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[bookmark: _Toc198485127]Abstract
The report investigates the mechanical response of materials in the first microseconds of impact at two distinct angles. The angles chosen were 0° (perpendicular) and 45°, which helped show the stark difference in mechanical stresses using stress distribution analysis and velocity-time graphs derived from node probe data. The report identifies the differences in the type of stress and the material deformation between the different impact angles, highlighting the armour design's strengths and weaknesses.
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[bookmark: _Toc198485132]Purpose of Experiment 
In most real-world examples, projectiles rarely impact surfaces at a right angle. To help understand the effectiveness of projectiles at different angles, the report is based on simulated data. To evaluate and compare the mechanical forces of bullets fired at various angles. The results will be compared by using stress distribution and velocity-time data. This will enable a deeper understanding of the various bullet penetration angles and the different types of forces the bullet encounters.
[bookmark: _Toc198485133]Software
The software used for the simulation was Abaqus CAE, which provided access to explicit analysis, allowing for a more detailed comparison of the mechanical stresses. Abaqus/CAE Explicit is a robust finite element analysis software used for high-speed dynamic simulations, such as ballistic impacts, crash tests, and explosions. It is part of the Abaqus suite, developed by Dassault Systèmes, and is commonly employed in engineering and research. The Explicit Solver employs an explicit time integration method, making it particularly suitable for short-duration, high-strain-rate events. [1]




· 
[bookmark: _Toc198485134]Materials 
[bookmark: _Toc198485135]Material Research  
0. Armour Plate Properties
ChatGPT was utilised to facilitate research on the mechanical properties of both materials. The armour plate dimensions were selected to represent a section of armour, thus increasing the number of nodes generated by the mesh. These will help ensure accurate and precise values during impact simulation.
[bookmark: _Toc198111029][bookmark: _Toc198485146]Table One - Armour plate dimensions
	Length
	304mm

	Height
	26.3mm

	Depth
	304mm



The material chosen for the armour plate was 4340 Steel, also known as a high-strength alloy steel. This was selected due to its higher density compared to regular steel and its greater Young’s modulus. [2] [3].
[bookmark: _Toc198111030][bookmark: _Toc198485147]Table Two - Armour Plate Mechanical Properties
	Density 
	8000kg/m3 

	Young’s Modulus
	210GPa

	Poisson Ratio
	0.280



0. Bullet Properties
The bullet dimensions were initially changed from the supplied design to help depict more accurate projectiles that impact armour. The first model of the bullet had to be sharp at a point to mesh effectively, so after a redesign to have a more rounded tip, the bullet's dimensions were:
[bookmark: _Toc198111031][bookmark: _Toc198485148]Table Three - Bullet Dimensions
	Total Length 
	95mm

	Cylinder length 
	45mm

	Curve length
	50mm

	Width (radius)
	25mm



The bullet dimensions were derived from a scaled-up 5.56mm round to illustrate the stresses associated with a larger mass, more consistent with anti-vehicle ammunition. These dimensions, as previously stated, were not an accurate scaled-up replica of a 5.56mm round due to the modification made to the bullet’s tip, which made the mesh ‘finer’ to measure stress dynamics better. The bullet was made from tungsten to enhance the plate's full penetration, thereby leading to a more accurate evaluation of the stresses caused by the impact event. The mechanical properties of tungsten were also investigated using ChatGPT, as shown in the table below. [2] [4].
[bookmark: _Toc198111032][bookmark: _Toc198485149]Table Four - Bullet Mechanical Properties
	Density
	19,250kg/m3 

	Young’s Modulus
	411GPa

	Poisson Ratio
	0.280



0. Johnson-Cook Models
Johnson-Cook has two models, which were relevant in this case of the ballistic impact event: the plastic and damage models. Johnson-Cook Plasticity Model. This model defines the hardening behaviour of a material under dynamic loadin conditions. The damage model extends the plasticity model by incorporating failure criteria. It predicts when a material will fracture or fail under extreme conditions.
1. Plastic Model
The plastic models for both materials were researched using ChatGPT. The following comparison table of both materials' plastic values [2] [3] [4]. The equation for the plastic model is listed below:
[bookmark: _Toc198129377][bookmark: _Toc198331130]Equation One - JC Plastic Model

· A – Yield Strength 
· B – Hardening Modulus
· n – Hardening Exponent
· C – Stain Rate Sensitivity Coefficient
· M – Thermal Softening Exponent
· ε – equivalent plastic strain 
·  – reference plastic strain 
·  – equivalent plastic strain rate

[bookmark: _Toc198129378][bookmark: _Toc198331131]Equation Two - T* Temperature Supporting Equation

· T – Current temperature
· To – Reference Temperature
· Tm – Melting Temperature

[bookmark: _Toc198111033][bookmark: _Toc198485150]Table Five - Johnson-Cook Plastic Model Data Comparison
	
	A
	B
	n
	C
	M
	Melting point
	Stain rate

	Steel Alloy
	792MPa
	510MPa
	0.26
	0.014
	1.03
	1793.15
	1.00

	Tungsten
	1500MPa
	900MPa
	0.12
	0.050
	1.00
	3695.15
	1.00



Tungsten exhibits a higher yield strength and hardening modulus than the steel alloy, providing greater initial resistance to plastic deformation. Although the steel alloy has a higher hardening exponent, tungsten’s behaviour is more sensitive to increased strain rates. Both materials experience thermal softening as the temperature rises, but the steel alloy’s slightly higher softening exponent indicates that its strength degrades more rapidly at higher temperatures. Additionally, tungsten’s notably higher melting point makes it more suitable for ballistic applications in extreme thermal environments.
1. Damage Model
The damage models for both materials were researched with the aid of ChatGPT. The following comparison table of both materials' damage values [2] [3] [4]. The Damage Model used had the following equation.
[bookmark: _Toc198129379][bookmark: _Toc198331132]Equation Three - JC Damage Model

D1 to D5 – Material Constants
σ* - Mean Stress
σm – Equivalent Stress

[bookmark: _Toc198111034][bookmark: _Toc198485151]Table Six - Johnson-Cook Damage Model Data Comparison
	
	D1
	D2
	D3
	D4
	D5

	Steel Alloy 
	0.050
	3.440
	-2.120
	0.002
	0.610

	Tungsten
	0.050
	0.200
	-1.500
	0.005
	0.100



Both materials have the identical value for D1. But stress-wise, the steel alloy is much more sensitive because it has a significantly higher value for D2. It also shows a lower negative value for D3 and a higher value for D5. For tungsten, the value of D4 is marginally greater. These differences highlight the fundamental contrasts in how material damage develops under extreme loading conditions.


[bookmark: _Toc198485136]Simulation
[bookmark: _Toc198485137]Simulation Parameters
The simulations were conducted to model the impact of a bullet at two different angles. For each scenario, the data were collected from node probes placed within the bullet structure to capture stress distributions and velocity-time graphs during impact. The key parameters examined included:
· Tensile stress
· Compressive stress
· Shear stress 
The probe values, velocity graphs, and stress plots were extracted and analysed to assess how the stress concentrations vary with the impact angle.
[bookmark: _Toc198485138]Simulation Results 
The full extent of the simulation is presented in Appendix A.
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[bookmark: _Toc198485196]Figure 1 - 0 Degree Angle Step 1
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[bookmark: _Toc198485197]Figure 2 - 0 Degree Angle Step 2
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[bookmark: _Toc198485198]Figure 3 - 0 Degree Angle Step 3
Figures 1, 2, and 3 illustrate the initial microseconds of the 0-degree impact and the interaction between different materials. The left screen displays the compressive and tensile stresses on the materials, while the right side shows the shear stresses. 
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[bookmark: _Toc198485199]Figure 4 - 45 Degree Angle Step 1
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[bookmark: _Toc198485200]Figure 5 - 45 Degree Angle Step 2
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[bookmark: _Toc198485201]Figure 6 - 45 Degree Angle Step 3
Figures 4, 5, and 6 illustrate the initial microseconds of the 45-degree impact and the interaction between different materials. The left screen displays the compressive and tensile stresses on the materials, while the right side shows the shear stresses. 

The difference in colours between the two impact models is due to having different maximum and minimum value parameters. This mistake didn’t affect the results, just the visuals, of the simulations. The probe values show if a component failed due to shear forces or tensile and compressive forces.   
[bookmark: _Toc198485139]Discussion
[bookmark: _Toc198485140]Comparison
In the lab report, two impact angles were examined: 45° and 0°. To help illustrate the differences, the 45° angle revealed that the kinetic energy splits into normal and tangential components, thereby reducing the penetration depth. The asymmetric deformation is caused by increased friction and ricochet, resulting in broader damage. The 0° angle impact shows that all the kinetic energy is transferred directly, which maximises penetration depth. The symmetrical deformation of the armour plate yields concentrated damage. There is minimal recoil due to the perpendicular angle. 
Such contrasts highlight the fundamental way in which the impact angle dictates force distribution, deformation characteristics, and overall damage progression in ballistic events. Based on the probe data recorded in the lab report, the following assessment highlights the differences in shear and tensile forces between the two impact angles:
The 0° Impact transfers most of the kinetic energy into tensile stress, with a high peak tensile force of 4.9e+8N, whereas the lower shear forces are 3.8e+8N. This resulted in deep penetration and uniform internal stress.
The 45° Impact angle splits the force into tensile and shear components, reducing the peak tensile force to -3.8 × 10^8 N while increasing the shear force to 2.1 × 10^9 N, causing asymmetric deformation and localised damage, such as shear band formation.

[bookmark: _Toc198485141]Limitations

Some of the limitations of the simulation were that a robust damage model is necessary to predict material failure accurately. Although such models are susceptible to calibration errors and discrepancies in available experimental data, simplifications in real constitutive modelling make the Johnson-Cook model too simplistic and unrepresentative. The microstructural effects often ignored in simulations may have a significant influence on real-world results.  Overcoming these constraints entails performing multiple trial computations in every element setting—heat impacts, fluid-solid interplay, and magnetic effects—in a single, consistent run, which can be challenging. Material studies—especially those in projectile and air delivery—require a balance between accuracy and computational speed, with a focus on verification through test data.
[bookmark: _Toc198485142]Conclusion
[bookmark: _Toc198485143]Summary
The report demonstrates that the bullet impact angle is crucial in determining the type and distribution of stress, deformation patterns, and energy distribution. Perpendicular impact was described as having extreme compressive forces, maximising penetration with very little dispersion. An angled impact induces primarily shear stress; hence, energy spreads broadly, penetration is significantly reduced, and deflection possibility is greatly increased. To further enhance understanding, these different angles can aid in designing more effective protective materials and analysing simulated ballistic impacts with greater precision.
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Snapshots of experimental data
0o Impact Angle 
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450 Angle Impact 
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Probe Values from 450 Impact 
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Probe values from 0o Impact.
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Velocity Time Graphs 
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