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[bookmark: _Toc61008584]Introduction

The following report discusses an investigation following the analytical methods and engineering phenomenon’s behind material failure. The initial stages of the report investigates the allocation of a chosen component within an internal combustion engine. 
The following phase of this report aims to investigate the engineering principals that are considered when analysing material failure, such as cyclic failure due to fatigue, creep, surface finishing, wear due to friction and material corrosion. 
Furthermore, research into failure analysis and how the cause of failure is found has been carried out. Considering metallographic methods such as fractography and non-destructive testing, an assessment of these analytical techniques will be researched to gain a greater understanding of what evidence can be found in the failure of materials.
The ultimate section of this report will then consider a failure analysis article that has been selected to associate to the chosen component. The analysis of the literature will elaborate on the techniques used to decipher what the causes of the material failure were.
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Crankshafts are located at the heart of the internal combustion engine and play a very big part in how the engine performs. The crankshaft turns reciprocating forces into rotating motion that drives the gearbox inside the engine. As some crankshafts rotate more than 8000RPM and produces large amounts of inertial forces, the crankshaft is put under large amounts of stress. The inertial forces are not only dependant on the engine speed, but the mass of the reciprocating components. e.g., the piston and connecting rod assembly.
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[bookmark: _Toc61008571]Figure 1 - Crankshaft schematic (Solidworks, 2021)
Figure 1 shows the rod and main journals located on the crankshaft, the main journals take a large amount of stress during the combustion stroke, as do the rod journals. This force acting on these locations produces a bending moment on the crankshaft and can generate large amounts of stress. 
The crankshaft is normally made from a single block of material, this can then be produced from a forging, casting, or machining process (Prajakta P. Pawar, 2015). Mass produced crankshafts are traditionally made from cast iron as it is cheaper. Racing crankshafts are frequently produced using a forging method, the forging process creates a stronger crankshaft with a more continuous grain structure and a greater resistance to fatigue failure (Paolo Citti, 2018). 
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Forging is a manufacturing process that involves heating up a material and hammering it into a required geometry, in this case, the production of a crankshaft. Forging has been practiced for thousands of years, commonly used by blacksmith to create horseshoes and other metallic equipment. 
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Creep is the rate of deformation in a material over time and constant stress, creep normally occurs in high temperatures but is dependant on the material. Creep can occur on the crankshaft when the two opposing moments produce a bending moment, along with the high temperatures within the internal combustion engine. A biproduct of this is a change in the compression ratio as the rod journal may be located lower or higher through the cycle of rotation, affecting the stroke, this is referred to as crank warping. 
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[bookmark: _Toc61008572]Figure 2 - Creep Curve (inspectors, 1991)
The initial stage of creep (0 – A) is quite fast, this is then followed by the secondary stage of creep (A – B) where the rate of creep decreases, the penultimate stage of creep (B – C) shows a linear progression curve that lasts a large amount of time before the final period where the rate of creep increases radically and indicates failure. An example of creep in household terms can be shown in boiler pipes, where the constant heat and time slowly creeps the specimen into malfunction (Jones, 2004).
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By definition, ‘Fatigue is the weakness in a material caused by a repeated variation of stress’. The internal combustion engines’ crankshaft experiences fatigue from the repetitive loads produced over 8000 times a minute per rod journal, this can resolve in fatigue failure if the component is not produced within its design requirements. Khameneh, 2018, undertook an experiment testing the fatigue limit of a cast iron crankshaft and found that lowering the forces acting on the crankshaft resulted in far longer component life to a point where the part can be considered un-breakable in this conditions.
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[bookmark: _Toc61008573]Figure 3 - S-N graph representing endurance limits (Fractory, 2020)
Figure 3 shows the endurance limit for Aluminium and steel, it can be seen from the graph that the steel trends plateau’s at around 107 cycles. This can satisfy the previous statement concerning the endless life of the steel components.  
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Surface finishing is the final alteration made in the production process to improve a component for a variety of reasons. Some surface finishes are implemented to increase durability, improve chemical resistance, or even satisfy an aesthetic appearance. 
There are a range of surface finishing methods.
· Plating – Plating uses chemical pools to add a film of protection over the piece, this method improves durability using such materials as zinc, chromium, or nickel.
· Brushing/Cleaning – Not only does brushing the surface give the component a more attractive appearance, but it reduces frictional wear for parts that are in motion against one another. An example of this can be a piston inside a cylinder, or the bearings of connecting rod against the crankshaft.
· Lapping/honing – Lapping uses an abrasive paste to polish two mating parts together such as engine valves to create a tight and well fitted suit (G.C.S.G. Bharat, 2020). 
· Heat-treating – There are many heat-treating methods for many reasons, for example, carburizing is a heat-treating process that involves heating up ferrous metals to below their boiling point and exposing them to carbon liquids or gases to increase the metals strength (Tomotake Hirata, 2020). For crankshafts, a heat-treating process referred to as sphereoidizing/annealing is used to soften the steel and improve its ductility (Ali Khosravifard, 2020).
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[bookmark: _Toc61008574]Figure 4 - Example of crankshaft with surface finishing (Racing, 2020)
Figure 4 shows a crankshaft with the surface finished rod journal located. MAHLE, 2021, explains the importance of direction when surfaces finishing the crank journals. The report elaborates on the ‘fuzz’ being produced from the polishing belt and how the direction that the fuzz is facing can create additional friction if it’s not in flow with the rotating direction of the crank.
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Fictional wear is a physical phenomenon where two or more components in an assembly brush against one another and consequently wear each other out. From an automotive engineering point of view, reducing friction is not only important from a component failure point of view, but engine efficiency is extremely reliant on reducing friction.
To reduce frictional wear and friction coefficients between the components of an internal combustion engine, tribology studies are frequently investigated. The friction coefficient is highly dependant on the materials in contact, the velocity of the contacting surfaces and the lubrication being employed. 
Lack of hydrodynamic lubrication can cause elevated amounts of wear due to friction. Yagi, 2021, undertook an experiment testing the importance of textured surfaces to prevent starvation of lubrication, the experiment concluded that the cross hatched texturing made a significant difference to the amount of wear produced due to friction as it allowed greater amounts of lubrication.
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[bookmark: _Toc61008575]Figure 5 - Examples of frictional wear (Victoria E. Burlakova, 2020)
Figure 5 shows an example of frictional wear. The wear particles are effectively debris from the material, the pores can be formed from debris coming between the two colliding materials, this can be seen on a lot on the front suspension of motorcycles when dirt and rubble gets between the fork and seal, however pores can also be formed from corrosion.
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Corrosion is a process in which damage is caused by a material being corroded. In ferrous metals, corrosion most commonly occurs when the material is exposed to oxygen and water. There are several different types of corrosion.
· Uniform Corrosion – Uniform corrosion is the most common, it occurs in an even pattern over large surface areas of material (Da-Hai Xia, 2019).
· Pitting Corrosion – Pitting is a very aggressive form of corrosion that can be difficult to forecast, pitting can form defects that can damage components enough to deem them unusable (Ren Songbo, 2021).
· Crevice Corrosion – In engineering a crevice can be under a washer, or bolt cap. Crevice corrosion is a chemical phenomenon that occurs in areas where there is limited oxygen, this form of deterioration occurs when the pH value veers away from neutral within the microclimate (Xuan Wu, 2020).
The crankshaft does not tend to experience a large amount of corrosion as it is regularly saturated in engine oil. This means if the engine is left over a large period, the crankshaft may experience some corrosion, either from the crevices or uniformly. 
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[bookmark: _Toc61008593]Metallographic Analysis
Metallography is the study of metals and alloys, this study examines the metals grain sizes, microstructures as a function of cooling rate, graphite structures, silicon structures in AL-Si alloys and many other material characteristics. This is achieved using high quality metallographic microscopy.
[image: Metallographic Microscopy]
[bookmark: _Toc61008576]Figure 6 - Example of corrosion on buried pipe.
The aim of this metallographic study is to examine the chemical effects that moist soil has had on this pipe that has been buried underground within the experiment (Materials, 2021). Figure 7 shows the findings from the metallographic study, it can be seen from the figure that there is an area at the top left of the image indicating an extent of corrosion. 
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Failure analysis is far more than a simple visual inspection of a component. Fractography utilises scanning electron microscopes (SEM) to identify the reason a failure has occurred. Failure can develop from fatigue, corrosion, and crack propagation. 
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[bookmark: _Toc61008577]Figure 7 - Example of SEM fractography 
Figure 6 shows an example of an SEM fractography photo, the image presents a crack propagation area that is represented by dimples along the rough surface. There are certain characteristics that represent certain types of failure, for example, in ductile fracture the separation of the material surface creates micro voids, these voids will then separate at the fracture of the surface and undergo necking, from this, the direction of fracture can be detected e.g., shear fracture on a bolt neck or crankshaft (Jerome Tchoufang Tchuindjang, 2007).

[bookmark: _Toc61008595]Non-Destructive Testing

Non-Destructive testing (NDT) is used to analyse components prior to failure. A common method of NDT is ultrasonic testing, this method uses ultrasonic waves to detect the size and depth of a flaw in a material. The main reasons for adopting the NDT method are clear; to change a component due to a flaw being overly severe and prevent an accident, or to monitor a defect to prevent having to replace a component without reason.
[image: Nondestructive Testing Training | 2018-06-08 | Quality Magazine]
[bookmark: _Toc61008578]Figure 8 - Example of NDT taking place (Quality, 2018)
The NDT method is highly dependent on the operators experience, attitude, environment, and knowledge. Alongside this, the NDT equipment being used holds a large amount of influence on the results obtained. For these reasons NDT in the wrong hands can result in catastrophic failure or unnecessary amounts of expenditure (Thomas, 2021). To resolve the human error behind NDT, statistical analysis is carried out to determine the probability of detection and probability of sizing of the NDT method and operator.
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The failure analysis study that has been selected for this investigation describes the material failure of a crankshaft from a well-known, turbocharged, 1.9l diesel engine that failed at 75,000 miles. J. Mateus, 2019, explains that the 20 year old crankshaft failed without warning at crankpin 1 of the crankshaft.
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[bookmark: _Toc61008579]Figure 9 - 1.9l diesel crankshaft (J. Mateus, 2019)
Figure 9 shows an image of the 1.9l diesel crankshaft. The figure shows the fracture spot at the far left of the image.
[bookmark: _Toc61005445]Table 1 - Engine Specification
	Parameter
	Measurement

	Engine size
	1896cm3

	Bore
	79.5mm

	Stroke
	95.5mm

	Max Power @ 4150RPM
	81kW

	Max Torque @ 1900RPM
	235Nm

	No. of Cylinders
	4



Table 1 shows the engine parameters of the 1.9l diesel engine. With the correct cylinder pressures, this information can be used to simulate the forces and stresses acting on the crankshaft, this has been carried out within this article and simulated in CAD software.

[bookmark: _Toc61008598]Failure Analysis

Mateus explains that the failure of crankpin 1 was located in the region of the web fillet, bordering the first balancing web. Through a visual inspection, Mateus found no evidence of corrosion or defects around the location of the failure.
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[bookmark: _Toc61008580]Figure 10 - a) Perpendicular to the face-on view b) fatigue crack growth, and final fracture (J. Mateus, 2019)
Figure 10 examines the two images taken to analyse the reasoning for the fracture, (a) inspects the crack initiation of the failure, whereas (b) investigates the crack propagation of the failure from the fatigue that the crank was put through. At the top of image (b) the ‘fast fracture’ is shown.
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[bookmark: _Toc61008581]Figure 11 - Macro and micrographs of the crankpin. a) Macrograph b) micrograph of the interior c) Micrograph of the treated area (J. Mateus, 2019)
Figure 11 shows a micrographic photo of the crank pin. The sample areas were etched with Nital 2% to reveal the microstructure. (b) and (c) show the microstructure of (a). There is an evident difference between the two areas, this is due to the heat treatment applied to the crank known as case hardening through nitriding. Case hardening increases the strength of the outside of the material, it can be seen from (c) that the treated area has a far smaller metallic structure.
Mateus explains the evident appearance of martensite within the materials microstructure. Martensite, on a microscopic scale, contains many needle-shaped features and indicates that the material area is very brittle.
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[bookmark: _Toc61008582]Figure 12 - Pressure vs crank angle diagram vs temperature (J. Mateus, 2019)
Using the data that had been gathered for this experiment (Figure 12), the writer adopted the finite element method (FEM) to identify the areas of the crankshaft that possessed lower safety factors. Using ‘ANSYS Workbench’ software and the dimension of the crankshaft, a model was developed.
[image: ]
[bookmark: _Toc61008583]Figure 13 - FEM results (J. Mateus, 2019)
Once the model had been made, careful consideration to the mesh areas had been made and allocated to the specific areas, figure 13 shows the results of the FEM experiment. There is a large amount of stress appearing at crankpin 1 as that cylinder is firing at this point, due to the max pressure and the bore area it can be assumed that around 29,000N of force will be acting on the crank at this point. 
[bookmark: _Toc61005446]Table 2 - Safety factors of different heat-treated areas
	
	Normal Heat Treat
	Heat treat plus shot peening
	Heat treat plus nitriding

	Fatigue S. F
	19
	23
	31



After considering the Von-Mises stresses and a typical S/N curve for crankshafts made of AISI 4340, the fatigue safety factors are shown in table 2. It is clear to see that the heat-treated areas with nitriding create a material more resistant to fatigue failure.

[bookmark: _Toc61008599]Discussion

The writer explains that the safety factors are far too great to assume that the failure occurred due to poor mechanical design. The writer then continues to elaborate, and conclude, that the fractography results show that the failure transpired from fatigue failure developing from a small defect that may have materialised during assembly. Another possible cause for the failure of the crankshaft may have been in the alignment of the crankshaft, however, during this investigation the engine block was unable to be inspected, therefore, further investigation would result in better understanding of the failure. 

[bookmark: _Toc61008600]Conclusion

The initial stage of the of this report saw the writer describe the component that was to be discussed throughout the investigation. Following this, research into the engineering principles to be considered through the report has been discussed such as creep, fatigue, surface finishing, frictional wear, and corrosion. 
The secondary area of this report describes the research undertaken into how to decipher the evidence of failure, this included expanding on such engineering techniques as metallography, fractography and non-destructive testing.
The final section of this report selected a journal article regarding the failure analysis of the chosen component. This journal article discussed and put into practice some of the analytical strategies discussed prior to this section of the report. The metallographic analysis methods were put into place and a conclusion was drawn to how the failure of the crankshaft occurred.
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Fig. 3. SEM results of the friction track in the “brass — aqueous solution of acid — steel” system: a - acetic, b - butyric, ¢ - caproic acid.

3. Results and discussion formic and acetic acids. The friction coefficient, initially equal to 0.25,
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Fig. 12. Roughness differences between CIH and crack propagation area on Ry and R (a) crack propagation zone (FM1 - Ry); (b) smoother arca
around an ICIP of carbide type, with holes related to pulled out inclusions ('M1 - Ry): (c) facets of a broken carbide and dimples around in the crack
propagation area (FM1 Ry ); (d) facets of a broken carbide in the grooved mark of a rough striation (crack propagation zone, FM3 - Ry).
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Fig. 1. Crankshaft analyzed in the study.

For Mode II fracture, the parameter AWy, is as shown in Eq. (4):

AWy = Mg, g, + max(aay) @

where Ar and Ay are the shear stress range and shear strain range, Ao, and Ae, are the normal stress range and normal strain
range, respectively.
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Fig. 2. (a) perpendicular to the fatigue surface view; (b) crack initiation, fatigue crack growth, and final fracture (fast fracture).
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«> Fig. 7. Simulated temperature and pressure curve for the analyzed motor [15].
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. 11. Simulated total deformation on the crankshaft.

temperature was considered as constant, with the average temperature reached in the simulated motor cycle (563 °C).

3.6. Numeric results

Fig. 11 shows the total deformation considering the tree directional deformation components. The moment of greatest de-
formation amplitude occurs when piston n°1 is in the expansion phase, being the crankshaft rotated 20° after AFTDC of piston n°1, as

shown in Fies 11 and 12 One can conclide that the resin of ereater defarmation coincides with the erack initiation snot identified
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