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ABSTRACT

The calculations involved when modelling shaped charges in a hydrocode, implement many complex equations. The equation parameters include: shock interactions, particle interactions, fluid dynamics and temperature changes. The way these equations interact influence the output of a simulation. It is not common knowledge amongst the wider community, how these equations are affected by changing a singular variable, such as the poisson ratio of a shaped charge liner. A singular change to just one variable i.e. the poisson ratio of the liner, may subject a simulation to produce a different output. This output can be measured in many ways such as: the change in the velocity of the jet, the change in length of the jet, the change in  breakup of the jet and the change in temperature of the jet. Each variable contributes a significance to the output. This significance will vary across the different variables. 

This report will cover the most significant variables, and how they work holistically to alter the output of a simulation. The rationale is that tolerances when manufacturing shaped charges, and their impact on jet performance is not properly understood. The manufacture of shaped charges typically uses the highest quality copper available; this copper is oxygen free and low phosphorous. The grade of copper is usually either C101, C103 or C109 all of which are above 99% pure copper. However, there are still discrepancies across different batches and manufacturers.

This work will explore the effect those discrepancies play in changing the performance of a shaped charge by producing models with  pre-defined parameters on certain variables. These parameters will simulate manufacturing tolerances, with the resulting data analysed to see if they play a significant part in the overall performance of a shaped charge. The effects of the tolerances could then be investigated by industry to assess if it is worth investing in making more accurate products.
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[bookmark: _Toc161046740]Chapter 1 – Setting the scene


1.1 [bookmark: _Toc121041576][bookmark: _Toc202288056][bookmark: _Toc266447524][bookmark: _Toc161046741]Introduction
A shaped charge is a device whereby a liner, often made from a malleable material such as copper, is inverted when subject to elevated temperatures and extreme pressures. These extreme conditions are produced by an explosive event under confinement. This results in the liner being exposed to such a temperature that it becomes a plasma, a state whereby it does not obey the rules of the 3 known states: solid, liquid or a gas [1]. During this plasma state, the liner can elongate up to 3-5 times its original diameter. This elongation forms a long molten jet, which when explosively driven speeds in excess of 7kms-1 can be achieved. Thus, making it a perfect formula for enhanced penetration, especially on hardened targets such as tanks. This phenomenon is known as the Munroe effect, and is widely adopted by the majority of defence companies who produce shaped charge devices. 
[image: ][bookmark: _Toc161046883]Figure 1 – Shaped charge jet forming from a conical liner [36].



It is important to highlight that a shaped charge is a device and not defined a weapon. Despite having the capability to be used as a weapon, like in a tandem warhead such as an RPG-7. A shaped charge can also be used as a render safe tool to disrupt Improvised Explosive Devices (IEDs). Furthermore, shaped charges can also be used in the mining industry to break apart rock formations to reach precious metal ores.

These shaped charge devices can be replicated in a virtual environment using a hydrocode. A hydrocode is a computer program that can be used to simulate numerically highly strain dynamic events, specifically those that include shocks [2]. Due to the explosive nature of a shaped charge, the malleable liner is exposed to a shockwave, which is a propagating wave of air that travels faster than sound in the medium. Therefore, Hydrocodes such as ALE3D [3] are ideal for simulating this shockwave and the interaction it has between the many components within a shaped charge.

The modelling of shaped charges requires the yield stresses, fracture pressures and Poisson ratios of each material to be considered. All of which determine a material’s malleability, plastic deformation and failure points. Within the software, there are equations that use these variables to undertake calculations within the defined mesh of the hydrocode. All these variables work holistically and contribute significantly to the end output of the simulation. 

When delving into the many components that affect the performance of a shaped charge the components can be categorised as either, material properties or physical changes in the setup of the simulation. It is unknown which components carry the most significance in altering the end output of a simulation. Therefore, a study into the magnitude of each individual component is required to determine its importance in the model. 
    
1.2 [bookmark: _Toc202288058][bookmark: _Ref202288793][bookmark: _Toc266447525][bookmark: _Toc161046742]Aim
The aim of modelling these individual components is to produce a hierarchy of controls, that when other users attempt to model a shaped charge, they can refer to it to determine predicted outcomes. Currently, extensive research has been carried out for around 80 years in perfecting the shaped charge; however, this research has mainly had a focus on physical testing. It is only within the last 20 years that Hydrocodes have been simulating these devices in a virtual environment. 

Therefore, there has been less focus on the modelling and replication of shaped charges in a virtual environment. Which is why this study will focus on the smaller variables such as: fracture pressures, yield stresses and Poisson ratios as they have been previously overlooked [4]. 



1.3 [bookmark: _Toc266447526][bookmark: _Toc161046743]Objectives
The aim for this project is to explore the effects that altering material properties has on the jet formation of a shaped charge. In turn this will help inform the larger community when modelling experimental setups.
Objectives to achieve this include:
· Attempt to validate a shaped charge simulation from data collected on a trial involving a specific shaped charge device.
· Determine a list of major components that affect a shaped charge’s performance. 
· Alter these components within a pre-defined range, and record the output.
· Analyse the new velocities observed, once a component has been altered.
· Produce a Velocity Jet Mass (VJM) plot to further analyse the jet breakup of each simulation.
[bookmark: _Toc121041584][bookmark: _Toc202288061]
[bookmark: _Toc266447540][bookmark: _Toc161046744][bookmark: _Toc266447528][bookmark: _Toc266710277][bookmark: _Toc266711030][bookmark: _Toc271283211][bookmark: _Toc340606375][bookmark: _Toc340611902][bookmark: _Toc340612072][bookmark: _Toc340613999][bookmark: _Toc341173665][bookmark: _Toc341173843][bookmark: _Toc341174523][bookmark: _Toc345410421][bookmark: _Toc345410752][bookmark: _Toc345412857][bookmark: _Toc371251349][bookmark: _Toc371251398][bookmark: _Toc371255378][bookmark: _Toc371255533][bookmark: _Toc159748847][bookmark: _Toc202288068][bookmark: _Toc266447541] Chapter 2 - RESEARCH & REVIEW OF LITERATURE

2.1 [bookmark: _Toc161046745] Introduction
This chapter will look to present existing information on shaped charges and their lethality effects. The review of existing information will be separated into two major aspects, the first focussing on the trials and testing of shape charges the second delving in on how shaped charges are modelled. Both will cover the fundamental theories that underpin some of the variables within a shaped charge. These variables will be altered in the simulations, so it is important to understand how they interact in affecting the performance of a shaped charge.

[bookmark: _Toc161046746]2.2 Physical Parameters
A particular parameter that should be of interest is the liner of a shaped charge and its role in affecting the jet formation. The conceptual mechanics on how a jet elongates was first explored by Birkhoff and others in 1948 [5], however this initial concept was expanded on by Pugh, Eichelberger and Rostocker [6]. The major change between the two opinions refers to the non-uniform collapse of the liner. 

The line assigned ‘A through Q’ symbolises where the conical liner sits. The line Vd replicates the shockwave. When the shockwave propagates down the conical liner, the velocity of collapse Vo decreases from the apex to the base. This is caused by mass of the liner decreasing. When taking two points, P and P1 the shockwave takes an identical time for point P to reach J, as it does for P1 to reach the curve M. If the velocity of collapse were to be uniform then P1 would reach line N in the time taken for P to reach J. This causes a shaped charge jet to have varying velocity. The tip of the jet will always be faster than that of the rear slug; this is because there is simply more mass of the liner at the rear. This varied velocity theory was not touched on by the research from Birkhoff. Nowadays it is common knowledge amongst the wider user group that the tip has a higher velocity. 

[image: Diagram
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[bookmark: _Toc159747178][bookmark: _Toc159747308][bookmark: _Toc161046884]Figure 2. - The collapse of a shaped charge liner illustrated by Pugh [6].



A limitation to the work carried out by both Birkhoff and Pugh, is that their concepts suggest the collapse of the liner is repeatable. Meaning each firing will be identical. However, a shaped charge has varied results within a certain bandwidth. This bandwidth is caused by: manufacturing defects, inconsistent explosive reactions, temperature of the environment and how interactions influence one another. If 100 shaped charges from the same manufacturer, and same batch were fired, a range of outputs would be observed producing a bell curve of varied results. There are numerous factors contributing to this variance. The likelihood is that the variance is due to chance causes as opposed to assignable causes. One factor may not have an influential effect on these varied results, whereas multiple factors combined may [7].

On the other hand, modelling 100-shaped charge firings would not provide a variance in any results observed. The simulation uses perfect materials with no defects. There are no environmental discrepancies within the simulation either. To make the simulations more realistic, the varied results from trials can be implemented. To successfully do this a range is assigned to each variable. The software will then select a value within the pre-defined range and take that value forward in any calculations. A limitation is that many simulations will be required in order to capture the full range of results. Further limitations include not being able to conduct a sensitivity study on each variable, due to the software choosing values at random.  

Another parameter affecting the performance of a shaped charge is the shockwave, and its tendency to shear/deform materials. The fundamentals behind shockwaves and their utilisation in shaped charges has been extensively researched. The explosive material will exert a shockwave through a medium. When this shockwave passes through said medium, it exposes the medium to a harsh change in pressure. The pressure before and after the shockwave differ due to the Rankine Hugoniot conditions [8]. This overall change in pressure experienced by the medium has a tendency to push then pull said material. This is because the scaling is nonlinear. When the shockwave interacts on a shaped charge liner, the large magnitude of pressure exerted makes the liner behave like a plasma. This is due to the liner yield stress being overmatched [9]. A high Net Explosive Quantity (NEQ) and high brisance can vaporise the liner when the yield stress is significantly overmatched. The simulation uses the Bernoulli equation for the flow of the material and characterises the plasma as inviscid fluid [5].




[bookmark: FONETHREE][image: ]







[bookmark: _Toc161046885]Figure 3 - The nonlinear collapse of a shaped charge liner [39].



It is also important to look at the geometry of all the components in a shaped charge. All shaped charges follow the concept of the Munroe effect; however their physical makeup will differentiate depending on their intended use [5]. Specific shaped charges can be altered to maximise penetration, whereas others can be altered to maximise reliability for use in harsh environments, such as in deserts or underwater. Figure 4 shows a Pluton device used underwater versus on land. The underwater design incorporates a funnel to direct the jet and prevent any losses momentum to the surrounding environment. 





Figure 4 – Pluton shaped charge underwater versus land use [40].


World War 2 produced numerous iterations of shaped charges. This was due to the requirement of successfully penetrating thick armours such as steel and concrete bunkers [5] [10]. Within the mining industry, the blasting of rock using shaped charges is thoroughly researched [10] [11]. Mining shaped charges are much larger as they require penetrating a wider surface area. On the other hand, shaped charges used within the defence industry are smaller. This is because they require being more precise; this is to penetrate smaller specific targets/threats such as a power source located within an IED. There will always be a variation in shaped charge sizes dependent on the intended target [5]. 

Despite differing applications, all shaped charges follow similar principles. In the diagram below the diameter of the liner is LD, the diameter of the charge is CD, and the warhead diameter is WD [5]. The head height is the distance between the apex of the liner and the point of detonation [5].
[image: Chart
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[bookmark: _Toc159747179]Figure 5 - A diagram of a shaped charge and its fundamental components [5].
The major output of a shaped charge is its penetration capability. This is heavily affected by the standoff. The standoff is the distance between the target and apex of the liner. The effect of standoff has been researched extensively [12] [13]. However, the following investigation is going to focus on the variables that affect the jet formation. Although the standoff will not be investigated in this study, an appropriate domain is required to visualise the full formation of the jet. 

There are other variables to consider when designing a shaped charge. These include technical variables such as the weight and dimensions; also non-technical factors such as the cost and availability of the materials. The intended use of the shaped charge influences its weight. Shaped charges can vary in size drastically depending on the target set. For example, a shaped charge such as VulcanTM is filled with just 10g of Plastic Explosive (PE) to defeat small IEDs with little protection [14]. Whereas, Saab’ SM-EOD 130 uses 2540g of PE to defeat buried Unexploded Ordnance (UXO) [15]. Other considerations are the cost, materials, assembly/ manufacturing, shipping and marketing. The common trend amongst the defence industry is to increase performance whilst saving money and materials.

Applying this to shaped charges, a way to reduce both weight and cost per individual unit is to exploit boat-tailing. This is where the charge is tapered so that sections of the explosive are removed, reducing the cost and weight [5]. The diagram below alters the design previously seen to incorporate boat-tailing. The effect boat-tailing has on the performance is minor. However, if implemented properly the boat-tail can act as a wave-guide producing a uniform shockwave on the liner. This results in an even collapse of the liner.
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[bookmark: _Toc159747180]Figure 6 - A diagram of a shaped charge with a boat-tail rear [5].

Although there are numerous variables to increase the performance of a shaped charge, there is no set defined script to achieve this [5]. However, one example of increasing performance is to optimise penetration by altering the apex angle of the liner. This variable has been studied since World War 2 and continues to be a relevant topic in modern research, especially when analysed with different combinations of liner material and thicknesses [5] [16]. Studies have shown it is possible for the liners: thickness, angle and shape to have an effect on the jet formation and velocity. However, these variables do not have a defined construction nor relationship that can be applied to all shaped charges [12] [16]. Therefore, it is important to take cation when trying to conclude that any one variable of the shape charge geometry is responsible for the change in performance. For example, a steel liner with a small cone angle, and a copper liner with a larger cone angle may produce unexpected results. Research would suggest the copper liner with the larger cone angle would observe a better jet formation, due to a more malleable material and steeper cone angle. However, this may not be the case and may impose a limitation when it comes to modelling a shaped charge. Because there are so many relationships between such a vast list of variables, the dataset in order to capture all the interactions would be unachievably large. In order to bound the study from becoming unachievable, only the most significant variables will be analysed.

To identify the most significant variables further literature will be researched. It will be important to distinguish work conducted between Explosively Formed Projectiles (EFPs) and shaped charges. Although similar, EFPs do not follow the Munroe effect, tey follow the Misznay-Schardin effect. EFPs differ to shaped charges as they have a larger cone diameter with a much shallower angle. EFPs are used in situations that require a greater standoff, sometimes of which is 100 times their charge diameter. Therefore, although similar, research on EFPs will not provide any benefit in understanding the jet formation of a shaped charge.
[image: ][bookmark: _Toc159747181]Figure 7 - Hierarchy of physical variables that affect the jet formation of a shaped charge [31].


As previously mentioned, further research is required to find the most significant variables that affect jet formation. However, after multiple discussions amongst Subject Matter Experts (SMEs) those variables have been identified and listed in figure 7.

A description of each variable and how it affects jet formation:
Standoff – the standoff is the distance between the liner of the charge, and the intended target. A small standoff results in less penetration, this is because the jet needs time and space to elongate to its full length. On the other hand, a standoff too large causes the jet to break apart. This occurs because the mass separates out depending on its velocities. Heavier parts of the jet move more slowly and are typically located at the rear of the jet. The tip of the jet is the fastest, because it has the least material. If the jet does break-up, the penetration decreases. 
Material of the liner – the choice of the liner material is vital to the performance of a shape charge. Malleable materials such as copper elongate better than those of non-malleable materials. Gold has been trialled and tested, however it is too expensive to manufacturer. The more malleable a material, the more the jet can elongate. This results in better penetration.
Type of explosive – explosives have varying VODs (velocities of detonation). A higher VOD results in a faster jet and better penetration. Another measurable of an explosive is its brisance. This is the shattering effect of the explosive. A high brisance will promote the liner to elongate, however if it is too high the pressures will overmatch the casing too early, resulting in a loss of pressure to invert the liner. A fine balance of pressure production is required to optimise performance.
[image: ]Cone diameter – the cone diameter as illustrated in figure 5, is the overall diameter of the liner. The general rule of thumb, is that penetration of a shaped charge is 3-5 times its cone diameter [17].[bookmark: _Toc159747182]Figure 8 - A graph illustrating the relationship between penetration and standoff [4].

Angle of the apex of the cone – the apex of the cone is the sharpness of the angle that the liner folds. The apex of the liner heavily influences the liners relationship with the shockwave. An obtuse angle means the shockwave is exposed to a flatter liner, this means more surface area is exposed to the shockwave at the same time. Therefore, the liner is pushed away from the casing, rather than be inverted on itself. The liner will still invert, just not to the same elongation as that of an acute angle. An obtuse angle replicates that more of an EFP.
Amount of explosive – the net explosive quantity (NEQ), is the amount of explosive within the housing of the shaped charge. This housing is often made of steel, this allows immense pressures to build up inside, which results in the liner inverting on itself. However, in special operations shaped charges are made of plastics and even carbon fibre. The pressure still builds up enough to invert the liner successfully, however the casing then fragments into small pieces that look like cloth. This allows the special operations units to be discreet and quick, whilst leaving little to no evidence behind. This technique is also used in EOD tools such as disruptors [18]. As for the amount of explosive, it is a delicate balance between too much and too little. Too much explosive ruptures the casing before the liner starts to invert. On the other hand, too little explosive does not produce enough pressure to invert the liner.
Headspace – the headspace of a shaped charge is the distance between the apex of the liner and the initiation point of the explosive (often the booster). Similar to the NEQ, the headspace can be too long or too short. A long headspace means the shockwave loses its momentum resulting in less elongation of the liner. Whereas, a short headspace means the shockwave doesn’t have a nice uniform front [5]. 

Some conclusions can be made from the above literature research. Firstly, it is near on impossible to determine the relationship between all the variables within a shaped charge. With each shaped charge being purpose built to fulfil a specific role/duty, it is not right to assume that the same rules apply to every one. They will all obey the fundamentals such as the Munroe effect; however, they will all achieve this differently. Secondly, not all shaped charges are designed for maximum penetration. Many are designed for EOD tools, in which you do not want maximum penetration. This is because the target will be completely destroyed and limit forensics on the IED parts recovered. Therefore, they will not have the optimised conditions seen in figure 7 to produce an elongated jet. Finally, there is such a variation in the manufacture of shaped charges, which may cause the jets elongation to vary despite the device being identical. 

A limit to the current research conducted is that it does not focus on the modelling of shaped charges. To aid the structure of the simulations due to be ran in this investigation, a further literature review detailing the modelling of shaped charge devices is required.










[bookmark: _Toc161046747]2.3 Material parameters
When researching existing work on the modelling of shaped charges, it is worthy to know that it does not directly relate to the work conducted in this study. This is because the modelling of shaped charges carried out by others, is difficult to apply to work carried out by one’s self. This is due to the nature of modelling and the numerous variables within it. This is because many different software’s exist, all of which implement varying ways of carrying out the basics. The basics to modelling a shaped charge include: the mesh, the units, the material inputs, the strength model, equations of states and if it is Lagrangian or Eulerian. All of these basics help produce a model, but they do it in different ways. For example, a Lagrangian software follows all the particles and describes the variations around each particle along its trajectory [19], the mesh essentially moves with the particles. Whereas, an Eulerian software describes the particles and their interactions in a fixed area as a function of time [19]. The two software’s would produce different results for identical simulations.
[image: ]






Figure 9 – A visual representation of Eulerian versus Lagrangian mesh [41].


Despite previously saying, modelling done by another user cannot be applied to the modelling in this study. The lessons learnt by other users can be exploited to prevent limitations being encountered. A recent report from February 2023 highlighted how a jet breaks up. It states the breakup time is calculated as soon as the original slug deforms into two new individual fragments. An assumption made is that each fragment has a constant velocity and that each fragment is axially aligned with the firing axis. Before the separation of the slug, each individual fragment is assumed to have the shape of a circular cylinder of known length and radius. A limitation to this assumption is that fragments of a shaped charge jet actually look like an ellipsoid. However, it is difficult to determine the specific time point of when the ellipsoid forms. Figure 10 shows how the cylinders overlap as cylinders.  
[image: ]
[bookmark: _Toc159747183]Figure 10 - The breakup time of fragment n is determined by considering the overlap, d1 and d2, of its neighbouring fragments in the jet. The effective length, leff, is determined from the overlap of the fragment n + 1. In this case, the breakup time for fragment n is calculated as tbr  = max ( (d1/(vn-vn+1)), (d2/vn-1-vn) ). [4]

The overlapping of the fragments occurs before the separation, the effective length of a fragment is only the non-overlapping length with the following fragment. Because of this, the radius of the fragment is assumed to scale with the effective length in such a way that conserves the volume of the fragment [4]. When it comes to analyse the simulations in this investigation, it will be crucial to use a VJM plot to compare the jet breakup of cumulative mass. Many experiments have been done where only the velocity has been analysed. This does not elude to the bigger picture of how the jet breaks up.

An important lesson when modelling shaped charges is to understand how the code uses material properties. A hydrocode will use fracture pressures, melting temperatures, poisson ratios, yield stresses and more to determine how the individual materials obey the laws of physics and chemistry. Different datasets can be used in certain software’s. For example, some may use the SESAME Tabular format, and others may use the Mie–Grüneisen format [20] [21]. They differ in the way they represent a material using different equations of states. 
A more extensive literature review has been conducted on material properties and their sensitivity to changes. This can be found in Appendix 1.

[bookmark: _Toc161046748]Chapter 3 – METHODOLOGY for this study
[bookmark: _Toc266710265][bookmark: _Toc266711018][bookmark: _Toc271283199][bookmark: _Toc340606384][bookmark: _Toc340611911][bookmark: _Toc340612081][bookmark: _Toc340614008][bookmark: _Toc341173674][bookmark: _Toc341173852][bookmark: _Toc341174532][bookmark: _Toc345410430][bookmark: _Toc345410761][bookmark: _Toc345412866][bookmark: _Toc371251358][bookmark: _Toc371251407][bookmark: _Toc371255387][bookmark: _Toc371255542][bookmark: _Toc340606385][bookmark: _Toc340611912][bookmark: _Toc340612082][bookmark: _Toc340614009][bookmark: _Toc341173675][bookmark: _Toc341173853][bookmark: _Toc341174533][bookmark: _Toc345410431][bookmark: _Toc345410762][bookmark: _Toc345412867][bookmark: _Toc371251359][bookmark: _Toc371251408][bookmark: _Toc371255388][bookmark: _Toc371255543][bookmark: _Toc266447529]
[bookmark: _Toc161046749]3.1 Producing a replicant shaped charge simulation
First, to obtain any valid data from a shaped charge simulation, a validated simulation is required. To achieve this the simulation should try to replicate that of an existing off the shelf product. Therefore, conclusions from the simulation can be translated across to industry. The end goal being manufacturers gaining a better understanding in how their tolerances affect the jet formation and performance i.e. “If the manufacture were to produce a new batch of shaped charge ‘x’ with a new copper that is 2% more malleable, the resulting change in performance would be…” In order to set up a shaped charge simulation that replicates an existing product pre-existing trials data is required.

In October 2019, a trial took place firing a shaped charge at a 10cm x 10cm x 10cm aluminium block. Flash x-ray systems were used to capture still images of the jet mid-flight. The geometry and dimensions of the shaped charge are known, and images of the jet formation are available. This data can aid the set-up of an initial shaped charge simulation to replicate that device. 
[bookmark: F7][image: ]








Figure 11 – Modelled shaped charge that replicates the device used in the October 2019 trial [34].



Figure 11 shows the replicated shaped charge in a simulation. The device will fire in the y-axis towards the aluminium block. The ten black dots between the shaped charge and target are tracers. These are not physical material in the simulation. They are merely co-ordinates that record the velocity of material passing through them. Some of these tracers have been fixed, with others being fluid. The idea being that the jet tip captures fluid tracers, thus recording the highest velocity observed. Whereas, fixed tracers record the velocity of the rear of the jet which moves much more slowly than the tip. 
[bookmark: F8][image: ]



Figure 12 - An enlarged section of Figure 11 [34].


Figure 12 illustrates an enlarged image of the shaped charge from figure 11. The blue/teal material is the casing, the brown/orange material is the liner, and the pink material is the explosive.

In order to produce this set-up, many draft simulations were completed. This involved learning how to implement a ‘user defined shaped (UDS)’ to produce the correct dimensions for the charge. A UDS is a series of co-ordinates, where the software then draws a line between them; similar to that of children’s dot to dot books. Because this simulation is 2D, it had to replicate a cut through image of the 3D real device. Therefore, the UDS had to be scaled to use the correct amount of explosive. This was calculated using a simple technique of drawing the device on graph paper, and working out the area within the UDS. As a result, this meant the geometry of the model replicated that of the real life device. However, the performance of the modelled charge still needed validating.

[bookmark: _Toc161046750]3.2 VALIDATING A SIMULATED DEVICE
The validation of a simulated device can be done in a variety of ways. One method is to compare the images of the simulated device against images captured on trial. A second method is to analyse the data from both in the form of a VJM plot. This latter method is heavily dependent on the type of data recorded on the trial.
[bookmark: F9][image: ]Figure 13 - Modelled shaped charge Vs flash x-ray still. [32]


Figure 13 shows the modelled device from figures 11 and 12 (right hand side) and a flash x-ray still image from the October trial (left hand side). A flash x-ray image is produced using a backscatter plate and x-ray generator. Although the quality of the flash x-ray image may seem poor, it reveals more than what a high-speed camera would achieve. A high-speed camera would not see the early stages of the jet forming, due to the intense light and gas produced from the explosive reaction. 

Using method 1, the two images can be analysed. To do this, the exact same timeframe across the two images is required. The flash x-ray system was initiated once the jet had passed through two light gates.  These light gates were setup with a known distance and incorporated a timer between when the jet hit the first and second light gate. This allows for the velocity of the jet to be calculated. To obtain the same time stamp from our simulation, the time step needed to be refined. The time step affects the frequency that calculations take place in the simulation. The simulation uses this time step to produce an image, so it is important the time step is refined to produce an image that mimics the time of the flash x-ray. Looking at the image in figure 13, a few conclusions can be observed. 

The first conclusion is that the device tested on the trial in figure 13 suffers from co-axial drift. Co-axial drift is the shift of fragments produced by a shaped charge away from the normal. This normal being the intended firing axis. This occurs when the liner does not collapse uniformly; resulting in the fragments having a varied velocity. This is caused by the shockwave not propagating perfectly as a planar wave front [22]. This is the consequence of minor defects in the explosive called voids. A void is a very small hole in which air or a contaminant has been trapped in the explosive during manufacturing. This most commonly occurs in the filling process of a shaped charge. Technology is improving to fill the charges using a technique called Resonant Acoustic Mixing (RAM). These voids make the shockwave front slightly bent from the normal. In an ideal world, the shockwave would reach the liner at the same time as one continuous planar detonation front. Because the voids bend the shockwave, the liner then collapses wherever the shockwave first strikes. This causes tumbling of fragments which can be observed in the trials data from figure 13. 

The simulated device does not suffer from co-axial drift. This is because the model does not incorporate voids or crystals within the explosive. Instead, the explosive behaves as a uniform planar detonation front, which strikes all parts of the liner simultaneously. Thus resulting in a uniform collapse of the liner, which resultantly produces a jet that is perfectly straight in the y-axis.

A second conclusion can be made between the flash x-ray and simulated image. The simulation does not include the rings around the rear of the jet. This is because a discard function was implemented into the simulation. The discard function eliminates material when it drops below a user-defined density. Both the liner and explosive were discarded when their density became so minute to the point it was no longer affecting the jet formation. Less calculations are required once this material has been discarded, resulting in faster simulation run times.

[bookmark: _Toc161046751]3.3 COMPARING SIMULATED VS TRIALED DATA USING VJM PLOTS
Validating the simulation from initial observations is it not a reliable way to state any conclusions with much certainty. Data analysis is the more reliable approach. A technique used in the work carried out by Pelfalt [4] analyses the material spread within the jet. This technique involves producing a VJM plot. The plot produces a graph of the cumulative mass against velocity. There are different ways to produce a VJM. However, it is not stated in Pelfalt’ work which method is best. Pelfalt assumes the individual fragments are cylinders like that observed in figure 10, whereas trials data suggest they actually take the shape of an ellipsoid.
[bookmark: F10]
[image: ]To produce a VJM for the device used on trial seen in figure 13, a second flash x-ray still of the jet formation at a later timeframe is required. This second image will provide data to calculate the fragment’s velocity by working out the difference in their y co-ordinates. Sadly, the data captured on the trial in 2019 did not include a second x-ray still. Therefore, the simulation cannot be validated using data analysis. This means relying on just initial observations of the images. A method that does not provide much certainty. As the simulated device cannot be validated, it may need to be replaced with a new simulation. Despite the lack of x-ray stills for the device seen in figure 13, a second trial testing a new shaped charge did provide sufficient x-ray stills. This means VJMs can be produced to test if the method works at validating a simulation. Resulting in potential future work to carry out the validation of the attempted simulation in figure 13; if further data was ever sourced/recovered from the October trial.














Figure 14 - Two flash x-ray stills of a new device, at different time stamps. [32]

The fragments are much clearer in figure 14 than of those in figure 13, this is because the x-rays were taken later; meaning the jet has more time to elongate/separate. A calibration is required before undergoing any calculations. Figure 14 has been cropped for classification. However, a known distance will be used for this calibration. The full calculation process for the VJM can be found in Annex 2. It was previously mentioned that the fragments can be assumed as either cylinders or ellipsoids. The actual mass of the liner from the device used in figure 14 weighs 75.95g.
[bookmark: F11][image: ]
       Figure 15 - VJM plot of the device in Figure 10, assuming the fragments as cylinders.
Figure 15 shows the cumulative mass of the liner to range from 36g to 49g. This range in mass is a result of the different densities of copper. Different densities of copper were used in the calculations because the density of copper in plasma state is unknown. The two values replicate the density of copper at room temperature (8.96g/cm^3) and at melting (7.9g/cm^3). 
The calculations in figure 15 do not match the 75.95g total mass of the liner. This is expected because not all of the liner mass will form into separate fragments. The calculations only take into consideration the separated fragments. Yet there is still liner material located in the rear slug. This rear slug is not included in the calculations as it differs in shape i.e. it is not an ellipsoid or cylinder. An approximated mass of 10g for the rear slug material was calculated in paint.net. Overall, this means the VJM method assuming the fragments as cylinders provides inaccurate data to validate a model. The justification for this being 16.95g of liner mass is unaccounted for, which is 22.32% of the original liner mass.

[bookmark: F12]
Figure 16 - VJM plot of the device in figure 10 using the ellipsoid assumption.
When comparing figure 16 to figure 15 the highest total mass calculated is now 65g as opposed to the 49g seen previously. This is a value closer to that of the measured liner mass of 75.85g. When adding the calculated 10g mass of the rear slug, the calculations near perfectly match the measured 75.95g liner mass. Therefore, using the ellipsoid assumption could provide a reliable method of validating a shaped charge model. 
Due to lack of trials data, a VJM cannot be produced for the device found in figure 13. Meaning the replicated device in the simulation would not be validated. Without this validated simulation, it could be argued that any changes in the velocity and jet formation of the simulated device, would not be witnessed if the same changes were made to a real device. To overcome this, a standardised shaped charge script needs to be produced. This new script will not attempt to recreate an off the shelf product, but instead replicate the fundamental processes within a shaped charge. Once the script is setup and functional, any change in the output will be due to a parameter modification.

[bookmark: _Toc161046752]3.4 CREATING A NEW SIMULATION







Figure 17 - Simplified shaped charge simulation, material vs pressure [35].

Figure 13 - Simplified shaped charge simulation, material vs pressure [35].


[image: ]The simulation in figure 17 has been simplified when comparing it to that in figure 11. The reason for this is to reduce computational strain and run time. But to also create a simulation that follows the fundamentals of a generic shaped charge. Existing research depicts the generic shaped charge to look like that of figure 5, which was inspiration when constructing the simulation in figure 17. The aluminium block has also been removed because any change in penetration cannot be validated against trials data.












Figure 18 - Propagation of the liner collapsing uniformly [35].

[bookmark: _Toc161046753]CHAPTER 4 DATA COLLECTION AND RESULTS
The first modifications to the simulation involve the fracture pressures of the liner. The fracture pressure is the point at which a materials structure deforms under pressure. The fracture pressure is a significant material property. Previous research would suggest the higher the fracture pressure, the less ductile the liner would be due to holding its rigidity better at higher pressures. This would result in reduced elongation.
[bookmark: F15][image: ] 













   Figure 19 - Matrix of scheduled simulations to be run when altering fracture pressures [23].

Figure 19 highlights the simulations ran to test the affect that altering the fracture pressure (Pfrac) has on the jet formation. Initially a ±2% increment was used to see the affect it has on the velocity of the jet. Both the Pfrac of the liner (Pfrac 1) and casing (Pfrac 2) was altered. The explosive does not have a Pfrac to vary. Observing solely the output images from the simulation will not provide reliable conclusions. To reduce computational strain the resolution of the output images was not refined to capture such small changes. To analyse any changes across the simulations, the highest velocity observed was recorded. It was predicted the jet will have a higher velocity with an increased Pfrac. The rationale being that more pressure can build up before both the liner and casing suffer from any deformation, resulting in more pushing force.
[bookmark: F16][image: ]
Figure 20 - Results from altering the Pfrac of both the liner and casing [23].
[bookmark: F17][image: ]Figure 20 shows the highest velocity observed from the simulations ran. The first conclusion is that there is negligible difference in the highest velocity observed when altering the liners Pfrac. The second conclusion is that altering the Pfrac of the casing has no effect on the highest velocity observed. This second conclusion is expected because the liner is deforming before the casing. The pressure build up within the device ruptures the liner before the casing, this is expected as the casing has a Pfrac 2 magnitudes of order greater than the liner.







Figure 21 - Still image at 12 microseconds showing the liner deforming before the casing [35].

In Figure 21, it can be observed that the liner has already started its process of inverting. Whereas, the sidewalls of the casing have not deformed but merely pushed outwards.
[image: ]There is only a 0.0098% increase in velocity between runs 1 and 4. However, there might be a significant change in the jet formation. Plotting a VJM will show the cumulative mass and its velocity, which represents the spread of material through the jet.Figure 22 - VJM Plot of Run 1 [25].

Figure 22 contains 4750 data points. These data points correspond to the recording rate of the simulation i.e. how many calculations are taken throughout the 100 micro second simulation. It can be seen the smaller fragments within the jet travel the fastest, whereas the larger fragments travel more slowly. When comparing Figure 22 to Figure 23 the total cumulative mass should be identical. This is because the liner dimensions are not changing; therefore, no mass is taken away nor added. Furthermore, there is now no discard function so all material is accounted for. Figure 20 eluded to negligible change in the highest velocity recorded. Therefore, the two VJM plots should have similar velocities across the x-axis. 
[bookmark: F20][bookmark: F19][image: ][image: ]Figure 24 - VJM Plot of Run 1 Vs Run 4 [25].
Figure 23 - VJM Plot of Run 4 [25].



[bookmark: F21][image: ]Figure 25 - VJM Plot of Run 1 Vs Run 4 Zoomed [25].

Figure 24 shows overlaying plots of the two runs, this allows for an easier comparison. It was expected there would be a change in the spread of material i.e. the two lines in figure 24 would be different. However, the figures show negligible difference. There is a small difference at approximately 750ms-1/40g, this can be seen in figure 24. However, any differences in this region would not be significant in real life. This is because the rear of the jet does not contribute to the initial penetration. Figure 25 shows a zoomed in section from figure 24. This zoomed in section identifies the section of the jet that contributes to the penetration. For example, 90% of penetration is covered with the first 30% of the jets mass [22]. This section therefore represents the region in which most change in performance would occur. Because figure 25 shows little to no change across the two runs, it can be concluded that increasing the Pfrac by up to 6% from its original value does not affect the performance of a simulated shaped charge. Thus meaning manufacturing tolerances with a +6% altered fracture pressure on the liner would not affect performance. However, the lower bound alteration to the fracture pressure may affect performance because the liner will deform earlier at lower pressure levels.

[bookmark: F22]Figure 26 shows there is still no difference in performance even with lower fracture pressures. However, if manufacturing tolerances were greater than ±6% would there then be a significant difference? To test this the intervals will be increased from 2% to 10%.Figure 26 - VJM Plot of Run 1 Vs 4 Vs 7 [25].


[bookmark: F23][image: ]
Figure 27 - Simulations with 10% intervals in Pfrac differences [23].
From figure 27, the highest velocity recorded still remains negligible, however the VJMs may elude to a difference in the material spread.
[bookmark: F25][bookmark: F24]Figure 29 - VJM Plots of Runs 1 Vs 27 Vs 29 Zoomed [25].
Figure 28 - VJM Plot of Runs 1 Vs 27 Vs 29 [25].

Figure 24 - VJM Plot of Runs 1 Vs 27 Vs 29.

Figure 24 - VJM Plot of Runs 1 Vs 27 Vs 29 [25].

Figure 24 - VJM Plot of Runs 1 Vs 27 Vs 29.

[bookmark: F26][image: ]Despite upping the intervals from 2% to 10%, there is still no negligible difference. Figure 29 shows the VJM plot for a ± 20% increase/decrease, where there is still no observed difference. However, there is a small separation of mass at 1250ms-1 across the 3 runs. When adding error bars to the data, this separation of mass is deemed not to be a significant difference.
Figure 30 - VJM Plot of Runs 1 Vs 27 Vs 29 with error bars [25].
This negligible change would suggest that the fracture pressure of the liner is not significant when producing shaped charge devices with tolerances of up to ±20%. To conclude, changing the fracture pressure of a copper liner by up to ±20% from its original value does not significantly affect the performance of a simulated shaped charge. This conclusion is somewhat surprising. To understand why this negligible change occurs, the way the hydrocode uses the fracture pressure needs to be studied. However, the hydrocode manufacture does not show how the fracture pressures are used and in what equations. However, using existing equations, the fracture pressure is not squared and plays a small role on small objects. Because the liner is so small (millimetres thick) the cross sectional area is insignificant when it comes to the force per unit area. Thus meaning the fracture pressure of the liner will not contribute much output.

Other material properties that may change the way a jet forms include the yield stress and Poisson ratio. 
[bookmark: F27][image: ]
Figure 31 - Simulations altering the yield stress and Poisson ratio [23].

[image: ]Figure 31 shows the highest velocity recorded is fluctuating more than when the fracture pressure was altered. However, it is only a 0.07% decrease in velocity when increasing the yield stress by +20%. A difference that is not significant. The VJM plot may expose a change in the spread of mass though.Figure 32 - VJM Plot of altering Poisson ratio and yield stress [25].





[bookmark: F29][image: ]Figure 33 illustrates the change in mass when altering the Poisson ratio and yield stress. From this graph multiple conclusions can be made. Firstly, altering the yield stress of the liner has a greater effect on the material spread than altering the poisson ratio. The yellow and dark blue lines show the largest drift from the control run coloured light blue. These two runs represent a ±20% change away from the normal yield stress. An increased yield stress reduces the spread of mass, whereas a decreased yield stress promotes further elongation of mass. The yield stress determines the point at which a material transitions from elastic to plastic behaviour. Therefore, the lower the yield stress the earlier the liner stretches and deforms. This results in the liner with a lower yield stress elongating more than a liner with a higher yield stress in the same amount of time. Relating this to real world performance is difficult because not all shaped charge devices are designed for maximum penetration. Therefore, it cannot be said altering the yield stress by ‘x’ improves performance. However, it can be concluded that decreasing the yield stress by up to 20% promotes more of the material usually found in the rear of the jet to be spread towards the tip; resulting in more mass travelling faster meaning improved penetration. Figure 33 - VJM Plot of altering Poisson ratio and yield stress zoomed [25].


The second conclusion is that the yield stress has a greater effect on the spread of mass than the fracture pressure. This is expected because the yield stress influences how much a material stretches, whereas a fracture pressure looks at the point at which it fails. The jet produced from the liner collapsing is extremely hot, meaning the ions are loosely spread apart, which in turn reduces the brittleness of the material. These loosely spread ions promote the elongation of a material and allow it to bend/stretch more easily. Within the simulation the software uses the yield stress to determine at which point the jet separates into different fragments. This is also dependent on the velocity; essentially the material is constantly outrunning itself. This is most commonly occurs at the jet tip where the material is less dense than the rear slug. Figure 33 illustrates an average 2.1g of extra mass present in the jet from the 1250ms-1 to 3250ms-1. The simulation is not creating mass, this is shown by all the simulations starting at 102g. This gain in mass come from the rear slug. This is because the lower yield stress allows more mass from the rear slug to elongate off that large slug into new separate fragments. 

[bookmark: _Toc161046754]CHAPTER 5 RESULTING DISCUSSION
[bookmark: _Toc161046755]5.1 Conclusion 
Numerous studies have been conducted on the physical setup of shaped charges to analyse what physical factors affect their performance. The way in which the liner elongates affects the performance of a shaped charge. The jet is the end payload/ delivery system of a shaped charge device, and is responsible for penetration. The hierarchy previously seen in figure 7 summarised some physical factors that affect the jet formation of a shaped charge, and thus its performance. 

[bookmark: F30]This study focussed on analysing the material factors that may affect shaped charge performance. This is because there are not as many studies deciphering what material factors affect the jet formation/performance of a shaped charge. To analyse the effect that altering material properties has on shaped charge performance; modelling is the more feasible option. Analysing material properties by conducting real firings would require numerous control variables, all of which would be difficult to keep constant. Modelling these material properties takes less time and is less likely to be affected by environmental factors such as: humidity, temperature and ambient pressure. Three material properties were analysed in this study with the number of variables limited by the software’s lack of customisation for pre-coded data. Yield Stress
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Figure 34 - Hierarchy of material factors affecting shaped charge jet formation [36].



Figure 34 illustrates the material properties that affect jet formation the most. It cannot be said without the use of trials data, if they increase or decrease the performance of a shaped charge. The data obtained from the VJM plots only depicts the change in velocity and mass from the standard non-edited simulation. It is known that the spread of mass and velocity of a jet directly affects penetrative performance. Therefore, it can be stated that yield stress affects the performance more than the poisson ratio and fracture pressure. This study benefits the wider community (specifically industry) because it highlights the material properties that should have tighter tolerances. The defence industry is constantly trying to reduce its costs. This study may help manufactures reduce costs; by making them aware of the negligible affect a variance in fracture pressure has on the performance of a shaped charge. 

This study has successfully informed the wider community which material properties have a greater significance in affecting the jet formation and performance of a shaped charge. However, it is not possible to say to what extent these material properties affect the jet formation and performance of a shaped charge. Other simulations will differentiate from the one used in this study because the following will not be the same:
Dimensions – the liner, casing and explosive will vary across the wider community.
NEQ – the amount of explosive used in the simulation will also vary.
Mesh – the mesh will have a significant affect in any results as it refines calculations. Different software’s have different mesh sizes.
Software – different software’s use different standard material properties.

Therefore, a conclusion along the lines of ‘altering material property ‘x’ by ±’x’% will have ‘x’ effect on the performance of your shaped charge’ cannot be stated. Nevertheless, it can be said that for the wider community the yield stress holds the most significance followed by the Poisson ratio and fracture pressure in affecting the shaped charge jet and resulting performance. Industry can implement this information by deciding to invest more or less money on manufacturing techniques to either relax/strengthen measures affecting tolerances. 

A final conclusion is that the simulations capture a fine resolution of the particle interactions. The software implements the materials to be perfect i.e. there are no voids in the crystalline structures. Real devices will contain voids in the explosive when analysed on the microscopic level. This is not captured in the simulated device. Similarly, the simulation will not capture defects in the coppers surface. If a real copper liner were examined using synchrotron x-ray fluorescence microscopy, it would reveal the topography of the surface [26]. Specifically it would show how the liner is not perfectly flat and contains air gaps. A hydrocode will not simulate these imperfections. Therefore, further work to implement these imperfections into a simulation will provide data truer to real life firings. 


[bookmark: _Toc161046756]5.2 Recommendations
There are many limitations to this study. Especially when trying to draw conclusions from the simulated results and applying them to real life firings. This is because modelling in general has many limitations. To touch on some of the major limitations;

1) Firing a shaped charge device in real life will not produce the same results each time. Even if the devices are from the same manufacture and batch, it will not produce the same result if fired numerous times. This is because the breakdown of the explosive is somewhat random. Yes, the results will follow a trend to that of a bell curve, but the results will vary from the normal. Meaning a varied dataset. Whereas, a simulated device will produce the same result over numerous repeats. This is because simulations do not contain variations, voids or discrepancies in any materials. Therefore, like for like, the model will never perfectly replicate the device. It is possible to integrate probabilistic modelling; however, you then have to repeat your simulations. It would take many simulations to show the extent that probabilistic modelling plays on the results. These simulations are already a computational strain, repeating them would require a lot of free space on a drive. Another question is how you source the ranges to implement on the parameter changes. This would come from existing trialled results meaning is there a need to then produce the models? 

2) A simulated shaped charge will have perfect asymmetric conditions. This results in a perfectly directional charge, where all the material is in one narrow plain. Furthermore, this also means all the momentum is directed perfectly into that same plain. A real life firing has a spread of mass. The below shows how the material spread of a jet penetrating a target looks from a directional point of view. The left target shows how a real life firing does not direct all its mass in one direction, there is a spread around the central penetration. The right target shows the modelled material spread with no material being lost outside the firing axis. 






     Figure 36 - An example of the potential liner spread of a real device Vs simulated device [37].



With these two limitations, it is recommended that any conclusions made from this study are not applied to that of real devices. 


[bookmark: _Toc161046757]5.3 Further Research
It has been said the conclusions should not be applied to real life devices. However, could the conclusions apply to other simulated devices? To assess this, it is important to acknowledge other software’s used within the wider community. These different software’s use different inputs for their material properties. For example, software’s typically use one of two equations of state. These are SESAME and Mie–Grüneisen. The Mie–Grüneisen relates the volume and pressure of a solid at a given temperature, and is most commonly used to calculate the pressure in a shock induced solid [20]. Software’s use the Mie–Grüneisen model to calculate the volume of the crystal lattice and how its vibrational properties differ when exposed to shock. The Mie–Grüneisen model can be expressed as:
[image: ]

Where V is the volume, p is the pressure, e is the internal energy, and Γ is the Grüneisen parameter that represents the thermal pressure from a set of vibrating atoms. When comparing this SESAME’s equation of state, it can be observed that they use three different equations to express the materials temperature, pressure and energy. 
[bookmark: F32][image: ]
Figure 36 - SESAME's 3 equations that contribute to their EOS [20].
To understand how these equations differentiate from one another, they need to be added into the software. This would involve re-writing the scripts and coding them to use different datasets. The hydrocode in which this study was performed in automatically discards data that it does not ‘agree’ with. Therefore, further changes deep into the software would have to be re-written. These changes were successfully implemented and the following results were observed when altering the equations of state. 
[bookmark: F33][image: ]
Figure 37 - Highest velocity recorded when changing out the EOS [23].
From figure 37, it can be seen that altering the Equations of State (EOS) has had the most significant change to the highest velocity observed. Further research in assessing the VJM plots these four runs would produce could elude to a significant spread in mass. Depending on what EOS is used, the jet formation of the shaped charge could significantly change. If implementing an element of penetration within the simulation, these EOS could play a significant role in affecting penetration. Therefore, the wider community would benefit from knowing which EOS replicates trial results better.

[bookmark: _Toc161046758]5.4 ReflectioN
 
Throughout my journey on this project, I was faced with many unpredicted limitations. Which at times made me feel as though nothing went to plan. I expected a couple of unpredicted setbacks; which is why when starting this study I conducted a thorough literature review. The aim of this being to make scientific assumptions, which in turn would help me direct the study to obtain relevant results. I originally expected the fracture pressures, Poisson ratios and yield stresses to play a significant part in altering the jet velocity. When I ran the Python scripts to obtain the highest velocity in each simulation, I was let down by the lack of change observed. I actually went back and altered the simulation by adjusting my tracers to ensure they were recording the velocity of the jet and not the shock front produced by the explosive detonating. I confirmed the tracers were working as planned by changing the liner material to a plastic. This directly affected the velocity and proved the tracers were working as expected. 
After observing little to no change in the highest velocity, I sought guidance from SME’s. They suggested the idea of running a VJM plot to see if the mass at independent velocities was changing. After running these for my multiple runs, I was starting to worry that this study would provide little benefit to the wider community. However, I was assured the data was still useful within the organisation because it did show that we do not need to be so stringent with our material parameters; and should instead focus on the mesh and physical setup of a simulated device when trying to replicate a real life product. 

When trying to validate a model against an actual product as seen in figure 13, I was bound by the lack of trials data. I was on this trial back in 2019 of which the x-ray still came from. On this trial, I learnt many fundamental safety processes. However, I was in the early stages of my career and was not thinking about the data being captured. If I could go back in time, I would request further instrumentation. I could then have captured x-ray stills at later timestamps showing when the jet begins to separate. This would mean I could produce a VJM from the simulated device and product it was based on. Thus meaning the model could be validated and proven representative. This in turn would mean any conclusions could be transferred from the virtual environment into real world scenarios.
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Mass (g)




VJM Plot - Run 1 Vs Run 4 Vs Run 7 Zoomed
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Cummulative Mass (g)




VJM Plot of Runs 1 Vs Run 27 Vs Run 29 Zoomed 
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Cummulative mass (g)




VJM Plot of Runs 1 Vs Run 27 Vs Run 29 
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ItemText title Website/URL Date Accessed Summary of content/notes

1High speed deformation 

and break up of shaped 

charge jets

\\RNET\Tech\Technical_Libraries\

Standard\TAR40799\2_Capability

_NEW_STRUCTURE\NaSTiE_COP\

Strands\Metal_Pushing_AMearns\

References\Shaped_charges\Mat

erial_Properties\358179.pdf 12/12/2022

At present there are no reliable equations to describe materials at very high 

strain rates. In cases where the material also experiences very high strain to 

failure, there is no reported data. Hydrocode models alter the yield stress to 

achieve desired flow characterisitcs. Yield stress set to infinite or very high 

means material has perfect elasticity. If yield stress is 0 then the material 

can be treated hydrodynamically. If yield stress is at moderate levels, then 

elastic plastic properties are achieved. Johnson Cook equation modified by 

'Lips'? Lowest recrystallation temperature = best jet performance. Silver 

impurities increase jet elongation over oxygen free electrolytic material. 

Phosphorous and oxygen form precipitates at ground boundaries, whereas 

silver can go into solid solution.

2Consequences of coaxial 

jet penetration

performance and shaped 

charge design criteria

\\RNET\Tech\Technical_Libraries\

Standard\TAR40799\2_Capability

_NEW_STRUCTURE\NaSTiE_COP\

Strands\Metal_Pushing_AMearns\

References\Shaped_charges\Mat

erial_Properties\36694571.pdf

12/12/2022

Focusses on coaxiel formation from a multi-material shaped charge. No 

mention of material science based research. No information on sensitivity. 

No comments on equations for material properties. Focusses on 

penetration not jet velocity. There is a section on density and its effect on 

penetration.

Search term: Microstructure in shaped charges

Search engine: Google

ItemText title Website/URL Date Accessed Summary of content/notes

3

Journal of University of 

Science and Technology 

Beijing, Mineral, 

Metallurgy, Material



https://www.sciencedirect.com/s

cience/article/abs/pii/S10058850

06600170

14/12/2022

The microstructure in the electroformed copper liners of shaped charges 

prepared with different electrolytes was studied by Scanning Electron 

Microscopy (SEM) and Electron Backscattering Kikuchi Pattern (EBSP) 

methods. SEM observations revealed the existence of columnar grains in 

electroformed copper liners of shaped charges formed by electrolyte 

without any additive and the average grain size is about 3 μm. Adding an 

additive makes the average grain size finer.

4

Comparison of the 

Microstructure of 

Machined and Laser 

Sintered Shaped Charge 

Liner in the Hydrodynamic 

Regime

https://www.researchgate.net/pu

blication/334774987_Comparison

_of_the_Microstructure_of_Mach

ined_and_Laser_Sintered_Shaped

_Charge_Liner_in_the_Hydrodyna

mic_Regime

14/12/2022

Focusses on laser sintered liners in shaped charges. Copper-Cromium-

Zirconium liner was used. Pores dissapear post shot in a shaped charge. 

Search term: Microstructure in efp

Search engine: Google

ItemText title Website/URL Date Accessed Summary of content/notes

5

Microstructural and 

Computer Simulation 

Studies on Some EFP 

Materials

https://www.researchgate.net/pu

blication/241311334_Microstruct

ural_and_Computer_Simulation_S

tudies_on_Some_EFP_Materials

14/12/2022

Copper, Iron and Tantalum EFPs are looked at in AUTODYN. The 3 were 

chosen as they offer a broad range of melting temperatures. The 

simulations looked at stress contours and generated temperatures.

6

Dynamic Response and 

Microstructure Evolution 

of Oxygen-Free

High-Conductivity Copper 

Liner in Explosively Formed 

Projectile 

https://www.scielo.br/j/lajss/a/W

Pz7WvYv6Z67ScHj4mn6Jfm/?form

at=pdf&lang=en

14/12/2022

The dynamic response and microstructure evolution of oxygen-free

high-conductivity copper in a shaped charge liner are investigated

through microstructural examination of a soft-recovery EFP. Adiabatic 

shear bands and voids which is the failure original of copper

EFP can be observed in the rear part of the projectile. Highest plastic strain 

achieved is 2.9 in the models, this is enough to fully accomodate grains 

deforming in copper. EFPs undergo complete dynamic recrystalisation, 

when exploded.

Search term:

Effects on copper structure at 

high temperature

Search engine: Google

ItemText title Website/URL Date Accessed Summary of content/notes

7

Corrosion behaviour of 

copper at elevated 

temperature

file://rnet.dstl.gov.uk/home/9877

60f/My%20Documents/Modelling

/Corrosion_Behavior_of_Copper_

at_Elevated_Temperatu.pdf

05/01/2022

Copper errodes in the fields of electical connector contact.The work used a 

thermoanalytical technique, X-ray diffraction, scanning electron microscopy 

and coulometric reduction to look at the corrosion of copper. In an oxygen 

rich environment cuprous oxide and cupric oxide are corrosive compounds. 

The formation of these compounds depends on the themodynamic stability 

of the oxides. SEM images of copper after exposed 3 hours at different 

temperatures. (a) 100C, (b)300C, (c) 500C, (d) the outer layer of copper at 

800C and (e) the inner layer of copper at 800C. The work doesn't focus on 

the structures any more than mentioning it becomes flakey when corroding.

Search term: The microstructure of copper

Search engine: Google

ItemText title Website/URL

Date Accessed

Summary of content/notes

The morphology of outer layer of copper at 800C showed the 

corrosion products were netlike porous tissues with the pore 

sizes of hundreds nanometers micrometer.

8

Brasses overview

https://www.copper.org/resource

s/properties/microstructure/brass

es.html#:~:text=The%20annealed

%20microstructure%20is%20mad

e,that%20extend%20across%20in

dividual%20grains.

05/01/2023

Commercially pure copper is represented by UNS numbers C10100 to 

C13000. The various grades of unalloyed copper differ in the amount of 

impurities and therefore do behave differently. Oxygen free coppers are 

used in applications requiring high conductivity and exceptional ductility. 

The majority of the time copper contains small % of oxygen (0.03%). The 

microstructure of hot rolled copper contains many small grains. Parallel 

straight lines extending across many of the grains are called annealing twins. 

They appear after a metal has been mechanically worked at a high 

temperature, called annealing, and deformed. Shows images of all different 

copper micrographs.
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