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[bookmark: _Toc219712651]Abstract
Energetic materials possess high energy densities that render them thermodynamically unstable, yet they remain usable due to kinetic constraints that limit decomposition under controlled conditions. The stability of these materials is strongly influenced by molecular structure and functional group chemistry, with nitrate esters generally exhibiting greater instability than aromatic nitro compounds. During storage and service life, slow decomposition processes occur, which may be accelerated by chemical ageing mechanisms such as impurity accumulation and autocatalytic reactions. These processes can reduce activation energy barriers, leading to a progressive loss of kinetic stability and increased sensitivity. Such degradation has direct implications for safety, performance, and Insensitive Munition compliance. This paper highlights the importance of understanding ageing-driven decomposition mechanisms and emphasises the role of systematic in-service surveillance and condition monitoring, as defined in NATO STANAG 4675, to support continued safety assurance and informed life-assessment of munitions.
[bookmark: _Toc219712652]Introduction
During the lifecycle of an energetic material, it is influenced by different chemical principles that can be grouped into four key stages explain in Figure 1: design, manufacture, in-service surveillance and disposal.  This report focuses on chemical principles within in-service surveillance that determine the material’s stability, ageing behaviour, compatibility, and performance reliability during its operational service life. 
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[bookmark: _Ref219654569][bookmark: _Toc219711263]Figure 1 - Lifecycle of a Mortar Bomb

To illustrate these principles, this report uses the example of an 81mm mortar bomb, as shown in Figure 2, focusing on the high explosives and propellants within the bomb.
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[bookmark: _Ref219647693][bookmark: _Toc219711264]Figure 2 - Mortar Bomb [1]
The high explosive used in this example is Composition B (comp B), which is made up of 59.5% RDX, 39.5% TNT and 1% wax. [2] The Primary cartridge uses a double-base propellant containing nitro-glycerine (NG) and Nitrocellulose (NC), and the augmenting charge case is made from NC, then filled with ball power which is a single-based propellant with spherical grains. [3]
[bookmark: _Toc219712653]Thermal stability and ageing 
[bookmark: _Toc219712654]Metastability and Slow Decomposition
Energetic materials have a high energy density compared to their decomposition products, making them thermodynamically unstable. This is partially due to the reactive covalent bonds within the molecular structure. However, the function groups also dictated the stability, for instance nitrate esters being much more unstable than aromatic nitro groups. Despite this, under controlled conditions, they can be kinetically stable as they have high activation energy barriers that require a stimulus, meaning the decomposition is very slow over time. However, chemical ageing processes can accelerate these decomposition pathways and reduce the activation energy and therefore kinetic stability over time, increasing their sensitivity. [4]
[bookmark: _Toc219712655]Autocatalytic Decomposition
An autocatalyst is a substance that speeds up a chemical reaction while also being a product of the reaction itself. The more autocatalysts form, the faster the reaction accelerates, creating a feedback loop that will continue to accelerate until it has fully decomposed or until an external stimulus slows the reaction. [5]
Autocatalysts are most common in nitrate esters, as they are unstable. Over time they naturally decompose slowly. This initial reaction of a general nitrate ester is shown in Equation 1. 
[bookmark: _Ref219677145][bookmark: _Toc219711288]Equation 1 - Initial Autocatalyst decomposition reaction

[bookmark: _Hlk219676191]The  is formed from the initial reaction this then reacts with another nitrate ester group to form  shown in Equation 2
[bookmark: _Ref219677731][bookmark: _Toc219711289]Equation 2 - Autocatalytic decomposition reaction 2

The  then reform two  shown in Equation 3 which can react with two more nitrate esters, the process continues. 
[bookmark: _Ref219677936][bookmark: _Toc219711290]Equation 3 - Autocatalytic decomposition reaction 3

After each reaction, the amount of  doubles and the process accelerates. If this reaction is not controlled it could cause runaway reactions, as well as the activation energy lowers the more autocatalysis that forms, causing the material to lose its kinetic stability and become less predictable [6]
Arrhenius Equation
The Arrhenius equation describes the exponential dependence of chemical ageing rate on temperature and activation energy. The equation is shown below in [image: ]Equation 4
[bookmark: _Ref219680757][bookmark: _Toc219711291][image: ]Equation 4 - Arrhenius Equation [7]

 : Rate constant 
: Pre-exponential factor 
: Activation energy 
: Gas constant
 : Temperature (in Kelvin)
This equation shows that a small increase in temperature can produce a large increase in decomposition rate and therefore service life. As T increases  becomes less negative, and the reaction rate increases, so there is more decomposition happening in the material. This shows the importance of having strict temperature control during storage to maintain kinetic stability for Long-term storage. [8]
[bookmark: _Toc219712656]Stabilisation Chemistry 
Stabilisers are essential additives that tend to be aromatic amines that are added to single and double-based propellants. Their main function is to control the decomposition of nitrate esters by reacting with NO₂, removing it from the system, and inhibiting the production of autocatalysts. 
The stabiliser and NO₂ reaction has a lower activation energy than the nitrate ester and NO₂, meaning that the NO₂ favours the reaction with the stabiliser and blocks the formation of autocatalysis. The general equation for this is shown in Equation 5 where S represents a stabiliser [9]
[bookmark: _Ref219683666][bookmark: _Toc219711292]Equation 5 - Stabiliser reaction
Stabilisers act as a chemical clock to the ageing processes, as they are slowly consumed over time in the reaction above. They are not there to stop the breakdown of nitrate easter but delay it; they will still degrade over time. This method just slows down that reaction. They are a good way to show the product is ageing, as the amount of the stabiliser left shows the speed at which the nitrate esters are degrading [10]
[bookmark: _Toc219712657]Comb B ageing
TNT is an aromatic nitro compound that has relatively low sensitivity and chemical stability. RDX is a nitramine with high detonation power. The combination of these two high explosives is often used as it offers the performance of RDX with the stability of TNT. TNT softens at around 80 °C, while RDX remains solid up to about 200 °C. This means RDX can partially dissolve into TNT at these temperatures, and when it cools causes Recrystallization, wax migration and void formation. [11]This changes the packing arrangement and alters the lattice energy, causing areas where strain can increase and sites for hot spots that lower the activation energy, making the material much less kinetically stable. When the TNT softens, it can also produce an oil that can seep through the shell creating the appearance of ‘Sweeting’ [12]
[bookmark: _Toc219712658]Surveillance, Testing and Traceability
Surveillance programs confirm the chemical stability, safety and performance of a product while it is in service through regular testing and inspection. Samples should be withdrawn from a lot to test stabiliser depletion, moisture content, burn rate, and thermal stability using tools such as heat-flow calorimetry, HPLC, FTIR and EMTAP testing, as well as test firing in accordance with STANAG 4675. [13] This data should be traceable throughout its life to see how chemical ageing has affected the product and its performance reliably, to give guidance on whether the material is considered safe to remain in service or no longer meets the chemical requirements [14].
[bookmark: _Toc219712659]Evaluation
Chemical ageing cannot be eliminated from a lifecycle only managed. As the service life of a product increases, the uncertainty in the thermal and kinetic stability, and the design assumption at the start of its lifespan may not be applicable. The functional group and bond chemistry of a molecule determines the ageing characteristics and the underlying chemistry within this. Inadequate in-service control accelerated the degradation process and created a material that becomes hard to control, safe degradation. Understanding the chemical principles and monitoring is key to ensuring a long and safe service life and performance reliability 
[bookmark: _Toc219712660]Conclusion 
Energetic materials are thermodynamically unstable but kinetically constrained under controlled conditions. Chemical ageing, including slow and autocatalytic decomposition, reduces kinetic stability and increases sensitivity over time. Effective in-service surveillance is therefore essential to manage safety, performance, and service-life risks
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