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[bookmark: _Toc187056695]Executive Summary
To study the performance of shaped charges, computer modelling is a powerful tool in this field. The characteristics of a liner in a shaped charge can be altered in numerous ways. One of the most important characteristics is the material from which it is manufactured. This investigation has focussed on the use of a non-alloy (copper) and compared its performance to an associated alloy (brass). It has been found that a non-alloy has performance characteristics which make it better suited for the use as a liner in a shaped charge relative to its alloy. 
[bookmark: _Toc187056696]Introduction
[bookmark: _Toc187056697]Background
Shaped charges are precision explosive devices designed to deliver concentrated explosive effects via the use of a shaped energetic material. They are critical to the modern battlefield, exemplified by their use in the current Ukraine conflict; but their properties have also found uses in the civilian domain. 
To gain a broader understanding about shaped charges, it is necessary to understand how they came into existence and how they have been developed. 
[bookmark: _Toc187056698]History and Development
The genesis of the modern liner shaped charge is not entirely clear, but its origins can be traced to as far back as the late 18th century. The German philosopher, theologian, physician and mining engineer Franz Xaver Von Baader is often credited with the discovery of the hollow cavity effect. He advocated for the use of a domed shaped void on the front face of a blasting charge, which was used in mining to enhance its explosive effect and reduce powder use. This technique was adopted in both Germany and in the Harz mines of Norway only to be discontinued after a short period of time. This can be put down to the use of primitive explosives such as black powder, which are not capable of undergoing detonation and producing a shockwave.
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[bookmark: _Toc186124530]Figure 1 – Franz Xaver Von Baader
It was not until the advent of high explosives that detailed research began to be conducted into the effects of the hollow charge. Max Von Foerster can be credited with being the ‘true’ discoverer of the modern hollow charge effect. His investigations utilised a high explosive, namely, nitrocellulose which has the intrinsic energetic material ability to detonate. 
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[bookmark: _Ref179116818][bookmark: _Toc186124531]Figure 2 - Charles E. Munroe
Significant to the development of the shaped charge were the experiments carried out by Charles E. Munroe (Figure 2) in 1888. He noticed that after detonating blocks of explosives, which were in contact with steel plates, the initials U.S.N. (United States Navy) were found to be imprinted onto the impact material. He hypothesised that the cavities imprinted onto the surface of the explosive, had acted to focus the products of detonation and thus left their imprint on the impact material. Munroe was not the only experimenter to notice this phenomenon, which is why within the anglosphere it is known as the Munroe effect; but in Germany where similar research was also taking place, it is known as the Neumann effect. 
To take advantage of this phenomenon, Franz Rudolf Thomanek and Henry Hans Mohaupt both independently perfected the hollow charge concept and developed the first effective lined cavity shaped charge penetrators [1]. 
Shaped charge penetrators were put to ruthless effect during WWII to defeat armour plating. An early, detailed explanation (in unclassified circles) of the jet formation phenomena appeared in 1948 and was documented in the Journal of Applied Physics [2]. It would require the development of diagnostic tools such as the flash radiograph[footnoteRef:1] and Kerr Cell[footnoteRef:2] to make such analysis and explanations of the phenomena possible.  [1:  A technique used to capture images of objects moving at extreme speeds. It was invented independently by British and American scientists in 1943 [8]. ]  [2:  Developed to measure the speed of light first developed by Karolus and Mittelstaedt in 1925, was improved by Anderson in 1937 [7]. ] 
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[bookmark: _Toc186124532]Figure 3 - Early Shaped Charge Timeline [1]
[bookmark: _Toc187056699]Technical Description and Theory
Depicted within Figure 4, is a cross section of the basic constituent parts of a shaped charge. When the detonator is initiated, the extreme high pressures generated by the subsequent decomposition of the secondary explosive causes the hollow cavity to collapse in on itself. To exploit this effect, a liner material inserted in this cavity will collapse along its central axis generating a ‘jet’. 
The extreme velocity of the jet, which can achieve hypersonic speeds in the region of 7-12 km s-1, combined with the high density of the material of the liner results in a very high kinetic energy. When the jet strikes an impact material, extreme pressures are formed: a typical jet velocity of 10 km s-1 results in a pressure in the region of 200 GPa. The penetration of a target by a shaped charge may therefore be considered to be hydrodynamic[footnoteRef:3] [3].  [3:  Hydrodynamic behaviour occurs when a material is stressed beyond the compressive strain that it can sustain, causing it to flow like a fluid. ] 

It can be shown by the application of Bernoulli’s equation that the liner material behaves in a hydrodynamic manner, thus:
· Bernoulli equation: ;
· Ignoring static pressure (irrelevant): ;
· Applying a density of 8.9 g/cm3 to the copper liner, and a speed of 3446.717 ms-1 once detonation speeds had been achieved, results in   0.7 x 106 atm. This value far exceeds the yield strength of copper by several orders of magnitude (1.5 x 103 atm) [1]. 
Illustrated within Figure 4 is a separation distance known as stand-off which is crucial for a shaped charge to be effective. It allows enough time and space for the jet to form once detonation of the surrounding energetic material has taken place.  
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[bookmark: _Ref186056179][bookmark: _Toc186124533]Figure 4 - Formation of a Jet [4]
At this point it is important to describe detonation in detail, as this is central to the formation of the jet. It is a process whereby a chemical reaction propagates through an energetic material via a shockwave which moves at a velocity greater than the speed of sound of the material. The rate of energetic decomposition is dependent upon the velocity of the shockwave; this contrasts with the heat transfer process undertaken in combustion and deflagration. 
There are two principal methods which give rise to detonation: Deflagration to Detonation Transition (DDT) or the application of a shockwave. This study will make use of the latter of these methods, simulating the initiation of a primary explosive in the form of a detonator. 
Once the TNT material has been initiated, the shockwave will compress the energetic sufficiently to induce enough heat via an adiabatic process. If the adiabatic heating is sufficient to decompose the energetic, it will result in a reaction zone directly behind the detonation front (Figure 5). The detonation front moves through the energetic, driven by the exothermic chemical reactions at a constant supersonic speed and perpendicular to the reaction surface. Within the detonation zone, the properties are all uniform. This process becomes self-sustaining once the chemical reactions occur with a release of heat at a constant temperature and pressure. [3]      
.
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[bookmark: _Ref186360794][bookmark: _Toc186124534]Figure 5 - Main Zones during Detonation [4] 
The differences between combustion, deflagration, and detonation have been shown in Table 1. It can be seen from the figures that the detonation process behaves in a markedly more vigorous and accelerated manner. To summarise, both combustion and deflagration are surface based phenomena, which rely upon a heat transfer process. As detailed in the preceding paragraphs, detonation is a shockwave induced process that decomposes the energetic material via adiabatic heating.   

	Reaction Type
	Reaction Speed – m s-1
	Mass flow – m3 s-1
	Gaseous products - m3 s-1
	Reaction time - s m-3

	Combustion
	10-3 – 10-2
	10-3 – 10-2
	1 - 10
	102 - 103

	Deflagration
	102
	102
	105
	10-2

	Detonation
	104
	104
	107
	10-4


[bookmark: _Ref186459885]Table 1 - Reaction types of an energetic material with Qex = 1000 kcal/kg [3]
The velocity of the jet depends upon the brisance of the secondary explosive and the internal apex angle of the liner [3], which was considered as part of the liner’s design. The term brisance describes the destructive fragmentation effect of a charge on its immediate vicinity. The higher the charge density (pertains to the energy per volume) and the detonation velocity (pertains to the reaction rate), the more brisant the explosive is [3]. It can be calculated thus, 
· Brisance: B =   x F x D, where: 
·  is the loading density;
· F is the specific energy;
· D is the detonation velocity.
[bookmark: _Toc187056700]Shaped Charge 
[bookmark: _Toc187056701]Components and Materials
To perform the modelling, it was necessary to ascertain the dimensions of a proven shaped charge liner design. This would save considerable time and effort when generating a model.  Figure 6 details the dimensions used for the liner, having proved to be an effective design under physical testing [5]. It is necessary to ensure that the internal apex angle of the liner is within the region of 40-90. The smaller the angle, the greater the velocity of the jet. However, if the apex angle is too small, it can result in the bifurcation or failure of the jet to form. Conversely, a high apex angle would give rise to an explosively formed projectile/explosively formed penetrator (EFP) as opposed to a jet. Therefore, an angle of 40 was applied as a suitable compromise.    
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[bookmark: _Ref185875279][bookmark: _Toc186124535]Figure 6 - Dimensions of the Modelled Liner
The non alloy metal chosen for the liner was copper, or more specifically, Oxygen Free High Thermal Conductivity (OFHC) copper. Copper was chosen due to its known suitability for the purpose as a liner in shaped charges. It was also advantageous to use a material which had undergone significant previous study and research in this field, making a critique of the Author’s modelling not just feasible but more credible. More significantly, due to the lack of empirical experimentation carried out by the Author; previous physical testing would have to be relied upon when validating the modelling carried out within this study. 
To compare the performance of copper to a constituent alloy, brass was chosen. Again, the Author found this material to have undergone significant previous empirical experimentation in relation to energetics. 

The modelling simulation made use of the Johnson-Cook material model. It is a plasticity and failure model used to describe the behaviour of metal structures, under extreme strain rate and temperature conditions. It is able to capture the complex response a material experiences when subjected to the extreme conditions during an explosive event.  
 = (A + Bn)(1 + C ln’)(1 – T*m)
Equation 1 - Johnson-Cook Material Model
·  is stress,
· A is the initial yield stress, B is the strain hardening constant;
· n is the equivalent plastic strain;
· C - strain rate hardening constant;
· ’ – normalised effective strain rate;
· m – thermal softening coefficient;
· T* = ;
· Troom – room temperature;
· T’ = melting temperature of the material.
	A (MPa)
	B (MPa)
	n
	m
	C
	 (kgm-3)
	E (GPa)
	v
	transition
	melt

	1425
	168
	0.12
	1
	0.032
	8960
	125
	0.34
	293K
	1356K


[bookmark: _Toc186124518]Table 2 - Material Parameters for Copper OFHC Liner– Johnson-Cook

	A (MPa)
	B (MPa)
	n
	m
	C
	 (kgm-3)
	E (GPa)
	v
	transition
	melt

	190
	495.2
	0.54
	1.45
	0.0021
	8530
	110
	0.331
	293.15
	1203.15


[bookmark: _Toc186124519]Table 3 - Material Parameters for Brass Liner– Johnson-Cook [5]
The material of the casing was constructed of steel with its properties detailed in Table 4. The use of this material was informed by the experimentation conducted in [5] .Steel is suitable for this application due to its high yield stress, making it resistant to structural failure in the early stages of detonation. It will therefore enable the confinement of the energetic once it is initiated and permit a sufficient amount of time to enable the products of detonation to form along with the associated shockwave propagation.
	A (MPa)
	B (MPa)
	n
	m
	C
	 (kgm-3)
	E (GPa)
	v
	transition
	melt

	553
	600
	0.234
	1
	0.013
	7850
	210
	0.3
	293
	1733


[bookmark: _Ref186885470]Table 4 - Material Parameters for Steel AISI Casing – Johnson-Cook
The energetic material chosen for this study was 2,4,6 Trinitrotoluene (Figure 7), which will be referred to from this point as TNT. It was chosen due its provenance and well-known ability to detonate, which is central to the modelling undertaken within this study. To demonstrate some of the key characteristics of TNT, a comparison has been made between its properties and other energetics (Table 3). 

	Explosive Material
	Type of Explosive
	-Q / KJ kg-1
	Vo / 1 kg-1
	Explosive Power
	Power Index

	TNT
	Secondary
	4247
	740
	314
	116

	Pb(N3)2
	Primary
	1610
	218
	35
	13

	NG
	Propellant
	6195
	740
	458
	170

	RDX
	Secondary
	5036
	908
	457
	169


[bookmark: _Ref186129725][bookmark: _Toc186124520]Table 5 - Explosive Power and Power Index [3]
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[bookmark: _Ref186114057][bookmark: _Toc186124536]Figure 7 - 2,4,6 Trinitrotoluene [5]
The products of detonation for TNT can be found by determining the oxygen balance and then applying the appropriate rule set i.e. either the Kistiakowsky-Wilson rules if it has an oxygen balance greater than -40%; or the Modified Kistiakowsky-Wilson rules if its respective oxygen balance is less than -40%. 
To determine the oxygen balance of TNT, the following equation is used:

· , using the general formula CaHbNcOd.
Applying the coefficients and molecular formula for TNT (C7H5N3O6) results in: 

· 
The oxygen balance for TNT is less than -40%, which requires the application of the Modified Kistiakowsky-Wilson rules:

	Rule No.
	Conditions
	Applied to TNT (

	1
	Hydrogen atoms are converted to water.
	5 H atoms converted to 2.5 water molecules. 

	2
	If any oxygen remains, then carbon is converted to carbon monoxide.
	3.5 oxygen atoms converted to 3.5 molecules of CO. 

	3
	If any still remains, then carbon monoxide is oxidized to carbon dioxide. 
	No oxygen remains; therefore, the remaining C is not oxidized, leaving 3.5 atoms of carbon.  

	4
	All the nitrogen is converted to nitrogen gas, N2. 
	3 atoms of nitrogen are converted to N2. 


Table 6 - Modified Kistiakowsky Rules applied to TNT [3]
The products of detonation of TNT are therefore:

To determine the heat released during the reaction (enthalpy change) the following calculation was undertaken:
· 

· 

· 

· 

· 
The products of detonation and energy value will be used to inform the modelling of the energetic. The Jones-Wilkins-Lee (JWL) equation of state (EOS) was used to establish the pressure produced by the detonation of an ideal energetic material (in this case TNT) and the resultant gaseous products: 


Equation 2 - Jones-Wilkins-Lee EOS
·   is pressure;
· v = ρe / ρ = relative volume between the detonation products and undetonated high explosive.
· ρe = The density of the explosive material
· ρ = the density of the detonation products
· e0 = specific internal energy
· A, B, and C = linear coefficients
· R1, R2, and ω = non-linear coefficients



	 (kgm-3)
	Velocity for Detonation (ms-1)
	A (GPa)
	B (GPa)
	R1 n/a
	R2 n/a
	 n/a
	Pre-detonation bulk modulus (GPa)
	Detonation energy Density (JKg-1)

	1601
	8193
	609
	13
	4.50
	1.40
	0.25
	9.00
	3680000


[bookmark: _Toc186124521]Table 7 - Material Parameters for TNT Modelling
[bookmark: _Toc187056702]Two-Dimensional Modelling and Analysis 
The modelling was conducted using ABAQUS software with tetrahedral elements applied to the modelling components. Depicted within Figure 8 is the initial mesh density, where it can be seen that it is greatest along the internal apex of the liner. This is the area where the greatest displacement of the material would be found and therefore would require more elements to enable this. After an initial simulation, the mesh density was found to be insufficient, causing the simulation to fail due to excessive displacement. It can be seen in Figure 9, the increased mesh density along the apex and across the body of the liner, resulting in a successful simulation.
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[bookmark: _Ref186887699]Figure 8 - Initial Mesh Density
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[bookmark: _Ref186888185]Figure 9 - Increased Mesh Density
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[bookmark: _Ref186877359]Figure 10 - Velocity of the Copper Jet Liner
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[bookmark: _Ref186877389]Figure 11 - Velocity of the Brass Jet Liner

	Material
	Velocity (ms-1)

	Copper
	3446.717

	Brass
	3398.653

	

	Velocity difference: 48.064 ms-1

	Percentage difference: 1.39 %


[bookmark: _Ref186877445]Table 8 - Material Velocities
It can be seen from Figure 10, Figure 11, and Table 9 that there is only a relatively small difference in the performance between the two liners. However, it does demonstrate that copper achieves a greater jet velocity than brass which corresponds to empirical evidence and what was expected. This can be partly explained by the microstructure composition of a no-alloy and its alloy counterpart. Figure 12 represents pure copper, with soft and easily movable slip planes. Figure 13 shows the slip plane disruption of a single zinc atom in brass, toughening the material by lattice strain and crack blocking as a substitutional alloy [6]. 

[image: A cube of brown balls

Description automatically generated]
[bookmark: _Ref186889706]Figure 12 - Non-Alloy Microstructure
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[bookmark: _Ref186889797]Figure 13 - Alloy Microstructure
It can also be seen that the peak velocities were significantly lower than what a typical shaped charge can achieve of between 7-12 kms-1. There are a number of potential simple factors that could account for this:
I. The quantity of secondary explosive was insufficient to achieve a satisfactory velocity;
II. The apex angle may have resulted in a lower velocity;
III. The dimensions of the cylinder container may have resulted in excessive energy dissipation. The shockwave energy may have been insufficiently directed towards the apex of the liner;
IV. The brisance of the secondary explosive was insufficient. 
These could be investigated further, section 4.2, Further Analysis, refers.
Although beyond the original scope of this study, it was of interest to the Author to evaluate the performance of a polymer-based liner and compare it to a metal liner. It can be seen in Figure 15 that the polymer-based liner experienced excessive distortion. Although both plastic polymers and metals have isotropic properties, metals tend to possess slip planes which enabled them to behave in a ductile fashion and therefore behave hydrodynamically under extreme stress conditions (detonation). 
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Figure 14 - Velocity of a Polymer Based Liner
	Material 
	Velocity ms-1

	Polymer based
	3711.483
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[bookmark: _Ref186970699]Figure 15 - Maximum Principal Stress Simulation of Polymer Based Liner
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[bookmark: _Ref186977697]Figure 16 - Energetic-Casing Separation
Figure 16 demonstrates a limitation in the simulation where a clear separation between the products of detonation and the casing material exists. It is assumed that an increase in mesh density within this region may mitigate this anomaly. 
[bookmark: _Toc187056703]Three-Dimensional Model 
Figure 14 depicts the final design of the shaped charge with copper as the chosen material for the liner. 
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[bookmark: _Ref186894671]Figure 17 - Final Design

It can be clearly seen in Figure 15, Figure 16, and Figure 17 the propagation of a shockwave through the energetic material. The initial detonation shockwave strikes the cylindrical container generating a secondary wave. It can be seen in Figure 17 that the waves are in-phase and can be considered to be constructive interference. This phenomenon produces an increased level of force acting upon the apex of the liner, as shown in Figure 17. It is hypothesised that the increased pressure produced by the constructive interference would also increase the rate of decomposition, and therefore pressure, produced by the energetic. 
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[bookmark: _Ref186916454]Figure 18 - Initial Shockwave
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[bookmark: _Ref186916469]Figure 19 - Secondary Shockwave Development
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[bookmark: _Ref186916479]Figure 20 - Constructive Waves Combine
[bookmark: _Toc187056704]Conclusion
It has been shown that a non-alloy liner has a greater velocity when subjected to the conditions of detonation than an alloy. However, the difference in their respective velocities was found to be only marginal and not as great as anticipated. To understand whether this marginal difference is of significance, an impact material could also be included in the modelling.  
[bookmark: _Ref187053182][bookmark: _Toc187056705]Further Analysis
Further analysis could be carried out to develop the work undertaken within this study. This ranges from the computational techniques employed through to the materials used. 
Firstly, further investigation could focus on varying the parameters of the energetic. The density of the energetic is of critical importance to the detonation process/velocity of detonation. In general, the velocity of detonation increases proportionally as the density of a homogenous explosive increases [3]. It would therefore be of interest to evaluate and ascertain what the optimum density of the secondary explosive is to achieve the greatest jet velocity. It would also be of interest to evaluate the differences in performance of a variety of secondary explosives; this study utilised TNT only. 
The components could also be altered, for example, the addition of a Wave Shaper could be included in the modelling. The effect of this component would be seen through the three-dimensional modelling as shown in figures 18-20. 
To answer why the alloy/non-alloy jets failed to reach their expected velocities, altering the quantity of the secondary explosive and dimensions of the components could be modelled to determine if these aspects affect the jet velocity.
Of principle interest to the Author would be to understand, through modelling, what the potential failure modes of a shaped charge could be. It is assumed that this could be achieved by e.g. raising the detonation energy density of the energetic material. Failure mode modelling could be used to inform design and additional controls/mitigations to reduce the impact based upon the severity of the failure mode. 
To develop the simulation further, the application of Smooth Particle Hydrodynamics (SPH) could be applied to this study. SPH is an effective analysis technique for applications involving extreme deformation. The computational effort is comparatively small for such an application when compared to coupled Eulerian-Lagrangian analysis [9]. 
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