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Introduction
Far from the idealised world of movies, with the slightest flame detonating everything, the science behind detonations is a hugely complicated area. Numerous factors go into dictating whether an explosive will detonate, or even react at all, which all ultimately feed into the energy balance of the chemical reaction taking place. Two of the factors that impact the energy balance of a detonation are the size of the explosive charge, and the density of this material, with this paper seeking to explain how and why. 

Figure 1- The Classification of Explosives, 
Explosives can be classified in a number of ways, the molecular groups present in the structure, homogenous and heterogenous, or most commonly their application. Figure 1, above, outlines the latter of these classifications, with explosives grouped based on their use. Focussing on high explosives, there are three categories these are divided into. Primary explosives, which detonate with a lower power, but require only a small stimulus to ignite or detonate. Secondary explosives, higher in power, however, require a high velocity shockwave from a primary explosive to detonate. And tertiary explosives, extremely insensitive high explosives that require the shockwave from a secondary explosive to detonate. Modern weapons will often feature numerous amounts of all three of these, forming what is known as the ‘explosive train’. Even something as simple as a detonator features an explosive train, containing both a primary and secondary explosive, and potentially pyrotechnics as well. To explain the impact of critical diameter and density on the detonation of explosives, this paper will look at two materials, a primary explosive, lead azide, and a secondary explosive, HMX. 
Both of these explosives see significant use in munitions for the military. Lead azide is formed through the mixing of lead nitrate and sodium azide, and when properly prepared should form spherical, opaque white crystals less than 0.07mm in diameter. It is a highly sensitive explosive and can be initiated from shocks as low as 1.255 kJ/m2. For comparison, RDX is 680 kJ/m2, and TNT 4200 kJ/m2. As it is vulnerable to a number of stimuli, and is relatively lower powered, with a power index of 12.80%, it is used in small quantities in munitions as a primary explosive to initiate either a booster or main charge. HMX is produced as a byproduct of the Bachmann process when producing RDX. This involves mixing a number of compounds and solutions, which forms a precipitate of 27% RDX and 73% HMX. The RDX is then neutralised, before the HMX is filtered and crystalised. It is a secondary explosive, with a power index of 165.85%, that can be used on its own, however is most commonly found as an ingredient in plastic explosives. Unlike lead azide, it is relatively insensitive, and is normally initiated through a shockwave from a primary explosive, although other forms of shock such as flyers will work.

Critical Diameter
For a detonation to propagate through a material, a shockwave needs to progress through the explosive to continue the chemical reaction. As outlined in the Zeldovich–von Neumann–Döring model, shown in Figure 2, below, there is an initial shock front, the von Neumann spike, where the explosive is compressed, resulting in high pressure and temperature. This is followed by the reaction zone, where the chemical reaction takes place, before finally the expansion zone, where the products of detonation expand out. However, all homogenous explosives have a point below which the detonation cannot be sustained, called the critical diameter. Below this size, the wave front in the material is unstable, with a reduced velocity of detonation, as a result of energy loses ‘sideways’, away from the direction the wave is progressing. The critical diameter of materials varies significantly, and unlike parameters such a sensitivity, cannot be assumed based on the explosive group it fits within. 

The two explosives picked for this paper both see significant usage as military explosives for a number of reasons, one of which is their low critical diameters. The exact value of the critical diameter of lead azide is hard to state, due to its extremely low value. Laurence Livermore National Laboratories (LLNL) gives a value of 0.4-0.6 mm as the critical diameter, Peter Jung reported steady state velocities at sizes down to 50 µm, or 0.05 mm, while finally Bowden and McLaren reported steady detonations down to 0.02 mm. From Jungs work, this stable detonation can be seen less than 1µs after initiation, at a distance of 0.5mm into the charge. This small critical diameter and short distance from initiation to stable detonation makes lead azide ideal for military applications, as a small charge can be used to initiate a secondary. 
HMX, the secondary explosive being looked at for this paper, is normally mixed with other materials, both energetic and inert, in order to change its energetic and explosive properties. LLNL gives a critical diameter for a 90/10 HMX/Wax explosive as 6-7 mm. However, PBX-9501, with a 95% HMX content, is reported to have a critical diameter of below 1.52 mm, and PBX-9404, with a content of 94% HMX, has an unconfined critical diameter of 1.18 mm, and a confined diameter of 1.02 mm. Morand et al. on the other hand initiate pure HMX of a diameter of 4mm using a number of stimulus. The exact critical diameter of HMX will therefore be slightly different from the numbers listed here, sitting somewhere below 4 mm, but similar to lead azide is an extremely small size, which again is a reason it sees so much use in military applications.
It should be noted that both explosives picked have extremely small critical diameters, and that not all explosives are like this. The work by Presles, Vidal and Khasainov on the critical diameter of ammonium nitrate for example, revealed a weakly confined critical diameter of between 55 and 81mm in PVC piping, while Zhang gives the critical diameter as 100mm. This highlights the importance of selecting the correct explosive for the application. Lead azide and HMX with their small critical diameters, could be used for something such as a hand grenade, which ammonium nitrate couldn’t without significantly increasing the size of the weapon. 

Density
The density of an explosive material being used in a munition can have a significant effect on the performance of it. For each homogenous explosives, there is a Theoretical Maximum Density (TMD), which is the “mass per volume unit of a single crystal” of that explosive. The aim during production of munitions is to consolidate the material to be as close to this theoretical maximum as possible. As the density increases, the velocity of detonation of the material will increase, which drives increased performance. Additionally, there is far less work conducted on the stability and safety properties of low-density energetics, resulting in increased risk associated with their usage.
It is however important to note the risk of dead pressing in explosives. This is a phenomenon that occurs in some primary explosives, where the material fails to successfully detonate. This occurs when the material is consolidated, normally through pressing, to extremely high densities approaching the TMD of the material. Through the pressing, the porosity of the material is reduced, removing the voids that are required for detonation according to the theory of hot spots. Since there are no voids to form hot spots in the material, the material fails to initiate, rendering it useless without reprocessing. For this reason, primary explosives are not pressed to as high densities as secondary explosives, to avoid the risk of this occurring. 
The Theoretical Maximum Density of HMX has been calculated to be 1.902 g/cm3. Graph 1 shows the impact that the density of HMX has on the velocity of detonation.


Graph 1- The Impact of Density on the Velocity of Detonation, 
From this graph, it is clear to see that there is a constant increase in the velocity of detonation of HMX as the density of the material increases. From the extremely low densities, down at 0.53 g/cm3, 28% of the TMD, we get a velocity of detonation of 4.00 km/s, far below the commonly reported velocity of detonation. At the other end of the scale, at the density of 1.89 g/cm3, 99% of the TMD, the very limit of what can be produced, the velocity of detonation is 9.11 km/s, well over double the velocity. 
This increase in the velocity of detonation has a huge impact on the effectiveness of the explosives. Focussing on fragmentation as one possible goal of a munition, having a higher velocity of detonation results in fragmentation a higher velocity, leading to a significantly higher kinetic energy upon impact, because of F=1/2MV2. This can be seen in the Gurney constant of explosives. For a slower explosive, such as HNS, with a velocity of 5.740 km/s, the gurney constant is around 2.1. However, for HMX, at a significantly higher velocity of 9.1km/s, the gurney constant is 2.97. While the exact gurney formula depends on the model being calculated, the gurney constant is always directly proportional to the velocity of the fragmentation, therefore increasing it results in an increased fragment velocity.

The Impact of Confinement
During the explanation of critical diameter, it was mentioned that some of the figures given were for confined explosives. This is a facet of design that is highly important for those working with OME to consider. Critical diameter is the point where the energy loses in the reaction are too much for the shockwave to initiate further reactions. However, through confining the explosives, the expanding gases from the reaction are kept in the casing, increasing the pressure during the reaction, and decreasing the energy loss from the reaction. Therefore, as the energy loss is decreased, the critical diameter of the explosive can be reduced, as the energy of the reaction remains balanced until a lower diameter. This can be seen in the PBX-9404, with an unconfined diameter of 1.18mm, and a confined diameter of 1.02mm, a 15% decrease. This is also likely the reason for the extremely low diameters found by Jung, Bowden and McLaren for lead azide. At these low diameters, the explosive samples are prepared in capillaries, which will have a confining impact on the explosive. 
The effect of confining can be an important tool for OME designers to exploit when designing munitions. There are many reasons that designers could be looking at using energetics with high critical diameters, the lack of availability of other materials, the mechanical properties, or the stability of a material for example. Ammonium Nitrate based explosives for example are far cheaper than HMX, however the unconfined diameter could make its use impossible in smaller munitions. However, through confinement in steel piping, the critical diameter falls to between 8-12mm, compared to between 55-81mm in PVC piping, and even higher unconfined.

A Final Design
Figure 3 outlines a design based on the parameters outlined in this paper. 












Figure 3- A model of a munition
There are 4 key parts to this system. The initiator, a length of safety fuze. When lit this will burn down the length until it reaches the primary explosive, at which point the explosive will be initiated through the flame from the fuze. As mentioned, the fuze is followed by the primary explosive, the lead azide. For this to successfully detonate, this needs to have a critical diameter potential as low as 0.02mm, as shown by Bowden and McLaren, however, to ensure the reliability of the detonation a higher diameter should be used. Jung reported densities of 41.80% TMD initiating, at 1.97 g/cm3, resulting in a velocity of 2.6km/s, however again to ensure a stable detonation and the initiation of the secondary explosive, a higher density should be used, with LLNL reporting 3.8 g/cm3 giving a stable velocity of 5.5 km/s. The secondary explosive, HMX, has similar restrictions on the charge being used. While HMX based PBX formulations achieved critical diameters as low as 1.02 mm, the lowest confirmed HMX only diameter was 4mm. Similar to the lead azide, while this is possible to use, to ensure a stable detonation, a higher diameter is ideal. Densities as low as 0.53 g/cm3 initiated, however for HMX there is no risk of dead pressing, and with this as the main charge of the munition, a density of as high as possible should be used, in this case 1.89 g/cm3, 99% of TMD. This enhances the effectiveness of the detonation, which should be maximized for a munition, as a result of the significantly higher velocity of detonation of 9.1 km/s. All of this is being confined within a casing of steel, to maximise the confinement of the explosives, which ensures the diameters of the charge are high enough to detonate, and increases the velocity of detonation.
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