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Catastrophic Fatigue Failure
This assignment will explain what failure fatigue is and how it affected the liberty ships
The Liberty Ships
The liberty ships were cargo ships produced during World War 2, there were 2710 ships built in eighteen American shipyards during the years of 1941-1945. These ships were used to carry much needed cargo around the world but were full of design oversights and flaws leading to cracking in over 1200 and 3 ships split completely in two.
Material Selection 
The material used in the liberty ships was steal, but the steal that was used was of a poor quality due to demand for materials at the time, this was due to the production of different pieces of equipment for the war effort. When lesser quality steals are cooled to low temperatures, they change from being a ductile material to a brittle material, this happens as the temperature that they are subjected to takes the metal through a transitional phase from being ductile to suddenly being brittle. Some of the ships were sent to convoys that travelled through the Northern Atlantic and because of the lower temperatures in the area the steal in the ships went through the transition from being a ductile material to a brittle one as the temperature dropped below the transition temperature of that particular steal, this caused brittle fractures that perhaps wouldn’t have happened if a superior steal was used available and was used. If a better-quality steal (a lower sulphur and phosphorus content) was used the transitional temperature where the metal turns from being ductile to brittle could have been decreased which would have meant that the ships that travelled through the Northern Atlantic wouldn’t have experienced the fractures that they did. 
Design Geometry 
[image: See the source image]When the ships were first ordered by Britain to replace the ones taken by German U-Boats, they were a basic and generic design which meant that they could be built quickly and cheaply but this design was fraught with poor design choices or oversights. This design had riveted seams instead of the newer and faster technique of welded seams, they had coal fired steam engines as Britain didn’t yet have domestic oil production to supply oil fed boilers which were seen in the later ships. America later altered the designs to allow them to be manufactured even more quickly and even more cheaply, they designed them to be built with oil fired boilers installed as they were cheaper and more efficient than their coal powered counterparts. The US derivation of the ships was known as EC2-S-C1, the EC being Emergency Cargo, the 2 being a ship of 400-450ft or 120-140m long, the S for steam powered and the C1 for design C1. With the change from riveted seams to welded came problems, riveted panels meant that any cracks that were to form wouldn’t be able to spread down the ship each panel was separate. The problem with welded panels is that it means the ship becomes one big piece of steal so if a crack forms it could propagate right through the ship and cause a massive failure. Welding was also a relatively new technique which meant that the first ship took 244 days to complete but that was eventually brought down to an average of 42 days. For defence the ships were fitted with 4-5-inch stern gun, two 37mm bow guns, a 3-inch bow gun and six 20mm machine guns. The ships were manned by around 40 men which were accompanied by 12-25 national guardsmen. The later ships that were powered by two oil burners coupled to a single screw steam engine could cruise at 11 to 11.5 knots. Many of the early liberty ships were affected by cracks on the deck and hull, three ships broke completely in two. These failures were caused not by the untrained workforce but by poorly designed ships and poor choices in materials. Some of the ships travelled in the North Atlantic which meant that they were exposed to temperatures far below what the steal was designed to be able to withstand, this meant that the materials changed from being ductile to brittle. The cracks often started at the corner of a hatch where a weld was also positioned, both the square hatch and the weld acted as stress concentrators. Another factor that contributed to the failure of the ships was the overloading of supplies, the ships were designed to carry around 10,000 tones, the overloading meant that the stress on the hull was greater than it was designed to be able to cope with. 
Manufacturing Methods
[image: See the source image]The liberty ships were manufactured in 18 American shipyards. The ships were welded instead of riveted as it was faster and cheaper to complete, it also meant that there could be a less skilled workforce which further brought down the labour costs, this was also important as the skilled workers had been drafted to the armed forces. Many of the ships were constructed in the shipyards on the west coast operated by Henry J. Kaiser. He was the pioneer of new shipbuilding techniques, he developed new methods such as prefabricating parts that allowed him to mass produce the liberty ships, this allowed the ships to be built in an assembly line style method. Parts were manufactured all over America and sent to the shipyards to produce the liberty ships. Kaiser could complete a ship in around two weeks and in one of his shipyards a ship was completed in 4 days, 15 hours and 29 minutes to publicise his process. Across the US the average build time was 42 days which meant that by 1943 there were 3 ships being finished every day. By improving the welding practices the welds on the seams of each steal sheet would have been of better quality, this could have been done by increasing the training for the workforce, following welding procedures or by welding in a cleaner environment. Some of the cracks had formed because there were impurities in the welds, this could have been dirt or sand for example, other welding defects such as a lack of penetration or fusion between the two surfaces could also have been present due to the poor working conditions or due to the workforce not receiving enough training. Welding processes would also have improved the quality of workmanship. 






Environmental Conditions 
[image: See the source image]The liberty ships were constructed in a fast pace environment in the US shipyards, this was due to the demand for the ships to be completed as fast as possible. Shipyards are naturally dirty places; this is due to the processes that are completed in them and due to the proximity to the sea and salty air. They were also under great pressures to build the ships as quickly as possible which means that cleanliness could have been a low priority. These conditions meant that the manufacturing methods used like welding for example would have suffered. Welding is very dependant on the surfaces being as clean as possible, the conditions meant that this wasn’t possible and so each weld was filled with contaminants that increased the chances that the welds didn’t have the penetration needed to complete a strong fusion of the two surfaces. As the welds were filled with contaminants or were placed in poorly prepared areas they were of poor quality, this means that if the ship was put under large loads which meant cracks were bound to form in the high stress areas such as the hatch corners. 
Workforce
[bookmark: _GoBack]The workforce was built up mostly of  skilled women as the men had been drafted for the war effort. As the workforce was predominantly less skilled the ships weren’t produced to the best standard. They were built using new techniques like welding which hadn’t been used before, this would have affected the quality if the workforce were trained but because they were untrained the effects were even greater than they would have been otherwise. The workforce was also under a great amount of pressure to produce these ships quickly as they were desperately needed to carry the cargo needed to support countries like the United Kingdom.  
S-N Curves for failure 
[image: See the source image]Failure of materials are often explained by using S-N diagrams or fatigue limit. The S-N curve describes the cycles that cause stress and lead to failure.  The S-N curve below is a basic example of what an S-N curve looks like, on the ‘x’ axis is the cycles of stress measured in Newtons (N) and on the ‘y’ axis is the stress measurement. S-N curves like this are produced by completing failure tests of material specimens, the test is controlled. The test involves placing a specimen under stress with constant amplitude until the specimen fails. 

Material Testing 
There are many different types of materials testing that can be completed on the steel that was used for the liberty ships, the tests that are compatible are the Charpy test, Izod test and the Vickers hardness test. The Charpy test was developed in the early 20th century by Russell and Georges Charpy. The Charpy test is a test that uses a pendulum that swings through a specimen with a notch cut into it to act as the stress concentrator. This test measures the height that the pendulum reaches after striking the specimen and hence calculates the force absorbed by the specimen, the more force absorbed by the specimen the better the quality of steal. This test can be completed with the specimen at different temperatures, the different temperatures will result in different readings. This is because as the temperature changes the ductile to brittle transition could occur and the material would experience a brittle fracture. The Izod test was developed by Edwin Gilbert Izod in 1903. The next test that could be used is the Izod impact test which is similar to the Charpy Impact test but has some differences, one of these differences is the orientation of the specimen, the specimen sits vertically instead of horizontally and the notch faces towards the pendulum which then strikes in the area above the notch. The last test that is used to test these materials is the Rockwell hardness test. The Rockwell hardness test is often used as it is a quick way to determine the hardness of a material. The test uses a machine with a diamond indenter with an angle of 120° that is forced into the material at a determined force, this diamond indenter is very hard which is necessary as it gives you a fair test and you know that the diamond tips’ hardness. The indentation left behind allows you to calculate the hardness, the larger the indentation the softer the material relative to the diamond tip, the machine has a dial which shows the size of the indentation. 
Fracture Mechanics 
[image: ][image: ]Fracture mechanics is the area that explains how metal with cracks or flaws in it increases the rick of failure and that any crack is a stress concentrator. The liberty ships can be thought of as one steal beam, this means that as they travel on the seas they go over waves, as they go over waves the ship flexes, as the ship flexes it increases the strain on the ship. As the ship goes over a wave the bow goes up, so the ship is bending. These ships were in continuous use which meant that there was a cycle of loading and unloading, this cycle means that the ship will be constantly weakening. In this image the ship is ‘hogging’ as the load could have been poorly distributed, this movement in the ships hull will weaken it as it is experiencing stresses it isn’t necessarily designed to cope with. It also means that the deck is under great tensile stress which would increase the chances of areas the hatches to crack. In this image the ship is sagging, this is could also be down to poorly distributed loads upon the ship. The sagging means that the hull is under great tensile stress. This movement could also be cause by the seas and traveling through waves for example. 
Mitigation methods to avoid this type of failure 
[image: ][image: See the source image]There are many different methods they could have used to reduce the likelihood of the catastrophes occurring, some of these include crack arresters, rounded corners on hatches and other areas, extra bracing could have been put in place to strengthen the potentially weaker areas and they could also have rivetted instead of welding in high risk areas. Crack arresters could have been put in place, these are plates that are riveted into higher risk areas to stop cracks from propagating through the hull, as the ship was welded there was no natural crack arrestors which meant that ay cracks that did form were allowed to potentially spread right down the ship as it was effectively one single piece of metal due to the welds.  These crack arresters would a gap that the crack couldn’t cross, this means that the crack wouldn’t be able to cause serious or even catastrophic failures or damage. Areas such as the hatches and other areas had squared off edges and corners and this increased the stress in the metal when it was put under load such as when it was loaded with cargo. If these areas were fitted with rounded corners the stress in the metal would have been substantially lower than it was with square corners. This image shows that the severity of the cuts or notches in metal can have completely different effects. The first specimen has a very rounded off notch cut into it and that is showing a very spread out pattern in the stress, this is because the stress that is running through the metal has the space to navigate around the notch. The second has a smaller rounded notch and shows a greater concentration in the stress around its location. The third specimen has a shaper notch cut into it and because of it, it is suffering from a greater concentration of stress in the area. The metal is put under a  uniform load as it is being pulled from the top and the bottom of the specimen, as it being put under a uniform load the stress running through it will also be uniform, that can be demonstrated by straight lines running the length of the specimen. These lines are travelling the length of the specimen whether there is a notch or not, this means that if there is a notch the lines of stress would have to go around the notch, this would increase the stress in the specimen and therefore increase the likelihood of failure. In the fourth image the specimen has a V-shaped notch cut into it and shows the greatest concentration of stress as the lines must copy that ‘v’ shape. 
[image: See the source image]Bracing could have been applied in corners to increase the strength of that area. This extra bracing was put in place in the later ships as they had recognised the failure in certain areas. This image shows a basic form of applying extra bracing in corners, it is massively increasing the strength of that area as the stress and load that the area is placed under could be shared between the extra bracing and the main corner itself. 
Riveting could have been implemented in higher stress or higher risk areas where cracks may form. Riveting means that each sheet of metal remains separate from the next, this means that any cracks that were to form in one sheet of steal wouldn’t be able to propagate to the next.
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Figure 1: Examples of methods of stopping crack growth, (a) Original stop-
hole, (b) Pinned stop-hole, (c) Stop-hole with cracker rester.
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Pigure 6-7. Shielded metal arc welding.




