Performance Comparison of Shaped Charges using a Copper liner and Aluminium 2024 T351 Alloy Liner

David Tolhurst | 222916| Advanced Physics | ACDB 5015




[image: ]

University of Wales Trinity Saint David 




ABSTRACT
This report will explore the key differences in performance between a shaped charge using a copper liner and an aluminium 2024 T351 liner.
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[bookmark: _Toc194482703]1. Introduction
[bookmark: _Toc194482704]1.1 Task
Explore whether using an aluminium alloy rather than copper as a shaped charge liner is a suitable option. This will then be presented by a literature review of shaped charges as a whole and then the simulations undertaken on ABAQUS software followed by in-depth analysis and a conclusion.
[bookmark: _Toc194482705]1.2 History
The first known example of a ‘Shaped Charge’ was achieved by M. von Foerster and G. Bloem when they patented a shell for detonating caps that had a similar design to modern shaped charges with a hemispherical liner. [1] From this point onwards there was no real progression in the development of shaped charges until World War II (1939-1945). With heavily armoured tanks becoming a common sight on the battlefield there was a huge demand for a weapon system that could punch through homogenous steel plates or castings that were up to 250mm thick. [2] The ‘Panzerfaust’ and ‘Bazooka’ proved to be effective methods of battling heavily armoured vehicles and fortified bunkers as they both used an easily operated handheld weapon system that carried a shaped charge warhead. [3] Shaped charges also have applications that are not military such as in the oil industry and other civil engineering endeavours which require breaking large amounts of dense rock or metal structures.
[bookmark: _Toc194482706]1.3 How Do Shaped Charges Work?
Shaped charges usually consist of four main components. These components are:
· An explosive material (TNT/RDX for example)
· A conical or hemispherical liner which is typically made from copper but can be made from magnesium or similar materials. This is the key component as the liner is collapsed by the explosive material which forms a high-velocity jet.
· A casing which holds the explosive material and liner in place.
· A detonator which initiates the detonative train within the shaped charge device.
[image: ]
[bookmark: _Toc194482729]Figure 1- Basic concept of shaped charge [4]
Shaped charges operate based on the ‘Munroe Effect’ named after Charles Edward Munroe in 1888 combined with a high explosive charge which causes material deformation to create a deep penetrating jet of molten metal. The Munroe effect which is also known as the Neumann effect involves the focusing of blast energy by a hollow or void cut on the surface of an explosive. [5] When the high explosive charge detonates it sends a propagating shockwave through the liner which causes it to collapse inwards which generates intense temperatures and pressures capable of forming a molten metal jet which can travel at speeds of up to 10km/s. The jet itself is focused to an extremely fine tip which magnifies the effects of the explosive charge drastically and allows it to penetrate thick/dense materials such as armour, concrete or heavy structures.
Shaped charges are usually defined by the shape of the liner, this will determine the effect produced after the liner has collapse under the pressure provided by the explosive material. The main two types of shaped charge have either a conical liner or a dish-shaped liner which are also known as an Explosively Formed Projectile (EFP). The differences in the effects produced between a dish shaped and conical liner can be seen in figure 2 below.

[image: ]
[bookmark: _Toc194482730]Figure 2 - Dish shaped liner v Conical liner [6]

A conical liner will produce an extremely fine jet which is known as plasma even though it is still in a solid state. This is due to the interaction of the liner material and the target material at the point of impact. Due to the high velocity of the penetrating jet both the liner and target material begin to behave as if they were liquids rather than solids and flow hydrodynamically. This is due to the intense temperatures and pressure experienced within the impact zone. [7]
A dish shaped liner (EFP) or Self-Forging Fragment (SFF) will also produce a jet, but it will be much wider/coarser. Differently to the conical liner, it will also produce a fragment from the liner which is known as a slug which is flatter and broader than the jet produced by a conical liner. The effects of the slug are also much different to the fine jet produced by a conical liner which has a sole purpose of punching through as much material as possible whilst leaving a relatively small hole. An EFP on the other hand uses the mass of the slug travelling at high velocity to create large fragments known as ‘scabs’ on the other side of the armour which will eliminate or harm anything nearby. [7]
[bookmark: _Toc194482707]1.4 Choice of Materials
Choosing the right material to use for the liner in a shaped charge is the most important decision as it will impact its overall performance and reliability. To achieve good penetration performance then the material used as the liner must be both dense and ductile. This is why copper is most used as it is extremely ductile and acts well whilst supporting jet formation during the intense material deformation. This deformation is experienced as the propagating shockwave makes its way through the liner causing it to collapse inwards thus creating the superheated jet of metal. Other metals such as Gold, Silver, Platinum, and Nickel are also good candidates for a shaped charge liner due to their material characteristics, but production costs must also be considered which renders most of these unviable options. Aluminium is a strong candidate as it shares a lot of characteristics with copper and it’s also relatively cheap meaning it can be produced on a large scale without incurring huge costs. This report will explore whether an Aluminium Alloy (2024 T351) is an effective liner material.
[bookmark: _Toc194482708]1.5 How Liner Angle Effects Performance 
The angle of the liner within a shaped charge device will affect its penetration capabilities. A greater liner angle will yield less penetration. From researched carried out it was apparent that a liner angle of greater than 40° started to majorly reduce the penetration capabilities of the shaped charge device.
[bookmark: _Toc194482709]2. Material Properties
[bookmark: _Toc194482710]2.1 Coefficients 
[bookmark: _Toc194482756]Table 1 - Table of Coefficients
	A
	Initial Yield Stress

	B
	Strain Hardening Constant

	n
	Hardening Coefficient

	m
	Thermal Softening Coefficient

	C
	Strain Rate Hardening Coefficient

	ρ
	Density

	E
	Young’s Modulus

	v
	Poisson’s Ratio

	R1
	Non-Linear Coefficient

	R2
	Non-Linear Coefficient

	ω
	Non-Linear Coefficient

	c0
	Speed of Sound

	s
	Slope of Us-Up Curve

	Gamma0
	Grunesien Ratio



[bookmark: _Toc194482711]2.2 2-Dimensional Shaped Charge (Copper Liner)
The material property values for Steel, Trinitrotoluene (TNT) and Copper were provided by the University of Wales Trinity Saint David. This design consisted of a 3-part shaped charge using the abovementioned materials.
[bookmark: _Toc194482757]Table 2 - Material Property Values (Copper Liner)
	Material
	A
(MPa)
	B
(MPa)
	n
	m
	C
	Ρ
(kgm-3)
	E
(GPa)
	v
	Θtransition (K)
	Θmelt (K)
	Shear
Modulus

	Copper
	1425
	168
	0.12
	1
	0.032
	8960
	125
	0.34
	293
	1356
	45e9

	Steel
	553
	600
	0.23
	1
	0.013
	7850
	210
	0.3
	293
	1733
	



[bookmark: _Toc194482758]Table 3 - Material Property Values (Trinitrotoluene)
	Material
	A
(GPa)
	B
(GPa)
	R1
	R2
	ω
	Ρ
(kgm-3)
	Detonation Velocity
	Pre-detonation Bulk Modulus
	Detonation Energy Density (Jkg-1)

	TNT
	609
	13
	4.5
	1.4
	0.25
	1601
	8193
	9
	3680000




[bookmark: _Toc194482759]Table 4 - Equations of State (Copper Liner)
	Material
	c0
	s
	Gamma0

	Copper
	3940
	1.4
	2



[bookmark: _Toc194482712]2.3 2-Dimensional Shaped Charge (Aluminium 2024 T351 Liner)
To keep results consistent the 2 of the 3 previously used material values (Steel and TNT) were used again. The liner material was instead changed to an Aluminium 2024 T351 Alloy. This alloy was chosen to investigate whether Aluminium was a suitable candidate for a shaped charge liner material in comparison to copper. This alloy was chosen because it is stronger than most aluminium alloys and contains between 3.8% - 4.9% copper. [8] The overall percentages of the elements present within a standard sample of Aluminium 2024 T351 Alloy are as follows in the below table.
[bookmark: _Toc194482760]Table 5 - Percentages of Elements Present in Aluminium 2024 T351 [8]
	Element
	Percentage (%)

	Aluminium (Al)
	93.5

	Chromium (Cr)
	0.1

	Copper (Cu)
	3.8 - 4.9

	Magnesium (Mg)
	1.2 – 1.8

	Iron (Fe)
	0.5

	Manganese (Mn)
	0.3 – 0.9

	Silicon (Si)
	0.5

	Zinc (Zn)
	0.25

	Titanium (Ti)
	0.15



Another reason why Aluminium 2024 T351 was chosen as the compassion metal for this experiment was because this alloy should cope well with the high levels of stress and strain it will be exposed to upon detonation of the high explosive charge. It is expected that the new alloy chosen should perform just as well, if not, better than the conventional copper liner used in the first set of simulations.
[bookmark: _Toc194482761]Table 6 - Material Property Values (Aluminium 2024 T351 Liner) [9] [10]
	Material
	A
(MPa)
	B
(MPa)
	n
	m
	C
	Ρ
(kgm-3)
	E
(GPa)
	v
	Θtransition (K)
	Θmelt (K)
	Shear
Modulus

	Al 2024 T351
	352
	440
	0.42
	1.7
	0.0083
	3000
	70
	0.3
	293
	775
	28e9

	Steel
	553
	600
	0.23
	1
	0.013
	7850
	210
	0.3
	293
	1733
	



The material property values used in Table 3 for TNT were used again to retain consistency.
[bookmark: _Toc194482762]Table 7 - Equations of State (Aluminium 2024 T351 Liner) [11]
	Material
	c0
	s
	Gamma0

	Al 2024 T351
	6420
	1.4
	2



[bookmark: _Toc194482713]2.4 3-Dimensional Shaped Charge (Copper Liner)
The 2-Dimensional model simulation with the copper liner provided the best simulation results so a further 3-Dimensional model simulation was created to gather extra data. The material property values used in this additional simulation were identical to the values highlighted in tables 2, 3 and 4 above.
[bookmark: _Toc194482714]3. Simulation Methodology
[bookmark: _Toc194482715]3.1 Aim
The simulations carried out to gain results for this report were captured using ABAQUS simulation software. Using this software allowed the user to create a bespoke shaped charge design with material properties that could be modified to generate conclusive results. The main objective was to capture conclusive data that highlighted the performance differences between a conventional Copper liner and an Aluminium 2024 T351 Alloy liner. The user would then go on to pick one of the 2-dimensional models and further develop it into a 3-dimensional simulation to gather additional data.
[bookmark: _Toc194482716]3.2 Sketching
Sketch each of the individual parts as shown in the figures 3, 4 and 5 below. Ensure that each sketch is a closed shape with no open ends otherwise the part will not be successfully generated. The dimensions for the Casing, High explosive Fill, and Liner are as follows. These sketches were reused for the second design as no dimensional/design changes were made, only the material property of the liner was changed.
Table 1 - Dimensions of shaped charge design
	
	Casing
	High Explosive Fill
	Liner

	Length
	200mm
	185mm
	

	Width
	110mm
	95mm
	

	Thickness
	15mm
	
	5mm

	Angle
	
	34°
	34°



[image: ]
[bookmark: _Toc194482731]Figure 3 - Sketch of Casing
[image: ]
[bookmark: _Toc194482732]Figure 4 - Sketch of High Explosive Fill
[image: ]
[bookmark: _Toc194482733]Figure 5 - Sketch of Liner
[bookmark: _Toc194482717]3.3 Assigning Material Properties
As previously mentioned, the design of both shape charges is identical. The material properties were assigned as shown in figure 6 and 7 below. The colour of each component correlates to a material which can be seen in the pop-up box in each figure below.
[bookmark: _Toc194482763]Table 8 - Material Properties Colour Key
	Red
	Casing (Steel)

	Blue
	High Explosive Fill (TNT)

	Beige
	Liner (Copper)



[image: ]
[bookmark: _Toc194482734]Figure 6 - Material Properties of Shaped Charge with Copper Liner
[bookmark: _Toc194482764]Table 9 - Material Properties Colour Key
	Red
	Casing (Steel)

	Blue
	High Explosive Fill (TNT)

	Green
	Liner (Aluminium 2024 T351)



[image: ]
[bookmark: _Toc194482735]	Figure 7 - Material Properties of Shaped Charge with Aluminium T351 Liner	
[bookmark: _Toc194482718]3.3.1 3-Dimensional Shaped Charge (Copper Liner)
The material properties were assigned in the exact same manner as the 2-Dimensional models previously mentioned. The materials used were the same as shown above in Figure 6 and Table 8. The 3-Dimensional model created can be seen in a 4-pane view in figure 8 below. This better represents what the cross section of the shaped charge would look like.
[image: ]
[bookmark: _Toc194482736]Figure 8 - 4-Pane view of 3-Dimensional Shaped Charge (Copper Liner)
[bookmark: _Toc194482719]3.4 Plotting Meshing 
[bookmark: _Toc194482720]3.4.1 2-Dimensional Meshing
The mesh plotted on both the copper lined and aluminium 2024 T351 shaped charge were Identical. The main goal whilst plotting the mesh was to ensure that the mesh was much finer towards the central axis of the liner as this is where the most important material deformation data needed to be captured. It was also important to ensure that the mesh that surrounded the liner in both the high explosive section and the casing were relatively even and matched up with the triangular edges of the finer mesh.
[image: ]
[bookmark: _Toc194482737]Figure 9 - 2-Dimensional Meshing
[bookmark: _Toc194482721]3.4.2 3-Dimensional Meshing (Copper liner)
A similar approach was taken for plotting the mesh on the 3-Dimensional model. The main differences being that the meshing plotted was even finer to try and capture more accurate data from the simulations ran. As shown below in figure 10, the meshing is extremely fine towards the central axis at the apex of the liner and running down both sides of the boundary between the liner and the high explosive fill. This was to gain a clearer view of how the propagating shockwave deformed the copper liner and started to form the penetrating jet.
[image: ]
[bookmark: _Toc194482738]Figure 10 - 3-Dimensional Meshing
[bookmark: _Toc194482722]4. Results
[bookmark: _Toc194482723]4.1 2-Dimensional Shaped Charge (Copper Liner)
In figure 11 the propagating shockwave can be clearly seen making its way through the remaining high explosive TNT fill. This shockwave created by the detonation of the TNT at the base of the shaped charge which starts a chemical reaction which results in the rapid expansion of heat and gas. This is the driving force that pushes the shock wave through any surrounding materials.  Behind the shockwave, the first signs of liner deformation can also be observed. At the apex of the liner, we can clearly see the nodes are collapsing and starting to be pushed outwards along the central axis which is the initial formation of the jet.
[image: ]
[bookmark: _Toc194482739]Figure 11 - Propagating Shockwave (Copper liner - Max Principal View)
In figure 12 we can see that as the shockwave travels even further through the shaped charge, the conical liner has started to collapse inwards more aggressively. This is because the liner is experiencing higher levels of stress and strain which is indicated by the key. The bottom of the liner is experiencing the highest levels of stress which is shown by the dark orange colouring. Everything behind this point (further towards the apex) is collapsing inwards which is creating a jet along the central axis.
[image: ]
[bookmark: _Toc194482740]Figure 12 - Further Propagating Shockwave (Copper Liner - Max Principal View)
In figures 13 and 14 we can observe how the pressure levels rise and fall in different areas of the shaped charge as the shockwave travels through the device. In figure 13 we can see the initial build up of pressure making its way along the liner. At this point due to peak pressure not being achieved, the amount of liner deformation at the apex of the liner is relatively low.  When we compare this to figure 14, we can see that there is much more deformation. This is due to the higher-pressure levels which have been achieved further down in the liner towards the bottom. The red colouring indicates the highest levels of pressure experienced which explains why at this stage we are seeing much more aggressive material deformation as previously seen in figure 12.
[image: A green triangle with yellow dots
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[bookmark: _Toc194482741]Figure 13 - Propagating Shockwave (Copper Liner - Pressure)
[image: A screenshot of a computer screen
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[bookmark: _Toc194482742]Figure 14 - Further Propagating Shockwave (Copper Liner - Pressure)
In figure 15 we can see more clearly how the shockwave travelled through the shaped charge and how it affected the pressure levels observed throughout the simulation. In each of the 4 panes we can see that there is a concentration of pressure levels starting from the apex of the liner as this is the first area to majorly deform. This trend continues as the jet becomes more and more prominent because of even further collapsing/deformation along the central axis of the device.
[image: A screenshot of a computer
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[bookmark: _Toc194482743]Figure 15 - 4-Pane View of Shaped Charge (Copper Liner - Pressure)
The formation of the high velocity jet can be better seen in Figure 16 below. 
[image: A screenshot of a computer program
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[bookmark: _Toc194482744]Figure 16 - 4-Pane View of Shaped Charge (Copper Liner - Max Principal)
In this simulation, data was captured with regards to the velocities of the jet reached at different stages. The maximum velocity reached was 4159 m/s, this can be seen in figure 17. The final velocity of the jet upon completion of formation was 2284 m/s, this can be seen in figure 18. Both the maximum and final velocity were also plotted onto a graph which so that they can be more easily interpreted in figure 19.
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[bookmark: _Toc194482745]Figure 17 - Maximum Velocity (Copper Liner)
[image: A colorful arrow in the sky
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[bookmark: _Toc194482746]Figure 18 - Final Velocity (Copper Liner)
[image: A graph of a line
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[bookmark: _Toc194482747]Figure 19 - Velocities Graph (Copper Liner)
[bookmark: _Toc194482724]4.2 2-Dimensional Shaped Charge (Aluminium 2024 T351 Liner)
To ensure a fair comparison was made between the copper liner and the aluminium 2024 T351 alloy liner. The stages at which the data was captured for the results were kept the same for each simulation. In figure 20 below, we can see that the alloy liner acted very similarly to the copper liner. The shockwave is propagating in the same manner as before and we are seeing just as much material deformation at the apex of the liner as previously seen with the copper liner.
[image: A screenshot of a computer program
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[bookmark: _Toc194482748]Figure 20 - Propagating Shockwave (Aluminium 2024 T351 liner - Max Principal View)
In figure 21, we can observe more deformation at the apex of the liner than previously seen in figure 12. The aluminium 2024 T351 liner is experiencing significantly higher levels of stress and strain and appears to be more elastically. 
[image: A screenshot of a computer program
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[bookmark: _Toc194482749]Figure 21 - Further Propagating Shockwave (Aluminium 2024 T351 - Max Principal View)
In figure 22, the pressure experienced in different areas at different stages can be observed. In the first pane we can see the initial shockwave originating from the detonation point and beginning to travel towards the apex of the liner. In the second and third pane we can see that as soon as the shockwave meets the aluminium 2024 T351 liner material, high pressure levels are experienced which causes the liner to start to collapse inwards aggressively. This starts to form a high velocity jet much faster than the previously seen copper liner.
[image: A screenshot of a computer
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[bookmark: _Toc194482750]Figure 22 – 4-Pane View of Shaped Charge (Aluminium 2024 T351 - Pressure)
The formation of the high velocity jet can be better seen in figure 23 below.
[image: A computer screen shot of a yellow and green shell
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[bookmark: _Toc194482751]Figure 23 - 3-Pane View of Shaped Charge (Aluminium 2024 T351 - Max Principal)
With regards to the velocities reached by the shaped charge using the aluminium 204 T351 liner. The maximum velocity which can be seen in figure 24 was 8954 m/s. Differently to the copper liner, this simulation showed that the jet reached its highest velocity towards the end of its formation unlike the copper liner which peaked much earlier. The velocities reached in this simulation were also plotted into a graph which can be observed in figure 25 below.
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[bookmark: _Toc194482752]Figure 24 – Maximum / Final Velocity (Aluminium 2024 T351 Liner)
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[bookmark: _Toc194482753]Figure 25 - Velocities Graph (Aluminium 2024 T351 Liner)
[bookmark: _Toc194482725]4.3 3-Dimensional Shaped Charge (Copper Liner)
The shaped charge design that used a copper liner was developed into a 3-dimensional model with the aim of trying to capture more clear and concise data regarding to the initial formation of the jet. The finer meshing used in this simulation allows us to more clearly see how the shockwave effects the liner upon its first stages of interaction. As shown below in figure 26, a much better view was gained of how the liner is pushed inwards along the central axis by the propagating shockwave.
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[bookmark: _Toc194482754]Figure 26 - Initial Formation of Jet (3D Copper Liner)
Carrying out a 3-Dimensional simulation also helped gain more conclusive results with regards to the velocities reached by the jet. Similarly to before, the additional meshing also helped create a much better view of the differences in velocities experienced at each node. 
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[bookmark: _Toc194482755]Figure 27 - Velocities Experienced (3D Copper liner)

[bookmark: _Toc194482726]5. Further Discussion  
The simulations carried out have shown that the aluminium 2024 T351 alloy liner created a jet that reached much higher velocities than the conventional copper liner. Not only did the jet created by the aluminium alloy reach higher velocities but it also reached its peak velocity much later than the copper liner. With the maximum velocity of the copper liner being 4159 m/s and the aluminium alloy liner being 8954 m/s, this means that there was a significant difference of 4795 m/s between the two. 
Some potential reasons for these findings could be that the material properties of aluminium 2024 T351 could be better suited to this design of shaped charge. The density, ductility and overall shock resistance seem to have coped much better with the levels of stress and strain generated by the propagating shockwave with resulted in a much better high-velocity jet formation.
Carrying out the 3-Dimensional simulation of the copper liner design led to some issues being encountered. It was extremely difficult to plot a suitable meshing on the shaped charge design so that the software would not crash and provide inconclusive data. This could be partially due to lack of experience using ABAQUS software on behalf of the user. If the experiment was to be repeated then steps would be taken to aid the meshing process and hopefully prevent software crashes and malfunctions. An adaptive meshing could be used which would help avoid errors such as excessive element distortion which proved to be difficult to navigate in this experiment.
Although the 2-Dimensional simulations shown throughout this experiment only provide data within an X and Y plane, they still proved to provide the best data for the user as they were not hindered by the abovementioned issues that were encountered.
[bookmark: _Toc194482727]6. Conclusion
In conclusion, the shaped charge design which utilised an aluminium 2024 T351 liner performed much better than the shaped charge which used a standard copper liner. The use of ABAQUS finite element analysis software allowed for a deeper understanding to be made of the interactions between the shockwave provided by the explosive charge within the device and the liner itself. The key areas highlighted were how the pressure levels effected the severity and rate that the liner material began to deform and collapse inwards along its central axis forming the penetrating jet.
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