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[bookmark: _Toc134771281]Introduction:
Many different metals are used as armour to protect equipment and personnel in the military and civilian world. This report will look at two materials, Aluminium alloy 5083 - H116, which has been used in manufacturing bulletproof vehicles, ships and shelters [1] and titanium alloy, 6Al-4V. Ti6Al-4V is an aerospace-grade material and is used in armour configurations [2]. Titanium alloys are renowned for their outstanding corrosion resistance, high strength, and lightweight properties [3]. Simulations will be produced depicting how they react when impacted by a steel 4340 RC44 projectile at velocities of 1000m/s and 1200m/s. The velocity, tension, compression, and shear stresses will be analysed, focusing on each of the materials at the same velocity.
[bookmark: _Toc134771282]Johnson Cook Material Model:
The Johnson-Cook, plasticity and dynamic failure models of the materials will be utilised as they have been thoroughly studied in the literature for steel and aluminium alloys under conditions of large deformation, high strain rate, and elevated temperatures, with a focus on metals. It can accurately analyse and predict stress-strain behaviour for ductile materials [4]. 
Johnson-Cook created an empirical constitutive equation for metals that considers a variety of strains and temperatures. This equation (see Fig.1) assumes that the flow stress is a function of temperature, strain rate, and plastic strain [5]. There are five constants in the Johnson-Cook material equation A, B, C, n, m, which are material yield stress in standard conditions, the strain hardening exponent, strain rate sensitivity parameter, the strain hardening exponent and the temperature exponent. The three parentheses in the flow stress equation are the strain hardening effect, strain rate strengthening effect, and temperature effect arranged from left to right. These affect the flow stress values [6].
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Fig .1 Johnson-Cook equation [5]
Based on the value of the equivalent plastic strain at element integration sites, the Johnson-Cook dynamic failure model assumes that failure will occur when the damage parameter surpasses 1 [7].
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Fig. 2 Johnson-Cook Dynamic Failure Equation [7]
ABAQUS Explicit software will produce simulations and conduct finite element analysis as it has mathematical algorithms that can provide results over small-time scales in high-strain rate ballistic problems. The materials' Johnson-Cook elastic, plastic and damage properties will be entered on Abaqus.
[bookmark: _Toc134771283] Johnson-Cook Material Parameters used for ABAQUS CAE Simulations:
An ogive nose projectile made of 4340 steel RC44 with a diameter of 0.00762m and length of 0.100m was created in ABAQUS. Two plates, one Aluminium 5083-H116 and one Titanium alloy Ti6Al-4V will also be constructed with dimensions 0.3mx0.3mx0.035m.
[bookmark: _Toc134771284]Johnson-Cook Elastic and Plastic Properties of Projectile:
The elastic and plastic properties of the projectile. The figures were taken from a paper by Simulia on the ballistic perforation of aluminium plates (see Table. 1) [8].
	Modulus of Elasticity (E) (GPa)
	Poisson’s Ratio
	A (MPa)
	B (MPa)
	n
	Tmelt (K)
	Troom (K)
	m
	C
	ε0

	202
	0.29
	1430
	2545
	0.7
	1793
	293
	1.03
	0.014
	15.0


Table.1 Elastic and Plastic Properties for Steel Projectile.
[bookmark: _Toc134771285]Johnson-Cook Elastic, Plastic and Damage Properties of Target Materials:
Tables 2 and 3 show the properties used in the simulations for the aluminium plate. The figures were taken from a paper by Roshan Rai et al on the ballistic impact of aluminium plates [1]. The melting point was taken from matweb.com (see Tables. 2 and 3) [9]. 
	Modulus of Elasticity (E) (GPa)
	Poisson’s Ratio
	A (MPa)
	B (MPa)
	n
	Tmelt (K)
	Troom (K)
	m
	C
	ε0

	70
	0.33
	167
	596
	0.551
	864
	293
	0.859
	0.001
	1


Table. 2 Elastic and Plastic Properties for Aluminium 5083-H116 Target Plate.
	D1
	D2
	D3
	D4
	D5

	0.0261
	0.263
	-0.349
	0.147
	16.8


Table. 3 Damage Properties for Aluminium 5083-H116 Target Plate.
An article on ballistic projectile impacts of layered targets by Morka and Nowak [10] provided the plastic and damage properties for the simulation of the Ti6Al4V plate. Matweb.com was used for the elastic properties (see Tables. 4 and 5) [11].
	Modulus of Elasticity (E) (GPa)
	Poisson’s Ratio
	A (MPa)
	B (MPa)
	n
	Tmelt (K)
	Troom (K)
	m
	C
	ε0

	113.8
	0.342
	1051
	924
	0.52
	1878
	293
	0.98
	0.00253
	1


Table. 4 Elastic and Plastic Properties for Titanium Ti6Al4V Target Plate.
	D1
	D2
	D3
	D4
	D5

	-0.09
	0.27
	-0.48
	0
	3.87


Table. 5 Damage Properties for Titanium Ti6Al4V Target Plate.
At first, the damage values above were input on Abaqus, and a job was created to impact the aluminium plate at 800m/s, the projectile completely penetrated. However, Abaqus’s implementation of the Johnson-Cook general expression requires the value of D3 to be positive. Failure to account for this will result in inaccurate results. Therefore, the values above were changed to positive values [8]. 
[bookmark: _Toc134771286]Simulations and Results:
Having created the plate and projectile, the Johnson-Cook values were inputted on Abaqus. A mesh was created in the Abaqus model for the plate and projectile (see Fig. 3). The nodes required to be hit were also identified (see Fig. 4). Jobs were then created and ran for both plates at the two velocities.
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Fig. 3 Mesh plate and projectile created on Abaqus.
[image: ]
Fig. 4 nodes on the plate selected to be hit by a projectile.
[bookmark: _Toc134771287]Aluminium 5083 H116 Impacted at 1000m/s:
The projectile velocity at 1000m/s into the aluminium plate decreased steadily and showed velocities of 700m/s at 0.01ms, the projectile had a velocity of approx. 100m/s at 0.55ms is the final penetration step, before ricocheting away from the plate (see Fig. 5).
[image: Graphical user interface, application

Description automatically generated]
Fig. 5 Graph of velocity for Aluminium 5083 H116 impact at 1000m/s.
At the 0.15ms step of the aluminium simulation at 1000m/s, there were tension stress values at the rear of the plate of 2.91GPa. This would suggest that the rear of the plate would fracture and produce spalling. Compression values of 0.17GPa can be seen at the site of penetration (see Fig. 6).
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Fig. 6 Tension and compression at 1000m/s of aluminium 5830 H116 plate. 0.15ms.
The last penetration step was at 0.55ms, and the tension stress values were at 4.58GPa (see Fig. 7). Gaps can be seen at the rear of the plate where damaged particles were removed, this also suggests that there would be spalling and fragmentation at the rear of the plate.
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Fig. 7 Tension and compression 1000m/s at final penetration step, aluminium 5830 H116 plate. 0.55ms.
There were shear stresses of 0.0172GPa in the positive direction and 0.171GPa in the negative direction, the dark and light orange seen in the schematic below (see Fig. 8).
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Fig. 8 Shear stress 1000m/s at final penetration step aluminium 5830 H116 plate. 0.55ms.
[bookmark: _Toc134771288]Ti6Al4V Impacted at 1000m/s:
At 0.01ms the velocity of the projectile had dropped to roughly 300m/s, before decreasing to less than 100m/s at 0.3ms which was the final penetration step (see Fig. 9).
[image: Graphical user interface, application, Word

Description automatically generated]
Fig. 9 Graph of velocity for Ti6Al4V impact at 1000m/s.
At the 0.15ms simulation step, there were values of tension at the rear of the plate of 2.93GPa as seen in grey. The whole width of the plate, coloured red is under a tension of 0.3GPa. The compressive stress of up to 0.66GPa can be seen at the contact point in orange and yellow (see Fig. 10).

[image: ]
Fig. 10 Tension and compression 1000m/s Ti6Al4V plate. 0.15ms.
After 0.3ms the projectile stopped and ceased penetrating the Ti6Al4V plate the rear of the plate was under the tension of 3.06GPa. Compression values of 0.216GPa can be seen at the impact site in orange and yellow. No damaged particles appear to be removed, this would suggest that there would be no spalling or fragmentation at the rear of the plate (see Fig. 11). 
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Fig. 11 Tension and compression 1000m/s at final penetration step, Ti6Al4V. 0.3ms.
Shear stresses were recorded at 0.3ms (see Fig. 12). 0.1135 GPa in the positive direction and 0.07868GPa in the negative direction these are shown in dark and light orange respectively.
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Fig. 12 Shear stress 1000m/s at final penetration step Ti6Al4V. 0.3ms.
[bookmark: _Toc134771289]Aluminium 5083 H116 Impacted at 1200m/s:
Velocities of less than 400m/s are seen at 0.01ms, the projectile was travelling at less than 100m/s at 0.6ms as it penetrated the plate (see Fig.13).
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Fig. 13 Graph of velocity for Aluminium 5083 H116 impact at 1200m/s.
At an initial impact of 0.05ms tension stress of up to 3.863GPa can be seen in grey at the rear of the plate. At the impact point in yellow are compressive stress values of 0.171GPa (see Fig.14).
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Fig. 14 Tension and compression 1200m/s at initial impact, aluminium 5083 H116. 0.05ms
After 0.6ms the projectile had penetrated the rear of the plate and particles can be seen breaking away, suggesting there would be fragmentation to the rear. There are still tensive stresses of 5.479 GPa in grey and 0.113GPa in red at the edge of the projectile on the plate (see Fig. 15).
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Fig. 15 Tension and compression, 1200m/s penetration at the rear of the aluminium plate. 0.6ms.
At 0.6ms there are very few shear stresses in play (see Fig. 16). The tension and compression stresses are more prevalent. 
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Fig. 16 Shear stress, 1200m/s penetration at the rear of the aluminium plate. 0.6ms.
[bookmark: _Toc134771290]Ti6Al4V Impacted at 1200m/s:
Velocities of over 400m/s are seen at 0.01ms, the projectile had a velocity of less than 200m/s at 0.3ms, the final step of penetration (see Fig. 17).
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Fig. 17 Graph of velocity for Ti6Al4V impact at 1200m/s.
At 0.05ms initial impact, tensive stresses of 3.47GPa are observed at the rear of the plate. Yellow and blue depict compressive stresses of 0.317 and 2.187GPa respectively (See Fig. 18).
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Fig. 18 Tension and compression at initial impact, Ti6Al4V. Velocity 1200m/s. 0.05ms.
At 0.3ms the projectile stopped and ceased penetrating the plate. Some damaged particles have been removed; this would suggest spalling at the rear of the plate creating fragmentation. Tensile stresses of 2.979 GPa and 0.3057 GPa were observed in grey and red. Compressive stresses of 0.2956 GPa are seen in yellow at projectile interaction with the plate (see Fig. 19).
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Fig. 19 Tension and compression at 1200m/s Ti6Al4V. 0.3ms.
Shear stresses were taken at 0.3ms, the final point of penetration. 0.08798GPa in the positive direction coloured light orange and 0.02086GPa in the negative direction coloured yellow (see Fig. 20).
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Fig. 20 Shear stress at 1200m/s Ti6Al4V 0.3ms.
[bookmark: _Toc134771291]Conclusion:
At 1000m/s the projectile did not manage to fully penetrate either plate. However, the aluminium had vast amounts of damaged particles removed, this would suggest that personnel or equipment behind the plate would be affected by fragmentation and spalling. The projectile was stopped by the Ti6Al4V plate before it penetrated beyond the halfway point of the plate. This suggests that the Ti6Al4V plate would offer better protection to personnel and equipment when impacted with a steel projectile at 1000m/s.
At 1200m/s the aluminium plate did not fare well, with the projectile completely penetrating the plate. The titanium plate was able to withstand stresses of 2.9GPa where it finally stopped the projectile halfway through the plate. Damaged particles have been removed, this would suggest that there could be a possibility of fragmentation and spalling at the rear of the plate. Overall, the TiAl4V plate is superior at both velocities and the material can withstand high-stress values better than that of the aluminium material.
The results suggest that the Ti6Al4V plate offers far superior protection for personnel and equipment against steel projectiles than the aluminium plate.
The next steps could be conducting further simulations on Abaqus, looking at spaced arrays or layered targets incorporating thinner plates of aluminium and titanium that were used in these simulations, alongside ceramic materials. This could reduce the weight of the armour, providing improved mobility of vehicles and personnel.
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Ballistic problems have been  studied for  many years. This report  will utilise the  Abaqus Finite  E lement  Analysis software to  cr eate components and run  simulations.   Johnson Cook material  and damage models will be input  into the system, the  values for the  models were  gathered from  various  scientific papers and journals. One  plate of aluminium   5083 - H 116 and  one titanium alloy  Ti6Al4V were  created and impacted  by a stee l  projectile . The results have been  analysed . T he  velocity of the  projectile   was  plotted,   and   the  tension ,   compress ion , and shear   stress values   imparted on the  plates .  
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