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i. Abstract

For decades, Main Battle Tanks have used kinetic penetrators to defeat enemy armour in the form of Armour-Piercing Fin-Stabilised, Discarding Sabot (APSFDS) ammunition. Some countries use Tungsten as their choice of penetrator (such as the Germans with their DM53 round [1]), while others make use of Depleted Uranium (the Americans use the M829 [2]). The purpose of this test is simple: to determine which is the better material for defeating tank armour by simulating a projectile of each material in ABAQUS and observing the effects.


ii. Test Parameters

An APFSDS projectile of Tungsten and another of Depleted Uranium will be fired at a target of the same makeup, in each test the projectile will be fired at a fixed velocity of 1,679 Metres/Second. This is the muzzle velocity of the M829 round [2] and will be used for both simulations to eliminate test variables.

The projectile used will be the American M829 round as dimensions are freely available [2] (with the fins removed as they do nothing for target penetration), however the diagram [2] shows the projectile in Imperial measurements, conversion to Metric is needed for ABAQUS and is shown in diagram [16] with the diagram used in the experiments is represented in [15].

The target is a 0.25mX0.25mX2m piece of AR500 Steel. The Target being 2 Metres long ensures that only partial penetration is achieved and by measuring the depth of penetration, it can be proven which is the better penetrator. The model used in the simulation is shown in [14]

For the ABAQUS simulations to function, Johnson-Cook damage parameters are required and they are listed below, the values of each entry derived from [2], [3], [4], [5] and [6]. Unfortunately, exact figures were not available for each material and some assumptions had to be made, such as Depleted Uranium using values for “regular” Uranium and AR500 having to use values from other varieties of Steel (but should serve as a facsimile of Rolled Homogenous Armour (RHA) found on legacy-era tanks).

	Material Properties (Depleted Uranium)

	Density
	19,700

	Melting Point (Kelvin)
	1405

	Young’s Modulus
	190 GPa

	Poisson’s Ratio
	0.22

	A
	1079 MPa

	B
	1120 MPa

	N
	0.25

	M
	1

	C
	0.007

	D1
	1.80

	D2
	0.33

	D3
	-1.50

	D4
	0.021

	D5
	0

	Strain Value
	1



	[bookmark: _Hlk134973899][bookmark: _Hlk134973642]Material Properties (Tungsten Alloy)

	Density
	17,600

	Melting Point (Kelvin)
	1,723

	Young’s Modulus
	209 GPa

	Poisson’s Ratio
	0.28

	A
	1,275 MPa

	B
	624 MPa

	N
	0.12

	M
	1

	C
	0.016

	D1
	2.0

	D2
	1.77

	D3
	-3.40

	D4
	0

	D5
	0

	Strain Rate
	1





	Material Properties (AR500)

	Density
	7860

	Melting Point (Kelvin)
	1800

	Young’s Modulus
	220 GPa

	Poisson’s Ratio
	0.28

	A
	1250 MPa

	B
	362 MPa

	N
	0.36

	M
	1

	C
	0.039

	D1
	0.3

	D2
	0.9

	D3
	-2.8

	D4
	0

	D5
	0

	Strain Rate
	0.014


		
To model the interaction between Target and Projectile, a Mesh must be applied to both objects (which is a 3D grid of smaller objects, Tetrahedral in this case) which allows the software to solve material interaction equations and model damage to either part. A more concentrated mesh of smaller objects at the point of impact would allow for more accurate simulation of material interaction, as shown in [17] and [18].

Upon impact with the target, the penetrator creates an area of Compression and Tension inside the target, as demonstrated by diagram [19]. The Load is provided by the penetrator entering the target, with Compression occurring underneath the tip of the projectile and Tension occurring on the opposite side of the Compression. In this case, as the projectile moves forwards through the target, it creates a “wave” of this behaviour and as materials cannot fail under Compression, it is expected that there will be a constant “Compression zone” under the tip of the projectile, when Tension forces become too great behind this zone, the Steel eventually fails. Steel that has just been penetrated (formerly under Tension) becomes subject to the Compression and the cycle repeats until the projectile either runs out of energy and stops or penetrates completely. This behaviour can be modelled and observed by ABAQUS.

iii. Results and Analysis

Unfortunately, this experiment has met with limited success. After only a few frames of material interaction, the simulation crashes with an error message that reads “The ratio of Deformation Speed exceeds 1.000”, so a full simulation of the proposed interaction isn’t possible. I suspect the reason for this is that my “approximations” for material properties is preventing a full simulation of interaction between Projectile and Target. It is also worthy of note that a real APFSDS shatters upon impact with the target (transferring all kinetic energy in the process), the resulting interaction would make the target behave like a liquid under these enormous pressures and allowing the fragments of the projectile to pass through the armour unimpeded, a phenomenon known as the Hydrodynamic Penetration [9]. It is likely that my simulation doesn’t account for this material interaction and it’s possible that ABAQUS as a software package can’t compute the amount of energy being transferred.

However, a partial simulation is available to discuss as shown in [10] and [11]. There is a difference in material interaction between projectiles, the Tungsten interaction shows a much clearer Compression/Tension wave at the point of impact than the Depleted Uranium impact, but with less energy being transmitted through the Steel. The Depleted Uranium impact is the opposite; with a greater amount of energy going “through” the material with a smaller Compression/Tension wave, which would imply that the Depleted Uranium would be the best penetrator of the two. Although it is worthy to note that the values in each experiment are not the same (even after much trying to get both sets equal), I theorise that if the measurement figures were the same across both experiments, the results would look very different and would offer a much clearer picture of each penetrator’s performance.

Graphs of material interaction are shown in [12] and [13], which shows Displacement/Time of the material interaction and highlights the differences in the materials, for example at the end of the simulation of the Tungsten impact, the displacement “Spikes” before the simulation ceases while the Depleted Uranium does not. The reason for this could be that the Tungsten projectile has “bounced” backwards off the steel plate, a cause for this could be that Young’s (elastic) Modulus is higher in the AR500 than the Tungsten and upon impact, the target resists compression (which would also explain the smaller Compression/Tension wave as seen in [11]) and projectile cannot go forwards, it has no other option but to go backwards. Depleted Uranium does not do this, but the graph of its impact only goes as high as ~26µS whereas the Tungsten graph goes to ~31µS, it is entirely possible that Depleted Uranium exhibits the same behaviour, but the simulation ceases before this can take place.


iv. Conclusions 

From my experiments, the results are inconclusive; the limited experiment run time did not produce a definitive result for unknown reasons, either due to ABAQUS software not being sufficient, Johnson-Cook damage parameters not being correct or incorrect meshing. Had these issues been fixed, then more detailed experiment may be run and an absolute conclusion achieved. Despite limited success, others have tried this exact problem and have proven that Depleted Uranium is a better armour penetrator [8], but they also stipulate that Tungsten is only slightly inferior and those countries that use it as their projectile of choice consider it “good enough” for their needs.


v. Information References

[1] Kotsch, S (Publishing date not available), Munition der deutschen 120 mm Panzerkanone Rheinmetall, viewed (), https://www.kotsch88.de/m_120_mm.htm 

[2] Cooke, G (6th of April 2009), M256 120mm Smoothbore Gun, viewed () https://www.inetres.com/gp/military/cv/weapon/M256.html 

[3] Zhu, F (20th of October 2019), Numerical simulation study on penetration performance of depleted Uranium (DU) alloy fragments, viewed () https://www.sciencedirect.com/science/article/pii/S221491471931089X#bbib13 

[4] Rashed, A (December 2015), Investigation on high-velocity impact performance of multi-layered alumina ceramic armours with polymeric interlayers, viewed () https://www.researchgate.net/figure/Johnson-Cook-model-parameters-for-aluminum-Al5083-H116-and-steel-4340-in-LS-Dyna_tbl2_287798079 

[5] Rahman, N (October 2018), Ballistic Limit of Laminated Panels with Different Joining Materials Subjected to Steel-Hardened Core Projectile, viewed () https://www.researchgate.net/figure/Parameters-of-Johnson-Cook-model-for-target-plates-and-projectile-materials-10-3_tbl2_330414112

[6] Abdullah, S (December 2016), Mechanical properties and microstructures of steel panels for laminated composites in armoured vehicles, viewed () https://www.researchgate.net/figure/Mechanical-properties-of-RHA-AISI-4340-and-AR500-steels_tbl1_317023642 

[7] Matweb (Publishing date not available), Material Property Data: Uranium, U; Cast, viewed () https://www.matweb.com/search/datasheet.aspx?matguid=6311bc909b6a42c8b7a75173245309a4 

[8] Gnosper, A (2nd of February 2008), Depleted Uranium Weapons: the Whys and Wherefores, viewed (), https://arxiv.org/pdf/physics/0301059.pdf 

[9] Liden, E (15th of December 2010), Interaction between High-Velocity Penetrators and Armour Components, viewed (), https://www.diva-portal.org/smash/get/diva2:359770/FULLTEXT01.pdf 

[10] ABAQUS Simulation of Depleted Uranium Impact

[image: ]




















	











[11] ABAQUS Simulation of Tungsten Impact
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[12] Graphical representation of the Depleted Uranium impact.
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	[13] Graphical representation of the Tungsten impact.
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[image: A blue rectangular object on a dark background

Description automatically generated with medium confidence]	[14] ABAQUS model of the Target
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Description automatically generated with low confidence]	[15] ABAQUS model of the Projectile

	[16] Metric diagram of the Projectile diagram found in [2]
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Description automatically generated][17] Meshing of the Projectile.

	[18] Meshing of the Target
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	[19] Diagram showing Compression/Tension Wave
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