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A presentation on ‘Additives in Nitrocellulose-Based Gun Propellants: Performance, Chemical Stability, and the Environment’ was delivered to a cohort of Ordnance, Munitions and Explosives’ students. Its purpose was to provide insight into how additives can be used to control propellant behaviour depending on the required performance and to discuss the harmful effect these additives have on the environment. This summary will provide a brief introduction to gun propellants before focusing on stabilisers and burn rate modifiers.
[bookmark: _Toc219722684]Gun propellants
Propellants are chemical substances which convert chemical energy into kinetic energy in order to launch a projectile from a barrel. They are found in small arms through to rocket motors, however, the focus of the presentation was medium calibre barrelled weapons - 20-155mm in diameter, found on aircraft, tanks, ships and self-propelled guns – an example is shown in Figure 1.
Gun propellants burn faster than rocket propellants but slower than small arms. Its geometry – such as multi-perforation grains allows for progressive burning, unlike the rapid burn in small arms. Propellant burn is a surface effect, therefore the surface area, and any chemical on the burning surface, have a significant effect on the burn rate.
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[bookmark: _Ref219149252][bookmark: _Toc219722748]Figure 1 Medium calibre barrelled weapon – personal photograph taken in Alvdalen, Sweden.

[bookmark: _Toc219722685]Nitrocellulose-based propellants
Nitrocellulose (NC) based propellants are generally classified into three types: single base, double base and triple base. Table 1 shows how each composition provides different performance characteristics and how they are predominantly utilised.
[bookmark: _Ref219654366][bookmark: _Toc219722755]Table 1 General use and performance characteristics of NC based propellants [1] [2]
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Gun propellants, including nitrocellulose-based, contain a mixture of additives at varying quantities based on the required performance. As nitrocellulose naturally decomposes readily due to its weak nitrate ester bonds, there is a need to control its degradation as well as its performance. For this, additives must be used.  Stabilisers improve the mechanical properties of the propellant, controlling the autocatalytic degradation reaction, and burn rate modifiers are used to produce the desired burn rate throughout the use of the propellant [3].

[bookmark: _Toc219722686]Stabilisers
Nitrocellulose decomposition is an exothermic reaction that produces reactive nitrogen oxides (NO and NO2) and nitrous acid (HNO3), water, and free radicals which all accelerate its natural decomposition leading to autocatalytic degradation through thermolysis and hydrolysis reactions if not controlled [4]. The thermolysis reaction is shown in  Equation 1 where R is CH2.


[bookmark: _Ref219721520][bookmark: _Toc219722671]Equation 1 Thermolysis reaction for the decomposition of nitrocellulose [5]

Additionally, research has shown that the activation energy of nitrocellulose decreases naturally as it ages, making it easier to initiate [6] [7]. These factors highlight the importance of controlling the decomposition process through the use of stabilisers to enhance propellant thermal stability and prolong its shelf life.
Common stabilisers include:
· Diphenylamine (DPA) C6H5NHC6H5
· ACARDITE II C14H14N2O
· Ethyl Centralite C17H20N2O
· Methyl Centralite C15H16N2O
Stabilisers, such as DPA – shown in Figure 2,  slow down the degradation process by eliminating nitric and nitrous oxides or by removing moisture from the system [8], [9]. This prevents the formation of the autocatalytic reaction and while it is not possible to completely stop the reaction, the addition of stabilisers can increase shelf life from days to years [10], [11] . However, in doing so, hazardous compounds such as N-nitrosamines are produced. These are known to be highly carcinogenic, mutagenic and reprotoxic, as noted by Stucki [12] in 2004 and Rodrigues [13] in 2020.
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[bookmark: _Ref219662918][bookmark: _Toc219722749]Figure 2 Chemical Structure of DPA [10]
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As noted above, conventional stabilisers are harmful to people and the environment when they react. Research is ongoing into alternative green stabilisers that are less harmful and safer for both people and the environment. These include guaiacol, polymers, and natural source stabilisers [13] [14]. Green alternatives must provide the same performance as traditional propellants but have better biodegradability and lower toxicity levels.

[bookmark: _Toc219722688]Burn Rate Modifiers
Burn rate modifiers alter the natural combustion rate of the propellant grain. By regulating this reaction, the volume of gas produced is controlled and therefore the pressure within the chamber of the barrel is predictable. This allows the desired performance to be achieved whilst staying within safe pressure limits, helping to balance safety and performance [2].
Examples of burn rate modifiers include:
· Copper salicylate​
· Lead 2,4-dihydroxybenzoate​
· Lead salicylate ​
· Lead stearate ​
· RDX​
· Oxamide
· Nanoparticles (e.g. iron oxide)
Figure 3 illustrates three possible burning effects generated by burn rate modifiers. Initially, at lower pressures, the reaction is catalysed considerably during super-rate burning. This transitions into plateau burning where the burn rate becomes less sensitive to pressure changes and levels off as the catalytic effect of the modifier diminishes, helping to stabilise chamber pressure. Then during mesa burning, the burn rate decreases as pressure increases, subsequently returning to a rate seen in a non-catalysed propellant [15] [16]. Keeping the burn rate in the desired effect provides improved combustion and pressure control.
Lead stearate is a common burn rate modifier that not only regulates the burn rate but can also reduce propellant sensitivity to pressure changes by introducing lead oxides into the propellant. These subsequently act as catalysts, reacting with nitrate esters in the nitrocellulose to reduce the activation energy of the propellant and accelerating decomposition at the burning surface [16]. 
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[bookmark: _Ref219667630][bookmark: _Toc219722750]Figure 3 Propellant burn rate modification [15]
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[bookmark: _Ref219721973][bookmark: _Toc219722751]Figure 4 Catalysed and non-catalysed burning rate [15]
Figure 4 demonstrates the increase in initial combustion rate at lower pressures in the catalysed reactions, compared with the linear progression of the reaction in the non-catalysed reaction. The catalysed reaction slows to the rate of the non-catalysed reaction after the catalytic effect diminishes. The legend (1-4) indicates the catalyst used.
[bookmark: _Toc219722689]​Environmental Impact
Lead is well known for being incredibly toxic to the human body and damaging to the ecosystem [17]. It bioaccumulates in the soil and water remaining there for many years, potentially entering the food chain. Due to its toxicity, its use is now restricted in favour of more environmentally friendly options under an European Union regulation - the Registration, Evaluation, Authorisation and Restriction of Chemicals (REACH) [18] [19]. As with the stabilisers, green alternatives must provide the same or better performance as traditional burn rate modifiers and this can be difficult to achieve [20].



[bookmark: _Toc219722690]Conclusion
The presentation covered the intended topics of nitrocellulose-based stabilisers and burn rate modifiers providing an overview in both areas. The allocated time was limited and with an opportunity to present for longer, additional technical detail could be presented. 
A single question was asked at the end of the presentation, this is covered in Appendix 1.
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In the questions and answers session at the end of the presentation, a question was asked about the use of DPA stabilisers in all nitrocellulose-based propellants - is it compatible? 
The following answer was given:
DPA can be used in all nitrocellulose-based propellants, but it is better suited to use in single base propellants. In double and triple base propellants DPA tends to react with nitroglycerine, which can lead to instability. It would be better to use other stabilisers such as Acardite in double or triple based propellants [10].
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