


1. Abstract

Polymer Bonded Explosives (PBXs) are extremely common in OME for a variety of reasons; they show excellent resistance to physical shock, Electro-Static Discharge (ESD), friction and can remain functional after decades of long-term storage. However, this does not mean they are immune to the passage of time; they are still subject to ageing throughout their lifecycle like another explosive. Older PBXs can suffer a multitude of Functional Failure Modes (FFMs), which are Mitigated by the inclusion of certain ingredients within a PBX mixture. This data, along with which Tests may be performed to monitor the integrity of the Energetic Material (EM), was identified and presented to an audience. This report serves as a summary of this learning and shows how understanding the ageing of PBXs contributes to the wider context of OME Safety Management.
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1. Introduction

PBXs are popular for EM fillings in modern munitions for the aforementioned reasons listed in Para i, it is therefore unsurprising that their use has become the defacto standard across NATO nations. In basic terms, a PBX consists of two components; the EM and a Binder, the EM is the “raw” explosive content of the PBX and is usually a high-energy Secondary explosive such as RDX or HMX due to strong compatibility with Binders and relative low cost. Binders are long-chain Hydrocarbons that envelop the explosive, acting as a barrier between it and outside stimuli that may lead to inadvertent detonation. The example chosen in Appendix C is Hydroxyl Terminated Polybutadiene (HTPB), which is a popular choice for PBX blends for its low cost and ability to retain elastic behaviour even when fully cured. This is useful as PBX blends that use HTPB show excellent resistance to shock as military EM is often subjected to harsh usage environments and this resistance enhances the insensitiveness of the EM [11]. 

To understand how PBXs age, the Ministry of Defence’s Standardisation Database (STANMIS) was consulted for information, STANMIS highlighted a number of NATO Standardisation Agreements (STANAGs) that informs member nations on how to comply with NATO Insensitive Munitions (IM) policy, chief among these was STANAG 4666 [25] which details methods to test the integrity of PBXs in service. The reference table found in STANAG 4666, as seen in Appendix M, listed potential FFMs that may be found within a PBX, how these manifest in reality and what tests may be carried out to monitor the condition of the tested PBX. 

1. Researched Topics – Functional Failure Modes 

STANAG 4666 listed a number of detrimental effects that an EM may suffer, the refence table in Appendix M notes four main mechanisms of damage within a PBX composition: Dewetting, Plasticiser Migration,  Oxidative Cross-link and Chainscission. 

Dewetting occurs when, through absorption of moisture and excessive heat, the Binder detaches from the explosive, leaving voids where the Binder used to be as seen in Appendix P [19]. This is a severe problem as the EM has created its own “Hot Spots”; areas in which gas collects and can be subjected to adiabatic heating when placed under shock. In practice, this manifests as a vast increase to the sensitivity to the EM and should be avoided at all costs. It is for this reason that DSA.03 OME [21] places strong limits on the temperature and humidity that an EM may be stored in. 

Plasticisers are included within a PBX mixture to add an additional “layer” of protection to the explosive and provide further improvement to mechanical properties, such as granting an increased shock resistance and therefore provide greater insensitiveness [9].

Excessive temperature can also result in Plasticiser Migration, as the name implies, it refers to the Plasticiser transitioning from being an element in a homogenous mix into a separate component of a heterogenous mix [16] as the Plasticiser gathers on the interior walls of the munition. This is a problem as the EM is no longer receiving the benefit of the Plasticiser, resulting in higher sensitivity and thus, a greater chance of inadvertent detonation. As a counter to this, Plasticisers with a high Molecular Weight should be used. The larger molecules will be less able to travel the gaps between atoms and thus slow down the rate of migration [24]. 

Also listed in the reference chart is Oxidative Cross-Link and Chainscission. These two as the opposites of one another, Oxidative Cross-Link as shown in Appendix F refers to unintended bonds being formed between molecules while Chainscission refers to bonds being broken apart. 

Oxidative Cross-Link occurs when the EM is subjected to an overly hot and moist environment. This results in the Molecular Weight of the EM increasing, with the EM becoming harder in the process, this is also to be avoided as the PBX has a tendency to crack as seen in Appendix F. This is of particular concern in Rocket Motors as the desired behaviour of consistent fuel burn can easily transition into a Detonation, potentially placing lives at risk if undetected. It is for this reason Anti-Oxidants are included within a PBX mix to prevent this from happening. A02246 identified in Appendix F is a popular choice for PBX blends for it’s low cost and ability to share an OH bond with HTPB, resulting in a better homogeneity within the EM [18]. 

Chainscission can also occur when the EM is incorrectly stored, particularly in high-humidity conditions. As previously stated, bonds between molecules are broken apart and this results in a drastically lower Molecular Weight. This manifests as a softening of the EM, in extreme cases this results in the PBX crumbling to a dust-like consistency in an effect known as Chalking [6]. In such cases, the EM becomes completely unusable as consistent performance cannot be guaranteed and thus people may be unnecessarily placed in harm’s way, massively increasing the probability of an OME Accident.

These damage mechanisms highlights just how crucial correct storage procedures are to maintain the integrity of the PBX as allowing the temperature and / or humidity of an Explosive Storehouse (ES) to exceed the set limits of DSA.03 OME increases the risk of any of the FFMs to occur, thus increasing the sensitivity of the EM to unsafe levels, placing lives at an unnecessary level of Risk and in extreme cases, may cause lives to be lost.

1. Researched Topics – Tests

While the previously mentioned FFMs are a serious threat to Safety, they may also be deliberately inducted to understand how a PBX behaves over time in  a process called Accelerated Ageing. As stated in Appendix K, the EM is placed into an oven and “cooked” to simulate the passage of time. Understanding the behaviour of PBX ageing is critical for long-term OME Safety Management; recognising the effects of various FFMs as well as being able to test for these damage mechanisms allows governments to monitor the overall condition of the EM. This in turn provides trend data; governing authorities can make more accurate hypotheses on how the PBX will age over time; this is especially important as munitions are expected to have service lives multiple decades long.

However, this process is not perfect; as each ingredient within a PBX has its own Arrenhius Constant value, denoted by A in Figure 1, it can be extremely difficult to create a definitive K value for the entire PBX, thus the answer obtained may not be accurate to reality. However, Accelerated Ageing is still a useful tool to give a general overview of the EM’s ageing behaviour.
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STANAG 4666 contains a comprehensive testing regimen for PBXs in service intended to address all of the FFMs outlined in Appendix M, three of these were chosen as examples. The Compression test outlined in Appendix N is used to determine if Chainscission or Oxidative Cross-Linking has occurred; the sample is soaked in Toluene to improve pliability and placed under increasing increments of pressure. The level of material deflection is compared to the deflection of a fresh sample. This can show how the material has changed; less deflection than expected shows that Oxidative Cross-Linking has occurred as the EM has hardened, a large degree of deflection notes that the EM has softened, showing that  Chainscission has taken place. The degree of deflection indicates how severe the damage is [22] [23].

To test for the integrity of the Plasticiser, Gas Chromatography is used. The sample is dissolved in Acetone and vaporised. The Gas Chromatographer then separates the PBX into its constituent ingredients and the quantities of each are compared to a fresh sample. This is useful as not only can the level of remaining plasticiser be obtained, but performing multiple tests over an extended period of time can reveal the rate of Plasticiser depletion and quantities remaining in future can be extrapolated [22] [23].

Dewetting is a major Hazard within PBX blends as already established, testing for this FFM is comparatively simple; the sample can be inspected with a Scanning Electron Microscope. Any voids left behind by Dewetting are immediately obvious as seen in Appendix P, however this only tests for surface-level defects. For a more comprehensive impression of the EM, a sample can be subjected to Computed Tomography, using X-Rays to gain a three-dimensional view of the sample and determine if any Dewetting has occurred beneath the surface [22] [23].

1. Conclusions

All of this data is critical to informing the EM’s Safety Argument; the ability to predict whether or not the EM will remain safe to use over the course of it’s service life is critical as changes in the EM can be predicted ahead of time, before the explosive becomes unsafe. Understanding when the EM becomes unusable also influences financial planning, explosives that become unsafe over a short period of time will be more expensive on a long-term basis as constant replacement will be required. The opposite is true; EM that can survive for decades in long-term storage will not need to be replaced as often and therefore will be cheaper throughout the Concept, Assessment, Demonstration, Manufacture, In-Service, Disposal (CADMID) cycle.
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                                   Presentation Aims • Explain what a Polymer Bonded Explosive (PBX) is. • What Chemical changes occur in PBX’s . • How these changes manifest. • Effects of Ageing on Stability. • Tests that can be performed to monitor Ageing. • Why tests are carried out.
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                                             What is PBX? • Since the 1950’s, PBX’s have been developed to reduce sensitivity of Secondary Explosive compositions and improve Safety. In general, PBX’s consist of two main components: a Binder and a Filler. Binders are long chains of Hydrocarbons that link together and “coat” the Filler, forming a Matrix . [2] [3] [11] [15] [17] [19] • Other beneficial ingredients are added.      
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* Plasticisers: Their role is to introduce more flexibility into the PBX; this allows
for easier moulding into munition casings and allows the EM to absorb Shock
more easily. IDP is common in Explosive formulations: high Molecular Weight is a

crucial factor. [9] [14] [20] [27]
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                                             What is PBX? • Plasticisers: Their role is to introduce more flexibility into the PBX; this allows for easier moulding into munition casings and allows the EM to absorb Shock more easily. IDP is common in Explosive formulations: high Molecular Weight is a crucial factor . [9] [14] [20] [27]      
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» Anti-Oxidants: They act as Stabilisers; preventing decomposition effects via
Ageing and help the EM achieve a much higher Service Life as a result, especially
at higher storage temperatures which may be unavoidable. [10] [18]
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                                        What is PBX? • Anti - Oxidants: They act as Stabilisers; preventing decomposition effects via Ageing and help the EM achieve a much higher Service Life as a result, especially at higher storage temperatures which may be unavoidable . [10] [18]   
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» As the Binder ages, Free Radicals are released as the material decomposes, this
happens faster at high temperatures (40°C - 60°C) and humidity. New bonds are
created and this changes overall Mechanical properties. [4] [5] [6] [7]
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                                                Chemical Changes – Oxidative Cross - Link • As the Binder ages, Free Radicals are released as the material decomposes, this happens faster at high temperatures (40⁰C - 60⁰C) and humidity. New bonds are created and this changes overall Mechanical properties. [4] [5] [6] [7]            
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» Opposite of Oxidative Cross-Linking; moisture causes chains in the Binder are
broken rather than new ones formed, decreases Molecular Weight. It is vital to
ensure that EM is kept in humidity-controlled environments during Manufacture
and Storage. [6] [8]
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                                        Chemical Changes – Chainscission • Opposite of Oxidative Cross - Linking; moisture causes chains in the Binder are broken rather than new ones formed, decreases Molecular Weight. It is vital to ensure that EM is kept in humidity - controlled environments during Manufacture and Storage . [6] [8]   


image16.png
Chemical Changes - Dewetting

Distortion
HMX Hydrogen bonding
HTPB chaln  other Interactions
HMX-HTPB
CH,
OH: X CH,
< OH:
oq X

X X "4 i’“'.\ o,

pi ,/ws P, ¢
wt | ¢ VU) . y IM
Pyrolysis » !
Lihe prs . |
“ N\.
— > o N A 2
Temperature + Humidity 5 Sl % 1(’
>
Dewetting

Microcracks





image17.svg
                                        Chemical Changes – Dewetting • Dewetting is when the Binder’s chains no longer adhere to the surface of the EM, allowing the Secondary Explosive to “break free”. [1]   
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* Plasticiser Migration is the separation of the Plasticiser from the rest of the PBX
due to temperature and chemical incompatibility. Secondary Explosives no
longer benefit from Plasticiser Safety benefits. [9] [16]
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                                             Chemical Changes – Plasticiser Migration • Plasticiser Migration is the separation of the Plasticiser from the rest of the PBX due to temperature and chemical incompatibility. Secondary Explosives no longer benefit from Plasticiser Safety benefits . [9] [16]       
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» DSA.03 OME institutes hard limits for Explosive storage:

» Temperature: Excesses of Temperature increases Sensitivity so Storehouses
are to be kept within a strict 5°C - 25°C limit, with 15°C being ideal. Air
conditioning and heating should be installed to maintain the “sweet spot”.

» Moisture: Water (airbourne or liquid) is also an issue; EM is to be kept within
hermetically sealed containers. Humidity is also to be kept below 50%, fitting
climate controls to keep humidity consistent is essential.

» Other measures include implementing a Bonding Regime for ESD, separation of
stores by location and Hazard Division, palletising for airflow and distancing from
walls to prevent arcing. [21]
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                                   Prevention Methods • DSA.03 OME institutes hard limits for Explosive storage: • Temperature: Excesses of Temperature increases Sensitivity so Storehouses  are to be kept within a strict 5 ⁰C - 25⁰C limit, with 15⁰C being ideal. Air conditioning and heating should be installed to maintain the “sweet spot”. • Moisture: Water (airbourne or liquid) is also an issue; EM is to be kept within  hermetically sealed containers. Humidity is also to be kept below 50%, fitting climate controls to keep humidity consistent is essential. • Other measures include implementing a Bonding Regime for ESD, separation of stores by location and Hazard Division, palletising for airflow and distancing from walls to prevent arcing . [21]
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                                             Accelerated Ageing • These Ageing effects may be deliberately induced via Accelerated Aging; material samples are placed in Diurnal Cycles to simulate periods of “real world” wear. Data obtained informs expected Service Lives, Surveillance And Life Extension (SALE) Planning and Cost . [12] [13] [22] [23]      
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» Rowanex 1400 is a PBX made of 66% RDX, 22% Aluminium (used as a Fuel), 5%
HTPB and 7% Plasticiser. Trial represents 20 years of service life, testing found
that the chemical and physical properties changed with age but had not
sufficient to compromise IM.
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                                        Accelerated Ageing • Rowanex 1400 is a PBX made of 66% RDX, 22% Aluminium (used as a Fuel), 5% HTPB and 7% Plasticiser. Trial represents 20 years of service life, testing found that the chemical and physical properties changed with age but had not sufficient to compromise IM.   
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                                          Monitoring       • Previously mentioned Ageing effects have been considered by NATO and standardised tests have been agreed by member nations and are outlined within STANAG Publications, although implementation by individual countries vary . [22] [23]
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                                             Monitoring – Cross - Link Density • Measuring Cross - Link Density is achieved by measuring a sample of Aged PBX: it is soaked in Toluene and gradually placed under compression. • Results are gathered and transferred into a graph, weight vs deflection is plotted as a function slope is determined . [22] [23]      
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» Gas Chromatography - Mass Spectroscopy is used: the PBX is dissolved in a
mixture of acetonitrile/acetone and fed through the machine.

» The result is a percentage of Plasticiser remaining which is compared to the level
of Plasticiser present in the “original”, from this you can extrapolate how quickly
the Plasticiser migrates. [22] [23]





image31.svg
                                        Monitoring – Plasticiser Testing • Gas Chromatography – Mass Spectroscopy is used: the PBX is dissolved in a mixture of acetonitrile/acetone and fed through the machine. • The result is a percentage of Plasticiser remaining which is compared to the level of Plasticiser present in the “original”, from this you can extrapolate how quickly the Plasticiser migrates . [22] [23]   
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                                         Monitoring - Microscopy • SEM is used to determine if the EM has Dewetted or Cracked, the User can visually inspect the surface of the EM. [22] [23] • Other tests are available.      
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* These tests form the basis of a Munition’s SALE Programme; data drives
Regulatory Compliance and informs the Safety Argument that the EM is S3 and
that the Materials Ageing characteristics are understood.

* In turn, this grants confidence to the Regulator that the EM is to remain stable
over extended periods of time and is unlikely to inadvertently detonate. This
allows the MoD to demonstrate that risks are As Low As Reasonably Practicable
(ALARP) as per DSA.03 OME and ultimately save lives.

* Even if Compliance is not possible, Data from testing is still valuable; a Safety
Argument can be made as AAMC to DOSR that the EM remains safe and that a
Waiver can be instituted against the Regulation if the EM is chemically sound.
[21]
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                                   Lifecycle Implications • These tests form the basis of a Munition’s SALE Programme; data drives Regulatory Compliance and informs the Safety Argument that the EM is S3 and that the Materials Ageing characteristics are understood. • In turn, this grants confidence to the Regulator that the EM is to remain stable over extended periods of time and is unlikely to inadvertently detonate. This allows the MoD to demonstrate that risks are As Low As Reasonably Practicable (ALARP) as per DSA.03 OME and ultimately save lives. • Even if Compliance is not possible, Data from testing is still valuable; a Safety Argument can be made as AAMC to DOSR that the EM remains safe and that a Waiver can be instituted against the Regulation if the EM is chemically sound. [21 ]
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