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[bookmark: _Toc135074673]Abstract
The author has conducted research relating to ballistic impacts onto a plate or target, to gain and understanding of the variables occurring during impact. This was in relation to the rise in 3d printed weapons surfacing in UK and US crime. Progressing to completion of a laboratory conducted exercise in which the program Abacus was used to simulate a variety of ballistic impacts with changes in material and velocity. This included the design of the projectile and plate within the software, including meshing techniques to improve the damage profile and understand the stress and strain the plate was subject to upon impact.  

[bookmark: _Toc135074674]Introduction 
This paper presents the learning, progression, and development of a student at UWTSD in physics to apply to the field of Ordinance Munitions and Explosives to work alongside the syllabus content. With the planned outcome to “Demonstrate an understanding of basic mechanical and thermal aspects of physics and engineering science relevant to OME, with complementary analysis of appropriate problem examples.” This was achieved by classroom study relating to ballistics and the effects it can cause on impact, including stress and strain defined alongside Hooke’s Law defined by Tutoroot.com [1] which rates depend on factors such as material type and properties, including its damage profile. The shape weight and velocity of a projectile.

Within their study the author has chosen to focus on the lower scale of velocities in comparison to majority standard small arms or light weapons in service or available commercially. This is due to a chosen area of research relating to low-end values of high-speed ballistic impact, specifically onto a nonspecific target plate. The need for this research is due to the current increase in homemade 3d printed guns and firearms, [2] which are likely to fire one projectile before failure at a low lethality velocity but enough to cause concern, hence the need to carry out some initial research. [3][bookmark: _Toc135074360]Figure 1 Image of AR15 from 3dPrint.Com
[bookmark: _Toc135074361]Figure 2 Image of Ar15 from 3dPrint.com




The program of ‘Abacus’ was chosen to be best suited for the task of digitally simulating a ballistic impact scenario, this is due to it being one of the top three industry used programs/software and readily available in the laboratory the author used for this test. The minimum pc requirements to run this software is stated in [4], it can be seen through reading modelling and simulation related papers that Abacus or LS Dyna are the most commonly used. 
 
[bookmark: _Toc135074675]Design Stage

[bookmark: _Toc135074676]Creation of the Simulation
The first stage in the design process was to create the two components of the test within Abacus, a projectile and a target plate. The author felt it was best to design and simulate a round that would be of suitable size and caliber that would be fired from a 3d printed firearm. This is likely to be crudely executed and made at home rather than a mass-produced round. Second was the target plate, beginning with small sized plate was decided to be best for initial simulations to keep the complexity of the rendering and time taken by the computer to a minimum to get answers to simulations quicker. The target plate dimensions were 300mm x 300mm x 25mm, the projectiles’ were 35mm in diameter, 62mm in length.
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[bookmark: _Toc135074362]Figure 3 - Screengrab of Projectile Design

[image: A screenshot of a computer

Description automatically generated with medium confidence]
[bookmark: _Toc135074363]Figure 4 - Screengrab of Target Plate Design
[bookmark: _Toc135074677]
Material Assignment 
The parts were assigned materials beginning with steel for the projectile and aluminium plate, at this stage the materials had basic information input and basic damage again to increase time for processing a simulation in the initial stages of research. These were then assigned to each of the sections after material creation. 
The materials used needed to be assigned properties to fulfil the Johnson Cook damage criteria [5]. Values for the steel projectile were extracted from [6] and inserted into the data fields for plasticity.[bookmark: _Toc135074364]Figure 5 - Steel Johnson Cook Info Table [6]


The information for Aluminium Johnson Cook plasticity and damage model were taken from [7] as well as the Damage model for steel to complete the final fields.[bookmark: _Toc135074365]Figure 6- Johnson Cook Failure Model Table [7]
[bookmark: _Toc135074366]Figure 7- Johnson Cook Info Table Alu [7]


[bookmark: _Toc135074678]
Assembly
The assembly tab was used in order to put the two parts in the correct instance and plane for orientation, this enabled the plate to be in a fixed position and the projectile to move into it along a path perpendicular to the plate. 
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[bookmark: _Toc135074367]Figure 8- Abacus Screengrab Showing Drawing Assembly

[bookmark: _Toc135074679]Timings
In order to set a suitable event time for the simulation the Step tab was used to give a time of ten microseconds for the impact, this gave time before and after the event to gain data. 
[bookmark: _Toc135074680]Velocity
The initial velocity for the projectile was chosen through research into 3D printed guns, a poorly executed example will produce 350m/s minimum, possibly even for one firing before failure. This was used for the projectile and assigned using the load tab as a predefined value. 
[bookmark: _Toc135074681]Nodes
A selection of nodes were created which had a high likelihood of hitting each other upon impact of the projectile onto the plate, this was done using the interaction tab. `
[bookmark: _Toc135074682]Meshing
A digital mesh was create for both the projectile and the plate in order to show the damage after their surface to surface interaction. It was initially tried with deletion of fully damaged parts of the mesh but reverted during the pc struggling to simulate. Smooth particle hydrodynamics was a suitable application to resolve this issue. 
[bookmark: _Toc135074368]Figure 9- Abacus Screengrab Showing Meshing

[bookmark: _Toc135074683]Simulating Results 
Using the Job tab a job was created using all of the criteria and fields entered above, the job was submitted to be computed in order for the results to be viewed. 
[bookmark: _Toc135074684]Visualising results
The results were opened and seen visually with the visualiser tab, this allowed the stress both components were subject to upon impact.[bookmark: _Toc135074369]Figure 10 - Abacus Screengrab Showing Visualisation

[bookmark: _Toc135074370]Figure 11- Abacus Screengrab Showing Visualisation 2

[bookmark: _Toc135074685]Results Gained
It was determined that due to time constraints and issues with the pc taking over minutes to create results it was best to simplify the test. Therefore, the data collected would create a comparison between a homemade aluminium projectile (with JC Damage) against an aluminium target plate (with JC damage) versus a homemade steel project (with simple damage) against the same plate at a velocity of 350ms. 
[bookmark: _Toc135074686]Visual

[bookmark: _Toc135074687][bookmark: _Hlk134913022]Steel Basic Damage Bullet Vs Aluminium JC Damage Plate
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[bookmark: _Toc135074372]Figure 13- STL vs AL Visual 3
[bookmark: _Toc135074373]Figure 14- STL Vs AL Visual 2










[bookmark: _Toc135074374]Figure 15- STL vs AL Visual 4











[bookmark: _Toc135074375]Figure 16- STL Vs AL Visual 5



Alu JC Damage Bullet VS Alu JC Damage Plate [bookmark: _Toc135074376]Figure 17- Alu Vs Alu Visual 2
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[bookmark: _Toc135074378]Figure 19- Alu Vs Alu Visual 3

[bookmark: _Toc135074689]Graphical 
Steel Basic Damage Bullet Vs Aluminium JC Damage Plate[bookmark: _Toc135074379]Figure 20- STL VS Alu Graph 1







[bookmark: _Toc135074380]Figure 21- STL vs ALu Graph 2

[image: ]Alu JC Damage Bullet VS Alu JC Damage Plate [bookmark: _Toc135074381]Figure 22 - Alu vs Alu Graph 1



[bookmark: _Toc135074382]Figure 23- ALu vs ALu Graph 2



[bookmark: _Toc135074692]Numerical
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[bookmark: _Toc135074383]Figure 24 - Screengrabs Stl vs Stl MaxP
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[bookmark: _Toc135074384]Figure 25- Screengrabs showing Stl vs Stl S23








[bookmark: _Toc135074694]Alu JC Damage Bullet VS Alu JC Damage Plate 
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[bookmark: _Toc135074385]Figure 26- Screengrabs showing Alu vs ALu MaxP
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[bookmark: _Toc135074386]Figure 27- Screengrabs Showing Alu vs Alu S23
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[bookmark: _Toc135074695]Results Analysis
Visual – The event for alu vs alu has a much shorter duration than the alternative simulation (confirmed by velocity/time graph), this could be caused by the aluminium projectile having a more complex damage profile and therefore damaging itself quicker also due to reduced mass in comparison to steel. 
The steel projectile causes more damage to the plate and makes much more penetration in comparison to the aluminium projectile, showing it has a higher likelihood of causing damage to a target and therefore a higher likelihood of lethality. 
It can be seen that the Hertzian cone [8] for the alu vs alu test is much less defined and smaller in size than that of the steel vs alu test. It is assumed that this is due to the steel being a harder material than aluminium so more likely to cause fracturing within the aluminium plate, a soft and ductile material. 
There are minimal signs that Poisson’s Ratio [9] has made much of an impact on these tests through looking and the first and last frame of the simulation. The plate looks of very similar size and dimension at before and after the event showing the damaged material has not changed the dimensions of the plate and damaged material has been spalled on the back of the plate.
Graphs – It can be seen by comparing the two velocity over time graphs that steel vs alu have a gradual decrease in velocity as over time, the perturbations in the curve are clear to see, these were the selected nodes increasing and decreasing in velocity as it makes its way through the aluminium plate. Also caused by the rough meshed used in the simulation. In comparison the alu vs alu graph has an almost instantaneous decrease in velocity down to 50ms-1 where 
Numerical – It is clear to see that all collated values of tensile stress for steel vs alu is of a much higher value, reaching 7.8e+08 in comparison to 3.8e+08 of alu vs alu. This fulfilled expectations by all being positive values, as metallic materials fail under tension and not compression.
The steel projectile had a maximum shear stress value of 8.9e+08 in comparison to 7.2e+0.8 for the aluminium projectile showing a very large difference in shear stress. Allowing the steel bullet to make more penetration into the target as seen visually through the simulation, also creating more damage due to the aluminium target being susceptible to large amounts of damage through shear stress. [10] It should also be noted that some values were negative, showing the shear stress is working in both directions after impact.
[bookmark: _Toc135074696]Limitations of Test
· Damage profiles removed due to pc issues.
· A generic grade of steel and aluminium was used due to Johnson Cooke data being difficult to find through research
· Lack of impurities
· Temperatures not able to be set, steel and aluminium are more brittle when cool and more ductile when of higher temperature. 

[bookmark: _Toc135074697]Limitations of Simulating Using Abacus 
· Temperature
· Only uses perfect environmental conditions ie atmospheric pressure. 
· No accountancy for wind.
· Tolerances
· Projectile fill, gaps? Perfect ignition?
· No Spin caused by barrel/rifling.
· Imperfections in material not accounted for.
· Slow computer limited ability to explore complexity.
· Time lost waiting for simulations to process


[bookmark: _Toc135074698]Conclusion
In conclusion it was found that this was an effective initial test, it is clear that with more available time or a more capable desktop pc a more complex model could have been rendered and more variables applied. This would add to the realism and accuracy of the test. Additionally it would be beneficial to conduct a field trial where a real replica 3d printed firearm is used to remove limitations found through modelling. It was confirmed that a homemade steel projectile has more likelihood of penetration to a target, causing more damage and having a higher lethality, in future tests using a wider range of velocities will aid creating a damage profile for more and less effective homemade firearms. Due to the requirement for a short report avenues of analysis have not been explored in as much detail as required, upon the next test serial the data will be analysed in more depth especially looking into the stress waves upon the plate.
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Johnson-Cook material model parameters of AISI-1045 steel.
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Table 2: Input parameters for the Johnson-Cook plasticity model, [5, 6, 7]
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Table 4: Input parameters for the Johnson-Cook dynamic failure model, [5, 6, 7]

Material d, d; d; 4 4
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e
Steel 5 2
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Table 4: Input parameters for the Johnson-Cook dynamic failure model, [5, 6, 7]
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