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[bookmark: _Toc140001243]Abstract
This report aims to investigate explosive trains in artillery rounds during service life and use. This is achieved by looking at the energetic materials used in the explosive train and the requirements to allow for safe storage and transportation as well as safety during the rounds intended use. The main explosive filling has been determined as melt cast Trinitrotoluene (TNT), however other main fillings will be discussed and evaluated.
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[bookmark: _Toc140001245]1.Introduction
The aim of this report is to go into the considerations of explosive trains in artillery rounds during service life and use. This will be done by looking at the energetic materials used in the explosive train and the requirements to allow for safe storage and transportation as well as safety during the rounds intended use. The main explosive filling has been determined as melt cast Trinitrotoluene (TNT), however other main fillings will be discussed and evaluated. 
1.1 [bookmark: _Toc140001246]What is an Explosive Train?
An explosive train is defined in a paper by Voreck, et al as “the reliable initiation of successive elements and the transfer of sufficient energy from one element to another ultimately resulting in the detonation of the main charge, meaning the successful functioning of the munition system” [1]. This also could be used to describe the classification of explosives. Explosives fall into the categories of primary, secondary, and tertiary due to how easy they are to initiate [2]. The removal of one of the links in the explosive train results in the evolution and transition of detonation breaking down and stopping.
These concepts can be visualised in the flow diagram in Figure 1
[bookmark: _Toc139880833]Figure 1 Explosive Train Flow Diagram
[bookmark: _Toc140001247]1.2 Types, Uses and Effects of Artillery Rounds
Artillery rounds come in various forms with a wide range of uses because that they can create. To determine which round should be used, the target must be considered. Figure 1 below shows a table depicting the rounds used against 2 different targets.
[bookmark: _Toc139880834]Figure 2 Types of Rounds Used Against 2 Targets
	Armour
	Shaped Charge Jet (SCJ), Explosively Formed Projectile (EFP), Armour Piercing Discarding Sabot (APDS)/Armour Piercing Fin Stabilised Discarding Sabot (APFSDS) or Kinetic Energy (KE), High Explosive Squash Head (HESH), High Explosive Anti-Tank (HEAT)

	Structures/Soft Targets
	High Explosive (HE), High Explosive Incendiary (HEI), Tandem Warhead



Although this table is not exhaustive, it is to show an indication of the types of rounds that could be used.
[bookmark: _Toc140001248]2 High Explosive Rounds
Figure 2 shows a cut-through of a 155mm HE round. 
[bookmark: _Toc139880835]Figure 3 Parts of a 155mm Artillery Round
          1.Driving Band                         2.Markings/Colour Code Identification       3.Detonator
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4.Munition Body                5.Explosive Fill               6.Booster Pellet      7.Fuze
1. The function of the driving band or rotating band on this round is to “act as a rear bourrelet to help the round keep centred in the bore, prevent the escape of combustion gases past the round and to engage with riffling within the barrel” [3]. Riffling allows for stability during the rounds flight meaning greater accuracy onto the target and thus know as spin-stabilised projectiles.
2. Markings and Colour Codes on munitions are used for more than just identification. In this case a yellow band indicates that it is a high explosive round, although in other countries and militaries other systems may be used. Over-all body colours can be used to a similar effect, Markings such as stencilling and stamping are used to show the rounds calibre as well the manufacturer, date of manufacture, projectile type, lot number and filling and weight zone details. These are important as if any issues were found with a certain lot, that lot can be easily identified and quarantined as appropriate. These markings also aid in the safe storage, handling, and transportation [4]. 
3. The detonator is part of the fuze that initiates the booster in the explosive train.
4. The munition body is usually made of steel or brass and provides containment of the round components. This case may also be used for fragmentation effect an as mentioned before the body colour is used for identification. Also containing a soft bitumen liner. 
5. The explosive fill is the rounds main charge, in this example melt cast TNT is used.
6. The booster pellet is used to take the energy from the detonator and provide the energy to progress the explosive train to initiate the main charge.
7. The fuze is the part of the system that starts the explosive train. The fuze’s main role is safety.
[bookmark: _Toc140001249]3.Systems of an Artillery Round
Now that the parts of the artillery round have been identified they can be grouped into systems and sub-systems, these being the fuze, propellant charge, and the main charge.
[bookmark: _Toc140001250]3.1 Fuze
The fuze in the system has the primary function of one of safety as they allow the device to function when it is intended and as such, “Munitions must be manufactured to withstand reasonable heat and be insensitive to the shock of ordinary handling. Round detonation is controlled by the action of a fuze which is a device that causes the detonation of an explosive charge at the proper time after certain conditions are met, this can be mechanical or an electrical device. It has the sensitive explosive elements (the primer and detonator) and the necessary mechanical/electrical action to detonate the main burster charge. A mechanical action or an electrical impulse, which causes the detonator to explode, fires the primer. The primer-detonator explosion is relayed to the main charge by a booster charge. This completes the explosive train.” [5].
These fuzes are removeable during storage and transport to remove the risk of accidental function as it removes the stimulus required to make the main charge function. Some fuzes also incorporate special safety features, “The most important safety features are detonator safe, shear safe, and delay arming. Detonator safe fuzes do not have the elements of their firing train in the proper position for firing until the fuze is fully armed. The elements remain firmly fixed and out of alignment in the fuze body while the fuze is unarmed. This increases safety during transport, storage, and handling of the fuze. The arming action of the fuze aligns the firing train. A shear-safe fuze does not become armed if its arming mechanism is damaged or completely severed from the fuze body. The arming mechanism of the fuze protrudes from the round, and it might be severed from the fuze body if the round is accidentally dropped. Delay arming mechanically or electrically slows the arming of the fuze. It keeps a fuze in the safe condition until the round fly’s far enough away from the weapon platform to minimize the effects of a premature explosion. This means the round will not function as it will not have sufficient air travel, velocity, or time to fully arm the fuze.” [5]. Other fuzes may only function when specific G-Forces are reached, normally in spin stabilised rounds. 
Nose positioned fuzes are the most common type although base and distributed are also used. Base fuzes are used in HESH rounds as to not interfere with system effect whereas distributed fuzes are used typically where arming, initiation and target sensing are remote from each other. Proximity and time fuzes are also used.
Fuzes are in themselves are explosive trains, which is further explained in a paper by Oyler, Mehta and Cheng [6]. The basic fuze design can be seen below in Figure 4.
[bookmark: _Toc139880836]Figure 4 Fuze Design 
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2.Stemmed Charge            [image: A screenshot of a computer game

Description automatically generated]           
                           3.Booster                  

1.This detonator is sensitive to stab, flash, or electrical stimulus, containing a primary explosive such as lead azide or lead styphnate and pellet of RDX/HMX/HNS.
2.Stemmed Charge contains an intermediary such as Nitrocellulose which purpose is to burn not detonate and create an increase in heat, pressure, and gas to provide increase in energy to overcome the combustion front in the booster material.
3.The Booster is an explosive such as PETN or Rowanex that provides a ‘boost’ of energy required to initiate the main charge.
[bookmark: _Toc140001251]3.2 Main Charge
The main charge in the artillery round has been determined as Melt Cast TNT in this example. “TNT’s chemical structure is composed of the benzene ring, which is connected to four groups in its structure, a Methyl Group. A benzene ring is an aromatic functional group composed of a ring of six carbon atoms linked together by alternating single or double bonds” [7]. TNT’s chemical formula can be written as [image: ] and its structure can be seen in Figure 5 below.
[bookmark: _Toc139880837]Figure 5 TNT Chemical Structure
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Elbeih and Zeman describes TNT as “the most available explosive throughout the world and is widely used in the formation of the melt cast explosives used in mortars, grenades, and artillery shells. TNT is chemically very stable, is moderately sensitive to impact and friction and has a melting point of 80-82 °C” [8] and melt-cast explosives also have “characteristics of good forming performance, easy loading and low cost” [9]. This moderate sensitivity means that TNT is a secondary explosive but also a low power explosive because its chemical bonds are weaker than other explosives, which means its energy release is lower [10].
This means extra considerations need to be made during manufacture, as if control on cooling and filling of the TNT aren’t monitored the formation of cracks can occur leading to the creation of hot spots. Cooling the TNT slowly can reduce these occurrences. Voids and air pockets can also form leading to a lack in explosive performance. 
Hot spots are described by Horie as “the adiabatic compression of trapped gas, sliding friction, and viscous heating of the rapidly flowing explosive crystals” [11]. This means that if the energy created by the hot spots exceeds the activation energy of the explosive material, then deflagration leading to detonation will proceed with the formation of explosive products and a release of energy. If this does not occur the hot spots will gradually die out, with no reaction occurring.
[bookmark: _Toc140001252]3.3 Propellant
The last system in the artillery round that will be investigated is the propellant charge, it’s purpose being to propel the round through the evolution of heat and gas, out of the barrel towards the target [12].
Propellants have energetic compounds within them such as nitrate esters like Nitrocellulose(NC) and Nitro-glycerine (NG) or nitramines like RDX and Nitroguanidine(NQ) [13]. When NC is introduced into propellant, it’s main roles are to contribute to the total energy of the propellant, act as a binder for the other ingredients and to control free radicals [14]. 
Propellants come in different types including single based containing NC, double based containing NC and NG, triple based containing NC,NG and NQ and multi-based containing NC, NG,NQ and RDX [15].  
The decision on which based propellent is used depends on the desired effect meaning propellant thermodynamics must be considered. The three main aspects being Specific Energy (F), Calorimetric Value (Q)/Flame Temperature (To) and Oxygen Balance (Ω). The importance of these aspects can be seen in figure 6 below.
[bookmark: _Toc139880838]Figure 6 Oxygen Balance vs Calorimetric Value (Q) Graph
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[bookmark: _Toc140001253]4.Safety and Improvements of Artillery Rounds
As mentioned previously, considerations need to be made for the safe storage, transportation and intended use. In the United Kingdom (UK) these safety precautions are governed by regulations that are constantly reviewed and updated through trails and testing. Improvements can also be made through testing of the energetic materials.
[bookmark: _Toc140001254]4.1 COMP B
One way that could be used to improve the safety of the round would be to use a less sensitive but more powerful explosive fill in the main charge. If RDX is added to the TNT fill at a ratio of 60/40 this results in a mix known as Composition B (Comp B) [16]. Comp B is a more powerful but less sensitive explosive but has the same benefits as just TNT. As COMP B is less sensitive a bigger booster may be required to initiate it, this increase in size may require a redesign of the artillery round and may not be suitable for current weapon systems and an expensive resolution.
[bookmark: _Toc140001255]4.2 Stabilizers
NC and NG degrade to form oxides of nitrogen, mainly nitrogen dioxide (NO2). If these oxides are not chemically removed from the system as they are formed, they catalyse further decomposition, eventually leading to auto ignition and shortening the storage/shelf life of the propellant. This shows that propellant ages faster, so counteract this a stabilizer such as Carbamite can be added [17]. 
[bookmark: _Toc140001256]4.3 Testing and Trails
In the UK the Health and Safety Executive (HSE) provide standards on the testing of energetic materials like explosives in accordance with the Energetic Materials Testing Assessment Policy Manual of Tests (EMTAP). These tests provide base standards for performance, behaviours and safety of the explosives. Tests on the explosives include Compatibility Tests, Rotter tests and Spigot Intrusion Tests. Drop and Fire Tests can be carried out the boxes containing explosives to see how they react in event of fire. When undertaking EMTAP 3 Flame Initiation Test on propellants, if the propellant ignites at a temperature greater than 140°C it cannot be used for service. Ageing trails can also be used to determine degradation and performance over time [18].
[bookmark: _Toc140001257]4.4 Regulations
The HSE also sets regulations for the safe carriage of dangerous goods by road (ADR), Rail(RID), Air(IATA) and Sea(IMDG). Explosives being Class 1. Information of compatibility groups are found here, so that incompatible explosives are not stored or transported together [19] [20].
PAM21 and aide memoirs give the UK Military operators safe distances for Proximity and Point Detonation [21].
[bookmark: _Toc140001258]5 Conclusion
In conclusion after considering of explosive trains in artillery rounds during service life and use, most of the decisions made towards the design are safety based around the entire life cycle of the round. Improvements can be made but are always the financially viable way of conducting them. Further research into developing technologies and insensitive explosives could be a more sensible choice with focus on trails and testing.
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