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Introduction

This report will give an overview of the work that was done as part of the OME physics module. In this module, a task was set to research and simulate a high-speed ballistic impact of a projectile onto a laminated plate using the simulator software Abaqus. In the finite element analysis software, two models were created, meshed, given material properties, and then used in a predefined impact simulation. This simulation consisted of a tungsten long rod penetrator and several laminated layers of titanium and aluminium. Several different simulations were completed as part of this experiment with factors such as velocity and laminate layer composition being changed. From the results gathered the deformation of models and eventual failure can be seen which will be discussed later in the report. This report will also mention the steps that were taken to create these models, the specific material properties assigned and the setup of the simulated impact. 





Modelling setup
While a premade projectile model was provided for the experiment [1] a different model was created and used for this simulation. To create this model several real types of ballistic projectiles were looked at with a long rod penetrator being selected to be used. This projectile is closely based on the armour penetrating fin stabilised discarding sabot round (APFSDS) that is commonly used in large calibre guns [1]. From these real-world examples, a similar model was sketched in Abaqus. The sketch made has many of the same features and follows the proportions of the real-life examples of a tungsten long rod penetrator [2]. 
[image: ]                                           Figure 1 (Example of APFSDS round [7])



[image: A screenshot of a computer

Description automatically generated with medium confidence]To create the sketch the sketch manager was selected within Abaqus and the create button was pressed. This then allowed the model to be sketched in a 2D plane, as the model is symmetrical only half of the model needed to be sketched however this still allows for a 180 and 360-degree rendering to be displayed. The sketch is made up of several straight lines displaying the fins and shaft of the model coming to a tapered point using a curved line. The point at the end of the model was created with the arc tangent to the adjacent curve feature in the sketch module [2]. 
                                                                   Figure 2 (Sabot round sketch [4])

After the model had been sketched a mesh then had to be assigned to it to allow the impact simulation to run and display damage. To do this the meshing module was [image: Graphical user interface, application

Description automatically generated]opened and the edges that would meet the target were seeded, the minimum and maximum distance were then set. This allowed for a finer mesh to be set in parts and a larger mesh on other places that have no direct contact with the target. By doing this the time the simulation would take to complete is reduced while maintaining accurate results around points of interest [2].                                                             Figure 3 (Meshed model of Sabot round [4]


[image: Graphical user interface, text, application

Description automatically generated]After the part was seeded, the mesh was then assigned to the part by selecting the mesh controls the properties could be altered for further control. In this example, the mesh was selected to be Quad-dominated meaning that most of the sections were quadrilateral with some triangular parts. Finally, the mesh was added by selecting the model and pressing the mesh part button. The final mesh can be seen in the image above however several others were tested involving different densities of nodes and section sizes.                                                            Figure 4 (Mesh controls in Abaqus [3])
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Description automatically generated]After the model that would be used as the projectile in the simulation was complete the model representing the target then had to mesh. Unlike the model representing the sabot round the target used was from the provided material with only the mesh and material properties being altered [4]. To do this the same steps as before were followed with the edges being seeded and sizes being selected between nodes before meshing the part. For the target, the mesh is entirely triangular and has larger sections between each node than the projectile. Similarly, to the projectile model mesh, there is a higher density of nodes on the left side of the model as that is where most of the deformation will be, this side will also come into direct contact with the projectile.                                                       Figure 5 (Target mesh in Abaqus [4])

                                          
Material properties 
As previously mentioned, the experiment consisted of three different types of metal used for the material values. The sabot projectile was given the properties of tungsten, and the target consisted of titanium and aluminium in alternating laminated layers. The properties that were assigned to these materials include density, elasticity, plasticity, and Johnson cook damage values. Within the elasticity and plasticity values set the melting temperature, Poisson’s ratio and Young’s modulus are also recorded. After a new material had been added to Abaqus the table shown below appears and is what was populated with the values for the materials. The composition of the target can be seen in figure 6.
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Description automatically generated with medium confidence]        Figure 6 (Target model in Abaqus [3]) 
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Description automatically generated][image: Graphical user interface, text, application

Description automatically generated]Tungsten material values. [1] [2]
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Description automatically generated][image: Graphical user interface, text, application

Description automatically generated]Titanium material values. [3] [4]
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Description automatically generated][image: Graphical user interface

Description automatically generated]Aluminium material values. [5]











Simulation setup and testing

Before the simulation could be completed there were several of the pre-set figures had to be changed for this experiment. This was because the simulation that was run used two different velocities to give different results, the first of these was 600m/s and the second was 1700m/s to give a more accurate representation of the velocity of an APFSDS round. This can be changed by opening the predefined field section on the left-hand side of Abaqus which can be seen in figure 7, this allows for the velocity to be changed in the initial step of the simulation. In the example, in figure 6 the velocity is -1700m/s as the projectile is moving downwards and was later changed to -600m/s for a larger range of results. 
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Description automatically generated]                                              Figure 7 (Predefined field and editor in Abaqus [3]s) 

Another part of the setup that had to be completed before the simulation could run is the creation of a job to compile the steps into one place and to allow the results to be saved. The steps that are used in this simulation were preprogrammed into Abaqus [9], so the creation of a new job was the only additional step needed. Creating a new job allows for the current configuration of the simulation to be saved and to render the results. When a feature is changed, a different job can be created allowing the original to be saved, and the results will be able to be accessed again later. To create a job to allow the simulation to run the job module must first be opened and the job manager selected. Once the job manager is selected any previously completed jobs can be seen and results viewed. If the create job button is pressed seen in figure 8 a job will be made and can be labelled appearing in the box, this then allows for the job to be submitted and will begin rendering. 






[image: Graphical user interface

Description automatically generated]                                              Figure 8 (Job manager in Abaqus [4]) 

After all the models are complete and meshed, material values assigned, predefined values altered, and job created the simulation can begin and the job submitted. While the simulation is rendering the screen pictured in figure 9 will be displayed and will show the steps being completed, the energy at each of them and the time of the simulation they happened in real-time. The box below this table will also show the time and date of completion and any errors that occurred during the simulation. These error codes will give the time and step number at which the simulation failed to help with resolving any issues that occur.



[image: Graphical user interface

Description automatically generated]  Figure 9 (Job progress monitor in Abaqus) 

[image: Graphical user interface

Description automatically generated]Before the rendered results can be viewed the correct stress view model has to be selected. In the case of this experiment, the maximum principles stress model was used as requested in the physics lecture [2], to select this the visualisation tab must first be selected on the module drop-down menu. When on this page another drop-down menu will appear above the module section as shown in figure 10 where Max. Principal can be selected. This allows for an accurate representation of the stress on an object to be displayed using a range of colours. [3]  Figure 10 (Stress view selector in Abaqus [3]) 




Another viewing setting that was altered was the display options of the model itself. By altering the display options the model which was split down a line of symmetry could be expanded to give a 180-degree view instead of 90 degrees. This setting could also be used to give a 360-degree view to allow for a full 3d representation of the model however only 90 and 180-degree views were used in this simulation. To use this feature the view option on the top Abaqus bar must be selected and then the OBD display options. Once this has been selected the tab displayed in figure 11 will be displayed and by clicking the sweep elements option the angle can be changed. 
[image: A screenshot of a computer

Description automatically generated]  Figure 11 (ODB display options in Abaqus [3]) 





Results
Critical commentary on limitations and approximations of simulation.

[image: Graphical user interface, application, Word

Description automatically generated]The data from the first simulation can be seen in result 1, this simulation was run with element deletion enabled and with a projectile velocity of 600m/s. In this result, the projectile can be seen hitting the target before abruptly stopping, the stress on the surrounding area can also be seen with higher stresses around the point of impact before dissipating. Some of the sections from the projectile and target have been deleted and deformed. The target in this simulation has titanium as the 1st, 3rd and 5th layers with aluminium as the 2nd and 4th. Result 1 (From first Simulation [4])

[image: ]Result 2 (From second Simulation [4])

The second simulation can be seen in result 2, this simulation used a velocity of 1700m/s for the projectile and had element deletion turned off. As the simulation ran for more frames more results are displayed. These results show the impact of the projectile with a 180-degree view, the initial impact can be seen along with the immediate stress wave that travels ahead of the penetration. Several waves can be seen travelling through the target being shaped by the difference in material properties. In the final stage material from the target can be seen travelling in the direction towards the projectile and the stress wave dissipating. No deformation occurs on the far side of the target and the simulation is aborted due to errors. This test used aluminium for the 1st, 3rd and 5th layers of the target and titanium for the 2nd and 4th. 
[image: ]Result 3 (From third simulation)

In the third simulation which can be seen in result 3 element, deletion has been turned off and a velocity of 600m/s has been used. This simulation also uses a 180-degree view model and has aluminium as the 1st, 3rd and 5th layers of the target with titanium as the 2nd and 4th. The results from this impact show a much more focused stress wave being directional to the impact trajectory. Deformation can also be seen on the opposite side of the target showing a displacement of material. Unlike the previous simulations, the projectile appears to deform significantly, increasing in width in the sections in contact with the target. This simulation was [image: ]the only one to be completed and did not abort showing the full impact simulation. Result 4 (from forth simulation)

In the fourth simulation, shown in result 4, titanium has been used for the 1st, 3rd and 5th layers of the target and aluminium for the 2nd and 4th. This simulation uses a projectile velocity of 1700m/s and is displayed with a 180-degree view model. The initial point of impact shows a larger stress wave forming than in previous simulations which is of a spherical shape. This stress wave then spreads throughout the target and becomes conical causing some deformation in the material. The projectile penetrates the first two layers of material as the stress waves start to travel horizontally to the projectile. Some material deformation occurs at the entry point of the projectile causing the material to deform outward on both sides of the target. As with previous simulations, this simulation also aborts due to errors. 
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Description automatically generated]    Figure 12 (Example of simulation error in Abaqus [3]) 

In figure 12 an example of the error message that caused most of the simulations to be aborted can be seen with very similar being displayed for each different simulation. In this example, which shows the error message from the second simulation the task was aborted after 69 frames [4]. 



Discussion 

From the results gathered in this experiment, it is apparent that there has been an error in some parts causing all but one of the simulations to be aborted before completion. The only simulation to be successfully completed was the third as shown in result 3. However, this simulation did not achieve full penetration of the material which still suggests there is a fault in some parts of the experiment. This is because the projectile material is significantly stronger than the target materials with tungsten having over twice the tensile strength of titanium [5]. This difference in strengths means that it is unlikely that at 1700m/s tungsten would be deformed by titanium and even less likely that the titanium would stop penetration [2].

The failure to penetrate could have been caused by several different factors such as incorrect Johnson cook damage values, and elastic or plastic values. As this could lead to the projectile trying to go through a material with unrealistically high elastic values causing a failure. The completed simulation also only worked with element deletion disabled, this could mean that because of the very high velocity of the projectile, the deletion calculations necessary are too great to be simulated. 

With the other simulations that failed there are several additional possibilities that could have caused this. One of these possibilities is that because the mesh was so small it was not possible to work out all the different stresses on each element leading to the simulation failing. This can be said for both the mesh on the projectile and the target as they were both made to a very small tolerance. 

The construction of the projectile could have also been another reason for the failure of the simulations. This is because of the steep angle of the tip of the projectile which causes the mesh to consist of very few sections. This could explain why the first simulation failed, as these few elements being deleted or severely deformed may have made it impossible to calculate the rest of the stress on the projectile. 

However, the simulations do show the stress waves travelling through the material quite well. From these simulations, the laminated layers can be shown to perform differently depending on the configuration with the titanium generally performing better. This could be because titanium has greater tensile strength than aluminium [6]. The simulations also show the stress waves with some straight edges which could be from the difference in material density when they travel across the layers. 

Conclusion 

This experiment has shown that the results gathered are largely inconclusive with only limited findings. To get more accurate data about the projectile impacting the target it will be necessary to change several parts of the simulation. The problems caused could be down to incorrect material property values or inadequate meshed models. However, the simulations have provided some insight into the stresses that affect both projectiles and targets when an impact occurs. The benefits of laminated armour have also been explored with results showing that this type of configuration can greatly change the stresses on materials. This experiment has also served to greatly improve knowledge of CAD and FEA software, insights into ballistics and modelling have also been achieved. 
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