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1. [bookmark: _Toc217406493]Introduction
Explosive materials release energy (heat, gas or pressure) through rapid chemical transformation [1]. Combustion waves may propagate as deflagrations or detonations [2]. A detonation is a self-sustaining supersonic reaction wave where a shock compresses and heats the reactants producing a rapid chemical decomposition and rise in density, temperature and pressure [2]. The Zeldovich-von Neumann-Doring (ZND) model expresses the structure and propagation of detonation waves and the Chapman-Jouguet (CJ) theory specifies a way of determining the characteristic detonation velocities of an explosive[2]. 
In modern practical applications detonations are controlled by an explosive train. This is an ordered sequence of explosive components arranged in decreasing sensitivity with the goal of igniting the main fill [3]. It consists of an initiating stimulus acting on a sensitive primary explosive by mechanical impact, friction, flame or electrostatic discharge. This primary explosive produces a high-pressure output which detonates a less sensitive secondary explosive known as a booster, which consequentially initiates the main fill (charge)[4]. 
In this report I am going to evaluate the effects and behaviour of critical diameter, critical density and confinement within an explosive train using Lead Azide (LA) as a primary explosive and TNT as the secondary. This should highlight how physical and chemical properties influence reliable initiation, safety and detonation. 
2. [bookmark: _Toc217406494]Primary Explosive
Primary explosives, unlike conventual explosives, are highly sensitive to initiation stimuli such as impact, heat, friction, shock, and electrostatic discharge [4]. Using the Figure of Insensitiveness, it is generally considered that anything with a value of 30 or lower is considered a primary explosive. LA being 15-25 and Lead Styphnate being 18, for example. Detonating primary explosives produce a supersonic shockwave which starts the explosive train[4]. 
LA is one of the most common primary explosives. It has good chemical stability, high initiating efficiency and moderate sensitivity. It replaced Mercury Fulminate in the early 1900’s due to its better thermal stability, more predictable initiation behaviour and its reduced toxicity [4]. Its acicular crystal habit results in a particular sensitivity to mechanical and electrical stimuli. In service it is typically manufactured as microscopic white crystals with a density of 4.8 g/cm3[4]. These crystals detonate rather than melt at a temperature of 320-360C depending on rate of heating [4]. LA burns instantly to detonation due to its simple mode of decomposition.  Its sensitivity is maintained even when compressed to near absolute density known as dead pressing. Due to this it has high brisance and a high detonation velocity compared to other primary explosives [5]. Overall, its capability in these areas means it is near to unrivalled in inducing detonation in secondary explosives. 
2.1 [bookmark: _Toc217406495]Sensitivity and Initiation Stimulus of Primary Explosive
LA is often the primary explosive of choice for detonators due to its controllable sensitivity to initiation stimuli [5]. This allows for safe and reliable ignition. It has relatively high susceptibility to friction and ESD stimuli but displays low flame and impact sensitivities [4]. This limits its use in service detonators but can be used if an L mixture is added. Mechanical and Electrical stimuli when used on LA create ‘hot spot’ formation as an ignition mechanism. Hot spots create localised rapid heating which initiate the decomposition of the azide ion and subsequently the production of nitrogen gas which drives the transition to detonation [5]. 
In this assignment ESD stimuli will be used as the initiation stimulus to exploit this hot spot ignition mechanism. As mentioned above electrical energies when applied to LA generate high intensity localised heating which trigger rapid decomposition. Electrically stimulated detonators are often called Electro-explosive devices (EEDs) and types of these are often hot-wires detonators or Exploding Bridge Wire (EBW) [4]. They work on storing voltage in a discharging device until the voltage reaches a level that would cause a violent destruction of a primary explosive’s component (azide ion) and releasing the energy in the explosive [4]. Due to LA undergoing a fast detonation even at small quantities, it can produce a large enough shock impulse that can drive an ignition in a secondary explosive such as PETN which is commonly used in boosters to drive detonation in the main fill [1]. 
3. [bookmark: _Toc217406496]Secondary Explosive
Trinitrotoluene (TNT) is a popular and widely used secondary explosive. It is particularly known for its safety whilst handling, chemical stability and casting abilities [5]. The melting point of TNT is 80.65C and has an ignition temperature of 240 C allowing it to be safely melted and cast without the risk of premature ignition [4]. This enabled its use in munitions in WWII and the first half of the 1900’s before being succeeded by RDX and HMX. TNT has a density of 1.64 g/cm3, a velocity of detonation of around 6950 m/s and a moderate detonation pressure of 17 GPa [4]. This is much lower than the pressures of RDX and HDX with 35-39 GPa. Despite TNT having strong melt-cast capabilities, melt casting causes an 11% shrinkage in the material, subsequently causing voids and low-density regions within the case [5]. This can result in in-barrel detonations from adiabatic heating of the air in the voids under the high acceleration loads of firing. TNT also has the tendency to cool in large crystals which creates mechanical weaknesses along crystal planes [4]. This can be avoided by using additives such as HNS which modify the crystal habit.
TNT is commonly used in modern day munitions as an energetic binder and desensitiser. Common compositions are Composition B RDX/TNT (60/40 mix) and Octol HMX/TNT (75/25 mix) reflecting the need of TNT detonation modification [4]. 
4. [bookmark: _Toc217406497]Critical Diameter and Critical Density
Velocity of detonation (VOD), critical diameter, and critical density are interlinked parameters that control detonation behaviours [6]. Critical diameter is the minimum diameter at which the detonation can propagate. In effect, the detonation fails when the diameter is too small to sustain the balance of shock compression, expansion and heat [1]. Like critical diameter, Critical density also affects the detonation velocity in a similar capacity. It is the minimum density that explosive can sustain a stable detonation wave. If the density was to go below this critical density, the explosive would be too porous for a shock wave to be transferred effectively and therefore a self-propagating detonation would not form. As an explosive reaches theoretical maximum density (TMD) the void space in it decreases and therefore both the velocity and the pressure of the detonation typically increase. Increasing the density to over-compaction is known as dead pressing. This causes void collapse and reduces the ability of the explosive to detonate as it is not reacting rapidly enough [1]. 
Both critical diameter and density act as design and safety constraints on an explosive train. Critical density ensures reliable ignition and sufficient shock output, whilst critical diameter dictates a minimum acceptable geometry ensuring reliable detonation transfer through the explosive train. I.e. Primary  Booster  Secondary. 
4.1 [bookmark: _Toc217406498]Primary Explosive Critical Density
Lead azide is unique as a primary explosive as it can reliably detonate at a range of velocities. Its ability to detonate even when subjected to high compaction pressure allows it to avoid dead pressing effects [7]. This makes it a preferred choice in primary detonators [1]. Below is a table of determined VODs from a range of densities, with 4.71 g/cc being 100% TMD. 
Table 1 Density and VOD table of LA [7].
	[bookmark: OLE_LINK1]Density (g/cm3)
	Velocity (mm/s)

	4.71
	6.21

	4.50
	5.91

	4.00
	5.16

	3.50
	4.44

	3.00
	3.77

	2.50
	3.12

	2.00
	2.71

	1.50
	2.26


[bookmark: _Hlk217404540]LA is typically compressed to high densities in the range of 3.8 – 4.2 g/cm3 for detonator pellets. This ensures consistent output and reliability energy transfer from the primary to the booster [8], [9]. 
4.2 [bookmark: _Toc217406499]Secondary Explosive Density
TNT has a long reaction zone and is generally less brisant than other secondary explosives this means it has a strong dependence on density to achieve stable detonation [9], [1]. Casting TNT creates voids and shrinkage cavities which degrade detonation performance and causes a lower overall density [1]. TNT has a detonation velocity of 6950 m/s at a density of 1.64 g/cm3 [4]. This is relatively insensitive. TNT’s  lower detonation pressure than other secondary explosives requires both an appropriate density and a booster charge to ensure a reliable detonation [1]. The graph below displays detonation velocities compared to another secondary explosive PETN which is often used in the explosive train in booster pellets. 
[image: A graph and a table
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Figure 1VOD vs Density for PETN and TNT [1].


4.3 [bookmark: _Toc217406500]Primary Explosive Critical Diameter
LA allows for exceptionally small critical diameters and it therefore makes it suitable for use as a primary explosive [8]. With a short reaction zone and rapid energy release it can sustain detonation with very small geometries [5]. Cooper et al. shows that LA at a density of  3.14 g/cm3 has a critical diameter of 0.4-0.6 mm [1]. Due to this capacity to maintain detonation at small critical diameters, it is often used in detonator capsules where dimensions are often limited [3]. This allows efficient energy transfer into a booster charge and therefore reliable initiation of secondary explosives such as PETN often used in booster charges. 
4.4 [bookmark: _Toc217406501]Secondary Explosive Critical Diameter
TNT typically has a significantly larger critical diameter than LA as it has a relatively low brisance and has a longer reaction zone [9]. TNT needs a larger diameter to prevent lateral rarefaction from quenching the detonation. Cooper et al. states that generally critical diameter decreases with increasing density but is also strongly affected by confinement, initial density, temperature and particle size of the explosive [1]. The table below shows how different temperatures, densities and castings result in various sizes of critical diameter. 
Table 2 Density and Critical Diameters of TNT [1]. 
	[bookmark: _Toc217393758][bookmark: _Toc217394016][bookmark: _Toc217394053]TNT
	[bookmark: _Toc217393759][bookmark: _Toc217394017][bookmark: _Toc217394054]Density (g/cm3)
	[bookmark: _Toc217393760][bookmark: _Toc217394018][bookmark: _Toc217394055]Critical Diameter (mm)
	

	[bookmark: _Toc217393761][bookmark: _Toc217394019][bookmark: _Toc217394056]cast
	[bookmark: _Toc217393762][bookmark: _Toc217394020][bookmark: _Toc217394057]1.62
	[bookmark: _Toc217393763][bookmark: _Toc217394021][bookmark: _Toc217394058]14.6
	[bookmark: _Toc217393764][bookmark: _Toc217394022][bookmark: _Toc217394059]unconfined

	cast, poured
	[bookmark: _Toc217393766][bookmark: _Toc217394024][bookmark: _Toc217394061]1.615
	[bookmark: _Toc217393767][bookmark: _Toc217394025][bookmark: _Toc217394062]22.0
	[bookmark: _Toc217393768][bookmark: _Toc217394026][bookmark: _Toc217394063]unconfined

	[bookmark: _Toc217393769][bookmark: _Toc217394027][bookmark: _Toc217394064]Cast, creamed
	[bookmark: _Toc217393770][bookmark: _Toc217394028][bookmark: _Toc217394065]1.615
	[bookmark: _Toc217393771][bookmark: _Toc217394029][bookmark: _Toc217394066]12.6
	[bookmark: _Toc217393772][bookmark: _Toc217394030][bookmark: _Toc217394067]unconfined

	[bookmark: _Toc217393773][bookmark: _Toc217394031][bookmark: _Toc217394068]Cast, poured
	[bookmark: _Toc217393774][bookmark: _Toc217394032][bookmark: _Toc217394069]1.625
	[bookmark: _Toc217393775][bookmark: _Toc217394033][bookmark: _Toc217394070]<3.7
	[bookmark: _Toc217393776][bookmark: _Toc217394034][bookmark: _Toc217394071]unconfined

	[bookmark: _Toc217393777][bookmark: _Toc217394035][bookmark: _Toc217394072]Liquid
	[bookmark: _Toc217393778][bookmark: _Toc217394036][bookmark: _Toc217394073]1.443
	[bookmark: _Toc217393779][bookmark: _Toc217394037][bookmark: _Toc217394074]62.6
	[bookmark: _Toc217393780][bookmark: _Toc217394038][bookmark: _Toc217394075]unconfined



Casting defects like voids and shrinkage cavities further increase the critical diameter by reducing shock transmission making confinement increasingly important [4]. 
5. [bookmark: _Toc217394039][bookmark: _Toc217406502]Effects of Confinement on Critical Properties
Confinement of an explosive massively influences its ability to achieve and sustain detonation. Adding confinement to an explosive increases the VOD. [1] Unconfined explosives will lose pressure quickly due to radial expansion. By adding confinement, you constrain expansion and raise shock pressure, temperature, reaction rate and the stability of detonation.[1] By raising the pressure with confinement you lower the critical diameter needed to sustain detonation and therefore make the product itself smaller. [5] By confining TNT you can lower the critical diameter and therefore have a lower initiation energy. As TNT has long reaction zones and low detonation pressures its detonation reliability can be increased by confining [9]. LA however has short reaction zones and rapid decomposition and therefore is less dependant on confinement as it already can sustain detonation in small geometries [5], [10]. Therefore, confinement is critical in TNT detonation performance, but more of an enhancement for LA where it already maintains detonation in constrained sizes.
6. [bookmark: _Toc217394040][bookmark: _Toc217406503]Velocity of Detonation 

The VOD of TNT is highly dependent on its density. According to Murray cast TNT typically solidifies at densities around 1.60-1.65 g/cm3 with a VOD of approximately 6950 m/s [4]. VOD is reduced when there is shrinkage voids and cracks in the material as shock energy is lost to the collapsing the cavities [1]. As TNT’s density reaches its TMD (1.73 g/cm3), VOD increases, however melt-casting limits these densities in service application [4], [5]. 
7. [bookmark: _Toc217394041][bookmark: _Toc217406504]Density, Diameter and VOD Diagram of TNT
[bookmark: _Toc217393784][bookmark: _Toc217394042][bookmark: _Toc217394079][bookmark: _Toc217406417]
Figure 2 Shows how density effects velocity of detonation and critical diameter of TNT. Increasing density leads to higher VODs and a smaller diameter required to sustain detonation. This demonstrates how TNT at normal cast densities of 1.6-1.65 g/cm3 need a sufficient diameter and booster initiation to ensure detonation. Values obtained from extrapolating data found in [1], [11]. 
8. [bookmark: _Toc217394043][bookmark: _Toc217406505]Conclusion
The explosive train is specifically designed to reliably create an initiation stimulus that detonates a main charge. In the train considered in this assignment, a primary explosive of LA is initiated by an electrical spark such as a EBW providing a reliable detonation in the required small critical diameters needed. Despite LA having a high sensitivity it cannot provide the shock output required to initiate the detonation of the chosen secondary explosive TNT. This is due to TNT exhibiting a higher critical diameter and is highly reliant on density. A booster charge of PETN for example is therefore needed to bridge the gap and detonate the TNT. The PETN will be able to convert the high sensitivity of the LA to the higher pressures needed to exceed the TNT initiation threshold. This train ensures reliable function and detonation whilst also maintaining safe practices.  
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TNT VOD, Critical Diameter and Density 
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