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[bookmark: _Toc187066271]Abstract
This report will focus on the bi-apex conical liner shaped charge and how the liner collapses during detonation to produce a jet formation.  This shaped charge was modelled on Abaqus initially in 2D and then in 3D.  The material of the case and high explosive remains constant, but the material of the liner will change to see how it affects jet velocity and formation.  In shaped charge design 1 the liner was made from alluminium and in shaped charge design 2 the line was made from tantallum.  The material properties and Johnson-Cook values for all the materials used were found during a literature search and are referenced.  The 3D design was taken from shaped charge design 2 to draw comparisons between 2D and 3D modelling on Abaqus.
[bookmark: _Toc187066272]Introduction
[bookmark: _Toc187066273]History of Shaped Charges
Shaped charges are explosive devices which focus the energy of an explosion into a jet that penetrates armor and other material. The invention of shaped charges occurred in the early 20th century and their evolution has had a major impact on military weapons. The idea of a shaped charge began to evolve during World War I, when engineers began looking for more efficient methods to punch through fortified positions or armored vehicles. The concept of shaping an explosive charge to direct the power of an explosion had been considered, but it wasn’t until the 1940s that it really took shape. [1]
The first proper breakthrough came in World War II when the German military created the “Hollow Charge”, using a cavity that focused the blast into a jet. The design would be applied to weapons such as the Panzerfaust, a type of anti-tank weapon. The British also worked on similar designs during the war, and after the war the concept was further developed in both the United States and the Soviet Union. The key insight behind shaped charges was that if you put a conical or hemispherical cavity in the explosive, the explosion would produce a jet of molten metal. The jet, at extreme speeds, would penetrate thick steel armor, and this capability changed the nature of anti-tank warfare. [2]
By the 1950s, shaped charges became key components of not only handheld anti-tank devices like the U.S. Bazooka, but also larger systems like artillery shells and rocket-propelled grenades. Shaped charges are still used extensively in contemporary warfare in the form of anti-tank weapons, demolition charges, and military engineering due to their need for minimal space while having a significant amount of accuracy and the damage they can cause.
[bookmark: _Toc187066274]Shaped Charge Designs
A shaped charge works on the principle of creating a jet when it detonates. When this explosive is detonated, it produces a shock wave that compresses the material in the cavity creating a jet of material moving at very high velocities. This jet, made of superheated metals and gases, can reach speeds upwards of several kilometers per second which is enough to penetrate through armor. The geometry of the cavity is crucial; conical cavities are the most popular because they yield the best jets, but hemispherical or even wedge-shaped cavities are used in specialized applications. [1] Shaped charge design relies heavily upon the shape and size of the cavity, the explosive type and the liner material that forms the resultant jet. The liner is usually made of metals like copper or aluminum, which become molten jets during detonation.  The size of the cavity determines how much energy can be focused into the jet, and the material of the liner determines how effective the jet will be as an armor-piercing projectile. [3]
[bookmark: _Toc187066275]Bi-Apex Conical Liner Shaped Charges
A bi-apex conical liner is a design of the liner of a shaped charge, an element which they focus the energy of the explosive detonation into a high velocity jet which can penetrate hard targets such as armoured vehicles. The design concept of bi-apex shaped charge is different from the traditional approach; where standard conical liners have a single apex, or tip, in a bi-apex design there are two apex points, generating two cones or apexes to produce a jet with an enhanced velocity during detonation. [3] The bi-apex geometry is two conical pieces that combine into a single cavity. This configuration, which has a tighter focus than a regular single apex, creates a more focused jet that can travel faster and deeper into armoured materials. The first apex commonly produces a primary jet that is wider and is steadier than its successor.  The second apex puts a sharper focus on the jet, cutting it to a narrower profile to allow more efficient penetration. [4] The two-apex system enables the shockwave from the explosion to compress the metal liner at two separate points, resulting in two smaller but extremely concentrated jets, commonly known as “dual jets”.  In higher-velocity scenarios, jets can potentially merge into a larger impacting jet, increasing the overall penetration capacity. The bi-apex design is particularly suited towards defeating contemporary armour or even thickly reinforced structures, as the jet's formation efficiency and retention of high velocities are ideal for getting through targets that are significantly strong and thick. [5]
[bookmark: _Toc187066276]Military Usage of Shaped Charges
Shaped charges have become a fundamental aspect of military technology because of their extreme specialization from focusing explosive energy to a target point-directed penetration with reduced collateral damage.  A key application of shaped charges in the military domain is against armoured vehicles. Shaped-charge warheads are used in many different weapon systems, such as rocket-propelled grenades, anti-tank guided missiles, and high-explosive anti-tank rounds. These warheads can disable the armour of main battle tanks, which in most cases includes several layers of composite and reactive armour. [6]
Shaped Charges are also used in breaching operations.  Military forces use specialized breaching charges to target and open fortified doors, and even penetrate walls and bunkers to quickly gain access in urban combat operations. [7] Another prominent use case is an explosive ordnance disposal. They are used in the defusal of unexploded ordnance; specifically, they are designed to cleanly sever critical components, leaving them undetonated. Moreover, shaped charges are used in demolition and sabotage missions where the critical infrastructure is required to be targeted accurately. [8] Advancements in shaped charge technology have also prompted the development of tandem warheads to defeat reactive armour by detonating reactive elements with one charge and then penetrating the main layer of armour with the next. [9]
[bookmark: _Toc187066277]Abaqus for Weapon Modelling
The military and defence sectors frequently employ Abaqus, a powerful Finite Element Analysis program, to simulate weapon systems and assess how well they function in different scenarios. Researchers may mimic intricate situations including high-velocity impact, penetration, and blast effects by using Abaqus' weapon modelling tool. The software is perfect for creating and optimising armour systems, warheads, and shaped charges since it can represent dynamic situations.

Abaqus's ability to replicate the high-strain-rate behaviour of materials under harsh circumstances is one of the main features of weapon modelling. In these simulations, the Johnson-Cook model is commonly used to explain the constitutive behaviour of metals exposed to high temperatures and strain rates. The flow stress of a material is defined by this empirical model as a function of temperature, strain rate, and strain. [10]  
The Johnson-Cook model is integrated into Abaqus by describing the material properties with the right parameters for a particular metal. Users can model ballistic collisions with this method, which is useful for accurately representing the behaviour of materials under high strain rates. For instance, in armour penetration simulations, the Johnson-Cook model aids in the accurate prediction of deformation, failure, and fracture. It is also possible to simulate the initiation and growth of cracks in weapon components by combining the Johnson-Cook failure criterion with the damage evolution in Abaqus. [11]
[bookmark: _Toc187066278]Method
A new workbook was created on Abaqus, and the first module selected was the Part module.  A part named ‘Case’ was created for the case of the shaped charge and the modelling space was set to axisymmetric.  The outline of the case was then created using the Sketch module and then this was repeated for the liner and High Explosive (HE) as seen in Figure 1.
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[bookmark: _Toc187066291]Figure 1 - Sketch of Case, Liner, and HE components
The next step was to apply properties to each component to signify what material it was.  This was done through the Property module where the already researched Johnson-Cook values for the properties of the desired material were input for each component turning each component into its new material.  The next module that was selected was the Assembly module where an instance was created.  All 3 parts of the shaped charge design were selected then it was applied meaning all the parts were now assembled.  The next step was to select the Step module where an Explicit Dynamic Solve Step was created setting the amount of time for the simulation to run for and the frequency of plot dumps for results.  The Load module was then selected, and a Boundary Condition was created.  Symmetry was selected then the line that goes down the centre of the shaped charge was selected then X-symmetry was selected.  The Interaction module was then selected to create contact between the 3 components.  An interaction was created, and the type was general explicit contact.  In the interaction property table, contact was selected then tangential and normal behaviours was selected on the next window.  The next module that was selected was the Mesh module which was done individually for each part as each part needed a different size of mesh.  First a global seed was created for the part which created a mesh all around it.  Then a local mesh was created to achieve a finer mesh at the point where the action was taking place, ensuring it was pointing in the correct direction.  The mesh for liner can be seen in Figure 2.
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[bookmark: _Toc187066292]Figure 2 - 2D liner mesh
Once all these steps were completed the validity of the model was then tested on Abaqus using the verification tool then the Job module was selected.  A job was created which utilities all the previous inputs that had been entered onto the model.  Once the job was complete, then the results could be viewed on the Visualization module.  This model was 2D axisymmetric, but it was possible to display this in a 3D view.  This was done by selecting the OBD Display Options and extruding the model by 180 degrees.  It was also possible to just view certain components of the model which was done by creating a display group and selecting the desired component. 
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The shaped charge design was made up of a case component, a liner component, and a high explosive fill component.  The overall height of the shaped charge was 250mm and the width was 300mm.  The liner height was 109.9mm and its thickness was 5mm.  As the liner is bi-apex conical, this means that it has 2 separate cone shapes and angles.  The angle at the tip of the apex of the liner was 116 degrees and the angle at the 2nd apex was 79.3 degrees.  This can be seen in Figure 3 and Figure 4.
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[bookmark: _Toc187066293]Figure 3 - SC design
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[bookmark: _Toc187066294]Figure 4 - SC liner design
Each individual component had to be meshed separately, and the size of the mesh depends on the part and what the focus of the simulation is.  As this task was mainly focused on the liner of the shaped charge, it has the finest meshing with a size of 0.5mm to 2mm which can be seen in Figure 5.
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[bookmark: _Toc187066295]Figure 5 - Liner mesh
The meshing on the case and the high explosive components are not as important as the liner but it was important to have the size of the mesh for 2 components touching each other to be similar to avoid job abortions.  The size of the meshing for the case and high explosive components can be seen in Figure 6 and Figure 7.
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[bookmark: _Toc187066296]Figure 6 - Case mesh
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[bookmark: _Toc187066297]Figure 7 - High Explosive Mesh
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Figure 8 shows the detonation wave progressing through the shaped charge.  The different colours that are produced can be read off the scale at the side of the Figure which gives an indication of the pressure of the detonation wave at that time.  This was only done for one of the shaped charge designs as it focuses on the detonation wave progressing through the explosive material and the primary focus is not on the liner activities.
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[bookmark: _Toc187066298]Figure 8 - Detonation wave
The next result that will be displayed is the maximum principal stress of design 1 of the shaped charge which is made with a copper liner.  Figure 9 shows it in 2D whereas Figure 10 shows the liner after it being extruded 180 degrees.
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[bookmark: _Toc187066299]Figure 9 - SC 1 - Max principal 2D
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[bookmark: _Toc187066300]Figure 10 - SC 1 - Max principal extruded
The same results for shaped charge design 2 are shown in Figure 11 and Figure 12.
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[bookmark: _Toc187066301]Figure 11 - SC 2 - Max principal 2D
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[bookmark: _Toc187066302]Figure 12 - SC2 - Max principal extruded
A velocity plot was then taken for both shaped charge design 1 and 2.  This was done by selecting multiple nodes at the tip of the formed jet and plotting their velocity.  Shaped charge design 1 can be seen in Figure 13 and shaped charge design 2 can be seen in Figure 14.
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[bookmark: _Toc187066303]Figure 13 - SC1 - Velocity plot
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[bookmark: _Toc187066304]Figure 14 - SC2 - Velocity plot

[bookmark: _Toc187066282]3D
Shaped charge design 2 was brought onto become a 3D design, this is the one with a liner made from tantalum.
For the 3D design the meshing for the full assembly can be seen in Figure 15.  It can be seen that the meshing gets finer as it goes towards the apex of the liner.
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[bookmark: _Toc187066305]Figure 15 - 3D Meshing
The max principal stress was then looked at for the 3D design.  It is shown at different times during detonation and shows the stress as the detonation progresses.  Again, the value of the stress can be taken from the scale at the side of the image.  Figure 16 shows only the liner of the shaped charge during detonation as this is what forms the jet.
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[bookmark: _Toc187066306]Figure 16 - 3D Max principal
The velocity graph was then plotted for the 3D design using the same method as the 2D design.  The plot can be seen in Figure 17.
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[bookmark: _Toc187066307]Figure 17 - 3D design Velocity plot
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[bookmark: _Toc187066284]Design & Materials
The overall height of the shaped charge was 250mm and the width was 300mm.  This was chosen as it is the same size as a small shaped charge that are used in breaching charges, explosive ordnance disposal, and small anti-armor weapons like rocket-propelled grenades.  It was also easier to use a smaller one on Abaqus because as things increase in size then they take longer to process.  For example, a bigger model would require more mesh, and more mesh means it takes the processer a longer time to complete the job.  So, this was done to save time.
The bi-apex conical liner was chosen for my shaped charge design as I wanted to see how it performed and if the bi-apex would allow for a cleaner jet to be formed.  From Figure 9 and Figure 10 it can be seen that a nice jet was formed and Figure 13 shows design 1 reaching up to 6.5km/s at its peak.  The typical bi-apex liner design has the angle at the peak of apex smaller than the secondary apex, but I decided I wanted to reverse this to see how it would affect the jet formation and velocity.
The materials chosen for the case and high explosive components stayed the same for both designs.  The case was made from steel, and the high explosive element was TNT. [12]The material property and Johnson-Cook values were found from my literature search.  For shaped charge design 1 the liner was made from copper and for shaped charged design 2 the liner was made from tantallum. [13]  These were also found from my literature search.  Aluminium was chosen as it has a low density and high ductility which helps produce a faster jet.  It also has high thermal conductivity which can improve jet stability.  Tantallum was choses for shaped charge design 2 as it is denser than alluminium meaning it can be used for high density targets requiring more extreme penetration such as heavy armour.  It also has a high melting point alongside being a ductile material.
[bookmark: _Toc187066285]Detonation Wave
Figure 8 shows the detonation wave propagating through the shaped charge.  The detonation is initiated at the rear of the shaped charge.  The explosive undergoes a rapid chemical reaction, converting the explosive into hot gases and releasing a shockwave that travels outwards through the explosive towards the liner.  Upon reaching the liner, the high-pressure shock wave forces the liner to collapse inwards along its axis of symmetry forming a high velocity jet which accelerates towards the target.
[bookmark: _Toc187066286]Maximum Principal Stress
Maximum principal stress is one of the key stress components in solid mechanics. It represents the largest normal stress acting on a plane in a material, where the shear stress is zero.  In normal stress scenarios, a material experiences stresses in multiple directions, but principal stresses are on specific planes where shear components vanish.  Maximum principal stress is the greatest tensile or compressive stress that can dictate material failure.  During detonation of a shaped charge, the liner is subject to very high pressure and undergoes a rapid collapse.  As it does this it experiences significant tensile and compressive stresses which can be seen in Figure 10 and Figure 12.
From Figure 10, it can be seen that as the detonation progresses the aluminium liner undergoes a rapid increase in maximum principal stress reaching a high of 2.7x1010 N/m2.  From Figure 12, the same can also be seen for the tantallum design where the maximum principal stress reaches as high as 3x1010 N/m2.  The difference in these stresses can be down to the fact that aluminium is a ductile material with a moderate yield strength meaning it deforms plastically at lower stresses.  Whereas tantallum has a much higher yield strength and remains elastic under high stresses meaning it takes more stress to then deform plastically.
[bookmark: _Toc187066287]Velocity Plot
Figure 13 shows the velocity plot of jet formation for aluminium liner, whereas Figure 14 shows the velocity plot for the tantallum liner.  It can be seen that there is a higher spread of velocities for the tantallum velocity graph, but this may be merited to an increased number of nodes selected when creating the graph.  Both jets reached similar maximum velocities coming in at roughly 6.5 km/s which is what is to be expected from a typical shaped charge.  It was expected that the tantallum shaped charge would produce a higher velocity jet due to its much higher density which should allow it to absorb more explosive energy during detonation.  This may have happened if the simulation was run for a longer time allowing the jet to fully form and reach greater velocities.
[bookmark: _Toc187066288]Meshing Challenges
When creating the model for simulation, one of the most challenging parts of the process was creating a mesh for each part that worked together and that the system could cope with.  One of the challenges was creating a fine mesh which was required in some areas with high stress gradients, but it was difficult as the area with high stress gradients is the liner which is an awkward shape.  There were also challenges with wanting a fine mesh but weighing this up against the computational cost of time and memory requirements.  There were also challenges with poor element quality and element collapse when the mesh had become too distorted.  This would cause the job to abort.  If I were to complete this simulation again, I would introduce adaptive meshing which would prevent element distortion, improve accuracy, and maintain mesh consistency.
[bookmark: _Toc187066289]2D vs 3D
Figure 12 shows the maximum principal stress for the tantallum liner shaped charge in 2D, whereas Figure 16 shows it for the same design in 3D.  There are both benefits and drawbacks in modelling in 3D over 2D which some were realized whilst completing the simulation.  2D modelling is good for things that are modelled with planar geometry and loading involving stress and strain along that plane.  But 3D allows you to look at the model from the x, y and z directions and explore all the stresses and strains from all directions.  Although 2D modelling is much more time efficient as they have fewer elements meaning they require less memory and are faster to solve.  3D modelling takes a lot more time due to the increased number of elements and there is often a requirement for mesh refinement.  This can be seen in Figure 16 where it is seen that the jet is not fully formed as the simulation would abort at this stage in the job.  It was also very time consuming as getting to this stage of the simulation took several hours.
[bookmark: _Toc187066290]Conclusion
In this report, the modelling of shaped charges using the Abaqus software was explored, demonstrating the capabilities of simulation high strain rate and deformation models.  Finite element analysis allowed me to see the interactions between the detonation wave, liner collapse and jet formation.  Key aspects such as using the Johnson-Cook model for high strain rate deformations was critical in achieving accurate and reliable results.  The choice of liner materials, aluminium and tantallum, was shown to influence jet velocity and formation due to differences in density, strength and ductility.  Whilst 3D modelling offers high accuracy representation, 2D axisymmetric models provide a computationally efficient alternative which can be useful for preliminary analysis.
In conclusion, the use of Abaqus for shaped charge modelling provides a valuable insight into jet formation, jet velocity and material behaviour under extreme conditions.  In future studies, I would aim to use adaptive meshing to improve time efficiency and allow simulations to run for longer.
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