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[bookmark: _Toc198548103]Introduction:
The simulation demonstrated the effects of a projectile hitting an armour plate at two different velocities using the ABAQUS simulation software. The effects of changing the velocity on the maximum principal stress and shear stress were analysed to determine what caused failure in the armour plate. 




















[bookmark: _Toc198548104]Simulation set up:
The simulation used two parts, the projectile and the armour plate. Both parts had uniform properties, and the armour plate was in a fixed position using boundary conditions to simulate a real-life situation where an armour plate would be fixed to a vehicle or building.  The projectile was given an initial velocity at which it collided with the plate. The simulation used Johnson-Cook parameters including damage properties to visualise the effects the projectile hitting the target.
[image: ]
Figure 1
Figure one shows the two parts used in the simulation. The armour plate was made up of 4 uniform plates fixed together to allow analysis in the three-dimensional planes. Both parts were meshed to allow data capture of the stresses occurring in the collision.
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Figure 2

Figure 2 shows the boundary conditions and material used in the simulation with the projectile being steel and the armour plate being 603 armour steel. The projectile was set to hit the plate with a parallel velocity in the direct centre.






















[bookmark: _Toc198548105]Ballistic impact background information:
Shear stress- Shear stress is a force applied parallel to a material cross section [1]. Shear stress could have caused failure in the materials through or sliding of materials.
Maximum Principal Stress – The greatest normal stress acting on a plane and is the most significant stress in the simulation. This accounted for the compressive and tension forced that occurred in the parts. It is a vital concept in design to understand how and when failure could occur in a material [2]. 
A ballistic impact occurred when the projectile hit the target, simulating these impacts provided an estimate of what would happen in a real-world situation. When these events are simulated the properties of the material and behaviours are analysed to evaluate performance [3]. It is important that these events are simulated to develop future and improve current defence materials and systems. 











[bookmark: _Toc198548106]Description of Material Models:
· Projectile – Steel
· Armour Plate – 603 armour steel

The material selected for the projectile was steel as it is often used in armour piercing projectiles and bullets.
The material selected for the armour plate was 603 armour steel. Armour steels are often hardened steels and aim to protect against projectiles at high velocities. 603 steels have a chemical composition containing: carbon, silicon, manganese, sulphur, potassium, chromium and molybdenum [4]. Armour plates are used commonly around the world in the defence industry for protection against blasts and ballistics therefore these material properties were ideal for the simulation with high strength and hardness. Armour plates are often used in defence vehicles such as armoured vehicles and tanks therefore it is vital that they are successful in protecting against threat such as projectiles and blasts [5]. 








[bookmark: _Toc198548107]Material Properties:
Within the simulation the Johnson-Cook material properties for the steel and armour steel were used:[6]
	Constants
	603 Armour Steel

	Density  (Kg/m^3)
	7850

	Shear Modulus (GPa)
	77

	A-Static yield Strength (GPa)
	1.41

	B-Strain hardening coefficient
	0.73

	N- Strain hardening exponent
	0.26

	Strain rate coefficient 
	0.014

	C-Reference strain rate
	5000

	M-Thermal softening exponent
	1.03

	Reference Temperature (K)
	298

	Melting temperature (K)
	1793

	Damage constant 1
	0.05

	Damage constant 2
	3.44

	Damage constant 3
	-2.12

	Damage constant 4
	0.002

	Damage constant 5
	1.61

	Poisson Ratio
	0.28



	Constants
	Steel

	Density (Kg/m^3)
	7830

	Shear Modulus (GPa)
	74

	A-Static yield Strength (GPa)
	7.92

	B- Strain hardening coefficient
	0.51

	n - Strain hardening exponent
	0.26

	m -Thermal softening exponent
	1.03

	Melting Temp (K)
	1793

	Transition Temp (K)
	293.2










[bookmark: _Toc198548108]Simulation 1: 
The first simulation used the 603-armour steel for the plate and steel for the projectile. The projectile had an initial velocity of 400m/s.
The initial impact from the projectile created areas of high principal stress in the tip of the projectile and the face of the plate. This was a tension force of around –1.370e+11Pa. Surrounding the tension in the collision there was also a compressive force travelling through the parts. This compressive force is generated in the collision and is generated at the projectiles nose and travels through to the tail As well as from the surface of the target to the bottom side of the target [7]. 
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Figure 3
Figure 3 shows the tension force in blue and the surrounding compressive force in grey. At the initial impact the tension force was greater than the compressive force due to the kinetic energy being transferred from the projectile.
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Figure 4
As the projectile further penetrated the armour plate the compressive force continued to travel through the parts and the tension force remained under the tip of the projectile with a value of –9.74192e+08Pa. In the same area the shear stress was much lower with a value of 5.71497e+07Pa. This is due to the projectile hitting the plate direct, hitting at an angle would create greater shear stresses across the surface of the plate. As the projectile began to deform it created greater shear stress as the diameter of the projectile increased and acted on the surface of the plate.
[image: ]
Figure 5
The projectile started to deform laterally and caused a greater shear force on the plate with a value of 2.105e+10 which is the greatest amount of shear seen in the collision. The shear stress travelled through the plate with the greatest values below the impact point, as well as travelling right through the armour plate.

Following the impact with the plate the projectile was rebounded and left permanently deformed. The plate and projectile both remained under great amounts of compression with some of the plate eroded. 

[image: ]
Figure 6
The projectile left a crater like impact in the plate which would affect the overall structure of the plate and may have caused extreme damage if hit by another projectile.
[bookmark: _Toc198548109]Velocity graph 
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 Figure 6
The initial velocity of the projectile was 400m/s which then became stationary on impact with the plate. When the projectile rebounded the velocity then increased to around 50m/s travelling away from the plate. All energy from the projectile was not transferred to the plate therefore the projectile rebounded.







[bookmark: _Toc198548110]Simulation 2:
The second simulation used the 603-armour steel for the plate and steel for the projectile. The projectile velocity was double that of the first simulation travelling with initial velocity 800m/s. 
The initial impact from the projectile was the same as the first simulation with tension initially created between the plate and the projectile surrounded by a compression wave which travelled to the opposite side of the part.
[image: ]
Figure 7
The tension in the tip of the projectile had a max principal stress of around –9.874e+10Pa, at this point the compression was lower than the tension force with a value of 2.537e+10Pa. 
The shear stress was much lower with a value of 8.149e+08 and was at its maximum on one side of the projectile and the opposite side of the plate. This could have been due to either part beginning to deform therefore causing a shear stress in different places of both objects shown in figure 8.
[image: ]
Figure 8
As the projectile further penetrated the plate the tension decreased and was overcome by the compression. As the compression wave travelled through the projectile tension then formed again at the tip shown in figure 9.

[image: ][image: ]
Figure 9

[image: ]
Figure 10
Again, as the projectile penetrated the plate the projectile began to deform with high max principal stress within the projectile and plate with a value 1.671e+10Pa. The shear stress remains lower than the principal stress with a maximum value of 9.193e+08Pa shown in figure 11.
[image: ]
Figure 11.
The shear stress remains most prominent on the left-hand side of the plate and the tip of the projectile where deformation is occurring. Throughout the impact the principal stress remains much greater than the shear stress suggesting that is the main reason for failure.
With the higher velocity projectile, a piece of material was ejected from the armour plate and spalling occurs due to the shock and reflected tensile waves [8]. Spalling is a failure that occurred in the surface of the armour plate and caused parts to break away from the surface of the plate. 
[image: ]
Figure 12
Figure 12 shows the material ejected from the plate which is under a high amount of stress around 6.002d+07Pa. This material was ejected due to a tensile stress failure caused by the reflection of the shock wave through the material exceeding the tensile strength of the armour plate [9]. 






[bookmark: _Toc198548111]Velocity graph:
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Figure 13

The initial velocity of the projectile was 800m/s, following the impact the projectiles velocity decreased but didn’t become stationary. As it was rebounded from the plate the projectile travelled with an opposite velocity which is not shown on the graph as figure 13 is the magnitude of the velocity and not the direction. The velocity did not decrease constantly unlike simulation one and has area where there are slight increases. This could suggest an error in the simulation with the nodes.





[bookmark: _Toc198548112]Performance of projectile and target:
Shown by the velocity graphs in figure 6 and figure 13 both projectiles were recoiled almost immediately however the 800m/s projectile was rebounded at a lower velocity. This could be due to a greater amount of energy transfer from the projectile to the plate in the form of kinetic energy and energy transferred in the collision to produce deformation a lower amount of energy for the rebound. 
[bookmark: _Toc198548113]Comparison of shear and max principal stress
Both the shear stress and max principal stress contributed to the deformation of the projectile and plate. The maximum principal stress was mainly accountable for the tension and the compressive forces in the simulation and causing damage in the collision.  The shear stress was highest on the initial impact from the projectile and most concentrated across the sides of the armour plate and projectile.
The shear stress was mainly accountable for the mushrooming of the projectile as it began to compress and increase in diameter. This suggests that shear force was acting on the projectile and causing it to plastically deform. There were also no visible cracks in the projectile and the back of the projectile was not deformed. 
The projectile was rebounded in both simulations after it had been deformed in the impact. This occurs when the kinetic energy is transferred to deformation both plastically and elastically and therefore stopped penetrating the target [10]. 
[image: ]
Figure 14
Figure 14 shows the damage created by the lower velocity projectile (right) and the higher velocity projectile (left). The principal stress caused a greater amount of damage to the plate by the higher velocity projectile. The shear stress also caused greater deformation to the higher velocity projectile 

Throughout the simulation the principal stress remained higher than the shear stress at both velocities. Figure 15 shows a comparison of the principal stress and shear stress. The shear stress has a value of 9.193e+08P compared to the principal stress of 2.362e+10Pa.
[image: ]
Figure 15
The principal stress remains higher as there is a direct perpendicular impact from the projectile. Greater shear stress would have been caused if the projectile hit the target at an angle.









[bookmark: _Toc198548114]Limitations and approximations:
Within the simulation errors occurred when all -coo Johnson k parameters were used for both materials, therefore the steel had elastic properties only which affected the accuracy of the simulation. 
There was also a limited number of nodes that could be used on the software which limited how fine the mesh could be. A finer mesh would have created more data points and a more accurate simulation. 
The armour plate in a fixed position for the duration of the impact, in a real scenario this would not be the case and there would be movement of the plate when impacted by a projectile.

[bookmark: _Toc198548115]Conclusion:
In conclusion the 603-armour steel used for the plate was successful in protecting against the steel projectile travelling at different velocities. The projectile did not fully penetrate the armour and rebounded both times causing some crater damage to the plate and mushroom deformation to the projectile. The plate did not fail under shear stress or max principal stress and would be a good material to be used in the defence industry. For the damage that did occur to the plate this was due to the principal stress on the material. Failure was expected when the max principal stress or shear stress was greater than the strength of the plate which would have caused extreme deformation [11]. Therefore, the principal stress is the largest contributing factor in the failure of the armour plate. 
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