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[bookmark: _Toc215422958]Executive summary
Shaped charges are munitions that utilise the Monroe effect and a ductile material liner to produce a jet capable of penetrating a target, with the jet characteristics coming from the liner material’s behaviour under shock compression. To determine difference in jet formation two metal liners, copper and titanium alloy TC21 were simulated in ABAQUS. The copper produced a coherent jet, whilst the TC21 produced a less coherent jet with remnants of the original liner profile but a higher jet tip velocity. These differences are caused by the lower ductility and density of TC21 and are supported by the literature. A comparison was also made between mesh densities and 2D axisymmetric vs 3D simulations. These determined that are ahigh mesh density results in more accurate results from the model, and that the drawbacks of modelling in 3D are not worthwhile when modelling a perfect axisymmetric cylindrical shaped charge.
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1. Introduction

A shaped charge is a munition that takes advantage of the Monroe effect, the phenomenon where an impression in an explosive leads to an increase in explosive power around the impression. Shaped charges are an evolution of hollow charges, where a metal liner has been placed in the cavity in the charge in order to produce a jet of metal that has a high penetrating capability (fig. 1). Shaped charges are used in many modern weapons against a number of target types, but also have civilian uses in the mining, oil drilling and demolition industries.
With the rise in computational power the simulation of shaped charges has become increasingly common in order to determine the effectiveness of the shaped charge jet when a number of variables, such as target type and liner materials are edited [1]. 
The following work looks at the simulation of two shaped charge liner materials and the effect this has on the formed jet, along with the effect mesh density and a 3D modelling approach can have on the output.
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[bookmark: _Toc215422926]Figure 1 - Visual summary of the shaped charge method of action [2]


[bookmark: _Toc215422963]2. Shaped Charge Design

Shaped charge munitions are most commonly associated with HEAT (high-explosive anti-tank) weaponry, which they have been used for since World War Two [3]. However, the penetrative capabilities of the shaped charge have led to it being used in other munitions such as anti-ship missiles and air-dropped bombs, along with civilian uses in well boring and demolition. With this wide variety of use cases, the design of the shaped charge is altered to better deliver the desired effect.

[bookmark: _Toc215422964]2.1. Liner Geometry

Shaped charges generally used conical shaped liners, as this allows for the focusing of the blast wave to drive the metal into a jet. Other variations in liner geometry include truncated cones, hemispheres and trumpet shaped liners. The angle of the cone affects penetration performance, with 45o shown to be optimum for a 4-6 diameter standoff [4]. Truncated cones allow for increased jet tip velocity due to a greater area of the liner being compressed by the shock to form the jet tip [5]. Hemispherical liners produce lower velocity jets that are effective over a longer standoff and allow for lower manufacturing tolerances compared with conical liners [6] Other variations in liner design include fluted liners that compose a liner with external ridges, these impart rotational momentum onto the jet as it forms, compensating for the rotation of the charge due to the weapon that it is fired from [7].
[bookmark: _Toc215422965]2.2. Liner Material

The mechanical properties of the liner affect the formation of the jet, notably its coherence and penetration performance. Copper is a ductile metal with high density so is the most commonly used liner material. Both of these factors contribute to the coherence of the formed jet at its resistance to break up over distance. Lower ductility and density metals, such as aluminium do not form a  coherent jet and hence do not demonstrate the same level of penetration performance [8]. However, lower density results in higher jet tip velocity, but this additional velocity cannot account for the lower density and hence penetration is lower but the crater formed by the impact is larger [9]. 
[bookmark: _Toc215422966]2.3. Other design factors

The explosive fill of the shaped charge affects its performance, as it directly causes the pressure wave that forms the shaped charge jet. There is no notable difference in performance when using explosives of similar detonative characteristics, but higher performance explosives increase the tip velocity of the formed jet [8]. The casing of the munition also affects performance by altering the detonation characteristics of the fill by providing confinement. Reaction between the detonation products and the casing can also result in increased pressure that improves the jet performance [10].


[bookmark: _Toc215422967]3. Computational methods

This work is conducted using the ABAQUS simulation software package. ABAQUS is published by Dassault Systemes and uses an Explicit Dynamic solver to model systems [11]. This uses a series of individual points, so-called “nodes”, to build a mesh representing an item, and uses mathematical material model to determine the behaviour and motion of these nodes. As such material models relevant to the system being simulated must be selected and the relevant values for the utilised materials entered into the software. The material models used in this work are the Johnson-Cook Plastic and Damage models and the Mie-Gruneisen and Jones-Wilkins-Lee Equations of State.
[bookmark: _Toc215422968]3.1. Johnson–Cook plasticity model

The Johnson-cook (J-C) plasticity model is an equation used to compute the flow stress of a material under load [12]. It specifically models the cases where a material is under a high load resulting in a high stress, strain and temperature loading, which result in the properties of the material changing and hence different areas of the items display different properties over the time of interest. The conditions that the model covers are the type that are present in items interacting with explosions, and hence are frequently used in the modelling of explosive articles [13] [14]. 
The J-C Plasticity equation (eqn. 1) calculates the Mises stress, σ,  in a material using experimentally determined material properties; A,B, m, C, n and the melting temperature of the material, along with the reference temperature the materials were determined at, and the relative strain rate experienced by the material during the experiment to determine these quantities. 
[bookmark: _Hlk215327540]
[bookmark: _Toc215422954]Equation 1 - Johnson-Cook Plasticity Equation [12]
In this work, this model is used to determine the behaviour of the casing and liner materials, as these components will initially deform plastically under the force from the detonation.

[bookmark: _Toc215422969]3.2. Johnson–Cook damage model

The J-C damage model (eqn. 2) calculates the fracture strain, εf, and hence failure characteristics of a material [15]. It involves the material properties D1 – D5 that determine the materials failure state, the strain rate, temperature of the material and the stress it is experiencing. As with the J-C plasticity model, the J-C damage model covers materials under high loading conditions, such as those caused by an explosion, so is popular in the modelling of explosive articles [16]. 

[bookmark: _Toc215422955]Equation 2 - Johnson-Cook Damage Equation [17]
This work utilises the J-C damage model only for the casing material, as this will be expected to fracture when interacting with the blast pressure.

[bookmark: _Toc215422970]3.3. Mie–Grüneisen equation of state

The Mie-Gruneisen equation of state (eqn. 3) calculates the behaviour of a ductile material under high shock conditions, where it experiences a flow state despite still being a solid as it has not undergone melting [18]. Jet formation in a shaped charge is a response to this phenomenon, so this equation of state is frequently used in the modelling of penetration performance of shaped charges [19]. It relates the pressure experienced, density and internal energy of the material. 

[bookmark: _Toc215422956]Equation 3 - Mie–Grüneisen equation of state [20]
This work uses the Mie-Gruneisen equation of state for the liner material as it will be the equation that governs the jets formation. It is also used for the casing as it will exhibit some similar behaviour due to also being subjected to shock compression. 
[bookmark: _Toc215422971]3.4. Jones–Wilkins–Lee equation of state

The Jones-Wilkins-Lee equation of state (JWL EOS) (eqn. 4) is an explosive-specific equation that calculates the behaviour and thermodynamics of a detonating explosive, with regard to its detonation products and remaining undetonated material [21]. It relates the pressure, entropy and volume of the explosive and its products, along with a number of fitting parameters for the material. 

[bookmark: _Toc215422957]Equation 4 - Jones–Wilkins–Lee equation of state [22]
This work only uses the JWL EOS for the explosive fill, and it is the only model applied to the fill, as the instance modelled is the fill detonating, so no other behaviours of the fill require examination.
 
[bookmark: _Toc215422972]3.5. Material Model Values

	Model
	Parameter
	Value

	Standard material properties
	Density ( kg m-3)
	7890 [23]

	
	Shear modulus (GPa)
	77 [23]

	
	Specific heat capacity (J kg-1 K-1)
	460 [24]

	Johnson-Cook Plasticity Model [23]
	Initial yield stress, A (MPa)
	350

	
	Strain Hardening Coefficient, B (MPa)
	275

	
	Strain Hardening Exponent, n
	0.36

	
	Thermal Softening Exponent, m
	1.0

	
	Melting Temperature, Tm (K)
	1811

	
	Transition Temperature, T (K)
	293

	
	Strain Rate Coefficient, C
	0.022

	
	Reference Strain rate, ε ̇0  (1/s)
	1

	Johnson Cook Damage Model [23]
	D1
	0.05

	
	D2
	3.44

	
	D3
	-2.12

	
	D4
	0.002

	
	D5
	0.61

	Mie-Gruneisen Equation of State [25]
	Elastic Wave Velocity, C (m s-1)
	4569

	
	Slope Value, S
	1.49

	
	Gruneisen Parameter, Γ
	2.17


[bookmark: _Toc215422921]Table 1- Material Model Values for 1006 steel casing material
	Model
	Parameter
	Copper
	TC21 Titanium Alloy

	Standard material properties
	Density ( kg m-3)
	8930 
	4500

	
	Shear modulus (GPa)
	46.0
	47.0

	
	Specific heat capacity (J kg-1 K-1)
	383 
	490 [26]

	Johnson-Cook Plasticity Model 
	Initial yield stress, A (MPa)
	90.00
	1030

	
	Strain Hardening Coefficient, B (MPa)
	292
	1680

	
	Strain Hardening Exponent, n
	0.31
	0.69

	
	Thermal Softening Exponent, m
	1.09
	1.40

	
	Melting Temperature, Tm (K)
	1790
	1935

	
	Transition Temperature, T (K)
	293
	293

	
	Strain Rate Coefficient, C
	0.025
	0.018

	
	Reference Strain rate, ε ̇0  (1/s)
	1
	1

	Mie-Gruneisen Equation of State 
	Elastic Wave Velocity, C (m s-1)
	3940
	5110

	
	Slope Value, S
	1.489
	1.338

	
	Gruneisen Parameter, Γ
	2.02
	1.23


[bookmark: _Toc215422922]Table 2- Material Model Values For Liner Materials [27]
	Model
	Parameter
	Value

	Standard material properties
	Density ( kg m-3)
	1690 

	JWL equation of state 

	Detonation Wave Speed (m s-1)
	8425

	
	A (GPa)
	8.524

	
	B (GPa)
	0.18

	
	ω
	0.38

	
	R1
	4.6

	
	R2
	1.3

	
	E0 (GPa)
	29.5

	
	Detonation energy density (MJ kg-1)
	6.04

	
	Predetonation Bulk Modulus (GPa)
	16.25967 [28]


[bookmark: _Toc215422923]Table 3 - Material model Values for 8701 explosive fill [29]


[bookmark: _Toc215422973]4. Experimental

This work sought to compare the simulation of two variations of shaped charge design. The altered variable being the material for the liner. As copper is the standard liner material, a literature review was conducted to determine the alternate material to simulate. Attention was especially given to research that involved experimental validation of numerical simulations, to give an extra point of comparison for the model output. 

[bookmark: _Toc215422974]4.1. Task Research

A review of research conducted into alternative liner materials determined that a material of interest is titanium, specifically the TC21 alloy. TC21 is a high damage tolerance alloy composed of Titanium alloyed with Aluminium and other metals in minor amounts [30]. Titanium-based alloys have been researched to determine how the different mechanical properties and lower density compared to copper effect the performance of a shaped charge and the formation and stability of the shaped charge jet. 
It has been demonstrated that titanium liners perform differently to those made of copper. When impacting a target, copper jets produce a greater penetration than titanium, whilst titanium produces a larger crater [27]. This is due to the copper jet being more cohesive and showing lesser radial dispersion than the jet formed by titanium. This is thought to be caused by copper’s greater density and ductility [20]. Titanium jets also demonstrate greater tip velocity due to its lower density. The difference in performance leads to different use cases, where a lower density material, such as TC21, is preferred when the intended effect is to produce a large crater, such as for the initial entry caused by a tandem warhead [29].

[bookmark: _Toc215422975]4.2. Model Set up

The initial system was set up as a 2D axisymmetric model to the dimensions shown in fig. 2. Two adjustments were made to the design for this report. Firstly, a case is added to the model. This is necessary as this model lacks a material model for air so there is no simulation of the air-explosive boundary, which leads to a portion of the blast wave, and hence energy leaving the system through the open boundary, the inclusion of a casing provides confinement and hence reflects the wave back into the fill (fig. 5), with lesser energy leaving the fill in the form of the deformation of the case. AISI 1006 steel was chosen as the casing material, as it is frequently used in computational modelling as it is well characterised and values for both J-C plasticity and damage models and Mie-Gruneisen are available. It has also been demonstrated in experimental and simulation work as a munitions casing [31]. The second alteration required was an extension of the liner to form a lip that sealed the fill between the casing and the liner. This is required to prevent premature fill egress (fig. 3) that will negatively affect jet formation. The fill used is the same as reported in literature, a polymer bound explosive, 8701, that is RDX based (95 wt% RDX) [32]. 8701 is a military grade explosive, primarily used in Chinese research. 
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[bookmark: _Toc215422927]Figure 2 - Dimensions of shaped charge model [27]
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[bookmark: _Toc215422928]Figure 3 - Premature fill egress
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[bookmark: _Toc215422929]Figure 4 - Model assembly comprising casing, fill and liner

[image: A screen shot of a computer screen

Description automatically generated]
[bookmark: _Toc215422930]Figure 5 - Reflection of blast pressure wave by casing

[bookmark: _Toc215422976]5. Results and Discussion
This work compares the jet formation and tip velocity of copper and TC21 shaped charge liners using 2D axisymmetric models, over a time period of 10 microseconds. The TC21 liner was then simulated further. Firstly, the mesh density was altered to examine the effect this had on the formation and velocity of the jet. Then the model was recreated as a 3D model and analysed for differences this presented in comparison with the 2D model.
[bookmark: _Toc215422977]5.1. Copper Liner

When the blast pressure reaches the top of the copper liner, a rounded deformation forms as the material is compressed, with pressures in the liner reaching 8.548 GPa (fig. 6). As the jet formation continues (fig. 7) the liner forms a coalesces into a continuous jet, with the areas under highest compression reaching 32.3 GPa. After 10 us, a cohesive jet has formed (fig. 8) and the maximum pressure in the jet has reduced to 21.9 GPa, as the blast is no longer compressing the liner. The velocity gradient across the liner during jet formation (fig. 9) varies along both length and width, with the rear of the jet having the lowest velocity, whilst the edges still being compressed are being accelerated, and the tip having the greatest velocity as both the blast and compression from the surrounding material have accelerated it. The graph of the tip node velocities shows one node with a much higher velocity (6000 m s-1) than the rest in the jet tip. The average tip velocity is around 4000 m s-1 with the graph (fig. 10) showing the initial acceleration by the pressure wave and then the loss in speed as the jet tip travels away from the fill.
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[bookmark: _Toc215422932]Figure 7 - Coalescence of copper liner into jet



[bookmark: _Toc215422933]Figure 8 - Fully formed copper jet
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[bookmark: _Toc215422934]Figure 9 - Velocity gradient during formation of Copper jet
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[bookmark: _Toc215422935]Figure 10 - Graph of tip nodal velocities for copper jet
[bookmark: _Toc215422978]5.2. Titanium (TC21) Liner

The initial formation of the jet in the TC21 liner is much less rounded than in the copper liner (fig. 11). The jet starts to extrude earlier and in a less cohesive manner. The initial pressure is also higher, at 14 GPa with the pressure being less uniform. The jet formation (fig. 12) is less cohesive than with copper, as noted in literature [29], and again the maximum pressure is higher, at 34 GPa. The final jet formation (fig. 13) does not consume the whole jet and an outer portion of the conical shape of the liner is still visible, this likely contributes to the liners reported greater crater diameter. The velocity gradient (fig. 14) of the jet during formation differs from the copper liner as the gradient occurs over a narrower area within the jet tip, the difference in both directions is still observed. The nodal velocity graph of the tip (fig. 15) has less variation than the copper, but a higher average velocity of 6000 m s-1. 
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[bookmark: _Toc215422938]Figure 13 - Fully formed jet from TC21 liner
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[bookmark: _Toc215422939]Figure 14 - Graph of nodal velocities in jet tip of TC21 liner
[bookmark: _Toc215422940]Figure 15 - Velocity gradient as jet forms in TC21 liner

[bookmark: _Toc215422979]5.3. Mesh Sensitivity

The initial model uses triangular mesh elements in the liner, fill and casing elements. The element sizes are 0.0004 m for the liner and fill, and 0.0005 m for the casing. The casing uses a coarser mess as it was not a system under investigation but the mesh could only be marginally coarser than the fill before artifacts and delamination occurred that affect the simulation stability. 
The compute time of a simulation is directly governed by the number of nodes within the system that must be calculated, and as such finer meshes require more compute time, and as the utilised ABAQUS edition has a limit of 250,000 nodes there was a limit on how fine a mesh can be generated. Previous research has found that the in the formation of Explosively formed penetrators (a type of shaped charge) that the large mesh elements tend to result in lower predicted velocities, whilst smaller meshes lead to diminishing returns in output accuracy [33]. 
The model for the TC21 was re-meshed using triangular elements with element size of 0.0008m. the larger element size reduced the compute time of the simulation, but also produced different output to the initial model. Comparing the propagation of the initial pressure wave through the fill (fig. 16) and the reflection by the casing (fig. 17), showed that the coarser mesh results in a less uniform pressure wave and a more chaotic reflection by the casing. 
The formation of the jet in the liner showed a fundamentally similar initial shape (fig. 18), though the pressure in the liner was lower for the coarser mesh, as there is less compression happening to the larger elements. The coalescence of the jet (fig. 19) was much worse for the coarser mesh, with voids appearing between the elements as the jet forms. The final jet profile (fig. 20) is mostly the same as the finer mesh, including the remnant of the outer liner, though except for a few spurious nodes a great distance away from the rest of the jet, the formed jet is shorter. 
The velocity gradient (fig. 21) is more uniform, though spurious nodes have resulted in a higher maximum velocity of 11000 m s-1. The graph of the tip nodal velocities with spurious nodes removed (fig. 22) shows the actual tip velocity to be around 4500 m s-1, substantially lower than the finer mesh, in line with the expectation from literature. 

[bookmark: _Toc215422941]Figure 16 - Pressure wave propagation. L: fine mesh R: Coarse mesh


[bookmark: _Toc215422942]Figure 17 - TC21 jet coalescence. L: fine mesh R: coarse mesh
[bookmark: _Toc215422943]Figure 18 - TC21 initial jet formation. L: fine mesh R: coarse mesh
[bookmark: _Toc215422944]Figure 19 - Pressure wave reflection. L: fine mesh R: coarse mesh

[image: ][image: ][bookmark: _Toc215422945]Figure 20 - TC21 fully formed jet, coarse mesh






[bookmark: _Toc215422946]Figure 21 - TC21 coarse mesh jet velocity gradient
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[bookmark: _Toc215422980]5.4. 3D Model

2D axisymmetric modelling can be used for shaped charges as they are in the general form of a cylinder. By modelling in 2D a greater mesh density can be achieved as no elements are required in the z dimension. However, factors such as imperfections or other geometries require a 3D simulation to replicate, so a 3D model of the TC21 lined shaped charge was conducted. 
The model was remade in 3D as a 90o slice of a cylinder to allow for observation of the jet formation and to reduce the number of required nodes. With the limited nodes available in the utilised edition of ABAQUS, a much coarser mesh was necessary with tetrahedral elements of size 0.0015 m for the casing and 0.0012 m for the liner and fill. The decrease in mesh density has already been shown to negatively affect results. [bookmark: _Toc215422948]Figure 23 - Pressure wave propagation through 3D model. L: initial R: reflected
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Description automatically generated]The maximum pressures reported in the initial pressure wave and reflected pressure wave (fig.23) are much higher than in the 2D counterpart. The initial formation of the jet (fig. 24) again has a comparable pinched shape as the 2D, but spurious nodes are already visible. The further formation of the jet is not possible and no coherent jet forms, as the spurious nodes both within the jet and the outer casing caused the simulation to crash repeatedly due to excessive element distortion (fig. 25), highlighting both an issue with decreased mesh density and additional degrees of freedom for the nodes to be accelerated in. The velocity gradient of the liner (fig. 26) shows that a single spurious node has a velocity far outweighing the rest of the liner, so that the velocity distribution is not visible. The graph of nodal velocities in the jet tip (fig. 27) shows little cohesion between the nodal velocities and shows how some nodes have reached spurious velocities, with the maximum being reported as 30000 m s-1.[bookmark: _Toc215422949]Figure 24 - TC21 initial jet formation in 3D model
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[bookmark: _Toc215422952]Figure 27 - Graph of tip nodal velocities in 3D model

[bookmark: _Toc215422981]5.5. Comparison to Literature Values

To determine the accuracy of the simulations, a comparison can be made between the tip velocities and jet profiles outputted by the model and those reported for both experimental and simulation in the literature [27]. The literature uses the same material models but with the Autodyn software package. The results make clear that the simulation did not produce accurate velocity results, though the time step at which the velocities were measured in both instances is unknown, which may contribute to the large error. The data show that a finer mesh results in a more accurate output and that the simulation was correct that the TC21 tip velocity is greater than that of copper.
	Liner Material 
	Source
	Tip Velocity (m s-1)

	Copper
	Simulated
	≈4000

	
	Literature simulated
	6251

	
	Literature experimental
	6721

	TC21
	Simulated – fine mesh
	≈6000

	
	Simulated – coarse mesh
	≈4500

	
	Simulated – 3D
	≈ 5000

	
	Literature simulated
	7236

	
	Literature experimental
	7276


[bookmark: _Toc215422924]Table 4 - Comparison of tip velocities between the simulated and literature values [27][bookmark: _Toc215422953]Figure 28 - Comparison between simulated and literature x-ray experimental and simulated jets [20]. Scales not comparable, Top to bottom: Copper simulated, copper literature simulated, copper literature experimental x-ray, TC21 fine mesh simulated, TC21 literature simulated, TC21  literature experimental x-ray,




The comparison between the overall shape of the jets (fig. 28) reveals that the main difference in jet between the tow materials is consistent, with the copper jet being more coherent and the TC21 jet containing an remnant of the conical liner edge. 


[bookmark: _Toc215422982]6. Conclusions

This work shows that the liner material of a shaped charge is responsible for the shape of the jet produced. Copper produces a more coherent jet whilst TC21 maintains a section of the outer conical shape that does not get drawn down into the jet, and this feature is confirmed by other literature. This likely explains the deeper penetration of copper due to the longer thinner jet produced, but TC21’s production of greater crater diameter due to this wider section.
This work also shows that the compromises encountered when modelling with lower mesh density or 2D or in 3D with an even lower mesh density result in a decrease in both reported velocity accuracy and morphology, with the instability of a 3D model making it wholly unsuitable for modelling of a cylindrical shaped charge, particularly as it has no geometric advantages of 2D axisymmetric modelling when simulating a perfect shaped charge.
[bookmark: _Toc215422983]6.1. Further work

Further work could be conducted to conduct simulations of the system with a variable mesh, allowing for greater detail in the areas of interest. The simulation of an air-system boundary could also be explored to examine if this produces more accurate results and whether this is balanced by the increased computational cost. Alternate material value sets or material models, such as the shock equation of state or modified Johnson-Cook, could be applied to determine if these result in outputs that better match existing literature.
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