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[bookmark: _Toc140497907]Introduction
Artillery shells that are used in modern warfare are have a long and varied history. The design of such projectiles has changed to fit the technologies of the time, and many design features have emerged and proven themselves over time to be a primary aspect of keeping an artillery shell ready for its intended use. Many of these features and adjustments were made because people were severely injured or died as a result of the failure of such technology, and as a result, it is an essential topic to remain aware of, throughout a career in OME.
This paper seeks to explore the various design features that are present in modern artillery shells, to explain their purpose, and to explore how all these features have come together to result in, what is today, the safest and most effective artillery rounds humanity can reasonably muster. Specifically this paper will explore the nature of TNT when used as the high explosive component of an artillery shell, and how it compares to other potential explosive materials.
[bookmark: _Toc140497908]Basic Components of an Explosive Train
It is essential to understand the process that an artillery shell goes through to explode. This will help in understanding how various factors can affect the shell’s operation.
The main principle that allows a shell to act as intended is the explosive train. This allows a non-explosive, “small external stimulus called the simple initiating impulse (SII)” [1] to be applied to the sensitive primary explosive ‘initiator’ in the shell, in a predicted and controlled manner, which initiates, releasing enough energy to trigger a larger amount of less sensitive secondary explosive ‘booster’, increasing the amount of energy transferring, which, in configurations which include a third step, is directed to a tertiary ‘main charge’ explosive, providing us with the main explosive energy from our shell.
[image: ]
Figure 1 – “Schematic representation of the two most common types of explosive trains. [1]”
An example configuration of this would be in the ‘L15 artillery shell’. The nose of the shell contains a ‘fuze’, which contains primary explosive, such as ‘Lead Azide’ (LA) or ‘Lead Styphnate’ (LS). This would detonate either upon impact with the target, or when programmed via the fuze. Behind the fuze, there is a booster, which contains a less sensitive primary or secondary explosive, such as certain mixes of ‘RDX’ and wax. When the booster detonates, this initiates the main charge which is a compound explosive mix, of TNT and RDX. In addition, “the shell body is of thin-walled type with high fragmentation and blast effect.” [2] Shell walls are designed to balance the ideal blast power, via a thin walled shell which absorbs less of the energy, or a thicker walled shell, which encourages greater amounts of fragmentation.
There are many reasons why explosives used in shells are arranged in such a manner. Firstly, with the safety of the operator being of prime importance, a munition should be as low in general sensitivity as reasonably possible. As primary explosives are very sensitive, using a large quantity of them in a munition creates a large risk that the massive energy within the barrel of a cannon will initiate the explosive prematurely, causing damage and injury to everything around.
So, with primary explosives being this sensitive, ideally the majority of our explosives output force should be generated with secondary, and tertiary explosives, which are less likely to be accidentally initiated due to environmental inputs. The issue with secondary and tertiary explosive materials is that they require much more activation energy than primary explosives, and so can be difficult to initiate using regular and reasonable amounts of non-explosive force. As a result, a munition will use a small amount of primary explosive to generate the requisite energy to initiate the secondary explosive, which provides us with the blast effect.
A secondary but important benefit that this allows is the ability to implement delays and stand-off’s within the explosive train. A manufacturer can manipulate the materials used to force a part of the train to take longer, or to react quicker. Many elements of the shell’s design will affects its performance and rate of detonation, including how compacted the space is, and where the shell is weakest, or strongest structurally.
The explosive train is also relevant to the introduction of propellant type explosives into our shell design. The main blasting element of a shell needs to be protected whilst the shell is undergoing the massive pressures of being propelled out of the barrel. Enough speed and energy is required to get the intended distance and velocity for the shell, but structural integrity needs to be of a good enough standard, and thick enough, to protect the primary explosive particularly from initiation.
[bookmark: _Toc140497909]Storing a Shell, and the Negative Effects of Bad Storage
As mentioned in the previous section, a shell is designed to be ideally as non-sensitive as possible. However, this status may change once the shell leaves the factory. Insufficiently prepared storage conditions can have an array of negative effects on the usability and safety of any munition or explosive, including and perhaps especially in regards to large calibre artillery shells.
Among the primary aims of safe storage are to:
· Prevent the degradation of the shells, rendering them useless or unsafe when used.
· Prevent the accidental initiation of stored explosives.
· Prevent damage to human health and the environment, from any toxic or hazardous explosive chemicals.
TNT, and TNT based compound mixtures provides a challenge when it comes to storage, for a number of reasons. Below, these reasons are explored, alongside the mitigations put in place.
Firstly, there is a hazard to health - TNT has toxic properties, causing skin irritation, or more severe conditions after long term exposure. Proper handling should involve the use of gloves, with air filtering to prevent build-up of chemicals in a closed space. Some of these toxic properties may become more likely to affect a handler if the TNT is in high or variable heat conditions, as TNT is prone to ‘Sweating’.
This can lead to a build-up of pools of impurities, and voids, within the shell construction, including within the screw thread for a fuze cap, which increases the chance of accidental initiation or fuze malfunction, when, for example, the fuze cap is unscrewed, generating friction energy which initiates the leaked chemical. As a result, it is essential that temperature and humidity controls are in place to prevent these issues from arising.
TNT has a melting point of 78-81 degrees Celcius, and within the confines of metal shells, in warehouses in high heat climates, this relatively low melting point, which is an advantage for easier melting and casting, means that TNT may go through multiple cycles of melting and solidifying, generating voids and encouraging convection currents. Even when mixed into a compound, the TNT’s lower melting point can have a negative effect on the overall compound – “[when mixed with RDX, the TNT may melt, and the RDX remain suspended in the liquid TNT. Eventually, this dissolves, increasing the energy of the mix until a thermal runaway occurs.]” [3]
Additionally, special care must be taken to ensure the shell casing construction is well build and maintained – a shell made brittle due to heat expansion over long periods will not have the required structural integrity to resist the forces of acceleration within a barrel, therefore increasing the chance of accidental or early initiation, making the need for temperature monitoring and control even more substantial.
In many realistic applications, TNT is often mixed into a compound explosive, to change its properties. One well known example is ‘Composition B’, which is roughly a 60/40 mix of RDX and TNT, often with about 1% Parrafin wax. [3] The RDX, which has a higher detonation velocity than TNT, but is also typically more sensitive, allows for the increase in the explosive power of the shell, as well as helping to push the oxygen balance further towards neutral, resulting in a more efficient explosion.
More importantly for storage reasons however, is the addition of a desensitiser in the form of the wax. This wax allows for the ‘galvanisation’ of the RDX, lowering the total surface area of the RDX material, and therefore reducing the sensitivity of the explosive. The addition of an agent or substance to an explosive, in order to increase its stability, is referred to as ‘Phlegmatisation’. 
In summary, there are a number of shell design features and storage design features which are essential to protect the TNT during long term storage, including:
· The careful casting of the TNT mix to ensure no voids appear after solidification.
· Proper use of Phlegmatisation to lower the sensitivity and increase the stability of the chemicals.
· A casing which is thick enough and insulated enough to protect the chemicals inside from external changes in pressure, temperature or humidity.
· A monitoring system that allows for the management of storage temperature, pressure or humidity.
· Appropriate PPE to protect those handling the explosive.
Despite all the protections one could put into place in a storage facility, if the explosive chemical itself does not have stable properties across reasonable climates and heats, then it will be insufficient and potentially dangerous when used – the explosive chemical stability must be the priority of the manufacturer.
[bookmark: _Toc140497910]Safe Transportation of a Shell
Safe transportation principles for munitions aims to achieve the same goals as the safe storage principles, but with the added limitations and risks of transit, which must be considered. The shells must not degrade massively between the factory and the munitions storage, and as well between the munitions storage and the field. Therefore the manufacturer must consider what safe principles should apply:
· when in civilian transport in familiar climates,
· in military transport in a wide range of climates,
· and within military transport whilst under enemy fire.
To meet these requirements, the first focus should be on the transporting vehicle. When using public roads to transport explosives, considerations must be made for potential risks including fires, road-traffic-accidents, criminal activity, presence of fuel engines alongside fuel tanks and turbulent road conditions.
Historically, the transport requirements of munitions and explosives have defined the way we attempt to create them, and resulted in the invention of Dynamite by Alfred Nobel. Before this invention, Nitro Glycerin was used commercially as an explosive, but “there was much danger of it detonating in bulk during transportation. The latter fact was demonstrated by the blowing up of the steamship 'European' with the loss of 74 lives in 1866.” [4] This, among other lethal accidents, resulted in Nobel mixing the Nitro Glycerin with ‘Kieselguhr’ resulting in Dynamite, which was much more stable in transport thanks to the mixing of the Phlegmatisation agent.
In summary, it is clear that, like with the storage of the energetics, the civilian and military transport of the energetics heavily depends on the sensitivity of the explosive in question, and this factor is the primary focus for making transport as safe as possible. In addition to this, precautions must be taken in the form of using vehicles with smoother suspension to reduce shock and turbulence, vehicles that use safer, less flammable fuels, as well as using appropriate markings to inform the public of the hazardous nature of the materials on boar.
[bookmark: _Toc140497911]Using a Shell as Intended
Finally, the true test of the robustness of the storage and transport methodologies is to fire the shell itself. There are a range of features that allow for the safe use of this shell within both mobile and static firing platforms, including:
· Thicker casing for the shell towards the rear, where the highest energies will be imparted upon the shell externally. This casing tends to taper towards the nose, resulting in a pattern of breakage when the main charge is detonated. The thicker rear end of the case provides ‘obturation’, where the outward expanding metal of the case seals the breech of the gun and prevents gases from escaping.
· The use of a particular fuze/primer, to control the specific initiation method, and manipulate timing, delays and stand-off properties. Examples of fuzes include Percussion fuzes, Delay fuze and proximity fuzes. The use of a fuze mechanism, especially alongside the other safety features, massively reduces the chance of accidental initiation, by tightly controlling the method through which initiation is achieved. For example, a percussion cap may require a specific number of Newtons of force in order to activate the primer – if this is beyond what a human could accidentally apply, then this massively protects the operators.
· Selection of appropriate explosive materials for each component of the explosive train:
· A primary explosive that can efficiently produce the required initiation energy. Lead Styphnate, or perhaps a mix of LS and LA, is a typical and useful primer/initiator used in detonators and artillery shells. The LS is situationally stable over time, as “according to Wallbaum, LS does not change during 2 months of storage at 65–70 degrees celcius.” [5] LS also has comparatively low reactivity with other metals, water, and CO2, and can be used as a ‘protective layer’ for the LA due to these properties. Additionally, the addition of a “Benzene solution bee wax” [5] allows the LS to acquire the “form of uniform granules, less sensitive to mechanical stimuli and electrostatic discharge, however, still keeping the same desired sensitivity to flame.” [5]
· A secondary explosive that provides the intended performance effect of the shell, but is insensitive and stable. The use of TNT and TNT compounds has been historically typical, but as our technology and requirements have advanced, so has our need for different types of secondary explosive. TNT alone used as a main charge would result in a large amount of elemental carbon as a waste product, due to the highly negative oxygen balance of -73.9% [6], reducing the efficiency of the explosive compared to its mass. Larger masses of explosives will require larger energies from the propellant to achieve sufficient velocity, which increases the risk of misfire, as well as decreasing the life-time of the barrel. So, it is in the interests of safety and economy to have an efficient secondary explosive for the main charge. Mixing TNT with RDX and Paraffin wax will increase the oxygen balance, as RDX has an oxygen balance of -21.61%. [6] This will reduce the amount of by-products, and result in a more efficient explosive per unit weight. Also, the addition of the wax enhances the stability and reduces the shock sensitivity of the mix, further making the shell safer.


[bookmark: _Toc140497912]Alternatives to TNT
As explored in this report, TNT is a widely used, and widely mixed, compound, though in the modern day, every effort is being made to find new, preferable alternatives. Energetics that are easier to manufacture, energetics that are more environmentally friendly, energetics which are cheaper, and energetics which are safer modern operating climates.
[bookmark: _Toc140497913]IMX-101
IMX-101 is an explosive compound being purpose built to replace TNT in US army explosives. Designed to be a much more insensitive material than TNT, and more resistant to accidental initiation due to fires, “the new generation of insensitive munitions is designed to sustain chemical stability when subjected to mechanical shocks, fire, and impact by shrapnel, while performing as intended, when needed.” [7]
IMX-101 compounds are, like TNT, melt-castable meaning they are fairly simple to manufacture, without thermally degrading the mix itself. The mix consists of ‘DNAN’ (43.5%), ‘NQ’ (36.8%) and ‘NTO’ (19.7%). Using the ‘Kistiakowsky-Wilson Rules’ for Oxygen balance, it reveals an overall negative oxygen balance, as there is no oxygen remaining:
C7H6N2O5 + C2H2N4O3 + CH4N4O2 -> 7CO H4 H2O N2 + 2CO H2 2N2 + CH4 2N2
[bookmark: _Toc140497914]Composition H6
This composition is similar to Comp B in that it is primarily a TNT/RDX mix, but this also includes around 21% of powdered Aluminium, as well as the occasional use of Parraffin wax. It is castable, more stable whilst in storage, and more suitable for use in underwater scenarios. Additionally, it is around 1.35 times more powerful than TNT. All of these aspects are an improvement over TNT or Comp B mixtures, and represents the trend towards incentivize munitions.
[bookmark: _Toc140497915]BOM
This novel material is a “liquid phase carrier for melt cast explosives that is expected to replace TNT” [8], being explored as a suitable alternative to TNT. In the paper being referenced, experiments were carried out which “[proved] that BOM is basically non-volatile under heating and melting processes. The apparent activation energy of BOM calculated by the Kissinger method was… higher than that of DNTF at atmospheric pressure, and TNT at 2 MPa, indicating good thermal stability at low temperatures.” [8]
The mix has a similar melting point to TNT at around 75.5 degrees Celcius, which provides the same benefits as TNT, but the increased stability makes it less susceptible to the issues that affect TNT in storage. Also, BOM has a better “detonation performance… than TNT/HMX” [8].
[bookmark: _Toc140497916]Conclusion
The safe operation, storage, transport and usage of energetics has dominated the direction of progress for the industry since the inception of Dynamite and Mercury Fulminate. TNT has been a useful material for meeting the requirements of the 20th century, but as we make headway into the 21st, we can observe the need for greener, economical, and safer alternatives.
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Fig. L1 Schematic representation of the two most common types of explosive trains
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