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Abstract
The following tests and report have been carried out on the application Abaqus to determine the best material to withstand the impact of a projectile. The materials for both the plate and the projectile were chosen by the student. In this case of this report, the material Tungsten was used for the bullet with the materials Steel and Aluminium being analysed as potential materials for the plate depending on which withstands the bullet the best.
The use of Abaqus will allow the student to modify various aspects of the test with ease and without posing any danger to themselves when the test is run. 
The test very evidently shows that the Steel plate would withstand the Tungsten bullet better than an Aluminium plate would. This would be clear to see when analysing the properties of all three metals. The test not only confirms this, but it also shows the competency of the students ability to use the programme for this experiment.
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1. [bookmark: _Toc134964614]Introduction
The following tests will be carried out on a computer program named Abaqus. Abaqus is a software suite which allows the user to simulate various tests using computer aided engineering. It is a low cost, effective and efficient way to attempt a project or test before physically having to perform it and use consumables.
As founded by Robert Hooke [1] in the 17th century, Hooke’s law notices that the stress vs strain curve for many materials has a linear region. Hooke’s law states that the strain in a solid is proportional to the applied stress within the elastic limit of that solid.
The Johnson and Cook plasticity model [2] is applied to forecast behaviour of material. It is one of the most extensively used models for predicting material behaviour and failure to initiate. Flow behaviours, high strain rates, temperature of metals, deformation of diverse materials are predicted by the parameters acquired by the Johnson cook model.
In the following tests, the student will use the Abaqus software whilst applying both Hooke’s law and the Johnson-Cook model, to determine the ballistic impact and the dependence of stress on strain and strain-rate when a projectile impacts an armoured plate. The student will focus on changing materials for either the projectile or the plate to determine differences and reactions.
2. [bookmark: _Toc134964615]Components Information
2.1 [bookmark: _Toc134964616]Bullet and Plate information/history
The project will be run twice with the student changing the material type for the plate for the second run. The first attempt will show a Tungsten bullet impacting an aluminium plate, this will then be compared to the results of the second run consisting of a Tungsten bullet impacting a steel plate. The properties for these materials can be found in Figure 7.
A tungsten bullet was chosen out of interest by the student due to denseness of the material. Generally, bullets are made from various materials including copper, steel and more.
Tungsten has a very high melting point of around 3,422 degrees Celsius [3] and is found naturally on earth.

2.2 [bookmark: _Toc134964617]Changing variables for the project
The aim for the project is to change the material type for the different runs whilst keeping all other factors such as the plate meshing, mesh thickness and speed, the same throughout.
The comparison will then be based off the impact on the plate with each material type and analyse the data to see which plate withheld better and decide what would be a more efficient material type if used as armour plating.
2.3 [bookmark: _Toc134964618]Stress, Strain, and multiple factors.
By changing the variables, it is possible to monitor and compare various aspects such as.
· Elasticity/Stiffness: This refers to temporary deformation under load.
· Brittleness/Toughness: This is the resistance to impact loads.
· Plasticity: The permanent deformation under load. An example of this would be to stretch Copper and it would never return to its original shape.
The idea is to see how the material chosen for the plate will react under stress and strain. The strain is able to be calculated by finding the elongation of a material before fracture. Elongation is strain when the ultimate tensile strength is reached. Using Copper as another example, if it can elongate by 30% of its original length, it therefore has a strain of 0.3. This figure is related to the modulus of elasticity of a material (Youngs Modulus).
The ultimate tensile strength is the ability of a material to resist cracking due to stress. [4]

As seen in Figure 5, an example of a stress strain curve for Aluminium which allows both the ultimate tensile strength and yield to be seen. 
[image: A picture containing diagram

Description automatically generated][bookmark: _Toc134084412][bookmark: _Toc134084473][bookmark: _Toc134084531][bookmark: _Toc134084572][bookmark: _Toc134084604][bookmark: _Toc134084636]Figure 1 - Stress/Strain curve for Aluminium [8]











3. [bookmark: _Toc134964619]Methodology
Having never used Abaqus before, the student was following a simple guide of how to run the program and then once accustomed to the general mechanics given the freedom to edit and play with the software to alter aspects of the project.
Within Abaqus [5] there are many fields to complete to achieve a working bullet moving towards a target. Some of which will be explained below.

Part - The creation of individual parts geometry.
Property – Here it is possible to define the materials, define additional part regions and define/assign sections to parts or regions.
Assembly - The assembly of each part to orientate and connect correctly.
Step – This module assisted in the timing part of the experiment. This allows the ability to define analysis steps and output requests.
Load - It was here that the student was able to apply the velocity to the projectile.
Interaction - This module allowed the creation of nodes from surface to surface to show the connection points and surface to be monitored for results.
Mesh - This gave the student the opportunity to set the meshing regions on each of the individual parts that would allow for more/less detailed behaviour in the results. The ability to have element deletion when it was fully damaged was also an option within this category.
Job – This module allowed the student to run the program that was set up.
Visualization – This module gives the ability to assess the various direct and shear stress components can be inspected. Velocity of the projectile can be plotted, and results can be examined. As an example, Figure 3 shows the program in the Visualization module.
4. [bookmark: _Toc134964620]Results
4.1 [bookmark: _Toc134964621]Tension and Compression
When using the comparison scale, there are various statistics to analyse but in this case the drawing factors are tension and compression scales.
In the figures below, the scale allows the tension and compression values to be seen. The top of the scale indicates the tension values indicated by the colour representation and the bottom of the scale shows the compressive values.
A tension force is one that pulls materials apart whereas a compression force is one that squeeze’s materials together [6].





















4.2 [bookmark: _Toc134964622]Tungsten Bullet and Aluminium Plate
The following simulation was run with a Tungsten bullet and an Aluminium plate.
[image: ]
[bookmark: _Toc130894425][bookmark: _Toc134084637]Figure 2- Manually placed bullet before impact.
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[bookmark: _Toc130894426][bookmark: _Toc134084638]Figure 3- View of the bullet before impact, cut on the X-Axis.
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[bookmark: _Ref130893002][bookmark: _Toc130894427][bookmark: _Toc134084639]Figure 4- Initial contact of Tungsten bullet onto Aluminium plate.
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[bookmark: _Toc130894428][bookmark: _Toc134084640]Figure 5 - Tungsten bullet breaking Aluminium plate with signs of potential spalling.
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[bookmark: _Ref132985859][bookmark: _Toc130894429][bookmark: _Ref132985851][bookmark: _Ref132985853][bookmark: _Toc134084641]Figure 6 - Tungsten bullet breaking Aluminium plate with spalling.
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[bookmark: _Toc130894430][bookmark: _Toc134084642]Figure 7 - Tungsten bullet causing impact on the Aluminium plate.
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[bookmark: _Ref130893029][bookmark: _Toc130894431][bookmark: _Toc134084643]Figure 8- Material properties for the material used in the project.
[image: ]
[bookmark: _Ref130893133][bookmark: _Toc130894432][bookmark: _Toc134084644]Figure 9 - Failed attempt due to nodes placement.
An extreme result can be seen in Figure 8, this was due to the node placement on the plate and projectile. The student reapplied the node placement by editing within the interaction drop down menu. The results can be seen onwards from Figure 9. This is the first full run through of the Tungsten bullet and Aluminium plate with all the correct data inputted.
After some run throughs, there was a few failures in the results and the way the bullet was travelling. At this point, the student noticed the damage values were applied to the Tungsten bullet but were having no effect on the projectile itself and the von mises stress was selected. The student decided to remove the damage values on the projectile and changed to the Max Principal stress criteria before rerunning the test.
The damage values were kept on the plate at this point.
These results can be seen below from figure 9 onwards where the values are significantly different to the results from Figures 1-6
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[bookmark: _Ref130893123][bookmark: _Toc130894433][bookmark: _Toc134084645]Figure 10 - First official run through of Tungsten bullet and Aluminium plate at step 1.
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[bookmark: _Toc130894434][bookmark: _Toc134084646]Figure 11 - Tungsten bullet breaking the surface of the Aluminium plate at step 3 of the frame selector.
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[bookmark: _Toc130894435][bookmark: _Toc134084647]Figure 12 - Tungsten bullet breaking the surface of the Aluminium plate at step 4 of the frame selector.
[image: ]
[bookmark: _Toc130894436][bookmark: _Toc134084648]Figure 13 - Tungsten bullet breaking the back end of the plate with signs of stress within the bullet.
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[bookmark: _Toc130894437][bookmark: _Toc134084649]Figure 14 - Tungsten bullet piercing through the backside of the Aluminium plate with spalling. 
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[bookmark: _Toc130894438][bookmark: _Toc134084650]Figure 15 - Tungsten bullet fully penetrating the Aluminium plate with spalling.
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[bookmark: _Toc134084651]Figure 16 - Impact of the Tungsten bullet on the Aluminium plate.

[bookmark: _Toc134084652][image: ]Figure 17 - Impact of the Tungsten bullet on the Aluminium plate.
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[bookmark: _Toc134084653]Figure 19 - Comparison between S23 and Max Principal on the Tungsten Bullet and the  Aluminium plate (Step 2)
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[bookmark: _Toc134084654]Figure 20 - Comparison between S23 and Max Principal on the Tungsten Bullet and the  Aluminium plate (Step 4)







4.3 [bookmark: _Toc134964623]Tungsten Bullet and Steel plate
After a successful run through with the Aluminium plate, the student decided to change the material type of the plate to Steel. By changing this variable, it will allow the student to assess which material type would serve better as armour against the Tungsten bullet. 
[image: ]
[bookmark: _Toc134084655]Figure 21 - Tungsten bullet contacting steel plate.
[image: ]
[bookmark: _Toc134084656]Figure 22 - Tungsten bullet impacting Steel plate.
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[bookmark: _Toc134084657]Figure 23 - Tungsten bullet impacting the steel plate at step 8 of the frame selector.
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[bookmark: _Toc134084658]Figure 24 - Tungsten bullet impacting the steel plate at step 16 of the frame selector.
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[bookmark: _Toc134084659]Figure 25 - Tungsten bullet impacting the steel plate at step 21 of the frame selector.
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[bookmark: _Toc134084660]Figure 26 - Tungsten bullet impacting the steel plate at step 32 of the frame selector.
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[bookmark: _Toc134084661]Figure 27 - Tungsten bullet impacting the steel plate at step 79 of the frame selector.
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[bookmark: _Toc134084662]Figure 30 - Impact of the Tungsten bullet on the Steel plate.
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[bookmark: _Toc134084663]Figure 31 - Impact of the Tungsten bullet on a Steel plate.
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[bookmark: _Toc134084664]Figure 32 - Impact of the Tungsten bullet on the Steel plate.
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[bookmark: _Toc134084665]Figure 33 - Shockwave after Tungsten bullet impacts the Steel plate.
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[bookmark: _Toc134084666]Figure 34 - Graph of velocity for the tip of the Tungsten bullet on the Aluminium plate.
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[bookmark: _Toc134084667]Figure 35 - Graph of velocity for the tip of the Tungsten bullet on the Steel plate.
5. [bookmark: _Toc134964624]Conclusion
It was found that the Tungsten bullet penetrated the Aluminium plate but failed to penetrate the Steel plate. Ultimately this comes down to the stiffness of the material, Youngs modulus. At roughly 190GPA Youngs modulus of steel is greater than Aluminium which is 69GPA [7].
This gives a good indication that Steel would act as a more suited material to be used as an armour against any material less than and up to Tungsten bullets. If given more time, it would have been beneficial for the student to change the bullet material or once again change the plate to a material with a higher GPA rating to compare results. It was found that both Steel and Aluminium are ductile materials rather than brittle.
The student had included plenty of images as they believe it serves a better purpose for seeing results than writing. 

When using the program, the student had no major issues in functionality and after previous reviews from users this can be taken as a win due to the size of the meshing and the detail of the program being run, it is often harder to run and causes a lot of problems for the user. 
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