




Abstract
This report is a material analysis for a 9mm pistol bullet being fired against a 70mm x 70mm x 5mm plate. Copper, Tungsten and Steel 4340 bullets will be fired at Structural Steel and Aluminium plates to determine which material would be best suited to be used in 9mm pistol rounds. This report gives a conclusions to which material would be best suited for the round while giving a detailed analysis throughout. 
Introduction
In the modern world of manufacturing and design, engineers and designers have a plethora of technologies and software to aid the design and development of components and products. There is software where the physical design can be developed and software in which said design could be put through a variety of tests to analyse and gain an understanding of how it would react.
Computer Aided Design (CAD)
The definition of CAD is the use of a computer system to aid the creation, analysis and development of a design. [1] CAD can be either 2D or 3D which allows users to use the software from the very initial design stages. CAD software benefits the user as they can present accurate 3D designs instead of having to use hand drawn pieces which require a lot of time and effort [2]. The use of CAD software not only allows the user to create more accurate designs, but it allows the designer to make changes to his work without the need to start from scratch. [3] When used correctly, CAD can also save users money if they are working on a big project. CAD software allows users to design and test their product/component without spending money on a physical prototype. [4]
Computer Aided Manufacturing (CAM)
The definition of CAM is the use of computer systems to plan and control the use of manufacturing tools. [1] CAM is how the designs and models that are created in CAD come to life. This can be through specific machines like 3D printers, CNCs or laser cutters. When used together CAD and CAM work extremely well with all manufacturing and design companies and teams using both to their advantage. The only disadvantage to using CAD and CAM software is that if the user is wanting to create higher end results, the tools tend to come with a higher cost. [4]
Computational Fluid Dynamics (CFD)
CFD modelling is based on the principles of fluid mechanics, using algorithms to solve problems that involve fluid flows. [5] It analyses the changes in internal fields such as velocities, density, temperature and pressure. CFD analysis can be used for a variety of different situations across all sorts of industries. It can be used to visualise the flow through piping, wind analysis, heat exchanges, electronic cooling and many more. One of the most common uses of CFD analysis is for aerodynamics to calculate drag and downforce. This is taken advantage of massively within the automotive industry especially Formula 1 where aerodynamics is vital to the performance of the car. The teams not only use CFD to calculate the drag, downforce and stability of their car, the modelling software can also be used to calculate thermal performance, ventilation and exhaust fumes. [6] [7] CFD modelling is also used within the aviation industry to aid aircraft design to optimise the wings and test cabin ventilation to ensure the aircraft is comfortable and suitable for passengers. [8] The software can also be useful in the manufacturing industry as it can be used to simulate cooling systems within larger working systems. [6] CFD is a vital part of the product lifecycle in the modern world with development cycles getting shorter. The modelling software allows the engineers access to more data which enables them to make more robust prototypes in a shorter time frame. [9]
Finite Element Analysis (FEA)
FEA modelling is a method used by engineers and designers to test components and products during the development stage to visualise how their work would react under given conditions. It is based entirely on a numerical technique called Finite Element Method (FEM). FEA modelling simulations are often used to find weak spots or areas of tension within a design which are shown on the results as a colour scale.  The results given from the software however depends heavily on several factors. For the modelling results to be useful, the design taken from the CAD software needs to be accurate and the mesh used in the FEA software needs to be of a high enough standard. The mesh consists of many smaller elements which come together to make the entire structure which is being tested. The software makes calculations for every single element and combines them all to output an end result for the entire structure. The software can simulate multiple different types of analysis, the first being linear static. This is very simple as it only requires a single step to determine the results from the given conditions. FEA modelling can also be used to complete dynamic analysis to evaluate how a component or product would react under a dynamic load over a specific time frame. [10]
Digital Twin
All of the above-mentioned techniques and software can be combined to create something called a digital twin. A digital twin is a digital representation of a physical object, process or service. A digital twin can be a digital replica of an object in the physical world, such as a product. The digital twin technology can be used to replicate processes in order to collect data to predict how they will perform in the real world. They do this by using real world data to create simulations that can predict how a product will perform. Simulations can also be used to generate possible improvements which can be applied to the real-world object. This technique is being used by companies all over the world attempting to keep their processes as up to date and streamlined as possible. With technology developing, digital twins are getting more advanced with companies being able to simulate their whole manufacturing process over several months and years including upgrades and random breakdowns along the way to create an understanding of time scales and effectiveness. [11]
Validation
Cantilever with Axial Force
Validation is used within computer modelling to determine whether the results outputted from the software is close to what would be expected if the same scenario took place in the real-world. Any model that is created will still be an approximation even using the best software in the world, but if the tools are used correctly, it is still useful to designer and engineers to test particular scenarios.
Before any simulations were completed for this report, two validation studies were completed by the author. The first being a bending cantilever with axial force. [12]
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Figure 1 - Cantilever in Ansys
First the cantilever was created in Solidworks, before being saved as a STEP file and opened in Ansys were the conditions were applied. As seen in figure 1, the cantilever was fixed on the left with two perpendicular forces applied on the right end plate. The force along the X axis was 1600 N and along the Z axis was 7650 N. The mesh applied to this model was 0.01 m which was an optimum as is it gave accurate results in a reasonable running time. By using an equation, the maximum deformation can be calculated to be 3557.478 mm. It would be difficult for the software to created exact results but using the correct mesh and details, the results should be reasonably accurate.
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Figure 2 - Results of Axial forces on cantilever
As seen in figure 2, the results of the modelling was 3.5557 m which is 3555.7 mm. The results from the simulation in figure 2 were 99.95% accurate which would be acceptable in all companies that use computer modelling within their work. Therefore, these results have validated the software for linear simulations. 
Boundary conditions can heavily influence the results outputted by the software so it is vital that everything in the model is set up correctly. In the validation study above, the results are so accurate due to the correct boundary conditions set in the model. The fixed support and forces are all set to the correct faces and going in the correct directions. If one of the forces were mistakenly set on the top face instead of the end it would apply the force uniformly across the whole face.
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Figure 3 - Result of force placed on top face of cantilever
The figure above is the results of the model if the force working on the X axis was mistakenly placed on the top face. As seen, the total deformation is only 1.3332 m where previously it was 3.5557 m when using the same size mesh and correct placement of the forces. This shows how important it is to get all conditions correct when setting up models.

Plastic Bending – Moment Load
As the main simulations used in this report are not linear, a second validation model was completed to ensure accuracy in all results. Similar to the previous validation model, it is a bending cantilever. However, it differs in the fact it is a bending moment instead of perpendicular forces and it has different geometry. This cantilever has a length and width of 0.005 m and a length of 2 m. [13]
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Figure 4 - Cantilever with bending moment applied in Ansys
As seen in figure 3, the cantilever file was opened in Ansys and a fixed support was applied to one end face and a 6000 N bending moment was applied to the other. This model was run using a mesh size of 0.0006 m which ensured that the results would be acceptably accurate. 
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Figure 5 - Results of Moment Load on cantilever
The maximum deformation calculated for this cantilever under these conditions was 1.18 m. The software gave a result of 1.1519 m which is 97.62% accurate. This result again validates the software as that is an acceptable error while completing computer models like this. 
As the main simulations in this report uses the explicit dynamics model in Ansys, this validation model would have been completed using such but explicit dynamics did not allow to apply a moment, only a force. There may be an alternative way to complete this validation using explicit dynamics but the author did not have the knowledge to complete this so only static structural was used. Even though the model was completed in static structural, it still validates the software for non-linear models.
From the two validation studies the software has now be validated in both linear and non-liner regions so the main simulations could be carried out with confidence that the outputted results would be somewhat accurate. 
Mesh Independence Study
When completing computer models like the ones in this report mesh size can be very important. Most of the time the finer the mesh, the more accurate the results will be. It becomes more accurate with a finer mesh because the geometry used from the CAD model will be more detail and it will have more nodes which are used to calculate everything throughout the simulation. A mesh independence study can be used to determine the amount of effect the mesh sizing has on the results outputted by the software. The mesh independence study for this report was completed using the first cantilever beam with perpendicular forces. 
	Mesh Size
	Total Deformation
	Percentage Error

	0.07
	3.5547
	99.922

	0.06
	3.5548
	99.925

	0.05
	3.5549
	99.928

	0.04
	3.5550
	99.930

	0.03
	3.5553
	99.939

	0.02
	3.5555
	99.944

	0.01
	3.5557
	99.950

	0.007
	3.5557
	99.950

	0.005
	3.5558
	99.953



As shown in the table above, the results did get more accurate as the mesh became finer. However, all of the results in the table would be acceptable as they are all under 0.1% accurate which is a very good error percentage when using modelling software. Ideally, larger mesh sizes would be used to analyse the difference it makes and to discover the point where the results become unacceptable. With the validation model used for this study however, 0.07 m was the largest mesh size that could process due to the size of the cantilever beam. 
9mm Bullet vs 5mm Plate
Simulation Setup
The main analysis of this report is a material analysis for a 9mm pistol bullet and a 5mm plate. Several simulations were completed for different materials for both the bullet and the plate to come to a conclusion of what the best material would be for a 9mm pistol bullet when talking about damage. 
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Figure 6 - 5mm plate in Solidworks
The model itself is rather simple with the first part being a 70mm x 70mm x 5mm plate, which can be seen in figure 6 above. This was created using the CAD software Solidworks. The 9mm bullet however was a bit more complicated to get correct so for simplicity a CAD file was taken from another source. [14]
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Figure 7 - 9mm pistol bullet in Solidworks
The saved CAD file taken from the source was opened in solidworks where the case was removed as it was not needed for the simulations. This just left the 9mm projectile which was then put into an assembly in solidworks with the 5mm plate.
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Figure 8 - Mesh assembly in Ansys
The assembly that was created in Solidworks was saved as a STEP file and opened in Ansys where all of the correct conditions were added to make the simulations as realistic as possible using modelling software. The mesh sizes used in this model was 7.5e-4 m for the plate and 4e-5 m for the bullet. These sizes were used as it gave detailed geometry with a reasonable running time to be efficient for the user. Boundary conditions, as previously mentioned, are important to the realism of the results outputted by the software. To keep it as realistic as possible the plate was fixed on the edge faces so it would remain in place even with the impact of the bullet. This is important as in real-world scenarios, the armour plates are fixed to something. It is also important to get the correct velocity for the bullet. The velocity set for the projectile in this model was an initial velocity of 350 ms-1. [15] The velocity given to the bullet was an initial instead of constant to keep it as realistic as possible. In the real world, when firing a bullet, it has a large initial speed and acceleration but as it travels it slows down. 
Structural Steel Plate
The first three simulations were Copper, Tungsten and Steel 4340 against a Structural Steel plate. 
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Figure 9 - Copper bullet vs Structural Steel plate
As seen in the figure above, the Copper bullet was stopped by the Steel plate on impact and it didn’t have much effect on the plate at all.
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Figure 10 - Copper bullet deformation (Structural Steel)
Figure 10 is an isolated view of the deformation just on the bullet. The bullet spread on impact with the plate creating a mushroom shape as it came back on itself. This result was expected as copper is a much softer material than steel. The fact this simulation was accurate gives even more confidence in the future results along with the validation models. The Copper bullet’s total deformation was 0.07297m which can be used as a comparison for the other materials used to determine which is best.
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Figure 11 - 5mm Structural Steel Plate Deformation (Copper)
When isolated, it is clear that the copper bullet had close to no effect on the Structural Steel plate which was expected. The plate’s total deformation was 0.00013939m which can be used to determine which material is best for use to stop a 9mm bullet. 
The second material used against the Structural Steel plate was Tungsten. Tungsten is a much stronger material than Copper so much less effect on the bullet would be expected but still not much deformation on the plate due to its thickness.
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Figure 12 - Tungsten bullet vs Structural Steel plate
As seen in figure 12, the tungsten bullet did not deform as much as the copper bullet. Looking at both figure 12 and 13, it still spread as it hit the plate like the Copper but it did not become the a mushroom like shape. 
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Figure 13 - Deformation of Tungsten bullet (Structural Steel)
The total deformation of the bullet for this simulation was 0.04982m which is less than that of Copper.
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Figure 14 - Deformation of Structural Steel plate (Tungsten)
Similar to the plate under the impact of the Copper bullet, the plate did not deform much when hit with a bullet made of Tungsten. The total deformation of the plate was 0.00012634m which is actually less than deformation cause by the copper bullet. The pattern of the deformation shown in figure 14 is different to the pattern in figure 11 where it was much more symmetrical. 
The third and final simulation completed on the Structural Steel plate was a bullet made of Steel 4340. This type of steel had to be used in the simulation instead of both components being made out of Structural Steel due to limitations in the software. When firing a bullet made out of Structural Steel into a plate made of the same material the projectile bounces back of the plate with no deformation taking place on either component. This is very unrealistic as if it was to take place in a real-world scenario the plate and bullet would both deform due to the velocity of the bullet. With the plate being 5mm thick a bullet made of the same material is unexpected to go through the plate but similar deformation to the previous simulations should be seen. With steel being weaker than Tungsten greater deformation would be expect than that of Tungsten but less than copper.
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Figure 15 - Steel 4340 bullet vs Structural Steel plate
From looking at figure 15, the results from Ansys for this simulation is very similar to that of the Tungsten bullet. Again, it has spread on impact and not deformed the plate a great deal. 
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Figure 16 - Deformation of Steel 4340 bullet (Structural Steel)
The total deformation of the Steel 4340 bullet was 0.054189m which as expected is greater than that of Tungsten but less than Copper. Looking at figure 16 and 13, it is clear that the two simulations have produced similar results despite Tungsten being stronger. This could have happened as 5mm was slightly too thick for these simulations. If the plate was slightly thinner, the effects of the two bullets may had been different. 
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Figure 17 - Deformation of Structural Steel plate (Steel 4340)
Where the two simulations differ is the deformation of the Structural Steel plate. The total deformation for this simulation was 0.00024687m. The Steel 4340 bullet deformed the plate double the amount of the Tungsten bullet and the deformation was a lot more even in this result. 
As all three of the results on the Structural Steel plate were similar a different material plate would be needed to determine which material would be best for a bullet. Therefore all three materials were tested against an aluminium plate under the same conditions that they experienced in the earlier tests. Aluminium is a weaker material than the Structural Steel used so the bullets should visually deform the plate.
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Figure 18 - Copper bullet vs Aluminium plate
When the Copper bullet was fired at an Aluminium plate it does not seem to have had much effect looking at figure 18. However the results of the plate and bullet individually shows more information.
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Figure 19 - Deformation of Copper bullet (Aluminium)
The deformation of the bullet was 0.0091141m which is significantly less than what was see against the Steel plate as expected. It is visually clear that the bullet has deformed less and differently.
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Figure 20 - Deformation of Aluminium plate (Copper)
Looking at figure 20, it is clear that the Aluminium plate seen much more deformation than the Steel plate after the same conditions. The plate’s total deformation was 0.0025794m which is a lot more in comparison to the 0.00013939m which was observed for the Steel plate. 
Even though the Copper bullet has an effect on the Aluminium plate, it is expected that the Tungsten and Steel 4340 bullets will have a much greater effect again. 
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Figure 21 - Tungsten bullet vs Aluminium plate
Visually, in figure 21, it is clear that the Tungsten bullet has had a detrimental effect on the Aluminium plate with the bullet making its way through the 5mm of material. 
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Figure 22 - Deformation of Aluminium plate (Tungsten)
The total deformation of the plate under the impact of a Tungsten bullet was 0.019351m. It is clear by looking at both the figure for deformation and visually looking at figure 22 and 21 that Tungsten is much more equipped than Copper for a bullet.
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Figure 23 - Deformation of Tungsten bullet (Aluminium)
As seen in figure 23, the bullet did not deform a great deal throughout the impact on an Aluminium plate. The total deformation of the bullet in this simulation was 0.021534 which is half of the deformation seen when the same bullet hit a Structural Steel plate. 
The final simulation completed for this report was the Steel 4340 against the 5mm of Aluminium. It would be expected that there will be less deformation on the plate than that seen with the Tungsten bullet.
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Figure 24 - Steel 4340 bullet vs Aluminium plate
Similar to when the Steel 4340 bullet hit the Structural Steel the deformation is very even and symmetrical. However, different to the Steel plate, the Aluminum has deformed. It was still not enough energy to penetrate the plate like Tungsten but clearly it had more effect than Copper, as expected.  The total deformation for the plate was 0.011011m. 
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Figure 25 - Deformation of Steel 4430 bullet (Aluminium)
The total deformation of the Steel 4340 bullet in this simulation was 0.01197m which is considerably less than the deformation seen for the same bullet against the Steel plate which was 0.054189m. 
Conclusion
Summary of Results
Below is a table of all the results of total deformation for both the plate and the bullet.
	
	Bullet
	Plate

	
	Structural Steel
	Aluminium
	Structural Steel
	Aluminium

	Copper
	0.072970
	0.0091141
	0.00013939
	0.0025704

	Tungsten
	0.049820
	0.0215340
	0.00012634
	0.0193510

	Steel 4340
	0.054189
	0.0119700
	0.00024687
	0.0110110



From looking at all of the results in the table above and all of the screenshots from the software it is clear that Tungsten is the best choice of material for a bullet. Even though it deformed the Steel plate less than Steel 4340 it penetrated the Aluminium plate when no other material did.
Potential Improvements
When working with computer modelling software it is never going to be completely accurate as all software has its limitations. Sometimes certain result do not go quite as expected or do not give the whole picture. Just by looking at the numbers the Tungsten bullet deformed more than the Steel but when looking visually at the results the Steel bullet was more deformed. The total deformation results take the element that has deformed the most as its result. In the case of the Tungsten bullet there was one element that for some reason deformed when in reality it would not have. Therefore, it is important not to just look at the numbers and use some sense to fully analyse the situations. 
For the actual setup for the simulations, 5mm for the plate may have been slightly too thick and a thinner plate could have given better results. If this report was to be repeated, it would be best to be completed with a 3mm plate instead of the 5mm. Also to make the simulations more realistic a different CAD file for the bullet could be used. The file used for this report is all one material when in reality bullets are one material then wrapped in a thin case of brass. 
Outside of the aspects mentioned above this report has successfully shown a material analysis for a 9mm pistol bullet and a conclusion can be drawn for what material would be best to use in real life ammunition.
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