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[bookmark: _Toc135072754]Abstract 

Investigating how changing the material properties of a projectile acts against a steel plate in simulation software ABAQUS. Using stress values as a comparative source from the simulations. The materials investigated are 7.62 Armour Piercing rounds and Titanium alloy, Ti-6AI-4V.

[bookmark: _Toc135072755]1.Introduction 

This report details the difference in stress and strain values on a steel target plate when projectiles with different material properties are fired at it at the same velocity. 
To investigate, a computational modelling system ABAQUS was used to create simulations of both an Armour Piercing round [1] and Titanium Ti-6AI-4V [2] being fired at 1200ms-1 at mild steel plate. The simulation consists of a meshed round projectile and a square plate to which all material found in Johnston-Cook models have been assigned. 

[bookmark: _Toc135072756]2. Investigation materials 

Johnston-Cook models were used as this gives the best predictability of the material parameters with less effort [3]and is best suited to high-strain-rate deformation of materials in this case most metals [4]. Johnston-Cook damage models use a formula to calculate the damage based on the “stress triaxiality ratio, the strain rate and the temperature” [3]. Young's modulus data, density and specific heat capacity aren’t enough parameters as they don’t factor in the melting temperature of the material, under so much pressure the materials melting temp could cause the material to melt and this data doesn’t include any of these parameters. Especially in ballistic experiments, it is best to use Johnson-Cook models. 
Johnston-Cook material parameters are in Figures 1 to 5, using sources [1]and [2]
1st Simulation: Amour Piercing Projectile, AP round, using Table 4 [1]
2nd Simulation: Titanium alloy Projectile using [2], [5]. 
Target plate, Mild steel for both simulations using [1].

[bookmark: _Toc135072757]3.Ballistic Models 

In both simulations the velocities are to stay the same both as 1200 ms-1. All material parameters were taken from Johnston-Cook parameters such as Youngs Modulus of Elasticity, Poisson’s ratio, and density etc. Were applied to each the Projectile and the Target Plate in the simulations. 


[bookmark: _Toc135072758]3.1 Material Properties Tables from Investigative Reports:
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[bookmark: _Toc134963099]Figure 1-Material Parameters of 7.62 AP Projectile [1].
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[bookmark: _Toc134963100]Figure 2-Material Parameters of Mild Steel [1].
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[bookmark: _Toc134963101]Figure 3-Material Parameters for Ti-6AL-4V [2], the Workpiece parameters were taken for the simulation data.
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[bookmark: _Toc134963102]Figure 4-Johnson-Cook Fracture Model for Ti-6AL-4V [2].
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[bookmark: _Toc134963103]Figure 5-Johnson-Cook Constitutive Model for Ti-6AL-4V [2], Set 1 was used.









3.2 Amour Piercing Round Simulations:
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[bookmark: _Toc134963104]Figure 6-Armour Piercing and Mild Steel Plate Simulation
The AP round penetrates through the plate however the projectile is severely deformed in this process as can be seen in Figure 6. More damage would have been displayed if the mesh was more sophisticated. 
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[bookmark: _Toc134963105]Figure 7- Armour Piercing and Mild Steel Plate, S,Max value
A strange occurrence can be seen in figure 7 a patch of low stress visually displayed on the simulation as dark grey surround by very high stress. This is an anomaly and cannot be seen on the other simulation. 
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[bookmark: _Toc134963106]Figure 8-AP and Mild Steel Stress Value
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[bookmark: _Toc134963107]Figure 9-AP and Mild Steel Stress Value and Visual of Hertzian Cone
As can be seen in Figure 8 and Figure 9 the shear stress values (S23) are similar, but one is positive, Figure 8 and one is negative, Figure 9.
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[bookmark: _Toc134963108]Figure 10- AP and Mild Steel Velocity Graph
Velocities had to be changed from 800ms-1 to 1200ms-1 as the simulation would fail and cause an error. 

[bookmark: _Toc135072760]3.4 Titanium Alloy, Ti-6AI-4V Simulations:
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Figure 11- Titanium Alloy, Ti-6AI-4V and Mild Steel Plate Simulation
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Figure 12-Titanium Alloy, Ti-6AI-4V and Mild Steel Plate Simulation
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Figure 13- Titanium Alloy and Mild Steel Stress Value and Visual of Hertzian Cone
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Figure 14-Titanium Alloy and Mild Steel Stress Value Reverse of Plate Shear Stress
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Figure 15-Titanium Alloy and Mild Steel Stress Value Reverse of Plate Shear Stress
A nice example of a Hertzian cone can be seen in Figure 13, the coloured rings indicate the different values of stress under the pate, under the impact point. These values show the stress is in tension and will lead to fragmentation and damage coming from the plate. The highest value of stress can be seen in light grey on the key and has a value of 8.76 X108 (2dp), displayed by the probe tool on ABAQUS. 
The values seen in Figures 14 and 15 display the shear stress (S23) on the reverse of the plate, under the impact point of the projectile. One a negative value and one positive but the same numerical value
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[bookmark: _Toc135072761]4.Discussion 

Below the surface of the plates in both simulations, a Hertzian cone can be seen as the fracture is from high impact onto a brittle material [6]. A Hertzian cone is a conical cone fracture found when a brittle material is impacted [6]. 
This can be shown from the shear-stress values (S23) highlighted in colour in a circle and the figures 14,15,8 and 9 being a positive and a negative value. The Hertzian cone displays the shear stress below the impact point. This may lead to deformation, fracture, and fragmentation depending on the yield strength of the steel material, if they increase as the time steps continue failure of the material will be shown with fragmentation depending on the amount of failure. The Titanium projectile did penetrate thorough the target plate displaying fracture and fragmentation of the target plate, it can be predicted further in the time steps as the projectile continues through the mesh of the plate and the stress on the plate rise to the failure point.

The validity of simulations can be tested with a physical trial using the same material data and velocities. These results could then compare to the theory simulations results in this report and conclude the validity of the data extracted [7]. Using source, the experimental data, Figure 24 [1], the AP round fails the target plate and forms ‘petals’ [1]. This is different to this simulations conclusion as the AP round didn’t make it through the plate. This could be due the difference in target materials parameters, the size of target plate and velocity and size of projectile. To confirm the validity of the simulation the theory should be tested in reality with the same parameters as the simulation.  
Unlike real materials, usual simulation materials don’t contain material deformities, such as hard spots in the metals. This means that the material properties will be the same thought out the parts, this does not reflect a real material as they are not perfect as during manufacture hard spots, fractures and impurities can form within the material  [8] [9]. These can be added but this adds a lot of time to prepare the mesh and materials for the simulation and then the time for the simulation to complete, thus not being time-efficient or cost-effective. Material impurities would also then have to be investigated to be added and each material sample would have a different type and number of impurities. Not everything can be calculated thus simulations never completely match with physical ballistic testing and trials [8] [9]. 

[bookmark: _Toc135072762]4.1 Limitations and Approximations

Some approximations had to be made during the process such as missing data or the simulation would crash so values such as the reference strain rate had to be rounded to 1 as the simulation didn’t function as required. 
The simulation crashed at 800ms-1 which was the desired velocity so small changes to the velocity and trial and error (increasing the velocity and running the simulation until it completed without error) had the simulation working at 1200ms-1.
Computer simulation software such as ABAQUS, can never replace testing as they are too simplified and cannot predict the experimental results required [7] . With regards to a ballistic trial within defence it is imperative that the closest and most accurate results are determined as the protection of personnel, platforms and infrastructure depend on them.

[bookmark: _Toc135072763]5.Evaluation 

The simulations made on ABAQUS showed the difference between the materials and conclusions on the better material for a projectile can be made however to have a better result and draw and better conclusion real life testing and trial need to be completed under different temperatures and conditions to confirm the better material for a penetrator. 
However to demonstrate the stresses on a target plate when fired at with different material projectiles can be see and compared. The S, Max values are a more realistic and comparable result for the two simulations. AP round with a value of 5.23 X107 compared to that of Titanium alloy S,Max value of 8.76 X108. There is a larger amount of stress present in the Titanium alloy simulation, and more tensile stress the more damage occurring within the plate.
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Table 4

Material parameters of 7.62 AP projectile [22].

Description Notations Numerical Value
Modulus of elasticity E (N/m?) 202 x 10°
Poisson's ratio v 0.32
Density p (Kg/m3) 7850
Yield stress constant A (N/m?) 2700 x 10°
Strain hardening constant B (N/m?) 211 x 10°

n 0.065
Viscous effect C 0.005
Thermal softening constant m 117
Reference strain rate & 0.0001 57!
Melting temperature Omere (K) 1800
Transition temperature O¢ransition (K) 293
Fracture strain constant Dy 04

D, 0

D3 0

Dy 0

Ds 0





image4.png
Table 3

Material parameters of mild steel.

Description Notations Numerical value
Modulus of elasticity E (N/m?) 203 x 10°
Poisson's ratio v 033
Density p (Kg/m?) 7850
Yield stress constant A (N/m?) 304.330 x 10°
Strain hardening constant B (N/m?) 422,007 x 10°

n 0.345
Viscous effect C 0.0156
Thermal softening constant m 0.87
Reference strain rate N 0.0001 57!
Melting temperature Omeie (K) 1800
Transition temperature Otransition (K) 293
Fracture strain constant Dy 0.1152

D> 1.0116

D; ~1.7684

Dy —0.05279

Ds 0.5262
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Table 1. Work and tool material properties and contact conditions [32, 33, 34]

Materials properties and contact conditions

Property Workpiece ~ Tool
Density, p (kg/m’) 4430 15700
Elastic modulus, E (GPa) 110 705
Poisson’s ratio, v 033 023
Specific heat, C, (J/kg°C) 670 178
2 Thermal conductivity, 4 (W/m°C) 6.6 240
é Expansion coef., oy (um/m/°C) 9 5
Z | T (°O) 1630 -
Tooom °C) 25
Inelastic heat fraction, # 0.9 -
Elastic bulk wave velocity, Co (km/s) 513 -
Slop in v, versus v, diagram, S 1.028 -
Griineisen coefficient, y, 123 -
Heat transfer coefficient , & (W/m’ K) 4x10*
8 | Heat partition coefficient, « 05
5 Friction coefficient, u 0.2
Friction energy transferred into heat, E 100 %
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Table 3. Johnson-Cook fracture model parameters of Ti-6A1-4V [31].

D, D, D; Dy D5 £ (s7)

-0.09 0.25 -0.5 0.014 3.87 1
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Table 2. Johnson-Cook constitutive model parameters of Ti-6Al-4V [31].

Set A(MPa) B(MPa) n c m g (s

J-C(setl) 862 331 034 0.012 08 1
J-C (set 2) 1098 1092 093 0014 111
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