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Abstract:
During the war in Afghanistan, the British Army set up many strongholds throughout the Helmand Province. These strongholds were most commonly used for surveillance purposes. However, it was highly frequent these strongholds would come under attack from terrorist forces. Therefore, the strongholds had to be heavily guarded and provided with plentiful ammunition. A popular weapon for strongholds to use was a mortar. A mortar is a muzzle loaded weapon consisting of a barrel, tripod, scope and heavy base. The principle of a Mortar is to fire explosive projectiles at low velocities, short ranges, with high arcing trajectories [1]. One of the many strongholds within the Helmand Province had a failure with their Mortar weapons. An investigation took place into the reason these weapons failed so frequently but only at this one stronghold, despite neighbouring strongholds using the same weapon system. This failure report will outline the investigation that took place, and then look into mitigating the failure of this weapon system in question.

Introduction:
Setting the scene/scenario:
[image: ]As previously mentioned in the abstract, a stronghold would commonly come under attack from terrorist forces. With many strongholds positioned in remote locations often in steep sided terrain, a Mortar weapon was the perfect choice to remove terrorist forces; this is because they use a high arcing trajectory. The high arc of the flight path meant terrorist forces could be eliminated before they came into the line of sight by firing a shell at them from over hills and high gradient terrain. The benefit of this is that terrorist forces never get the chance to fire their small arms at the strongholds, as they do not have the stronghold in a line of sight due to impedance from the surrounding geography.Typical example of a stronghold in a remote valley [10]



[image: ]Context/Explanation of a Mortar/Mortar shell:
To understand the failure of the Mortar at this one specific outpost (another term for stronghold), it is vital to understand the basic principles behind a Mortar, in particular the Mortar shell. The weapon system itself consists of a long barrel, tripod, scope and base. The tripod allows the system to be angled upwards at the sky to create the high arc trajectory. The base provides support to the system and essentially gives it stability when firing. The scope is calibrated to determine the angle of flight depending on the targets proximity/distance. The barrel is where the shell is loaded, but it also allows gas to build up from an explosive event, which causes an increase in pressure behind the projectile, in turn accelerating the projectile out the barrel.M252 81mm mortar diagram [11]

The shell itself is the component that failed within the weapon system in just this one particular outpost. Therefore, it is key to understand the design of the shells, but also how they function. Inside the mortar barrel is a firing pin. This is sharp and pointy and is the start of the explosive train process as it causes the detonator in the shell to react. The shell itself has a;
· Tail - which is finned to give it in flight stability. 
· Casing - which cannot be too thin, otherwise the explosive once reacted is not confined by the case, resulting in lack of brisance (explosive shattering effect). 
· Main explosive – Gives us the main effect of blast and heat, as well as causing the case to fragment and spall.
· Fuze – In a mortar shell these are impact fuzes which detonate under impact.
[image: ][image: ]When a shell is loaded into the barrel, it relies on gravity to fall down the length of the barrel where it then strikes a fixed firing pin. This activates the detonator via a stab/impact stimulus. The detonator activates the propelling charge, which undergoes a rapid decomposition of heat and gas. This gas builds up, increasing the pressure, thus accelerating the projectile into the air giving it flight [2].


81mm shell diagram and real image [11]


The failure of our mortar shell:
In the late stages of the Afghanistan War, a platoon of UK troops were assigned an outpost in the Helmand province. It was known as a high traffic location, meaning there was a lot of suspicious activity from terrorist forces. This suspicious activity meant the outpost was heavily guarded and provided with plentiful ammunition. The outpost would encounter multiple threats and would often have to engage using Mortars and light machine guns. However, one day the platoon were subject to the largest scale attack they had ever seen during their tour. It was this day that their Mortar systems failed. Attempted mortar strikes on the enemy were unsuccessful due to inaccuracy of the weapon. The platoon had 3 mortar weapons in total, yet they all failed on the same day with the same issues. A neighbouring outpost visited the troubled outpost and used their own shells with the suspected failed weapon. However, the weapon worked as it should. A full scale investigation took place into finding out what happened that day. A number of factors were catalysts for the failure of the shells, nearly all of which could have been mitigated with some materials science analysis.
The investigation found that due to poor storage of the munitions, the explosive composition had melted and solidified in an off-axis position, meaning they would dive down and reduce their flight path drastically. The following will detail the events and how they could have been mitigated.


Environmental degradation:
Afghanistan is located in the middle east, which is reputable for prolonged hot dry summers. In peak summer the temperature in Afghanistan can reach temperatures ranging from 36-43 degrees Celsius [3]. This extreme heat is readily absorbed by many metals, especially cast iron which is what the shells casing were made from. Cast iron is a class of iron–carbon alloy with a carbon content more than 2%. Its usefulness derives from its relatively low melting temperature [4]. This property of cast iron is also why many pots and pans are cast iron as it conducts heat more easily than other metals. However, when our shells in question were exposed to prolonged heat, they absorbed the suns energy and became extremely hot. This led to the shell reaching an internal temperature of 70 degrees Celsius. This temperature was enough to melt the high explosive from a brittle solid, to a thick viscous paste. This paste meant depending on how the shells were stored (vertical or horizontal) the centre of gravity of the shell could change, because the paste would set when it cooled overnight.





The red shows where the high explosive would melt depending on storage conditions. 



In order to protect shells from these extreme conditions, there are many ways of mitigating heat absorption into the shell. One of these is simple, and is simply the storage of the shells. They can be stored out of the sun’s rays in the shade where they will not reach high temperatures. Another way of mitigating the heat, would be by choosing an appropriate material to make the shell casing from. Many metals are malleable enough to be shaped into a cone like structure, such as Gold, Copper, Tin and Indium. However, some will have higher melting points than others. Meaning they are more heat resistant. If we did stick with the Iron shells, a heat resistant coating could’ve also been applied to the outer layer of the shell, this could be achieved by anodizing, galvanizing or even a simple powder coating. Considering the fact it’s obvious Afghanistan has a hot climate, it is surprising that no one thought to change the outer case of the shell prior to shipping the shells there. 






Hierarchy chart showing the most effective ways to mitigate risk/material failure.



When applying this hierarchy to the shells, in order to mitigate heat absorption, the obvious thing to do would be to eliminate the casing, however that would be useless as you then have bare high explosive exposed to heat, oxygen and more vibrations, increasing the risk of self-detonation. Although we can’t remove the cast iron, we can substitute it for a material that has a higher melting point and therefore is prone to repelling heat better.
There are such tests called heat resistance tests. Although these tests are commonly used for testing rubbers and plastics, a similar test could be set up in order to test a few samples of metal [5]. The benefit of a heat resistance test is that the test aims to put stress on the materials thermal endurance. Therefore it would simulate the prolonged heat exposure shells are subject to in Afghanistan, rather than just a quick exposure to a high temperature like other tests. From these tests materials with similar properties (malleability, hardness, cost) to cast iron but with higher heat resistance could then be selected to improve the shells.

Operating procedures:
Operating procedures are vital in maintaining a system functioning at its optimum. Operational procedures can be anything from cleaning the system, servicing the system, calibrating the system or even training staff to correctly use the system. In our case study, the shells did not fire as planned, this is because personnel storing the shells should have taken more responsibility in making sure the shells were stored as per the manufacturers guidelines. Guidelines exist for a reason, and that is down to manufacturers undertaking many tests to understand the failure points of their product.
In order for a weapon system to be deemed safe for in service use, many tests are done in order to remove niggles/bugs. An external company called JSMCR (Joint Service Munitions Control Register) test munitions once there has been a reported incident. They then decide whether to ban the use of the munitions, or to implement constraints in order to make sure the munitions are not exposed to stimuli that causes failure i.e. using certain munitions only in cold climates.
When JSMCR looked at the shells for the M252 mortar, they learnt the flight path was completely inaccurate due to the high explosive melting in the heat, and setting in a different orientation. If the shells were stored correctly (vertically), then this would not have been a problem, as the explosive would not be able to stray from the centre of gravity. However, the shells were stored horizontally, allowing the high explosive to set in a new position. 


[image: ][image: ]


Comparison of flight path between the two shells.
The red shows where the high explosive would melt depending on storage conditions. 


To mitigate this from happening, sufficient training procedures should have been drafted up in order to make the users aware of how to store the shells. This training procedure would also highlight the importance to keep the shells out of direct sunlight. 
Material selection:
Although the failure of the mortar shells could have perhaps been completely prevented, by training staff to store them correctly. It does not mean that the explosive itself would not degrade in the heat. Even if the shells were stored vertically, the high explosive would have still melted and that increases the risk of cracks and crystal formation within the material. Especially if it were to cool slowly. In the world of materials science, it is key to ensure that any cooling process during manufacture is done rapidly. Quenching is the rapid cooling of a material in water, oil, or air. It prevents unwanted low temperature processes such as phase transformation from occurring within the chemical makeup of the material/subject [6]. Because the temperatures in Afghanistan cool slowly overnight, this would allow these phase transformations to take place within the explosive. Therefore, an explosive with a better heat resistance would be better suited to its environment. 
Hexanitrostilbene (HNS), commonly referred to as JD-X is one of the best performing heat resistant explosives with a melting point of 316 degrees Celsius [7]. However, when dealing with material selection, you may find that you avoid the initial requirements of the product. If our initial goal/target was to have a shell, that when undergoing rapid decomposition releases heat and gas to create a shockwave of ‘x’ms-1.  Then it is very easy in the re-design phase to select a new explosive that has higher heat resistance, but you then forget about the initial requirements of producing an intense shockwave. It is therefore important to consider a hierarchy of requirements and deem what is more significant to prioritise in the material selection process.

Calculation of crystallinity:
When manufacturing mortar shells, it is essential to use a melt-cast explosive filling. Melt-cast explosives are composed of granular explosive components, matrix explosive components as well as some additives, and they have been widely used in munitions due to the advantage of low cost and easy shaping. The role of the additives (also called binders), is to help keep structural integrity within the crystalline makeup. To fill the mortar shells with explosive, the material is melted down by a heat treatment into a liquid, and then poured into the shell casing. This process is not perfect, and causes the explosive to form crystals. Crystals in an explosive reduce the melting point, this is because the chemical structure is re-aligned and initially strong bonds between the atoms get longer, thus weaker. It takes less energy to break down these longer bonds. 
It is accepted within the industry that crystals will form during explosive manufacturing stages. However certain explosives form less crystals than others. To work out the crystallinity of explosives the following equation is used:
[image: ]Ps = density of specimen	Pa = density of amorphous polymer
Pc = density of perfect crystalline polymer


This equation gives us the crystallinity percentage of a material. The higher the crystallinity percentage the more likely the material in question is to fail.
As well as reducing the melting point of an explosive, the crystals also reduce the strength of the explosive material. When a crystal forms, the atomic structure changes. This change in the structure can be caused by; missing atoms, dislocations (line defects), the alteration of grain boundaries and volume defects such as pores opening up.
In order to do this calculation you’d need a Differential Scanning Calorimetry (DSC) machine.
 [image: ]DSC machine setup [12]


Although this machine allows us to test the explosive subject, there are some limitations. The machine can only take readings from a very small sample. This means the results are not representative of the entire explosive filling. Another drawback is the crystal formation will change varying on temperature, so a result obtained in a controlled lab environment, would not be true to the actual crystal formation seen in the Afghanistan desert. 

Results:
A study at Oklahoma State University tested two explosive materials; PETN and RDX. These are two of the most common explosives typically found in modern munitions. They are both relatively novel and are very insensitive due to binders and additives making the compound more stable. 
[image: ]The test found that from a DSC machine, not only could you see the crystal formation, but you could also approximate the melting temperatures for that specific batch. The melting point of explosives varies between different batches due to the randomised distribution of atoms when the explosive cools back to a solid. Therefore, it is beneficial to see the melting temperature for a specific batch, as in theory a DSC could have compared the explosive from the failing shells in Afghanistan to fully functioning ones back in the UK. Therefore, JSMCR could then issue a constraint to only use these shells in a cold climate.Results obtained from Oklahoma State University, identifying that RDX is more heat resistant and decomposes at a higher temperature [13].




Reducing the likelihood of failure via the use of coatings:
Protective coatings are most commonly used in the latter stages of manufacturing. This is because they are applied to the final product, most commonly on the outer region of the part/material. The main purpose of a coating is to extend the lifespan and durability of a product beyond what it would be without the extra protection. The majority of coatings tend to prevent against;
· Friction, Wear and Scuffing Resistance. These are most commonly implemented on rolling-elements and bearings.
· Scratching - Hard anti-scratch coatings on plastics and other materials e.g. of titanium nitride to reduce scratching and abrasion loss.
· Abrasive attack/erosion – Typical from weather on concrete, metals and alloys. Barrier coatings prevent the effects of weathering [8]. 
· Heat/fire – Typically use a fire-dampening agent that suppresses the effect of heat.
[image: ][image: ]A protective coating could’ve reduced the likelihood of failure of our shells. Not only do coatings help mitigate the above ‘threats’ but they can also lock out impurities such as dust, water and air (particularly oxygen).Mortar being fired surrounded by fine rock sediment that is capable of entering the muzzle [14].
Stronghold in Afghanistan showing just how easily dust is kicked up into the air [14].



From the above images, you will see that no matter how many impurities are removed in the manufacturing stages. Whether it is by clinical cleaning or electrolytic cleaning in the surface preparation stages. Any debris or oils removed on a microscopic level in these processes, will just be a future problem if no coating is applied. The shells could have been treated with a thermal sprayed aluminium. This process is suited to our shells as their external casing is cast iron. Sprayed aluminium binds well onto the surface of iron due to complimentary binding sites within the chemical structures. This would mean that the sun and heat in Afghanistan would be a less significant issue as we would have a heat protective coating. This coating would also prevent abrasion erosion from dust causing cavities in the steel. 
If you were to compare a shell off the manufacturing line, to a shell from Afghanistan with an electron scanning microscope, you would be able to see that on a microscopic level, very small cracks would form from the sand being blown at the shells casing in Afghanistan. This would mean it would be easier to propagate a crack into the material as a crack front already exists. A Vickers test could be used, to compare the hardness of the two shells and see if the difference is negligible or significant.


Conclusion:
Overall, I believe it was the contribution of both poor materials planning and poor management/enforcement of training procedures, that led to this certain regiment having poorly functioning mortar shells. I believe that this failure in question, is a lesson to improve current in service equipment. Regardless of how well engineered the mortar shells could’ve been, I believe they would still under-perform their manufacture ratings/guidelines, solely because of how hostile the environment in Afghanistan is. However, with thorough materials planning the significance in this under-performance could’ve been drastically reduced. 
Moving forward, I would advise that material planning should not just be prioritised to the manufacturing stages, but also be considered throughout the entire lifetime of the product. It is all too easy to get channelled in on just one stage of a products lifetime, which results in latter stages like the usage and storage being neglected. 
With the advancement in coatings, especially in the space industry with film cooling, which is a technique used in rocket engines for thermally stressed components. Where in regions that receive higher thermal loads, a liquid or gaseous coolant film is injected at the target area to create a protective layer between hot gases and key structural components. Due to its reusability and relatively simple system integration, film cooling is a promising material coating for use in other industries [9]. I imagine it is only a matter of time before this expensive technique becomes cheaper and then subsequently used in smaller industries. I believe it can be implemented in the defence industry whether it is in mortar shells, or super-sonic missiles. 
[bookmark: _GoBack]Finally, I believe the failure of the mortar shells in Afghanistan was inevitable. The equipment was never tested to sustain such thermal stress, dust, nor shock/vibrations. No matter how thorough the testing of the materials are in the selection process, the tests do not represent a perfect real life environment. This is down to the fact, that weather is a randomised event and cannot be mitigated against fully. But also the fact that the mental strain on the soldiers in the particular stronghold would’ve been more than the normal human faces. Thus resulting in poor decision making when under pressure. It will be a failure marked down as an accident, but lessons can be learnt to ensure it does not repeat itself.
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Results: Average melting and decomposition temperatures for PETN — 139.59°C and 180.35°C
Average melting and decomposition temperatures for RDX — 186.74°C and 212.00°C
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