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This report is going to look into the different types of material failures that historic Mail Armour could have experienced, how it would occur and methods that could be used to minimise or eliminate these failures such as heat treatment or surface treatment.
Failure in materials is a big problem for people making any kind of items and being able to minimise or eliminate the failure from occurring at least in all but extreme cases is very useful. This is especially true for armour as those who had the best armour would be more likely to survive. 
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[bookmark: _Toc121980201]What is Mail Amour?
Mail Armour is a type of armour which uses ring of metal to protect the wearer from slashing and cutting attacks from say swords and axes. There are many different forms of Mail Armour from all over the world made using different patterns to interlink the rings together.
Mail armour, while being good at protecting from slashing and cutting, is not good at defending against piercing damage, i.e., arrows or bullets, meaning that ultimately it would no longer be useful in the modern day with a few exceptions. 
[bookmark: _Toc121980202]Materials and Techniques
Mail armour has been around since about 300BC according to Gonagle [1], and is still in use today for cut-proof glove by butchers [2]. Of course, the materials used, manufacturing methods and quality of the products has changed drastically, but the purpose, protection, has not.
Initially Mail would have been made of wrought iron, however steel has much better properties, such as strength, and has become the preferred material. In the modern-day other materials such as Aluminium might be used for decorative pieces which wouldn’t need to defend against a real sword, this would make it considerably lighter and as Aluminium doesn’t react like Iron or Steel, would have some better resistance to certain types of failure.
	Material
	Density
(Kg/m3)
	Modulus of Elasticity
(GPa)
	Yield Strength
(MPa)
	UTS
(MPa)

	Wrought Iron [3]
	7700
	193
	221
	372

	Steel [4]
	8000
	200
	350
	420

	Aluminium [5]
	2700
	68.3
	165
	205



Gardener[6] states that in the 14th century English mail armour was made using whole links and riveted links which provides a much stronger weave than fully riveted or butted mail as there are less points of failure. 
One of the benefits of Mail using chain links as protection is that if any of the links did become damaged in any way, it could be replaced without a great deal of effort. The damaged links could be easily removed assuming the damage had not caused the links to fall off already by cutting them or bending them out of shape.
One thing of note: current technology allows us to use thermometers and other devices to ensure the material is consistent. Non destructive testing would detect any potential cracks so they could be worked out before failure. Blacksmiths who would make this type of armour for soldiers would rely on heat treatment methods which they didn’t understand how or why they worked and would use “Cherry red”[7] as a temperature gauge to know when the item they were working on was hot enough.
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From the YENA article [8], metal fatigue is a degradation causes by cyclic loading of the material. This leads to crack initiation and propagation which would eventually lead to failure of the material. There are many examples of fatigue failures in history, especially in planes which tend to end catastrophically. The understanding of fatigue has only recently advanced to a point where it can be accounted for in design, Schijve [9] states that in the 19th century it had not been fully defined and 
Fatigue would apply to Mail Armour due to repetitive motions such as when the wearer is moving while wearing it. A motion like marching would have a repetitive motion which apply to each of the links differently, links in areas of more stress i.e., ones with more load on them, would have the same number of cycles but more load and therefore be more likely to fail. Any links with imperfections in them would also be more likely to fail.
It can also apply when making butted Mail as when making it the metal needs to be bent out of shape before bending it back again to keep it together.
Prevention/minimisation
Given modern technology and understanding of the way fatigue works means there are ways to predict potentially where it will happen, modelling can assist with this.
The article from YENA [8] indicates that the prevention of crack propagation is the best way stop fatigue fractures. One way to do this is to treat or harden the surface of the material which is where cracks initiate. Polishing the surface will also aid this.
[bookmark: _Toc121980205]Fracture
A fracture is the separation or splitting of a material when a force is applied [10]. This can be a tensile force pulling something apart or like an axe splitting wood. Depending on the material properties will dictate how the material will fail, if its ductile the material will start to neck where the force is pushing or pulling the material apart. More brittle materials will have little to no deformation. The Charpy test is used to deduce the fracture toughness.
Fracture for Mail would occur when the armour is hit by a weapon. The shear force of the attack could be enough to break apart some of the links. This might be due to microfractures already in the material finally failing, or repeated blows to the same area. If the weapon puts a notch into the links, they will become weaker and more susceptible to fracturing when hit again, however they will have served their purpose in protecting the wearer from the blow. In medieval times they wouldn’t have had the ability to determine the fracture toughness of materials to the extent we can today, trial and error would have been used to figure out which materials would be best for use in the armour.
Some weapons were created to slip between the links in the armour and force them open, if this was butted mail the force required would be less than a riveted link and much less than a whole link. Riveted links would have the weak points around the rivet, which would also have its own failure modes especially if it hadn’t been fitted correctly. 
Prevention/minimisation
The type of fracture which will occur is related to how easily It will deform or ductility. To prevent fractures in modern times, engineers will select the material for optimum use as we have extensive databases of material properties and the ability to test and accurately record the results. Not only is selecting the right material important, so is selecting the right treatment, some materials can have vastly different properties if they’re cooled quickly compared to slowly.
Ultimately the best way to prevent this kind of armour failure is to avoid being hit, ironically it would be easier to dodge attacks when not wearing the heavy armour.
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Wear failure is due to abrasion to the surface of the material [11]. Any rubbing or friction on the surface will eventually remove the top layer resulting in a change in dimension which, if left unchecked, will eventually lead to failure, potentially another form of failure such as fracture or environmental if it forms a weakness or removes the surface treatment.
Mail would be under nearly constant wear when being worn. Any slight movement would cause links to rub against each other and against anything else being worn such as a gambeson or other piece of metal armour like helmets or gauntlets. Not all links would experience the same amount of wear either as different areas of the armour would have different weight pulling down on it or exposure to different materials.
Prevention/minimisation
Bayer [11] goes on to say that the first step in solving the issue of wear is to determine the specifics of the wear failure.  With this it is possible to better protect against the type of wear.
With Mail which will be rubbing against itself lubrication could be used, oil is typically used to protect the Mail from rust however this could also provide a level of protection from wear. It would need to be regularly replaced.
Polishing the surface of the links might reduce the amount of wear produced however given the size of Mail links it would require more work than would be practicable for the return. Better would be some form of surface treatment such as anodising.
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Corrosion is caused by the base material reacting with part of its environment be that the air, contact with a corrosive material i.e., an acid, or reacting with another metal in contact with it. This is probably the most prevalent form of failure for metals as air for oxidising the surface is abundant, this can be seen at scrap yards where even though the product isn’t under any stress or forces it can still fail from a crack formed from rust.
Armour worn for battle would experience a wide range of environments, hot, cold, wet, or dry. Being worn would more than likely cause the warrior to sweat, especially in the heat of battle meaning there would be a source of moisture. There could also be rain, fog, condensation, sea-spray for people like the Vikings who would travel by boats, and during battle: blood. In hot arid places some of these if not most would not be a big problem, however anyone from such places might not be aware of any environmental damage that could occur and the likelihood of it happening to their armour would be greater.
Typically, if Mail gets rusty, using one of the other failure methods was a method to remove the rust. Shaking the piece of Mail would wear the rust off, sometimes the piece would be put in a sack with some sand to abrade back the rust.
Butted mail, not typically used historically, due to the way it’s made on a mandrel and cut, would suffer if the wire from which it’s made is coated as when it’s cut there would be two surfaces which don’t have a coating. 
Another type of Corrosion which might occur would be Bi-metallic corrosion, this occurs when a different type of metal is put in contact with the base metal, also known as Galvanic corrosion [12]. This is an electrochemical effect produced by the potential difference causing a current between the Anodic and Cathodic metals. 
Prevention/minimisation
As stated above, Mail armour was regularly oiled as this was a known way to prevent the steel from rusting as recommended by shops who sell the armour [13].
Changing the material would also change the reaction to the environment. I.e., Aluminium will react differently to Iron and Steel.
Surface treatment would also be a method of prevention for this as it would provide a layer of non-reactive material to stop the base metal from reacting with the Air.
Galvanic corrosion is a bit more difficult to avoid, avoiding moist and humid atmospheres seems to provide the best solution if you have to have different metals in contact. Otherwise simply using the same material is optimum.
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A long-term issue, creep is where a material is left under a load for a considerable amount of time. 
Creep is probably the least likely cause of problems with Mail armour. If the armour is being worn it would be moving around and the weight distributed over the person wearing it. The only time creep might be an issue is if the armour is being stored on a dummy for long periods of time. Ironically meaning peace time being the most likely time for the armour to be damaged this way
Prevention/minimisation
Preventions for this in this case is more likely not to do with designing something into the product but rather best practice for the user. Not leaving the Mail hanging up for long periods of time will almost guarantee the minimisation of this issue. 
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· Mail armour has a lot of ways to fail and when it was first used, very little was known about these types of failure let alone how to prevent them. As technology has gotten better and our understanding of metals and their structures have improved, the armour would have improved too were it not made mostly redundant through evolution of warfare.
· Some of the failure methods would probably not have affected anyone using the armour, creep for example, as it would have neither the time or force to be noticeable.
· All of the failure modes have means to minimise or prevent, it is only a matter of if the technology is there, which for medieval blacksmiths it most likely wouldn’t have been.
· Material selection is very important when it comes to designing products
· Some of the solutions to the problems can be engineered into the product from the beginning e.g., heat treatment, surface treatment. However, some of the solutions are for the user to complete e.g. cleaning and oiling their armour regularly, making sure it’s kept out of humid situations where possible, and avoiding getting hit.
· Some of the solutions are not worth the time or effort to apply them when the armour will be getting damaged regularly in combat and need replacing.
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Other than re-enactment or sports such as HEMA or Buhurt, there isn’t much place in the world for the historical Mail armour used in medieval times, however using some modern-day techniques, there could be some vast improvements on the olde-time armour:
· Material: Modern day techniques for making steel and a better understanding of the chemistry would mean that even with the same build process, Mail Armour could be made a lot stronger and more resistant to failure. Other materials which either weren’t known about or were too difficult to process back in the day would also enable the armour to be lighter and stronger.
· Welding: Rather than using the standard rivets to connect the links together, welding the links closed would provide a stronger connection. It would also prevent bi-metallic corrosion.
· Surface treatments: There a multitude of surface treatments which would provide protection to the Mail from corrosion or wear.
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