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The group presentation topic covered degradation reaction mechanisms, stabiliser chemistry, compatibility testing methods and how understanding them ensures long-term safety of energetic materials.

The focus of this summary report is the degradation mechanisms section as well as any other sections completed as part of the group presentation such as the contents, introduction and the long-term safety of energetic materials slides. These additional slides were then distributed across the group to present.

For the slides completed as part of the group work see, Appendix 1. 


[bookmark: _Toc216905170]Key Concepts

The key concepts covered in the degradation mechanisms section, of the group presentation, see Table 1.

[bookmark: _Toc216905194]Table 1 Key concepts covered in degradation mechanisms section
	Concept
	Name
	Brief Description

	1
	What is degradation
	Definition of degradation 

	2
	Degradation mechanisms
	Degradation types, drivers and accelerants 

	3
	Degradation in OME life cycle
	Types of degradation reactions present during the manufacturing, storage, use and disposal stages of OME. How degradation of OME is affected by the environment during storage ;high temperature and humidity and how these reactions affects the environment; leaching of additives into rivers and soil during disposal processes [1].

	4
	Real world case study of degradation reactions in nitrate esters present in propellants.
	How degradation reactions occur in nitrocellulose (NC) and nitroglycerine (NG) which are the main components of Double-Based (DB) propellants. Degradation mechanisms, hydrolysis, thermolysis and autocatalysis explained. Physical signs of propellant degradation, also known as propellant aging [2].

	5
	Physical effects of degradation on energetic materials 
	How propellants and explosives are physically affected by degradation, examples such as discoloration, cracking, corrosion, sweating/leaching, gas/vapours and crystals. Dangers of these physical changes [2] [3].

	6
	Relevance of degradation chemistry in ensuring long term safety
	How understanding the type and causes of degradation mechanisms in energetics and once these are understood how to prevent or slow them down. A wider view of how understanding degradation reactions, stabiliser chemistry and compatibility testing ensures the long-term safety of energetic materials [3] [4].




[bookmark: _Toc216905171]Supporting Technical Explanation 

Degradation is a term that generally describes the process where substances are broken down into smaller less valuable substances or molecules [5] [6]. Degradation can occur naturally over time; however, impurities present in energetic compounds or environmental effectors can often catalyse these reactions [3].

Types of degradation mechanisms and their drivers [7] [1] [8] [6]:

· Thermal – High temperatures
· Mechanical – Mechanical stress (dropping, vibrations etc)
· Photolytic – UV light 
· Oxidation – Oxygen/Oxidiser
· Hydrolysis – Moisture 
· Biodegradation - Enzymes

Degradation can happen at any point of the OME lifecycle: 

· Manufacture - water still can remain in NC that can cause hydrolysis degradation [7] [8]. 
· Storage - poor packaging methods and conditions can leave energetics vulnerable to moisture and UV light causing hydrolysis and photolytic degradation [3] [4].
· Use - rapid thermal decomposition reactions initiated during controlled detonations or deflagrations [3] [5].
· Disposal -  oxidation and combustion reactions by burning energetic articles at the end of their service life. Enzymes causing biodegradation through enzymatic hydrolysis and oxidation [1].


[bookmark: _Toc216905172]Reaction Mechanisms

Degradation mechanisms occur in DB propellants. DB propellants are composed of NC and NG, which are both nitrate esters. These reactions are exothermic, releasing heat energy into the environment, and can be see visually through, discolouration, sweating and brown vapours [2] [7] [9] [8]. 

Hydrolysis reactions occur in DB propellants in the presence of water, see Figure 1. Water causes acidic hydrolysis which promotes homolytic cleavage of O-NO2 bonds. The NO2 free radicals produce nitric acid that reacts exothermically with the hydroxy group [7] [8].
[image: A table of chemical formulas

AI-generated content may be incorrect.][bookmark: _Toc216905189]Figure 1 Hydrolysis reaction mechanisms in nitrate esters [7] [8].

Thermolysis reactions occur in nitrate esters due to high temperatures that can be caused by other exothermic degradation reactions, hydrolysis. It is the dominant degradation mechanism in DB propellants in temperatures over 60⁰C. The reaction mechanism shows the breakage of the O-NO2 bond, which creates nitrogen dioxide and R group free radicals, see Figure 2 [8].
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AI-generated content may be incorrect.][bookmark: _Toc216905190]Figure 2 Thermolysis reaction mechanism in nitrate ester based propellant [7] [8].









Autocatalysis reactions occur when the products such as nitrogen dioxide, generated by thermolysis and hydrolysis reactions, react with the nitrate esters, see Figure 3. These reactions are exothermic which drives further and faster degradation reactions to a point where these reactions cannot be stopped or slowed and usually result in spontaneous self-initiation [3] [7] [8].
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AI-generated content may be incorrect.][bookmark: _Toc216905191]Figure 3 Autocatalysis reaction mechanisms in nitrate esters [7] [8].
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Degradation of DB propellants is an example of how degradation reactions occur in OME. These reactions can occur during the storage part of the OME lifecycle. Degradation can be caused by poor storage conditions that allows water present in the environment, to make its way into the propellant if it is: stored in high temperatures, high humidity, have damaged or no environmental seals [5, 10, 4, 8]. 

Degradation of propellants is also caused intentionally during the disposal process. Disposal by burning causes rapid decomposition of energetic materials, this can result in deflagrations or if confined, detonations. These reactions allow the energetics to release their energy and products, such as carbon, carbon dioxide and water, in a controlled way [4]. 

Understanding these reactions can inform chemists of the type of additives required to stabilise these reaction types. Compatibility testing ensures that the correct stabilisers are selected for the energetics and give an indication of service life. Through life testing, conducted throughout the service life of the propellant, ensures that the stabilisers are still present and are doing their job. If there the levels of stabilisers have fallen or are no longer able to stabilise the energetics, the energetics are marked for disposal [4].
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Images of the presentation slides completed as part of the group presentation.
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Introduction

Critically examine the degradation mechanisms, stabiliser chemistry, and compatibility testing
methods that ensures the long-term safety of energetic materials.
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Introduction to Degradation Mechanisms

Degradation is a common term for any substance that undergoes a reaction that
decreases its value by breaking down into smaller, products of less value.

Explosives and propellants undergo rapid/slow degradation

Degradation caused by a variety of factors across the OME life cycle

(1]5]
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Reaction Mechanisms

Lifecycle Causes Example Reaction

Thermal Degradation
Pyrolysis [4]

Mechanical
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Hydrolysis [7][8]

Biological [6]

Chain scission of nitrocellulose (NC) during storage or
heating

Mechanical stress can cause free radicals

UV-induced radical formation in nitroaromatics

Autoxidation of hydrocarbon binder in storage

Radical oxidation and formation of hydroperoxides
(ROOH)

Ester bond cleavage in nitrate esters in propellants
under humid conditions during storage

Microbial attack on nitrate esters in disposal
environments.
Biological oxidation (enzymatic electron transfer)
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Degradation in the OME Life Cycle
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Case Study:
Degradation Reactions in Nitrate Esters

Double-Base (DB) propellants:

« Nitrocellulose (NC)
* Nitro-glycerine (NG)

Degradation of nitric esters has long been believed to involve two major pathways:

¢ Thermolysis - caused by high temperatures
* Hydrolysis - caused by moisture

Both reaction pathways involve the formation of alkoxyl and nitrogen dioxide free radicals

(47
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Hydrolysis
Caused by H,0

Initial steps: Propagation Steps:
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Thermolysis
Caused by High Temperatures

Initial step:

R—0-NO, »RO- +NO,

Propagation Steps:

RONO
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Other organic fragments
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Autocatalysis
Caused by NO, and High Temperatures

« NO, gas caused by degradation reactions react further to create more NO, gas

R—0—NO, + N0, > RO + 2NO,

« Increases in temperature and pressure
« Faster degradation - Rapid decomposition

« Self-ignition

(4107
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Visible Signs of DB
Propellant Aging

Internal:

¢ Colour changes

* Propellant grain cracking
* Brown vapours

External:
« Case swelling
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Visible Signs of Degradation

Sweating / Leaching

Crystallisation

« Colour changes

Cracking

Leakages

[10]
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Ensuring Long Term Safety

Understanding the What, Why, How:
» Physical and chemical degradation reactions
» Bond scission, de-polymerisation, oxidation
» Hot and humid conditions during poor storage, poor manufacturing
> Accelerated further by degradation products - Autocatalysis

Research and testing into how these reactions can be slowed or paused

Research and procedures into how these reactions can be monitored i.e. during storage.

[2][7][5]
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Long Term Safety of Energetic Materials

« Degradation mechanisms: How materials are broken down to predict risks and prevent
failures.

« Stabiliser chemistry: The use of additives such as stabilisers, binders and plasticisers to
slow or control degradation that can extend safe service life.

» Compatibility: Ensuring components interact safely to avoid hazardous by-products or
accelerated degradation.

« Combining these insights supports reliable performance and long-term protection.
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