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[bookmark: _Toc187003101]Abstract 

This report investigates shape charge liners, the research question of “What is the best shaped charge liner between 6061-T6 aluminium and OFHC copper in a simulated environment” is used to collate the best sources to support this report. The shape charge design selected uses a conical liner with a TNT explosive and a 4340 steel case, the liner materials are OFHC copper and 6061-T6 aluminium. The liner materials are compared using numerical software called ABAQUS to simulate and obtain results for the jet formation velocities, pressures and Von-Mises stress. The results of the simulation are discussed and concluded that even with an incomplete simulation, the OFHC copper liner is the better simulation as its provides accurate representation of a explosively formed jet. The OFHC copper model is then modelled in 3D to obtain more accurate results for the velocity, pressures and Von-Mises stress.
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[bookmark: _Toc187003103]Report Overview

This report contains the modelling and analysis of two shape charge designs using the software ABAQUS. The first design with an oxygen-free high thermal conductivity (OFHC) copper liner and the second an aluminium 6061-T6 liner. The best performing liner was then modelled in 3D. The performance of each liner design was analysed using the velocities on the graphs taken from each simulation as well as the Von-mises and pressure values.
 
[bookmark: _Toc187003104]Background on Shape Charges

A shape charge is an explosive device containing a conical liner, usually metal, explosive fill and detonator inside a case, see Figure 1. When the shape charge is detonated, the detonation wave propagates through the explosive until it hits the tip of the conical liner, it deforms and folds in on its self-moving away from the explosive causing a high velocity jet of hot gases and molten metal to be formed. This jet is capable of reaching velocities of 6 to 10 km/s [1]. When this jet strikes a metal plate a large cavity is formed, this cavity can be increased further if the shape charge is moved away from the surface of the metal plate to give the device a ‘standoff’ [2].
Shape charges are used in military applications as well as in non-military applications such as demolition of buildings and structures, steel making, mining, tunnelling quarrying and in the petroleum and natural gas industries [3]. Shape charges are commonly used by the military as torpedoes, missiles and anti-tank weapons called High Explosive Anti-Tank (HEAT) weapons which are fired from a handheld rocket launcher or fired from platforms such as a gun on a tank as an artillery round. The military also use shape charges for demolishing buildings and bunkers [3]. Most shape charge war heads on platforms such as rocket launched grenades contain an ogive to cover the liner to make the HEAT rocket/weapon aerodynamic, it also acts as a standoff and housing for impact fuzing, guidance, stability and control electronics [2].
The Munroe effect describes the increased penetrative ability of an explosive into a surface by using a conical or hemispherical liner in the end of an explosive charge [4], what is known as a shaped charge today. The Munroe effect is names after Charles Munroe who rediscovered the hollow cavity in 1888. Munroe observed that “ when a cavity was formed in a block of explosive, opposite the point of initiation, the penetration, or depth of the crater produced in the target , increased.” [2]. 
Another type of shaped charges is an Explosively Formed Projectile (EFP). This type of shaped charge uses the Misznay-Schardin effect [5]. The liner of an EFP is concave with a sheet of explosive behind it. The EFP device can penetrate armour, hardened targets and bunkers however they are typically low velocity devices compared to shaped charges [2]. An EFP is used in off-route mines e.g. Polish MPB mine and some anti-aircraft mines as an EFP requires a much larger stand off for the projectile to form [2].
 

[bookmark: _Toc187003122]Figure 1 Example of a shape charge with labels [12].


















[bookmark: _Toc187003105]Interpreting the Simulation Results 

The results of the simulations of the shape charge designs are covered in the results section of this report. The velocities are plotted on graphs for comparison of the jet formation of each liner. The Von-Mises stress is shown for each design to visualise and obtain the value of stress at the plastic stage where plastic deformation will start, elastic to plastic or yield point. This is also called “maximum distortion energy theory of failure” [6] and is applied best to ductile materials as used in this report as shape charge liners [6]. The pressure, representing the detonation pressure or detonation shock front is also shown traveling through the materials from its origin point down the shape charge to the liner. This is captured for each simulation. 



[bookmark: _Toc187003106]Literature Review

[bookmark: _Toc187003107]Research question

What is the best shaped charge liner between 6061-T6 aluminium and OFHC copper in a simulated environment. 

[bookmark: _Toc187003108]Literature sources 

[1] this article includes the process of shaped charge jet formation in RHA using 2D simulations. The article uses a shape charge with OFHC copper liner and contains the material properties such as Mie-Gruneisen and shear modulus. The material OFHC copper is used in this report for one of the liner designs.
[7] this source was chosen as it contains the relevant material properties for steel 4340 and aluminium 6061-T6. This includes the Mie-Gruneisen EOS model and Johson-Cook plasticity model. These materials were chosen for the case and liner materials for the shape charge designs investigated in this report.
[8] this source contains the shape charge analysis of six different liner materials, including copper and steel 1006. This source contained the design measurements of the shape charge and is used as an influence on the design of the shape charge model in this report. 
[9] this source contains the John-Wilkins and Lee material properties of a TNT explosive. These properties are used for the high explosive for shape charge designs in this report. 
[10] this paper contains the effects of liner materials of a shaped charge on the jet formation and its penetration capability using experimental and numerical methods. The liner materials investigate are copper, steel and aluminium. This source uses AUTODYN and LS-DYN as computational models and compares the velocities of the steel, copper and aluminium jets formed by the shaped charges. This paper is used as a comparison for the results of the simulation results discussed in this report.

[bookmark: _Toc187003109]Method

[bookmark: _Toc187003110]Model Design  

ABAQUS was the software used to create the 2D and 3D designs and models of the shape charges. The shape charge design involves the use of a case, High Explosive (HE) and liner. These parts were sketched using source [8] on Abaqus. The liner required an angle of 60°, the liner thickness was increased to 3mm. The case was also 3mm thick and surrounded the HE. The HE filled the void between the case and the liner ensuring contact. The design for the shape charge used source [8] see Figure 2. The design of the shape charge on ABAQUS, see Figure 3, shows the elements of the design in different colours: case is red, HE is blue, and liner is silver.
[bookmark: _Toc182406805][bookmark: _Toc187003123]Figure 2 Shape Charge design inspiration [8].
















[bookmark: _Toc182406806][bookmark: _Toc187003124]Figure 3 Screen Capture of 3D Shape Charge design on ABAQUS.



[bookmark: _Toc187003111]Model Materials 

The materials for the design were obtained from literature papers to ensure that the model could be simulated as the material properties such as density and young’s modulus, required for the model were already known. 
The materials for all designs, both 2D and 3D for the case was Steel 4340 [7] and the HE was TNT [9]. The liner material for the first design was OFHC Copper [8] and for the second design aluminium 6061-T6 [7]. See Figure 4 for 2D shape charge design and applied materials. The 3D design used OFHC copper for the liner see Figure 3 [8]. 
The material properties for all materials such as the Johnson-Cook Damage, Jones Wilkins and Lee Equations of State (JWL)(EOS), Johnson-Cook and Mie-Gruneisen values were required for the model to perform correctly when simulated see Figures 5,6,7 and 8. These properties were then applied to each design element, case, liner and HE. For the HE the detonation point was also required so the software knew where the detonation wave was to propagate. These were in coordinate form and was the point at the centre line where the case and HE meet.
[bookmark: _Toc182406807][bookmark: _Toc187003125]Figure 4 Screen capture of 2D Shape Charge design and materials on ABAQUS.

















[bookmark: _Toc187003126]Figure 5 Material properties for aluminium 6061-T6 and Steel 4340 [7].










[bookmark: _Toc187003127]Figure 6 Material properties for OFCH Copper [1].





[bookmark: _Toc187003128]Figure 7 Mie-Gruneisen material properties for OFHC Copper [1].





[bookmark: _Toc187003129]Figure 8 Material properties for TNT [9].


[bookmark: _Toc187003112]Model Meshing

Meshing involves transforming a continuous object that contains infinite degrees of freedom into multiple smaller and discrete elements with clearly defined degrees of freedom in order to facilitate accurate simulations [11]. 
In order to find any errors quickly in the model a larger mesh was used, this decreased running time and provide a quick check of the model’s simulation ability to ensure other factors effecting the model until this point such as material properties and the modelling were correct. 
The parts of the design were meshed according to the areas of most scientific interest. The liner was of interest as this is the part expected to deform the most producing a jet, therefore requiring more nodes for the simulation to calculate numerically creating an accurate simulation result. This is shown in Figure 9,10 and 12 where the meshing of the liner is the finest meshing of all 3 parts. 
The meshing problems faced were of the nodes not lining up, for the simulation to be effective and not have any large error the meshing require the nodes to line up as can be seen in Figure 9, with the case base of the triangles line up with the HE base of the triangles. 
The meshing of the 2D design used ‘Tri’ shapes, a triangular mesh so 3 points per area. The 3D model was used tetrahedrons, 4 points per area, rather than triangles and the difference between the meshed part was larger, see Figure 11, as there was a better understanding of the meshing process through trial and error with the 2D design.














[bookmark: _Toc187003130]Figure 9 Meshing of 2D model on ABAQUS.

















[bookmark: _Toc187003131]Figure 10 meshing of 2D model liner on ABAQUS.




[bookmark: _Toc187003132]Figure 11 Meshing of 3D model of shape charge on ABAQUS.
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[bookmark: _Toc187003133]                           Figure 12 Meshing of liner of 3D model of SHAPE CHARGE on ABAQUS.


[bookmark: _Toc187003113]Simulation

The next stage was to simulate the model. The model was run a few times. Firstly, the simulations run was of a large mesh as described in the meshing section of this report to test quickly if the model had any errors, see Figure 14. Once these simulations were run and the desired mesh size created the jobs could be named and run. The simulations were aborting as errors were displayed with some nodes ’distorting excessively’ however the simulations ran long enough to be evaluated and for the jets to start forming. See Figure 13, for the variety of simulations run. A finer mesh and a review of the material properties solved some of the major issues for most of the simulations. Some other changes made were converting some of the element type in meshing from quadratic elements to linear to reduce the complexity of the meshing to possibly reduced the excessively distorted elements.
The simulations of the 2D designs needed to be run with the same parameters except from the material of the liner for a fair comparison. So, the meshing and the simulation set-up was all the same.
The simulation of the 3D model ran significantly longer that that of the 2D models. The 3D model had a lot more nodes thus more numerical calculations were required slowing the simulations running time. 
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[bookmark: _Toc187003134]Figure 13 Simulation page of 2D model on ABAQUS.
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[bookmark: _Toc187003135]Figure 14 Copper liner shape charge simulation test with larger mesh.
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[bookmark: _Toc187003115]Simulation results for 2D shape charge OFHC copper liner

The OFHC copper liner shape charge simulated as expected. The simulation showed the copper liner deforming and producing a jet before aborting. However, there were 16 time steps and sufficient enough jet formation to provide results of velocities, pressure and Von Mises stresses.
The velocities of some of the nodes on the jet were plotted, see Figure 15. The velocity of the jet exceeded 7000 m/s.
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Description automatically generated][bookmark: _Toc187003136]Figure 15 Graph of the velocities of nodes on explosively form jet for copper liner.










The jet formation for the OFHC copper liner is shown in Figure 16, the colours represent pressure on the copper jet. Some of the nodes on the liner are being forced back up towards the HE behind the liner. The max pressure is 41.23 GPa.
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[bookmark: _Toc187003137]Figure 16 Simulation results of pressure in the jet formation of the OFHC copper liner shape charge.

Figure 17 shows the Von-Mises Stress present in the formation of the OFHC liner. The amount shown in the coloured graph to the left of the figure. Max Von-Mises Stress value of the OFHC copper liner jet is 1.114 GPa.
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[bookmark: _Toc187003138]Figure 17 Simulation results of Von-Mises’s stress in the jet formation of OFHC copper liner shape charge.

[image: ]Figure 18 shows pressure fluctuations within the liner. The most pressure concentrated in the middle of the liner where the jet is starting to form. The blue areas are under less pressure and is shown rippling through the edges of the liner.
[bookmark: _Toc187003139]Figure 18 Simulation results of pressure in the jet formation of OFHC copper liner shape charge.

[bookmark: _Toc187003116]Simulation results for 2D shape charge 6061-T6 aluminium liner

The 6061-T6 aluminium liner shape charge simulated a partial jet formation. The velocities of some of the nodes on the jet were plotted, see Figure 19. For one of the nodes the velocity of the jet exceeded 10,000 m/s. All nodes exceeded 6000 m/s. Figure 20, shows the nodes selected for the velocity measurement. [bookmark: _Toc187003140]Figure 19 Graph of the velocities of nodes on explosively form jet for aluminium liner.












[bookmark: _Toc187003141]Figure 20 Nodes selected on aluminium liner for velocity measurement.













Figure 21 shows the pressure on the aluminium liner. The max pressure of 155.0 GPa is shown in red and is the node at the top of the liner. This looks abnormal and might be an error in the simulation. The simulation ran until time step 15, the liner did not produce a jet in the simulation. The liner is mostly green, the pressure for most of the liner is from 18.29 GPa to 46.68 GPa.

[bookmark: _Toc187003142]Figure 21 Simulation of pressure on aluminium liner shape charge liner.













Figure 22 shows the pressure wave traveling through the HE for its origin point and contacting the liner. There are band of red, max pressure followed but lesser pressure bands shown as orange and yellow traveling down the shape charge towards the liner. [bookmark: _Toc187003143]Figure 22  Simulation of pressure on shape charge design with aluminium liner.















Figure 23 shows the Von-Misses stress values for the liner. The maximum value is 119.1 GPa and is shown in red.[bookmark: _Toc187003144]Figure 23 Simulation results of pressure in the jet formation of aluminium shape charge liner.




[bookmark: _Toc187003117]Simulation results for 3D shape charge OFHC copper liner

Figure 24 shows the velocities of the jet for the 3D shape charge copper liner. The majority of the nodes on the shape charge liner reaches 6500 m/s.[bookmark: _Toc187003145]Figure 24 Graph of the velocities of nodes on explosively form jet for 3D shape charge with copper liner.


Figure 25 shows the pressure on the jet formed from the copper liner. The max pressure is 299.5 GPa. Most of the colouring in this figure is blue, showing a velocity of -17.94 GPa.[bookmark: _Toc187003146]Figure 25 Simulation pressure of jet formation of 3D shape charge model of copper liner.
















Figure 26 shows the pressure wave traveling through the explosive liner in bands of blue and light green. 
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Description automatically generated] [bookmark: _Toc187003147]Figure 26 Simulation of the pressures traveling through the copper liner.




























Figure 27 shows the Von-Mises stress on the shape charge liner for the 3D simulation on ABAQUS. The max stress is shown on the tip of the jet coloured red. The max stress is 1.047 GPa. [bookmark: _Toc187003148]Figure 27 Simulation results of Von-Mises’s stress in the jet formation of 3D copper liner shape charge.





Figure 28 shows the end point of the simulation with the jet formed. The simulation didn’t run past this point.
[bookmark: _Toc187003149]Figure 28 Simulation of the pressure of the shape charge liner for the 3D model with copper liner.




























[bookmark: _Toc187003118]Discussion

The most accurate simulation result was the 2D simulation of the copper liner as it demonstrates how an explosively formed jet is formed within a shape charge in the real world. This is why the copper liner was chosen as the best design and used for the 3D model. 
The 2D simulation of the aluminium liner aborted several times and never completed. This could have been due to an error in the meshing or the material properties rather than the aluminium not working as a liner. The errors were investigated however the simulation still never exceeded the original time steps. There were no conclusive results from the aluminium liner another reason the copper liner was chosen for the 3D model and simulation. 
Both the aluminium and copper 2D simulations provided a good visual representation of the detonation wave traveling through the HE towards the liner, from the detonation point between the case and the HE. This is shown in the pressures of the simulation results. The max pressure for the copper jet is approximately 41 GPa whereas the max pressure for the aluminium is 155 GPa for the 2D simulations. The aluminium jet is under more pressure however the jet didn’t form as much as the copper due to the simulation aborting. The pressures for the aluminium jet may increase more than what was produced in these simulations.
The 3D simulation took a long time to complete. With the 2D model completing really quickly it is advantageous to use this process of modelling to complete trial and error investigations as well as trialling any new processes of modelling. The 3D simulations however are more accurate as the software is calculating more nodal points so the stress’s, pressures and velocities will be more accurate than the 2D results. 
The velocity of the copper jet was approximately 3000 m/s slower than the aluminium jet even though the aluminium jet had not fully formed in the simulation. This is the same comparative results as literature source [10], where the velocity of the aluminium jet exceeds that of the copper jet by 2500 m/s. The velocities of both the copper and aluminium jets in the simulations discussed in this report exceed the velocities of the jets of similar material types in other literature reports [10]. 





[bookmark: _Toc187003119]Conclusion

This report investigates the optimal design for a shape charge liner utilizing the computational simulation software ABAQUS. The main focus of the design was specifically material choice, OFHC copper and 6061-T6 aluminium, however geometry was a consideration but not the main focus. To gain a basic idea of the most suitable material a 2D simulations was deemed sufficient due to 3D simulations being excessively complex for an initial evaluation.

The 2D simulations required extensive research into material properties so that the simulations would run as realistic as possible. The explosive and casing material and all geometries of the design were kept the same so that the only changes made were the liner materials. Once the 2D simulations had completed the results showed that the copper is a more suitable material this was confirmed by conducting a 3D simulation. The 3D simulations concluded that OFHC copper is the more suitable material because it produced the expected explosive jet formation in addition the expected pressures, stresses and velocities. 

[bookmark: _Toc187003120]Future recommendations

The future recommendations to increase the performance of the simulations for this project and to broaden the research area comparing more than just the velocities, pressure and stresses of the explosively formed jet.

· Analyse another series of aluminium that is more ductile.
· Further modelling and simulations of each material to remove errors and get simulations to completion.
· Additional research into the geometric configuration of the shape charge liner to optimise jet formation.
· Design and add a target to each simulation for the explosive jet to penetrate to observe the difference in penetration depths to compare further which liner is best for different applications.
· 
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Table 4. Material properties for the oxygen-free high thermal
conductivity copper liner.

Parameter Unit Value
Mass density (o) glem® 896
Shear modulus (G) Mbar 044

Yield stress (SIGY) Mbar 9x107*
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