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Abbreviations:
NATO - North Atlantic Treaty Organisation
TNT - Trinitrotoluene
NC - Nitrocellulose
NG - Nitro-glycerine
NQ - Nitroguanidine
OSX-CAN - Ordnance Systems Explosive-Common Ammunition New-fill
DNAN - 2, 4-dinitro anisole 
NTO - 3-nitro-1, 2, 4-trinitrazol-5-one 


[bookmark: _Toc134552965]Introduction:
Explosives used in the defence industry are usually categorised as high or low explosives. High explosives explode, causing a shockwave within the explosive that has the power to shatter anything that encounters it. High explosives also have the power to produce a blast, a harmful effect caused by rapid gas expansion. Low explosives have a burning reaction, and the explosion process is initiated by heat transfer rather than shock. Low explosives include propellants which are used to propel a high explosive payload from a barrel to a target like an artillery round [1, p. 6].
Explosives can also be categorised according to how easily they can be ignited and detonated or their initiation sensitivity. Primary explosives are substances that are easily ignited or detonated by a modest mechanical or electrical stimulation; secondary explosives, on the other hand, are substances that are not easily initiated in this way and need the effect of an impinging shock wave to do so. A flame is typically used to ignite propellants rather than either of these techniques. Propellants are expected to burn rather than detonate although, in the right circumstances, they can burn to detonation [2].
Performance, reliability, and safety are all key factors in military explosives' production, use and storage. Military explosives can often have a long shelf life and be subjected to higher or lower temperatures than commercial explosives [1, p. 7].
[bookmark: _Toc134552966]155mm Artillery Ammunition: 
155mm artillery ammunition is the chosen large calibre for the North Atlantic Treaty Organisation (NATO) and other Western militaries. It can be fired from towed and self-propelled weapon systems [3]. The high explosive projectile is primarily used for fragmentation and blast.
[bookmark: _Toc134552967]High Explosive 155mm Artillery Projectile:
The M107 is the United States Army's preferred high explosive 155mm artillery projectile and the most frequently employed projectile in American artillery, and one of the "NATO standards" against which all others are judged against. The projectile's body is manufactured from hollow AISI 1045 steel, filled with high explosives, usually a symmetrical isomer 2,4,6-Trinitrotoluene (TNT) or composition B. It has a smooth ogive shape and has a boat tail base for aerodynamic purposes. At the front, a fuze adaptor is screwed into place and securely brazed in place. For storage, handling, and transportation purposes, a threaded lifting plug is threaded into the fuze adaptor, and a grommet protects the metal drive band near the projectile's rear. Once the lifting plug is removed, a variety of fuzes may be fitted to the projectile [4] (see Fig. 1).
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Fig. 1 Image of HE 155mm Artillery Projectile [5]
[bookmark: _Toc134552968]Explosive Train:
An explosive train is a series of explosive components, arranged in order of sensitivity. For example, an initiator of primary explosive, sensitive, used to initiate a less sensitive booster that can produce enough stimulus to reliably detonate a comparatively insensitive main charge [1, p. 2 ch. 6]
[bookmark: _Toc134552969]Explosive Trains in 155mm Artillery Ammunition:
There are high and low explosive trains in 155mm artillery ammunition. The low explosive train consists of a primer, igniter and propellant which can be in bags or modular, that will burn to produce hot gases and pressure to propel the projectile out of the barrel. The high-explosive train consists of an initiator that will provide sufficient energy to a secondary explosive booster to allow detonation of the shell’s main explosive fill, usually TNT or composition B. The two explosive trains are independent as the 155mm shell and propellant are separate loading munitions (see Fig. 2).
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Fig. 2 Explosive trains in artillery rounds [1].
[bookmark: _Toc134552970]Propellant Charge:
Triple-base propellants are a mixture of nitrocellulose (NC), nitro-glycerine (NG) and nitroguanidine (NQ). Triple-base propellants are used in large-calibre propulsion charges. The inclusion of NQ to make a triple base propellant reduces the temperature of the flame and the gas volume is increased. This results in less barrel erosion and a reduction of muzzle flash, which benefits artillery weapons, as flash can give away the weapon’s location to the enemy [6, pp. 151-152]. 
According to Walsh et al [9], most triple-base propellant compositions have around the same amounts of NC, NG, and NQ. The standard formulation has 18.91% NC, 18.61% NG, and 54.72% NQ, with the stabiliser ethyl centralite, and various inorganic salts making up the remaining portion. 
The British army uses propelling charge bags that are triple base propellants. L2A1 is known as charge 1 and 2. L8A1, charge 3-7 and L10A1 which is charge 8. The L8A1 consists of charge 3 L4A1, charge increments from 4 to 7 and an L20A1 igniter (see Fig. 3 and 4). When a full charge is required, charges 4-7 are positioned in the charge 3 bag, they protrude from the front, can be removed, and are held in position with a Velcro strap [7]. (See Fig. 4).
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Fig. 3 L8A1 propellant charge [8]
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Fig. 4 L8A1 full charge with increments 4-7 [7].
Propellants are identified by codes, they identify the propellant nature, shape, and ballistic size. The N indicates a triple base propellant, with little flash, M indicates multi-tube shape, and numbers indicate diameters in millimetres. S indicates a slotted tube. For charge 8, B depicts that blended nitrocellulose was used, Q represents a higher calorific value than normal N base propellant, and 2P shows 2% potassium sulphate is used to reduce flash (see Fig 5). [9, pp. 14-15 ch. 2]
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Fig. 5 Table of L8A1 and L10A1 propellant charge weight and colours [8].
[bookmark: _Toc134552971]Projectile TNT Main Explosive Fill:
Many current high explosive shell fillings contain TNT, which at room temperature is a pale yellow crystalline solid (see Fig. 6) for TNT characteristics. According to its chemical composition (C7 H5 N3 O6), there are seven units of carbon, five units of hydrogen, three units of nitrogen, and six units of oxygen [9, p. 2.2].
The explosive must be poured into casings to create high-explosive weapons. TNT-based formulations have been widely used because they melt around 81 °C, well below their ignition temperature, allowing for safe melt casting [1]. 
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Fig. 6 TNT Characteristics [6, p. 39].
[bookmark: _Toc134552972]Safety of TNT Shells and Propellant Charges in Storage and Intended Use:
[bookmark: _Toc134552973]TNT
If artillery ammunition is not handled, transported, and stored properly, it will deteriorate and become unstable. It may entirely malfunction, leading to a misfire or blind that, while safe, will lessen the effect of the round. It may function fully or partially but at the wrong time, posing a major risk to the user or friendly forces under or near the trajectory [7, p. 1.1]. 
The issued containers that hold ammunition offer the best protection against damage from heavy handling, moisture, temperature, or enemy activity. Unit load containers (ULC) are typically used to distribute 155mm ammunition (see Fig. 7). They contain seventeen complete rounds, the ULC provides sufficient protection against the above apart from direct sunlight, and shade will need to be available with good ventilation to negate excessive heating from the sun [7, p. 1.4]. On removal of shells and charge bags from the URC, it is good practice to raise them off the ground to protect against moisture ingress to the shell or charge bags. It will also negate the build-up of dirt causing damage to the barrel whilst firing.
[image: ]
Fig. 7 155mm Unit Load Container [7, p. 1.4]
When shells are filled via melt cast, the inside of the shell is covered with paint or varnish. This is to prevent corrosion of the metal and by creating a strong bonding surface for the explosive, the coating should be compatible with the explosive and inhibit rotation of the main charge in relation to the spinning projectile [10].
A whole round of separate loading ammunition like the 155mm artillery consists of the fuzed projectile, propellant charge bags, igniter, and a primer. This results in safer handling reducing weight for the end user. Also ensures the explosive train is not aligned until the fuze has been fitted and the fuzed shell, propelling charge, igniter, and primer have been inserted into the breech [11].
[bookmark: _Toc134552974]Propellant: 
Both NC and NG are nitrate esters that slowly break down into nitrogen oxides, primarily nitrogen dioxide (N02), at room temperature. These oxides, promote additional disintegration if they are not removed from the system as they are created, reducing the storage life of the propellant. As a result, an additive is present in all traditional gun propellants to neutralise the by-products of breakdown. [2, p. 91]. 
Additives make up the rest of the weight of triple-base propellants, these can be known as stabilisers, plasticisers, coolants, de-coppering agents, surface lubricants and moderators, flash inhibitors, and anti-wear additives. Carbamite, the chemical name diphenyl diethyl urea, reacts with the products from the breakdown of NC and NG to form nitro and nitroso products. Some additives can have numerous uses, carbamite for example can act as a stabiliser, plasticiser, coolant, and surface moderator (see Fig. 8) [2, p. 92].
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Fig. 8 Additives for propellants [2] 
It is important to keep the propellant at a stable temperature. According to American data, for every ten degrees temperature rise over 30°C will result in the halving of the initial shelf life [12](see Fig. 9).
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Fig. 9 American theory of shelf-life reduction due to temperature [12].
[bookmark: _Toc134552975]Issues with TNT Main Explosive Fill:
One of the major problems with TNT in storage especially in warmer climates is the exudation of dinitrotoluenes and other isomers of TNT [6, p. 39]. 
When confined munitions containing TNT are heated, whether in storage or operationally, the TNT expands, the pressure inside the shell increases and protective shields like paint or varnish can be damaged. The products of exudation develop at the area nearest the shell casing. With increasing pressure, the products look for an area of less pressure like the fuze well or booster pocket. This results in the formation of channels in the TNT, meaning the explosive’s density is severely reduced, and the sensitivity of the explosive is heightened to the point where there could be an unintended detonation in the barrel of the weapon [13].
Additionally, ammunition that has TNT in it is vulnerable to opposing fire. For instance, a projectile filled with TNT can be destroyed by 12.7mm armour-piercing bullets. TNT-loaded 155mm projectiles react similarly and violently to high-speed fragments and shaped charge munitions [14].
Peter Schwartzstein [15] suggests in an article that climate change could be contributing to unplanned detonations of explosives in the middle east, including artillery shells especially whilst not stored correctly. He states that there is a 60 per cent increase in the probability of an unplanned explosive event occurring between the months of April and September.
[bookmark: _Toc134552976]Alternatives to TNT in Artillery Shells:
There are several ways to make TNT safer, however, it can never be fully safe and does not meet the requirements of US Army testing for insensitive munitions. 
Ordnance Systems Inc scientists decided to create a new insensitive munition. They created Ordnance Systems Explosive-Common Ammunition New-fill (OSX-CAN). This explosive was created using two new ingredients, 2, 4-dinitro anisole (DNAN) and 3-nitro-1, 2, 4-trinitrazol-5-one (NTO). 
OSX-CAN-filled 155mm artillery shells were tested at the United States Holston Army Ammunition Plant against threats including bullet strike, fragmentation, heating at different rates, shaped charge impact, and sympathetic detonation. The explosive passed all the tests and is going to be utilised for the M795 ammunition new fill qualification tests [14]. 
OSX-CAN became known as IMX-101. IMX-101 is manufactured using DNAN, NTO and NQ. An alternative to composition B is IMX-104, created using DNAN, NTO, and RDX (See Fig. 10). 
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Fig. 10 Ingredients of IMX-101 and IMX-104 [1].
Both new compositions, density, velocity of detonation and detonation pressure were similar to that of which they were replacing. IMX-101 has a higher detonation pressure than TNT resulting in a greater brisance on detonation [10] (see Fig. 11). 
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Fig. 11 Detonation properties of IMX-101 and TNT [10]
Tests were conducted and the IMX-101-filled 155mm shell outperformed TNT in all aspects of the test [1] (See Fig. 12).
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Fig. 12 Test result comparison between TNT and IMX-101 [1].
The melting point of IMX-101 is 95°C, which is almost 15°C higher than TNT. It also has a much lower coefficient of thermal expansion that should alleviate the pressure inside the munition when subjected to extreme temperatures.
Exudation tests were also conducted and an 8 per cent irreversible growth was witnessed in 25mm x 25mm pellets of IMX-101. The pellets were then tested for weight loss with TNT losing 0.67 per cent, compared to just a 0.05 per cent loss for IMX-101 [10].
Although IMX-101 and 104 filled rounds are more expensive than TNT. It is believed that savings will be made in transport and storage as the IMX rounds are significantly easier to handle and can be kept much closer to the troops in the field without the need for expensive infrastructure and regulations [16].

[bookmark: _Toc134552977]Conclusion:
TNT has been a mainstay explosive fill for artillery ammunition for over one hundred years. It has been utilised because of its ease and low cost of manufacture. However, in more recent times especially where Western nations have been operating in the desert conditions of Iraq and Afghanistan there have been cases where TNT-filled ammunition has been subjected to extreme high and low temperatures. As discussed, this causes exudation creating cavities, and hot spots and reducing the density of the explosive resulting in instability, creating hazards in storage and under firing conditions.
It is pleasing to see the manufacture and testing of insensitive munitions have been conducted. This will hopefully improve the safety operationally and in storage for the British military and other NATO countries. IMX-101 having a higher melting point and weight loss under heating than TNT would suggest that it will be much more stable in more temperate climates.
TNT will continue to be utilised by NATO until all stocks are either out of storage life or used as intended. Although TNT will more than likely be being utilised in artillery munitions by other countries well after NATO has moved over to insensitive munitions. 
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Charge and name P:]Pddv::aly(;e o M::s @ andNOolor b

Q Color
L4A1 RWA98GF Charge 3 N MO6 (1390) 262.8 | 259.7 | 760.6 | BG
RW63AF Charge 4 N MO6 (592) 1119 | 1102 | 3239 | O
RW73AF Charge 5 N/S M34-10 (1560) | 295.0 | 290.3 | 853.6
RWG9AF Charge 6 N/S M34-10 (2420) | 457.6 | 450.4 |1324.3
RW7OAF Charge 7 N/S M34-10 (1490) | 282.8 | 277.3 | 8153 | B
L10A1 RW532GF Charge 8 NBQ2P/S (12250)  |2316.5 |2279.7 |6703.2| Br

* Ammunition studied in this report, LA1 (charge 3 to 7), L10A1 (charge 8).
** Increment Bag color: BG (Blue Grey), O (Orange), G (Green), V (Violet), B (Beige) Br (Brown).
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