels. These cores do not have the density or hardness of their non-ferrous counterparts and as such fall short regarding ballistic efficiency. They are still a valuable solution, posing many benefits.
Steel AP cores do not have the same secondary hazards as DU or WHA producing no harmful metal oxides or contaminants upon impact. This makes them popular for training and armor testing, two scenarios where inspection of the impact site and hence, risk of contact with secondary hazards are likely.  
These cores are also cheap compared to alternative solutions due to their inexpensive material cost and similarity to mass produced industrial grade steels used in applications such as high-speed machining. Due to their low cost and safety steel core AP behavior has been extensively studied against a range of targets in order to both test armor and projectile solutions.
One such study conducted by Di Benedetto et al. [1] noted that the majority of work related to tool steel cores focuses of the macroscopic effects of the target plate, disregarding the mechanisms of the plate failure or the specific behavior of the projectile material. As such they conducted experimental work to compare the ballistic efficiency and fracture mechanics of hardened tool steels with identical projectile shapes. 
The work produced within this paper aimed to learn from their practical experiments and focuses on the ballistic impact of tool steel cored AP rounds against two different targets. Due to practicality this experiment was conducted using a finite element analysis (FEA) package Abaqus produced by Dassault Systemes.



[bookmark: _Toc134971990]2.0 Methodology
[bookmark: _Toc134971991]2.1 Materials
 The materials listed below were chosen for both their applicability to the problem and their well characterized material properties. This is essential as FEA uses a combination of material models to solve the problem and unknown or inaccurate material properties can cause the model to fail or behave unexpectedly.
[bookmark: _Toc134967032]Table 1
	Material
	Part
	Justification

	C45 medium carbon steel (approximately equivalent to AISI 1045)
	AP Core Projectile
	The lowest performing tool steel grade in the work of Di Benedetto et al. This means the projectile will show high erosion allowing for clear analysis.

	Rolled Homogenous Armor (RHA) steel
	Target Plate
	The most common material used for armor testing. This allows an insight into the cores effect on miliary grade targets and can easily be compared to other works.

	Aluminum 6061-T6
	Target Plate
	A similar material to that use by Di Benedetto et al. to allow comparison with their work and the harder RHA plate.



[bookmark: _Toc134971992]2.2 Material Models and Properties
2.2.1 General Properties
These standard material properties are used to calculate parameters such as the mass of parts and support the further material models listed. The relevant values are as follows:
[bookmark: _Toc134967033]Table 2
	Material
	Mass Density [KG/M3]
	Youngs Modulus [GPa]
	Poissons Ratio

	C45 medium carbon steel
	7870 [2]
	206 [3]
	0.29 [3]

	Rolled Homogeous Armor Steel [4]
	7980
	210
	0.33

	Aluminum 6061-T6 [5]
	2699
	68
	0.36



2.2.2 Johnson-Cook Plasticity
As the timescale in this ballistic collision is low, so strain rates are high. The Johnson-Cook (JC) plasticity model specializes in calculating stress strain values in these conditions so was chosen for this model [6]. The relevant JC Plasticity parameter values for the materials used are as followed:
[bookmark: _Toc134967034]Table 3
	Material
	A [MPa]
	B [MPa]
	n
	θmelt [K]
	θtransition [K]

	m
	C
	Ε0 [1/s]

	C45 medium carbon steel [7]
	553
	600
	0.234
	1733
	293
	1
	0.0134
	0.001

	Rolled Homogeous Armor Steel [8]
	980
	2000
	0.830
	1800
	300
	1.4
	0.0026
	0.0001

	Aluminum 6061-T6 [5]
	262
	162.1
	0.2783
	925
	293.2
	1.34
	0.002
	1



2.2.3 Johnson-Cook Damage 
The Johnson-Cook dynamic failure model was used due to its integration into the JC Plasticity model. Suitable for high strain rate environments this damage model allows for progressive failure, better modeling realistic behaviors [6]. The relevant parameters for the materials used are as follows:
[bookmark: _Toc134967035]Table 4
	Material
	d1
	d2
	d3
	d4
	d5
	Reference Strain Rate
	Fracture Energy [J]

	C45 medium carbon steel [7]
	0.6

	3.31
	1.96
	0.0018
	0.58
	1
	9.5 [9]

	Rolled Homogeous Armor Steel [8]
	0.05
	0.8
	0.44
	0.046
	2.9
	1
	0*

	Aluminum 6061-T6 [5]
	-0.77
	1.45
	0.47
	0.0
	1.6
	1
	0*






[bookmark: _Toc134971993]2.3 Model set up
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The AP core (Figure 1) was made using a 3600 solid fill rotation around the Y-axis. The shape corresponds to civilian 0.308 Winchester or 7.62 NATO standards. No copper jacket was used as it too soft to effect penetration and in practical work has little effect ,3-5%, of projectile velocity [10].
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[bookmark: _Toc134966860][bookmark: _Toc134972006]Figure 2
The target plate (Figure 2) was made to be 100 x 100 x 6 mm. This allowed the mesh size to be appropriately small whilst lowering the number of nodes compared to a larger plate decreasing run time. At 6mm thick the plate was consistent with the work of Di Benedetto et al. [1] allowing for comparison. 
2.3.2 Meshing
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[bookmark: _Toc134966861][bookmark: _Toc134972007]Figure 3
The AP core (Figure3) was meshed using a tetrahedral mesh as this allowed the sharp curves of the projectile to be followed with good accuracy. A reduced mesh seeding distance and as such a greater number of meshing elements would have improved the model’s accuracy but was impractical to the resources available.
[image: A picture containing screenshot, aqua, design, art

Description automatically generated]
[bookmark: _Toc134966862][bookmark: _Toc134972008]Figure 4
The target plate (Figure 4) was meshed using Hexahedral elements due to is regular shape. This in combination with the variable mesh density reduces the required computing power speeding up run time. The variable density also allows for high resolution analysis of the impact site where the collision occurs. This increased detail allows for better analysis and understanding of the collision.
2.3.3 Assembly
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[bookmark: _Toc134966863][bookmark: _Toc134972009]Figure 5
Figure 5 shows the final assembly of the ballistic problem. The projectile impacts the plate perpendicular to the surface simulating a square on shot. It is also positioned centrally as to hit the area of highest mesh density and allow any stress waves to propagate equally in all direction reducing any potential effects of reflected stress waves. It should also be notes the edges of the plate are fixed in place and can’t move helping simulate it being clamped or part of a larger sheet.
[bookmark: _Toc134971994]2.4 Shot Plan
Two separate shots where conducted. The condition of each simulated shot is given below:
[bookmark: _Toc134967036]Table 5
	Shot
	Projectile Material
	Target Material
	Impact Velocity
[m/s]

	1
	C45 medium carbon steel
	Rolled Homogeous Armor Steel
	300

	2
	C45 medium carbon steel
	Aluminum 6061-T6
	300





[bookmark: _Toc134971995]3.0 Results and discussion
[bookmark: _Toc134971996]3.1 Projectile velocity
3.1.1 Shot 1
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3.1.2 Shot 2
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3.1.3 Velocity Discussion
The RHA plate in Shot 1 exerts an impulse on the projectile sufficient to reverse the direction of the projectile with it bouncing off at a velocity of 25 m/s after impacting at 300m/s. This means the plate itself absorbed 99.3% of the projectiles Kinetic energy (KE) without experiencing failure. This was likely possible due to the hardness of the plate causing the point of the projectile to crush and deform, in doing so it increases the contact area of the projectile allowing more energy to be absorbed with lower damage to the plate.
The Aluminum (AL) 6061-T6 plate in Shot 2 however was unable to provide such an impulse and failed allowing the projectile to pass through. The final velocity of 150m/s shows that the plate absorbed 75% of the incoming KE before this failure which is far lower than the 99.3% of the RHA in Shot 1. This is likely due to the AL plate being fa softer and eroding the projectile tip to a far lower extent. This allows the projectile to transfer its energy over a smaller are resulting in the failure of the plate.
[bookmark: _Toc134971997]3.2 Stress Strain Within Plates
3.2.1 Shot 1
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[bookmark: _Toc134966868][bookmark: _Toc134972014]Figure 10
Figure 10 shows the Max. Principal stress at the point of greatest penetration into the RHA target plate. The max principal stress is the maximum value of normal stress acting on a principal plane where the value of sheer stress is zero [11]. As such positive values show tensile forces and negative values show compression. At this point the maximum tensile stress is around 1.000e+09 Pa on the back of the RHA plate. This force is lower than the max tensile strength of the plate and as such the RHA does not fail. If it was however this tensile force on the rear face would cause a star crack.
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[bookmark: _Toc134966869][bookmark: _Toc134972015]Figure 11
Figure 11 shows the S23 stress forces at the same point as figure 10 when the forces are at there most. S23 shows the shear stresses so on the right we have a stress of +7.00e+8 Pa and on the left -7.00e+8 Pa. These forces are working in opposite direction and if their magnitude was great enough could eventually cause a conical crack causing material failure. This however does not occur within the RHA plate.  

3.2.2 Shot 2
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[bookmark: _Toc134966870][bookmark: _Toc134972016]Figure 12
Figure 12 shows the Max. Principle stresses within the AL plate immediately before full penetration. Here the maximum tensile stress on the back face is +5.000e+8 Pa. Although this is an order of magnitude less than the forces in the RHA of shot 1 the far weaker and so will fail. This failure is most likely due to a star crack induced by the tensile forces.
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[bookmark: _Toc134966871][bookmark: _Toc134972017]Figure 13
Figure 13 shows the S23 shear forces at the same point as figure 12. Here the maximum shear stresses are roughly +/- 1.600e+8 Pa. This value is lower than the +5.000e+8 tensile forces, which would suggest the main fracture mechanism would be the star cracking of the back face rather than a conical crack from the shear forces. 
[bookmark: _Toc134971998]
3.3 Critiques of the model
Although the model ran and functioned as intended there were adaptations and compromises made to ensure this. Points of improvement would be:
· Increasing impact velocity to better represent AP ammunition which is usually around 847m/s [12].
· Increasing the size of the plate to better represent a real-life continuous armour sheet.
· Increase mesh density on both the projectile and target. This would create a more accurate model with increased resolution.
· Better material models ideally using one source as to reduce the chance of mis matched variables. Some variables where missed such as fracture energy which produces non ideal results with elements not undergoing progressive damage.





 



[bookmark: _Toc134971999]4.0 Conclusion
Generally, Abaqus provided a good basis for this test with two successful models produced. More time, however, may yield models closer to real world conditions with greater impact velocity and resolution. 
Steel AP cores provide a good compromise of performance and safety with much reduced secondary hazards when compared to other popular core materials.
The hardness of the steel grade is important however as low hardness steels such as C45 have a lower ballistic efficiency performing poorly against hard targets such as RHA. 
C45, however, is a low-cost solution and for non-critical applications such as training or testing can provide a valuable solution. 
From the modeling conducted it can be noted that harder target materials are far more effective at preventing projectile penetration. 
They seem to do this by heavily eroding and deforming the projectile to give a larger contact area and hence dissipating the energy whilst having lower maximum stresses.
It can also be noted that from the two shots star cracks on the back face of plates due to tensile stress appears to be the main failure mechanism. Further research would be required however, to see if this was a unique characteristic of this experiment or a wider trend. 
 


[bookmark: _Toc134972000]Appendix A – Impact Stress Imagery 
This appendix contains all the Max principle and S23 stress imagery collected from both Shot 1 and 2. The most relevant are used and reference in the main document but all are shown here to provide further context.
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Max. Principal Stress
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S23 Stress
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Max Principal Stress
[image: A picture containing text, diagram, screenshot, graphics software

Description automatically generated]
[bookmark: _Toc134972028]Figure 24

[image: A picture containing text, screenshot, graphics software, diagram

Description automatically generated]
[bookmark: _Toc134972029]Figure 25

[image: A picture containing text, screenshot, graphics software, 3d modeling

Description automatically generated]
[bookmark: _Toc134972030]Figure 26


[image: A picture containing text, screenshot, graphics software, 3d modeling

Description automatically generated]
[bookmark: _Toc134972031]Figure 27
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S23 Stress
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[bookmark: _Toc134972003]Appendix B – Further Research Conducted
Johnson-Cook Parameters for Brass [13] – Initially considered using a brass jacket.
Further reports on the Johnson-Cook Values of C45 [14] [15] [16] [17]– Not used due to a more complete set of values found.
Further reports found on the Johnson-Cook Values of RHA [18] [19] [20]– Not used due to a more complete set of values found.
In the case of [18] modified JC equations being used. These aim to be more accurate than standard JC but where not applicable this this work.
Material Properties for Tungsten Carbide (Wc-Co) – Original plan had been to compare the performance of C45 and Wc-Co against RHA. This however was not possible due to Wc-Co being too brittle and causing the model to regularly crash. 
Wc-Co Johnson-Cook Plasticity -  [21]
Wc-Co Johnson-Cook Damage - [22]
Wc-Co Fracture Energy - [23]
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