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Abstract
In this report an ABAQUS simulation is run to determine the effectiveness of an American phalanx round against a Russian Kh-22 missile. The missile is simulated using materials from the fuselage, magnesium alloy, and the motor casing, maraging steel. The results show that the round is capable of penetrating both, but the magnesium alloy is more easily penetrated, as such the fuselage is suggested as the main target for the phalanx units to focus on. 

1. Contextual information
1.1 - Introduction
The purpose of this report is to provide a comparison between 2 variables in an ABAQUS simulation, and comment on the limitations of the model output. The variable chose is the material being penetrated, as discussed in the Background section, with the intention in determining which material is weakest, and hence the best to fire rounds in to. 

1.2 - Background
In the present conflict in Ukraine, the Russian invaders are utilising Kh-22 anti-ship missile against civilian targets [1]. These are supersonic missiles and are therefore difficult to intercept and destroy by traditional methods. However, the United States has been providing Ukraine with weapons. The US Navy utilises the Phalanx CIWS (close-in weapon system) for the defeat of antiship missiles [2], so it is possible that Ukrainian defences could be bolstered to include these weapons.

1.3 – Problem to be simulated
Missile construction can be divided into 2 regions, the missile’s main fuselage, and the motor section. These are constructed of 2 separate materials. The simulation will seek to determine which of these sections should be targeted by the Phalanx system in order to increase likelihood of penetration and hence defeat of the missile. The Phalanx mounts a 20mm M61 Gatling gun with a muzzle velocity of 1030 m s-1, firing tungsten armour-piercing rounds [3]. Assuming the Kh-22 follows standard missile construction, the fuselage is constructed of a magnesium alloy and the motor casings are constructed using maraging steel, a high-nickel steel [4].


2. The simulation
2.1 – The model
The simulation is run on a two part model, the projectile part being the mark 149 armour piercing discarding sabot round, and the target being a section of a cylinder of equal diameter to the Kh-22 missile
2.1.1 – The projectile model
[image: ]The drawing for the model (fig. 1) is an interpretation of the only available mark 149 schematic (fig. 2) [5]. The dramatic changes in angle between the tip and round had to be reduced due to the limits of ABAQUS, as discussed in the Limitations section.Figure 2 - Schematic of Mark 149 round used as reference for model [5]

[image: ]Figure 1 - Drawing of Mark 149 round used in simulation

2.1.2 – The target model
The target model is a 5 cm x 5 cm section of a cylinder with a 0.9 m diameter, as this is the diameter of the Kh-22 [6]. A 5 x 5 section was used as this is sufficiently larger than the 20 mm round to show the stresses developed without losing capacity due to the excess uninvolved elements. A nominal thickness was chosen of 2.5 cm was chosen as the real wall thickness is unknown and this thickness allowed suitable analysis of the stresses developed.
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Figure 3 - Drawing of the missile section used as the target


2.2 – Meshing
The two components required different meshing geometries. As the target is relatively flat and square due to its large diameter, a hexahedron mesh could be utilised, with a resolution of 2 mm. Due to its more complex shape, the projectile required the use of the tetrahedron mesh, which is less capable of dealing with distortions, so required a relatively coarse mesh to be utilised. 
2.3 – The Damage model
ABAQUS was configured to use an explicit solver with the Johnson-Cook plasticity (Eqn. 1) and damage (Eqn. 2) model to calculate the stresses and damages caused by the collision. 
[image: ]			Eqn. 1
[image: ]				Eqn. 2
The material constants for each material were obtained from literature. More specific material choices were required, as the research thus far had highlighted tungsten for the projectile, and magnesium alloy and maraging steel for the missile sections. For the projectile values for pure tungsten were found. For the missile skin, values for AZ31 Magnesium alloy were selected for the fuselage section, and for the motors section maraging steel 3J33C values were used. Transition temperature was set to 293 K for all materials, and epsilon dot zero and reference strain rate were set to 1. 



	Material
	Poisson
Ratio
	Young
Modulus/ GPa
	Density / kg m-3
	A/MPa
	B/MPa
	m
	C
	n
	Melting
Temperature /K

	Tungsten
	0.22 [7]
	399 [8]
	19299 [8]
	1275 [7]
	624 [7]
	1 [7]
	0.016 [7]
	0.12 [7]
	1753 [7]

	AZ31 Magnesium alloy
	0.34 [9]
	4.500 [9]
	1730 [9]
	175.33 [10]
	2332.227 [10]
	1 [10]
	0.063 [10]
	0.350 [10]
	923 [9]

	3J33C Steel
	0.4 [11]
	183 [11]
	8000 [12]
	1000 [11]
	510 [11]
	1.03 [11]
	0.05 [11]
	0.26 [11]
	1723 [11]


Table 1 - Elastic and plastic Johnson Cook  material properties

	Material
	D1
	D2
	D3
	D4
	D5
	Fracture
energy

	Tungsten
	2.0 [7]
	1.77 [7]
	-3.40 [7]
	0 [7]
	0 [7]
	0.25 mJ mm-2 [8]

	AZ31 Magnesium alloy
	-0.3531 [9]
	0.5599 [9]
	-0.2768 [9]
	-0.5752 [9]
	6.5919 [9]
	7500 J m-2 [13] 

	3J33C Steel
	0.08804 [11]
	6.34 [11]
	-7.622 [11]
	-0.05079 [11]
	2.912 [11]
	19.9 N mm-1 [11]


Table 2 – Johnson Cook Damage material properties

2.4 – The simulated event
[image: ]In order to avoid consideration of the missile’s speed, the simulation assumes the round will impact the missile at 90o akin to if the Phalanx was used in a  more traditional anti-air mounting, as opposed to the low angle head-on nature of a CIWS. The speed of the round was set to the muzzle velocity, as given the round’s shape, air resistance can be ignored. However, the speed had to be lowered to 300 ms-1 due to the limits of ABAQUS, as discussed in the limitations section. The projectile was positioned a small distance (fig. 4) above the target to reduce unnecessary calculation cycles where no changes occurred.Figure 4- Simulation arrangement








2.5 – Limitations
The mode and meshing that were used in ABAQUS resulted in several limitations, and hence changes were made. Errors in the simulation occurred on contact for two main reasons, the pressure wave in the solid exceeding the speed of sound, and excessive deformation of the mesh elements in the round. The first problem, due to the materials and high speed was solved by reducing the projectile velocity to 300 ms-1. The second, due to the sharp angles of the tip, was solved by removing harsh angles from the projectile by altering its shape. 


3. Results
3.1 – Penetration
On contact with the target, both materials were penetrated by the projectile. However, there is a discernible difference between the AZ31 and 3J33C, with AZ31 being punched clean through (fig. 6), whilst 33J3C disrupts the round more (fig. 9).
3,2 – Stresses
As the projectile penetrates the target, stresses develop through it. Through AZ31, the tip of the round is subject to high tension > 6.8 x 108 Pa and produces a high stress wave ahead of it > 1.1 x 108 Pa, which causes the plate to fail as the wave reaches it. The same effect occurs in the 3J33C plate, but the material resists the round more, resulting in the round tip experiencing stresses > 2.35 x 1010 Pa, and the preceding stress wave > 9.3 x 1o8 Pa. due to this greater resistance, the 3J33C plate also experiences higher sheer stresses as the round penetrates.
[image: ]Figure 5 - Maximum principal stresses as the round penetrates the AZ31 alloy
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Figure 6  - Maximum principal stresses as the round exits the AZ31 alloy


[image: ]Figure 7 - shear stress as round penetrates AZ31 alloy
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[image: ]Figure 9 - maximum principal stresses as round exits 3J33C steel
Figure 8 - maximum principal stresses as 3J33C steel is penetrated
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[bookmark: _Hlk134995159][bookmark: _Hlk134995160]Figure 10 - shear stresses as round penetrates 3J33C steel




3.3 – Projectile velocity
[image: ]As the round contacts the plate, it rapidly decelerates. The round loses much more speed and hence imparts more energy into the 3J33C plate, where it emerges with 2/3 of its initial speed. For the AZ31, it emerges with 5/6 of its initial speed, so less energy is required for the round to penetrate it.  [bookmark: _Hlk134995186][bookmark: _Hlk134995187]Figure 11 - velocity time graph for projectile through 3J33C plate
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Figure 12 - velocity time graph for projectile through AZ31 plate

4 – Conclusion
The simulation shows that the round is capable of penetrating both maraging steel and magnesium alloy, meaning both the missile’s motor casing and fuselage respectively. This will be especially true at the round’s full velocity, and as such there is little to distinguish the regions to be targeted. However, as the magnesium alloy is more easily penetrated and the fuselage is a greater section of the missile, and likely to contain some of the missile’s avionics, it would be most practical to suggest that this is the part to be targeted.
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