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[bookmark: _Toc172795374]Introduction

This report contains a reflection of the computer aided modelling scenario conducted over Semester 3, whereby two simulations of a projectile ballistically impacting an armour plate was investigated.  
The aim was to investigate whether any mechanical stress-strain relationship occurs on a projectile at various impact velocities onto a witness plate. The test simulation was to be conducted using Tungsten as the projectile, and Q235 steel as the witness plate.

[bookmark: _Toc172795375]Description of scenario

For any analysis to be successful, the input data for the software would first need to be considered.  The model is based on the 12.7 by 99mm NATO round, commonly known as the 50BMG. The 50BMG comes in in many forms, ranging from ball rounds to armour piercing incendiary (API) rounds, or projectiles with a tungsten core used for their penetrative abilities [8]. However, for simplicity, the projectile in this study is assumed to be solid tungsten. This projectile will be impacting a 25mm thick piece of Q235 steel plate at two velocities of 1000m.s-1 and 800m.s-1. Q235 is a plain carbon steel with a low sulphur content, it is commonly used as plate material in construction and engineering structures [4].
The scenario will be conducted using ABAQUS 2023 software which is a finite element analysis (FEA) program. It is a program to simulate the behaviour of physical products under various conditions, where partial differential equations (finite elements) are solved to describe the phenomena under investigation. Software packages such as this are utilised for problems with complex geometries and conditions where typical analytical solutions are not viable, scenarios like presented in the current study. 
Due to the high impact energies, and therefore the increase in strain rate from the projectile, a popular model that is used to better understand the plasticity of a material is the Johnson Cook model. This model consists of two parts, firstly for the plastic behaviour under dynamic loads shown in Equation 1 below;[image: ]

[bookmark: _Ref170914806]Equation 1- Johnson Cooke Elastic-Plastic behaviour model


Where:
σ – Flow stress
A – Yield stress
B – Hardening modulus
ε –  Plastic Strain
C – Strain rate coefficient
ε0 – Reference strain rate
m – Temperature exponent
T - temperature
The second part of model is used to assess the damage evolution. That is to say, the energy that is required for complete failure of a material once damage has been initiated. This can be described by Equation 2 below; 
[image: ]

[bookmark: _Ref170914821]Equation 2 - Johnson Cooke Damage Initiation Criterion
Where;
	D1 – D5 – Damage constants for a given material.
	σ* - mean hydrostatic stress and equivalent stress


[image: ]

[bookmark: _Ref172554282][bookmark: _Toc172795389]Figure 1 - Idealised Stress - strain curve
Where;		P – Proportionality limit, where stress-strain curve is linear
		E – Elastic limit of the material
		Y – Yield strength
		U – Ultimate yield strength
		F – Fracture / break point 

All points from Figure 1 [9] will form inputs to the ABAQUS model. 


[bookmark: _Toc172795376]Material Selection 

A literature review was conducted to ascertain credible values for the physical properties and associated Johnson-Cooke [6] plastic and damage parameters to be used within the ABAQUS software package for the materials of construction. The associated references for these can be found in Section 5.
Firstly, the input values for the projectile, consisting of Tungsten [1, 5, 7].
	Physical Property
	Unit

	Density
	19.303 kg.m-3

	Elastic modulus
	400 GPa

	Poisson ratio
	0.28

	Tensile strength (ultimate)
	980 MPa

	Tensile strength (yield)
	750 MPa


[bookmark: _Toc172795408]Table 1 - Physical property data for Tungsten

	A (MPa)
	B (MPa)
	n
	C
	m
	Ε0 (s.-1)
	Tr (K)
	Tm (K)

	1507
	176.64
	0.12
	0.016
	1
	1
	293
	3696


[bookmark: _Toc172795409]Table 2 - Johnson Cooke Elastic Parameters for Tungsten
	D1
	D2
	D3
	D4
	D5

	0
	0.33
	-0.15
	0
	0


[bookmark: _Toc172795410]Table 3 - Johnson Cook Damage Parameters for Tungsten
Secondly, the input parameters for the witness plate, Q235 [2, 3, 4] steel. 
	Physical Property
	Unit

	Density
	7800 kg.m-3

	Elastic modulus
	200 GPa

	Poisson ratio
	0.3

	Tensile strength (ultimate)
	400 MPa

	Tensile strength (yield)
	225 MPa


[bookmark: _Toc172795411]Table 4 - Physical property data for Q235 Steel
	A (MPa)
	B (MPa)
	n
	C
	m
	Ε0 (s.-1)
	Tr (K)
	Tm (K)

	197.5
	145
	0.301
	0.16
	1
	0.001
	293
	1713


[bookmark: _Ref172548656][bookmark: _Toc172795412]Table 5 - Johnson Cook Elastic Parameters for Q235 Steel
	D1
	D2
	D3
	D4
	D5

	0.05
	3.44
	-2.12
	0.002
	0.61


[bookmark: _Toc172795413]Table 6 - Johnson Cook Damage Parameters for Q235 Steel
[bookmark: _Toc172795377]Abaqus Model
In order to complete the required element analysis, a detailed three-dimensional object would need be created in the software, namely the projectile and the witness plate under investigation. Various materials and geometries were considered before settling on Tungsten for the projectile and Q235 Steel for the witness plate. [image: ]

[bookmark: _Toc172795390]Figure 2 - 3D schematic of the projectile under investigation.
On completion of the design of the projectile, the physical properties of Tungsten were assigned with the data in Tables 1 – 3. The same process was successfully followed for the witness plate. The next stage was to provide the software with the interface conditions that would be investigated, this entailed “meshing” the parts with a suitable framework. The meshes used in the simulation are represented below in Figure 3 and Figure 4 respectively. 
[bookmark: _Ref170914159][bookmark: _Toc172795391]Figure 3 - Meshed Projectile 		[image: ]
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[bookmark: _Ref172702743][bookmark: _Toc172795392]Figure 4 - Meshed projectile & witness plate

[bookmark: _Toc172795378]Results
With all dependant data input into the system, two scenarios were conducted under identical conditions with the change of only one variable – velocity. This was varied slightly to observe changes of the impact and subsequent damage, if any, at credible velocities in the real world. 
[bookmark: _Toc172795379]Scenario 1 – Impact at 1000m.s-1[image: ]

[bookmark: _Toc172795393]Figure 5 – 1st frame at 1000 m.s-1 at 0.1µS
The left pane of Figure 4 shows the direct stresses of the impact at 1000m.s-1 at a time delta of 0.1µS, there is a significant compression wave at the forefront with a significant tension area behind. Similarly, the right-hand pane is showing the predicted shear stresses at the same time reference. Already the large opposite forces of shear stress can be observed forming the beginnings of the Hertzian Cone. 

[bookmark: _Ref172709758][bookmark: _Toc172795394]Figure 6 - Progression of stress[image: ]

Figure 6 above at 2µS after initial impact. Due to the relatively sharp pointed nature of the projectile the development of the compression wave at the forefront is also relatively narrow, with tension forces exceeding 10G Pa at the tip of the projectile. Shear stresses are in the order of 6MPa and has progressed through to the opposite face of the witness plate. 
[image: ]

[bookmark: _Ref172548540][bookmark: _Toc172795395]Figure 7 - Deformation of impact surface of witness plate
In Figure 6 above the initial compression wave has penetrated the witness plate and has begun to reflect up and outward back towards the incoming oscillation of compression and tension waves. There is also the beginnings of deformation of the impact surface close to the tip of the projectile. In the right pane the significant shear stresses in the Y,Z plane continue with the Hertzian Cone taking shape.

[bookmark: _Toc172795396]Figure 8 - Damaged elements[image: ]

In Figure 7 the damaged elements at the tip of the projectile and corresponding section on the witness plate. It would be expected that this would evolve given sufficient time in the simulation. 


[bookmark: _Toc172795380]Scenario 2 – Impact at 800m.s-1
[image: ]

[bookmark: _Toc172795397]Figure 9 - 1st frame at 800m.s-1
Figure 8 shows the impact of the projectile at 800m.s-1 at a time delta of 0.1µS. The formation of successive tension and compression waves are present. [image: ]

[bookmark: _Toc172795398]Figure 10 - Development of tension and shear forces
Figure 9 at 2µS, the tension wave is expanding in the left pane whilst shear forces also developing in the Y,Z plane with a Hertzian cone present. [image: ]

[bookmark: _Toc172795399]Figure 11 - Fully developed Hertzian Cone
Figure 10 above at 5µS, tension wave proceeding a large compression force in left pane. In the right pane the large shear forces have also almost penetrated to the opposite pane of the witness plate. 
[bookmark: _Toc172795381]Discussion on observed performance. 

The overall duration of both simulations run for approximately 5 - 7µS, this is in part due to the complex interactions of the rebounding tension waves off the reverse surface of the witness plate back into the oncoming compression wave behind it. Additionally, the node deletions in the 1000m.s-1 simulation also caused the simulation to fail in early iterations. 
Tension forces in the witness plate in Figure 7 at the end of the simulation are exceeding the yield stress values in Table 5 thereby leading to plastic deformation.
[image: ]

[bookmark: _Toc172795400]Figure 12 - End of Simulation #1
Looking closer at the separated bubble of high tension in the final frame, it is at this point the reverberating waves interact with each other. The maximum principal stress indicated in the simulation is in the region of 100MPa, close to the yield stress of the material. 


[image: ]

[bookmark: _Ref172550405][bookmark: _Toc172795401]Figure 13 - 1000m.s-1 negative shear stress[image: ]

[bookmark: _Ref172550413][bookmark: _Toc172795402]Figure 14 - 1000m.s-1 positive shear stress
The level of shear stress are indicated in both Figure 13 and Figure 14 showing negative and positive stress respectively, both are in the region of 300MPa which is close to the ultimate yield strength of the witness plate. 
[image: ]

[bookmark: _Toc172795403]Figure 15 – End of Simulation #2
Figure 14 above showing the significant tension in the shadow of the projectile impact at 800m.s-1. Indicated value of 695MPa are higher than that of the 1000m.s-1 simulation. 


[image: ]

[bookmark: _Ref172553092][bookmark: _Toc172795404]Figure 16 - Positive shear stress at 800m.s-1[image: ]

[bookmark: _Ref172553093][bookmark: _Toc172795405]Figure 17 - Negative shear stress at 800m.s-1
The level of shear stress are indicated in both Figure 16 and Figure 17 showing negative and positive stress respectively, both are in the region of 1GPa which is in excess of the ultimate yield strength of the witness plate and therefore permanent deformation would be expected.

[bookmark: _Toc172795382]Interpretation of Results 

[bookmark: _Toc172795383]Limitations and approximation of the simulation 

From initial background research into the material properties for the proposed simulations described herein, it was apparent that reliable physical and mechanical properties are relatively sparse for a pure Tungsten metal. Available data commonly found were for tungsten alloys such as Tungsten Carbide [10, 11]. 
Regrettably, the entirety of the data points needed for the ABAQUS software inputs could not be sourced from a single point of reference, instead they have been amalgamated from different sources. The author understands that this is a sub-optimal situation for a Lagranjion type analysis, however, there was not sufficient time or availability to determine the data experimentally. 
This suboptimal input data has no doubt left the simulation with greater uncertainty as to its accuracy, this could partly explain the reasoning behind ABAQUS unable to run the simulation for more than a few microseconds before crashing. 
It should also be noted that the Author is very inexperienced with Finite Element Analysis and associated software packages. It is believed that this inexperience will also have had an impact on the output results. Changes in input parameters, for example, refining the meshing of the items under test (Figure 3 & Figure 4) would likely improve the simulation further.
In terms of the outputs from the model, the data was in line with pre-simulation expectations of a relatively hard and dense material impacting a relatively softer metallic witness plate at velocity. In both simulations, significant elastic damage is observed followed by plastic and damage deformation soon after. Specifically, in the 1000m.s-1 significant tension waves are generated initially followed by significant compression wave following in behind, with stresses close to the elastic stress limit (100MPa) is less than that observed in the 800m.s-1 simulation (695MPa). Overall, the reaction of the ballistic impact is dominated by tension waves through the witness plate. The aforementioned drawbacks are likely to be a contributing factor to these values. 
In both simulations significant shear stresses occur very quickly, with both exhibiting the typical Hertzian cone formation of the sliding stresses originating at the impact zone. 

[bookmark: _Toc172795384]Conclusions

The FEA are dominated by tension stresses followed by compression stress waves, enough to overcome ultimate yield stress of the target material leading to permanent damage. The FEA may not be the most representative of real-world scenarios due to incomplete or uncertain input values. Further works should be considered to accurately identify key physical parameters through experimental determination. Similarly, subsequent analysis should consider extra thickness of the witness plate to ascertain or otherwise the development of the dominant tension waves after impact. 
The Author is grateful for the additional skills and experiences acquired from the exercise of developing the FEA model in this report. 
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[bookmark: _Toc172795387]Appendix 1 – 50 BMG schematic

Figure 18 below shows the schematic for the projectile involved in the present study [12]
[image: ]

[bookmark: _Toc172795406]Figure 18 - Schematic of 50 BMG[image: ]

[bookmark: _Ref172795311][bookmark: _Toc172795407]Figure 19 - M1 Frankford Arsenal 50BMG Design
Figure 19 is a schematic from a historical round from World War 2 produced in America at the Frankford Arsenal [13]
[bookmark: _Toc172795388]Abbreviations
NATO		North Atlantic Treaty Organisation
API		Armour Piercing Incendiary
FEA		Finite Element Analysis
BMG		Browning Machine Gun
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Figure 1. FEM geometrical details of 12.7 x 99 mm, .50 BMG sniper projectiles (all dimensions re in mm).
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