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1. [bookmark: _Toc218963665]Introduction
Compatibility testing is an essential part of the weapons design process, especially with the increasing complexity of modern weapons and development in energetic materials. The process involves the assessment of chemical and thermal stability of the energetic material (EM) and all other components that it will come into contact with during its lifecycle. These components include casings, binders, and stabilisers, as well as liner materials [1] [2].
There are currently a wide range of energetic materials (EM) of different types with a broad range of sensitivities unique to each. To deliver a desired effect on target, whether that is to screen/mask military assets, or to deliver an airborne countermeasure, the system has to be reliable and safe, throughout all stages of its lifecycle. This is achieved through Compatibility testing.  Standardized testing allows allied forces and NATO members to share and use munitions safely, effectively enhancing and supporting interoperability. 
The process of classification and compatibility of energetic materials is governed by the United Nations, with advice being found in the Manual of Tests and Criteria. Essential (and overarching) guidance has been identified within the Standardisation Agreement of NATO (STANAG) 4170, and Allied Ordnance Publication (AOP) 7. STANAG 4170 does not contain specific test procedures but refers to further STANAGS that provide details on them [3]. A list of STANAGS relevant to compatibility testing can be found in Appendix 1.
















2. [bookmark: _Toc218963666]Compatibility Testing
The compatibility of energetic materials plays an important part of the Ordnance, Munitions and Explosives lifecycle, and the data gathered from these tests informs safe handling at all stages of the lifecycle, including manufacture, handling, use, transport, storage and disposal. 
Several test methods exist within the compatibility testing framework. Information about the decomposition process of EM can be identified using a variety of tests. This included specific test procedures relating to Vacuum Stability Testing (VST), Thermogravimetry (TGA) Testing, and Differential Scanning Calorimetry (DSC) Testing. During the test process, information relating to thermal stability, melting point, decomposition onset and peak temperatures can be identified.

2.1. [bookmark: _Toc218963667]Vacuum Stability Test
The test procedure is conducted using small sample quantities (2-4g) and  is conducted in a  sealed and contained environment. The sample is then heated to a set temperature and then held at that temperature for a set time. The volume of gas generated (and the associated pressures) during the decomposition process are measured, which allows direct comparison between a pure sample and others run concurrently. This is used 
VST has been used to examine the volume and pressure of gasses generated during decomposition in evaluating chemical compatibility of nitrocellulose and stabilisers. This research demonstrated that both the volume and pressures generated are decreased by the presence of other materials that were being tested. The decrease demonstrates that the other substances are compatible with NC as a result of this reduction [4]. Should the test results show an increase in pressure and volumes of gas produced, this would indicate an adverse effect, indicating that the materials are incompatible.  Examples are shown in Figure 2.[bookmark: _Toc218964338][bookmark: _Ref218877932]Figure 1 - Vacuum Stability Test - Results example - Showing the compatibility testing of nitrocellulose and other materials as stabilisers - to examine the effect on thermal stability and decomposition. [4]



2.2. [bookmark: _Toc218963668]Thermogravimetric Analysis:
Thermogravimetric Analysis (TGA) examines the physical mass of a sample that is lost during the test procedure. This is conducted by exposing a sample to a set temperature for a fixed duration of time in an inert atmosphere[footnoteRef:1] [5] [6]. For testing NC this is conducted at 150°C  for 80 minutes. [1:  It should be noted that there are three variations of TGA: Dynamic TGA (DGTA), Static TGA (STGA) and Quasistatic TGA (QTGA). The key differences between these are that when conducting DTGA temperature and weight are recorded; during STGA temperature is held at a constant, to measure the temperature resistance of a sample; and QTGA where the sample is heated at different rates and held at those temperatures until the sample stabilises (i.e. no further mass is lost). The majority of TGA conducted is Isometric, focussing on only one variable at a time.] 

From examining mass loss during this test procedure information can be identified about consumption of stabilisers in storage. As NC decomposes, it breaks down into ROO, NO, RONO2, and NO2, and the mass decreases as these products are generated [7]. By weighing the initial sample and what remains at the end of the test procedure, it is possible to identify the total mass lost as a result. The TGA test indicates whether a material is compatible with a sample as it will reduce the total weight lost, and example of results from this are shown in Figure 3.
[image: Fig. 5]
[bookmark: _Toc218964339][bookmark: _Ref218880465]Figure 2 - Thermogravimetric Test - Example of results from TGA and stabiliser testing. these results illustrate the mass lost during test procedure for Nitrocellulose, and NC and stabiliser mixtures. [4]

2.3. [bookmark: _Toc218963669]Differential Scanning Calorimetry Test
Differential Scanning Calorimetry (DSC) testing is used to examine thermal decomposition kinetics of a material sample. It has been used to identify the change in enthalpy and establish the heat of reaction (ΔrH) of a material sample. It is conducted by exposing the sample to a variety of heating rates over a range of temperatures. DSC Identifies Onset temperature (Tonset) & Peak temperature (Tpeak) of decomposition reactions to determine the Activation energy (Ea) of the material being tested. Where the Ea is reduced (or increased) by the presence of another material or stabiliser its compatibility is identified, according to the baseline results of the material itself.
[image: Fig. 6]Analysis provides information on how a material reacts during compatibility testing, with examples shown in Figure 4.[bookmark: _Toc218964340][bookmark: _Ref218949952]Figure 3 – Differential Scanning Calorimetry test - NC compatibility testing results demonstrate how Onset and Peak Temperature are affected in the presence of different stabilisers [4].

Figure 4 shows a number of examples related to how NC Tonset is affected by different materials. Pure NC has a Tonset of 201.0°C, which increases to 202.2°C when compatibility testing with DPA is conducted. From testing alongside other materials (ZSM-5 and other ZSM-5 compounds) a decrease in temperature indicated that there was a decrease in ΔrH, which would initially suggest that the presence of these materials had an adverse effect on the Tonset. Further analysis Ea required to initiate the decomposition of NC can be seen in Figure 5. This showed that the presence of the other materials considerably increased the Ea required to initiate a reaction, thus indicating chemical compatibility of the materials tested[footnoteRef:2]. [2:  Note: Where the temperatures of the alternative stabilisers adversely affected the Tonset, this paper also noted that the Zeolite mixtures also improved the temperature of output NC demonstrating a higher Tpeak. (Chebbah et al.).] 

[image: ][bookmark: _Ref218951596][bookmark: _Toc218964341]Figure 4 - Tabulated Results of Differential Scanning Calorimetry Test - Following analysis of results in Figure 4 [4].

3. [bookmark: _Toc218963670]Long Term Safety and Life Cycle Management
Nitrocellulose has been identified as a common ingredient in civilian and military propellants (and commonly found in single and double base propellants) [8]. Thus when used in propellants of this nature it is required to perform to a satisfactory standard wherever military assets are deployed, which has included a broad range of temperatures and environments. During storage, NC is prone to decomposition even when stabilisers are present (albeit at a much slower rate than pure NC). This is as a result of low bond energies of the nitro-ester functional group. In storage stabilisers (such as DPA, Centralite 1 and Akardite 2) are consumed as part of the decomposition process, however, reduce the onset of autocatalytic decomposition [9] [10]. As part of this, regular testing for stabiliser depletion needs to be conducted to ensure that articles containing NC will perform as and when required. In-Service surveillance ensures that performance and safety requirements are met throughout the lifecycle of any given munition.
In-Service Surveillance has been conducted using Het Flow Calorimetry (HFC) and DSC [4] [11]. This test procedure measures the thermal absorption of materials over time and utilises Gas Chromatography-Mass Spectrometry (GCMS) to identify the quantity of stabiliser remaining. HFC testing standards are identified within STANAG 4582 and STANAG 4620 (AOP 48 - Explosives, Nitrocellulose-Based Propellants, Stability Test Procedures and Requirements using stabiliser Depletion). An example of HFC data is shown in Figure 5.
[bookmark: _Toc218964342][bookmark: _Ref218957272]Figure 5 - Heat Flow Calorimetry Test results - Nitrocellulose based propellant surveillance. Heat flow is shown on the (y) axis, with time (days) along the (x) axis.


4. [bookmark: _Toc218963671]Conclusion
Compatibility testing plays an important role in identifying the chemical compatibility of materials, with the aim of reducing the hazards associated with all stages of the lifecycle of energetic materials. The test methods of VST, TGA, DSC and HFC are essential in evaluating the safety and compatibility of energetic materials throughout the manufacture, storage, and transportation processes associated with them [12]. Understanding how the interactions between EM, stabilisers and the effects these have on material sensitivity need to be considered, as these share an intimate relationship based on the materials and environments they are exposed to throughout their lifecycle. 
The thermal stability, kinetics, and activation energy of isothermal decomposition vary between EMs and play an important role when considering the practicalities of safe handling throughout their respective lifecycles [13].
The selection and use of stabilisers can enhance safe handling but should be established based on empirical evidence gathered through the different test procedures, with a minimum of two compatibility tests being conducted to ensure compatibility. Ea and ΔrH vary throughout the lifecycle and should be monitored at key stages to ensure longevity, with appropriate disposal pathways in place for materials that do not meet required safety standards  [10] [14]. Compatibility testing should therefore be considered an essential step factored into all stages of the energetic lifecycle of any OME article following the guidance laid out in the relevant STANAGs and AOPs according to the EM used.
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Appendix 1:
The following STANAGs and AOPs were identified through conducting a literature search into compatibility testing. This should not be considered an exhaustive list; the majority of STANAGs are not available for free as open-source copies. This list should be considered an example of the breadth and depth of subject areas relevant to compatibility testing that are referenced in research articles and/or identified through research.
	STANAG
	AOP
	 Description

	2953
	AOP-02
	Identification of Ammunition shows marking and colour coding which will serve to identify the use, effect produced, and hazard potential of ammunition used by NATO Forces.

	4147
	AOP-4147
	Common procedures for testing the chemical compatibility of explosives and propellants with other ammunition components, ensuring safety and reliability during manufacturing, storage, and use.

	4170
	AOP-07
	Manual of Data Requirements for the Qualification of Explosive Materials for Military Use provides the principles and methodology to assess new explosives materials for military use.

	4297
	AOP-15
	Guidance on the Assessment of the Safety and Suitability for Service of Non-Nuclear Munitions for NATO Armed Forces establishes and maintains the munition development and assessment policies.

	 
	AOP-38
	Specialist Glossary of Terms and Definitions on Ammunition Safety (No Covering STANAG). This is in the process of being updates, and with NATO definitions being moved to the NATO term database incrementally.

	4315
	AOP-46
	The Scientific Basis for the Whole Life Assessment of Munitions enables nations to collaborate in effectively implementing and conducting Munitions Whole Life Assessment to optimise munition life and achieve improved safety, reduced cost and sustained capability.

	4556
	
	Explosives: Vacuum Stability Test: Stability testing procedures for energetic materials using vacuum stability are described/contained within this standard.

	4620
	AOP-48
	Explosives, Nitrocellulose-Based Propellants, Stability Test Procedures and Requirements using Stabilizer Depletion provides the general methodology, test procedures, limits of acceptance and data sheets for stability testing of nitrocellulose-based propellants using stabilizer depletion.

	4675
	AOP-62
	In-Service Surveillance of Munitions General Guidance provides basic guidance on ISS including, why it is necessary, when it should be implemented, and the key personnel and documentation required.

	4675
	AOP-63
	In-Service Surveillance of Munitions Sampling and Test Procedures enables nations to conduct joint in-service surveillance programmes of munitions provides guidance for selecting test items that adequately represent the whole population to be assessed.

	4675
	AOP-64
	In-Service Surveillance of Munitions Condition Monitoring of Energetic Materials provides standards for the procedures required to assess continued or extended service use of an item.

	4844
	AOP-4844
	NATO Handbook for Munitions Health Management provides an agreed best-practice guide for the implementation of munitions health management which when applied, supports, and enhances national policy for In-Service Surveillance.
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