ABAQUS Bullet Penetration Simulation Report
Abstract
This report will discuss the process of a bullet penetration ABAQUS simulation using Johnson-Cook parameters. It will demonstrate the penetration of a tungsten carbide projectile through a target with 5 plates of material. Two tests will be carried out with different target materials. The first will be the titanium alloy Ti-6Al-4V, the second will be the carbon steel AISI-1045. The results will be compared to demonstrate which material has greater armour properties.
Introduction
The aim of this experiment is to assess and compare the suitability of titanium and steel for use in vehicle armour by firing a tungsten carbide projectile into a target with 5 plates of material. A layer of 5 Ti-6Al-4V titanium plates will be initially tested, followed by followed by a layer of 5 AISI-1045 steel plates. This experiment will be a simulated exercise using the ABAQUS software package and Johnson-Cook parameters. This will assess the effect that titanium and steel armour have on the impact of a tungsten projectile.
Material Background
The projectile is based off of the ARL BS41 model of bullet, which was produced to replenish the supply of the original BS41 model. The BS41 model was initially designed as ammunition for the former Soviet 14.5mm heavy machine gun, predominantly used on wheeled combat vehicles worldwide, before U.S. surrogates were produced by Brass Extrusion Laboratories of Bensenville, Illinois, in 1961. [1] The U.S. produced 30,000 BS41 projectiles which were used extensively for armour development and ballistic acceptance of steel, aluminium and titanium armour plates. The ARL BS41 was produced by New Lenox Machine Company of Dwight, Illinois, after issues with the finite supply of Brass Extrusion’s BS41. The original surrogate BS41 contained incendiary filler which was replaced by inert powder by the ARL surrogate, thereby allowing the ammunition to be stored outside of explosive bunkers while retaining the same ballistic performance as the original. [1] Figure 1 compares the original and ARL BS41 surrogates, while Figure 2 shows the ARL schematic.
[image: ]
Figure 1: Original BS41 and ARL BS41 surrogate projectiles. [1]
[image: ]
Figure 2: ARL BS41 schematic showing tungsten carbide core. [1]
The pre-designed projectile model originally input into ABAQUS will be used, as opposed to the exact design of the 14mm ARL BS41 projectile. Therefore, the ABAQUS projectile material is based on the tungsten carbide core of the bullet. The core is a cemented carbide, where carbide particles are bonded by a metallic binder, made from 93% WC and 6% cobalt (where WC is the carbide particles and cobalt is the metallic binder). The cemented carbide means that the BS41 core has high strength and low ductility, resulting in excellent penetrative properties. [1]
The titanium alloy Ti-6Al-4V was used as a target in this experiment due to its common usage in industry, meaning that any results could be extrapolated to a large number of applications. Titanium alloys are widely used in industries such as aerospace, automotive and medicine. These alloys have been found to be almost immune to corrosion-related failures in marine environments, while in the medical industry they can be used for surgical implants due to their excellent biocompatibility. [3] Consumer goods are also increasingly making use of titanium alloys, with products such as cameras and sports equipment now containing them. Perhaps the most significant use of titanium alloy is in the aerospace industry, where these alloys can be utilised in compressor discs and blades in jet engines, as well as airframe structures in aircrafts due to their high specific strength ratio, particularly at higher heats when compared to other suitable materials. [4] The use of Ti-6Al-4V as armour for aircraft is therefore of interest to this experiment.
The carbon steel used in this experiment was AISI-1045, with a chemical composition of: 98.51-98.98% Fe, 0.60-0.90% Mn, 0.42-0.50% C, ≤0.05% S and ≤0.04% P. [2] It can be used as the protective cover for battle tanks and armoured vehicles. [5]
Experiment parameters
The ABAQUS simulation parameters were kept largely the same as the pre-input settings. The Explicit Dynamics Solver had a maximum simulation time of 1.7 E-4, with surface-to-surface contact and a triangular mesh already created.  The initial velocity was modified from -500m/s to -750m/s. Below is a screenshot of the mesh used.
[image: ]
Figure 3 – 360 degree ABAQUS mesh showing the projectile and target.
Below is a table of the materials used with the Johnson Cook models for each.
	Tungsten Carbide Projectile
	

	Density (kg/m^3)
	14,770

	Young's Modulus (GPa)
	620

	Poisson's Ratio
	0.215

	Melting Temperature (K)
	1768

	A (MPa)
	3000

	B (MPa)
	89,000

	n
	0.65

	C
	0

	m
	1

	d1
	0

	d2
	0.0019

	d3
	-3

	d4
	0

	d5
	0



Figure 4.1- Johnson Cook parameters for ARL BS41 tungsten carbide core. [1] MPa and GPa were converted to Pa for ABAQUS.
	Titanium Ti-6Al-4V Target
	

	Density (kg/m^3)
	4430

	Young's Modulus (GPa)
	105

	Poisson's Ratio
	0.34

	Melting Temperature (K)
	1880

	A (MPa)
	790

	B (MPa)
	478

	n
	0.28

	C
	0.032

	m
	1

	d1
	-0.09

	d2
	0.25

	d3
	-0.5

	d4
	0.014

	d5
	3.87



Figure 4.2 – Johnson-Cook parameters for titanium Ti-6Al-4V. [2] MPa and GPa were converted to Pa for ABAQUS.
	Steel AISI-1045 Target
	

	Density (kg/m^3)
	7870

	Young's Modulus (GPa)
	200

	Poisson's Ratio
	0.29

	Melting Temperature (K)
	1793.15

	A (MPa)
	50.103

	B (MPa)
	176.091

	n
	0.5176

	C
	0.095

	m
	0.6622

	d1
	0.04

	d2
	1.519

	d3
	-6.905

	d4
	-0.023

	d5
	1.302



Figure 4.3 – Johnson-Cook parameters for steel AISI-1045 target. [4] [6]
Below are screenshots taken from the ABAQUS job for titanium.
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Figure 5.1 – Ti-6Al-4V, ABAQUS Step 170.
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Figure 5.2 - Ti-6Al-4V, ABAQUS Step 304.
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Figure 5.3 - Ti-6Al-4V, ABAQUS Step 644.

[image: ]
Figure 5.4 - Ti-6Al-4V, ABAQUS Step 1700. 
[image: ]
Figure 5.5 – Graph of Velocity against Time.
Below are screenshots taken from the ABAQUS job for steel.
[image: ]
Figure 6.1 – AISI-1045, ABAQUS Step 170.
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Figure 6.2 – AISI-1045, ABAQUS Step 304.
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Figure 6.3 – AISI-1045, ABAQUS Step 644.
[image: ]
Figure 6.4 – AISI-1045, ABAQUS Step 1700.
[image: ]
Figure 6.5 – Graph of Velocity against Time.
To calculate the acceleration of the projectile in both simulations the equation a = (v-u)/t can be used, where v is initial velocity, u is current velocity and t is time. 
Approximating the values for v and u, acceleration for the titanium simulation is therefore (-0.2-0.05)/0.15 = -1.67ms^2.
Acceleration for steel: (-0.75—0.55)/0.15 = -1.33ms^2. 
Limitations of simulation
One limitation of this simulation was that Johnson-Cook parameters were used from sources as opposed to being calculated specifically for the simulations in this report. The size and shape of the projectile and target were not taken into consideration.
Conclusion
Comparing both materials from the ABAQUS screenshots, there is greater deformation in the steel simulation, showing that Ti-6Al-4V is a more effective armour material than AISI-1045 when fired upon by a tungsten carbide bullet.
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