



Abstract
The following report introduces the principals of failure analysis including root cause failure analysis as well as connecting methodologies from various different types of testing. The work then continues by presenting a brief history of the telescopic front fork suspension system of a motorcycle, including the evolution of the system’s design and material usage. Following this, the production process of an inner tube from the telescopic front fork suspension system of a motorcycle is presented with a failure analysis of the same component analysed as part of the main body of the report. The report then concludes by discussing the overall findings from the failure analysis work, including the future recommendations based on the findings in order to stop the failures from potentially reoccurring. 
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1. Introduction
1.1 Introduction to Failure Analysis
Material failure analysis of components is an integral part of the testing segment in design process of a component, during these tests the component is pushed to its limits until it reaches a point known as failure. This point is defined as any change to the material’s structure for example a change to the size or shape or a change in the material properties of the component, this change then renders the component unable to complete its desired function (Lefaivre, 2005). These failures on components can be caused by faults that stem from four key areas – design, manufacturing, environmental and material; material failures are often caused by defects within the material itself or contamination via foreign particles. Design and manufacturing failures can often be linked as design failures can come from the design being slightly altered to better suit the manufacturing process, this small change then has the power to alter how the material responds to certain high loads and stresses. Environmental issues can also cause failures via the build-up of rust on the component, hence causing degradation of the material (Lefaivre, 2005). 

One extremely catastrophic and well-known environmental failure was during the launch of the Challenger Space Shuttle in January 1986, the shuttle exploded only a few seconds after launch killing all seven astronauts aboard the space craft. This incredible disaster was actually caused by a relatively small component, the O-rings within the rocket booster expanded due to their exposure to low temperatures and did not seal correctly due to the rubber becoming stiff – this caused a fuel leak and hence the explosion (Tate, 2016). This information was eventually found in the aftermath of the accident, further proving the need for failure analysis to predict these issues before these catastrophes occurred. Over the years various techniques within failure analysis have been used to analyse different material, structures, and components; such methodology includes fatigue or fracture testing, non-destructive testing, and surface analysis. Root cause failure analysis (RCFA) is a specific type of failure analysis that has been used to determine the specific underlying cause of a larger failure and help control it in the future. This type of analysis is a problem-solving methodology and is largely successful when there is a depth of information and data regarding the failure, some tools used in RCFA include Fishbone Diagrams, Fault Tree Analysis and Tree Diagrams (Hussin, Ahmed and Muhammad, 2016). 
1.2 History & Development of Telescopic Front Fork Suspension
The telescopic front fork on a motorcycle is the suspension system responsible for controlling the rider’s feeling with the front end of the motorcycle. The telescopic front fork was originally developed to provide better suspension on motorcycles to the standard fork systems seen on bicycles, with BMW being the first company to develop a production motorcycle with telescopic front forks in 1935 (Gardiner, 2019). These forks however were not the same as today’s preferred model, the original system was similar to that shown on the left of figure 1 whereas the currently preferred system is the inverted system shown on the right-hand side. The inverted system was introduced to lower the unsprung mass (comprising of the wheel, tyre, and lower part of the suspension system) and hence giving a better feeling for the rider (RevZilla, 2014). This is due to the fact that the stiffer and stronger outer tube is attached to the triple clamp near the handlebars and not the wheel as opposed to the inner tube, this causes less deflection on the fork system as the outer tube’s stiffer structure can withstand the larger forces better (Kraus Motor Co, u.d.). The strength of the entire outer tube structure is greatly important as it must also be able to withstand the forces applied under braking and so this is something manufacturers must consider during the design process.
[image: The Basics: Modern Motorcycle Suspension]









Fig.1 – Original Front Fork System (Left), Inverted Front Fork (Right)

This choice of inverted or standard forks is instrumental in the development of the outer tube as different machines may require different outer tubes with different properties to provide the best possible performance. The most commonly used material to manufacture front fork outer tubes are either steel or aluminium alloy, for example Yamaha use an alloy known as AC2B to produce the outer tubes via a casting method as shown in figure 2 (YAMAHA Motor Co., n.d.). The rough chemical composition of alloy AC2B is shown in table 1. The inner tube of the front fork is very similar to the outer tube in terms of metallic materials chosen such as stainless steel, however the role of the inner tube is vastly different to that of the outer tube. Due to the inner tube’s purpose being to house the inner technology of the suspension system it is more simplistic than the sliding outer tube and therefore does not require as detailed manufacturing processes but must remain strong enough to protect the suspension internals. 
[image: Outer Fork Tubes - OEM Casting and Forging | Yamaha Motor Co., Ltd.]







Fig.2 – Yamaha Front Fork Outer Tubes
[image: ]
Table 1 – Aluminium Alloys Chemical Composition
Over more recent years, suspension manufacturers such as Ohlins have moved away from traditional aluminium alloys for their racing products as the demands of motorcycle manufacturers and race teams become greater. Within the racing paddocks various engineers were looking to save weight in any way possible, this led to the introduction of Carbon composite outer tubes. Ohlins engineer Thomas Alatalo stated this new design resulted in around a 10% weight loss compared to the standard aluminium alloy (Guidotti, 2017), this weight loss was achieved while also keeping the exact stiffness values seen in the aluminium tubes. Ohlins MotoGP technician Craig Cummings also explained that the advantage of using carbon outer tubes was that individual sections can be altered throughout the tube due to the changeable layering and weave types of the carbon material (Cummings, 2021). This structural alteration is used to allow the tube itself to withstand the different forces applied on various sections, this was as opposed to the aluminium alloy’s single stiffness value that was then altered via mechanical techniques such as tapering. Since this evolution in the racing world various companies have decided to produce their own attempts at the composite outer tube, such as CeraCarbon, proving that this change in material structure could be a revolution in the production of telescopic fork outer tubes.
[image: Ducati bike evolution 2003-2020 | MotoGP™]












Fig.3 – Carbon Fibre Outer Tubes Used on 2020 MotoGP-Spec Ducati Desmosedici
2. Fork Tube Production Process
The production and manufacturing process of a fork inner tube is extremely detailed so to achieve the required safety and performance factors identified during the design process. Firstly, the chosen material coil is loaded on the locked side of a double mandrel un-coiler (DMU), the pinch roll flattener is then used to straighten the ends of the coil and they are levelled ready for welding. The coil ends are then MIG welded together and the strips are accumulated vertically on a large radius in a continuous coil accumulator (CCA). The coil is then pickled (submerged in acid solution) in order to remove any impurities on the material surface, the pickled slit coils are then fed into the stamping unit with the continuous strip fed into a tube mill in order to create the desired tube shape strip. High-frequency induction welding then takes place in order to properly form the tube by connecting the strip ends together using high heat and pressures within a machine operating at a speed of 80 m/min. The newly formed tube then passes through a roller hearth furnace at a temperature of around 880 Celsius in order to be normalised, before surface treatments are carried out on the tube via cold drawing. The cold drawing process reduces the size of the originally formed tube and gives it a better-rounded shape and can increase the tensile strength, perfect for the purpose of a fork inner tube (Customer Benefits of Cold Drawn Steel Bar, n.d.). The newly sized tubes are then put inside the roller hearth furnace again at a lower temperature of around 600 Celsius in order to temper them, increasing the hardness of the structure (Tempering, 2019). 
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Fig.4 – Production Line Diagram of a Fork Inner Tube
The tubes have now been manufactured, however are not ready for public use as they must be quality checked. Non-Destructive Testing (NDT) methodology is to be carried out first in order to check for any potential surface defects in the material that may have been missed during the manufacturing process, such as cracks in the welds. A Run-Out Table (ROT) procedure is then undertaken which involves the tube being sent through a conveyor system to check for various issues that were not resolved via the manufacturing treatments. The conveyor system firstly allows the tube to be analysed by programmed sensors to check it matches the allowed parameters and tolerances. The final step for the tube is being placed into a pneumatic air pressure chamber (via the conveyor) in order to clean up trimmed sections of the tube. Once the tube has passed all of these tests it is then safe and ready to be used within the public domain. One of these tubes that suffered a failure while in public use was collected and analysed as seen in section 3.



















3. Fork Tube Analysis & Procedures
Following the production of the fork tube discussed in section 2.1, various failures have been recorded early in the part’s life cycle - at around 2000-3000 kilometres of distance covered by the motorcycle. Due to these uncharacteristic failures, detailed failure analysis was undertaken on the component to understand the cause of these issues by Dey et.al in 2013 – the failure subjected to the analysis is shown in figure 5. The failure in this case is a crack of around 1cm in length close to the weld. It’s likely that this may have been caused by an impact on the suspension system such as a stone hitting the weld and destabilising the structure, it may be due to a design issue within the suspension system as a whole causing the tube to flex or twist more than it should while under higher stresses, or it may be an issue with the welding procedure causing instability within the tubes.
[image: ]





Fig.5 – Failure of Fork Inner Tube

3.1 Visual Inspection
The crack is very thin and difficult to detect and so was detected in more detail as part of the first form of analysis – visual inspection, this task was completed using a form of NDT known as a dye penetration inspection (DPI) test. A DPI test involves covering a component in low surface tension fluid which is then used to penetrate breaks in a surface. Once the liquid is given time to penetrate the surface break, the break is covered with a developer and a white or ultraviolet light is used to highlight the flaw that originally may have been easily missed by the human eye. A notable issue with this method of NDT is that cleaning of the component beforehand is of upmost importance as any contaminant could obstruct a defect’s detection for example any remnants of oil that may have leaked from inside the suspension system (Dye Penetrant Inspection, n.d.).
[image: Dye penetrant inspection (DPI) - tec-science]




Fig.6 – Dye Penetrant Inspection Test Procedure

3.2 Chemical Analysis
The next step in the failure analysis of the inner tube is a chemical analysis to understand if the chemical balance of the material had been changed in some way, which may have caused the crack due to a properties change from the originally produced component. This analysis was conducted using an x-ray fluorescence (XRF) spectroscopy method for all materials bar carbon and sulphur, which were analysed using a combustion infrared technique. The XRF method involves the tube material sample being irradiated using high energy x-rays, once an x-ray with enough energy hits the metal atom it can overcome the binding energy of the atom’s electron and dislodge the electron from the atomic structure. The atom then regains its stability by replacing the dislodged electron an electron from a higher shell, this electron used in the replacement emits a fluorescent x-ray which is used to determine the element within the material sample with different elements producing slightly different x-ray energies (What is XRF and How Does it Work?, 2020). 

The infrared combustion technique procedure can be seen in figure 7, it works by turning the carbon and sulphur content of the material sample into a gaseous state, which are then detected using infrared technology to determine the concentrations of both carbon and sulphur from the sample by detecting gases such as carbon dioxide and sulphur dioxide (Oxley, 2012). Both tests yielded the below results shown in table 2, where it is clear to see that the material sample taken from the failed tube structure complies with the data from the original material used, however has a very low sulphur count and phosphorus count compared to the maximum in the chosen material’s guidelines.
[image: ]

	
Table 2 – Chemical Analysis of Tube Results

3.3 Physical Property Testing
Following the chemical analysis, the authors of the study conducted further work on the physical structure of the used tube material sample, comparing it with another identical tube from the same batch that did not suffer a failure. The failed tube sample underwent testing via a universal testing machine (UTM), in which the machine measures various parameters such as the ultimate tensile strength (UTS) and elongation. The results of the tests are displayed in table 3 and show that the failed sample still complies with the expected results obtained using the standard sample, with values for yield strength, UTS and elongation all achieving above the minimum expected values. The micro-hardness testing that took place also shows in figure 7 that a relatively uniform hardness is seen across different areas of the sample as expected. All of this information combined essentially dismisses the cause of the failure being from the original material itself as another item in the batch has similar properties and there is no drastic change.
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Fig.7 – Graph Showing Change in Micro Hardness Across Material Sample
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Table 3 – Results of UTM Tests

3.4 Microstructural Examination
Further study was conducted on the failure within the fork tube component by analysing the structure of the material at the failure point under powerful microscopes, this was done in order to show the details of such a small crack in a bid to further understand the cause. The authors found the crack to be in a J-shape and was a depth of around 0.5mm, the J-shape crack is known to be typically associated with ‘hook’ cracking. Hook cracks tend to occur where there are non-metallic inclusions at the edges of the metal strip used in the welding process, described in section 2, incorporating the non-metallic substance into the weld causes discontinuities and hence the weakening of the structure (ROSEN - Hook Cracks, n.d.). This discovery then led to an investigation as to what had specifically caused this hook crack.

In order to further understand the crack within the component the authors conducted energy dispersive x-ray spectroscopy (EDS) analysis in conjunction with scanning electron microscopy (SEM). EDS analysis involves detecting x-rays emitted from the sample in a similar way as discussed in the XRF analysis in section 3.2, in this case the material is bombarded with a beam of incident electrons generated using a thermal emission source from within the SEM system (Scanning Electron Microscopy, n.d.). The SEM system The x-ray in EDS is emitted in the same way as in XRF due to the change in electron shells, where the specific energy of the x-ray relates to the specific element detected by the method (Energy Dispersive X-Ray Spectroscopy, n.d.). The EDS analysis found inclusions in the sample of manganese sulphide, as seen in table 4. This information confirms the theory from the authors regarding the cause of the hook crack being from a fault within the weld, as the found manganese sulphide is likely the non-metallic impurity causing the weld’s discontinuity.

[image: ]


Table 4 – Weight % of Sample Results

In order to further confirm this theory, the authors conducted another form of analysis methodology known as ASTM E-45 A, which is used to check the cleanliness and purity of the steel. Two of the ASTM E-45 microscopical methods (A&D) are able to determine four different types of non-metallic inclusions found in steel, type A can detect sulphides with types B-D used to detect alumina, silicate, and globular oxides respectively. An issue with this method however is that it is destructive, but it does reveal the extremely small non-metallic inclusions needed for this context and so makes it a good choice of test by the authors (Meriguet, 1992). The results for the test are shown in table 5 for the four different types of non-metallic inclusion, the results prove that the sulphide is present as in the EDS analysis and is the likely cause of the failure.
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Table 5 – ASTM E-45 A. Analysis Results







4. Discussion & Conclusion

Throughout the report, the works completed by Dey et.al have been discussed as they undertook various failure analysis methodology in connection with a crack on a front fork inner tube. The failure was initially discovered before further details of the crack were uncovered using a DPI test. Chemical analysis of the material via XRF methodology revealed that the tube’s current material matched with one from the same batch, this data connected with the physical property tests in order to confirm the initial tube material was not the cause of the issue.

The final section of testing conducted, microstructural examination, showed that the crack was hook-shaped and turned at an angle at one end as well as being a depth of 0.5mm. This type of crack links to non-metallic impurities included at the ends of the metal strip during the welding process, a theory backed up during EDS analysis and ASTM E-45 analysis as traces of manganese sulphide were found within the tube’s structure. The crack’s turned end is as a result of the impurity upsetting the metal’s structure as the crack will turn towards whichever end the upset is largest, in this case this was the outside surface edge of the tube. It is also confirmed that the cause of the issue was not due to surface oxidation via heat treatments as the crack was further into the plate thickness (Dey et.al, 2013). The material’s relatively high carbon and manganese values within the chemical analysis also back up the theory that the weld is the cause of the crack due to the high manganese and sulphur ratio, which is associated hook cracks. This is likely due to the fact that the sulphur is rejected during the welding at temperatures below 1500 Celsius, allowing for intergranular weaknesses within the weld (Dey et.al, 2013).

In conclusion, it is certain that all evidence from the analyses undertaken by the authors points to the manganese sulphide impurity as being the cause of the crack. In order to rectify this, it is recommended that extra cleaning practices are undertaken, such as further pickling, before the welding process is conducted in order to ensure there are no impurities remaining on the metal. Once the tube has been formed via the weld it would then be important to conduct some NDT-style tests in order not to damage the tube. It is of paramount importance to ensure the tube is safe enough for public use, as undetected failures such as these can have catastrophic human consequences.
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