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The aim of this report is to explain the history and development of the connecting rod and its documented material failures and their mechanisms. The author also aims to carry out a failure analysis on a connecting rod which has been used in a diesel generator. 
A connecting rod is subject to extreme loads from the force of combustion compressing the rod, and on the exhaust stroke as the piston reaches TDC, the inertial force of the piston and reciprocating part of the connecting rod want to continue in the vertical direction, therefore leading to the rod experiencing a tensile force. These forces over time cause fatigue and this is the purpose of carrying out the failure analysis in order to tell if this is the case along with which mechanisms caused this to occur at an accelerated rate. 
The areas covered in this report include: 
· History of connecting rod and development.
· Description of connecting rod operating conditions.
· Common methods and materials used.
· Theoretical engineering principles such as:
· Mechanical properties
· Fatigue
· Fast Fracture
· Surface Finish
· Hygroscopy
· Experimental Procedures
· Results and Analysis
· Preventative Measures
The theoretical principles of failure mechanisms are to be included along with documented experimental procedures which have been carried out as evidence to these findings. Recommendations for how these issues can be mitigated will be made from the experimental procedure results and data provided. 


[bookmark: _Toc61353713]Connecting Rod 
[bookmark: _Toc61353714]Component Historical Description
The first connecting rod was sighted in late 3rd century AD, the rod was used in a Roman Hierapolis sawmill (Ritti et al., 2007). One of the main components of an internal combustion engine is a connecting rod. While it is still used on steam engines, road vehicles have found it very significant.
The first connecting rod as we know it today, was used by French inventor, Etienne Lenoir in 1860 (O’Brien, 1964). This internal combustion engine was a single cylinder which turned a flywheel, therefore the forces which the rod would be subject to were less than when used to propel a vehicle.
[image: Étienne Lenoir | Belgian inventor | Britannica]





[bookmark: _Toc61353684]Figure 1 The Lenoir Engine in 1860

1885 was the year that saw the first connecting rod used in an ICE to propel a vehicle by Karl Benz. This engine ran on benzene, therefore only had a maximum engine speed of 250 revolutions per minute, and a peak power output of 0.75 horsepower. This enables the vehicle to be propelled at a top speed of 8 mph (O’Brien, 1964). Below a modern connecting rod is shown from a motorcycle. [bookmark: _Ref61014684][bookmark: _Toc61353685]Figure 2 Connecting rod diagram.


[bookmark: _Ref61015380][bookmark: _Ref61006387][bookmark: _Toc61353686]Figure 3 Connecting rod as part of its functional assembly.

[bookmark: _Toc61353715]Operating Conditions
Conrods are coated in engine lubricating oil at a general operating temperature of 98°C, this can be as low as -18°C in the winter. The sealed crankcase which the rod operates in oil and air. The oil prevents the humidity of the air from allowing corrosion and a deterioration of the surface finish. 
The piston in Figure 3’s assembly is attached to the small end of rod using a gudgeon pin, this allows the piston to pivot about the centre of the gudgeon pin. The pin is fixed in its placed via a spring clip which is placed either side of the pin. The big end of the rod is fitted with a plain shell bearing to adjoin the rod cap and the crankshaft, this is to reduce friction between the 2 parts, to reduce this further, engine lubricant forms a dynamic oil film between the 2 components. 
The rod also helps in the distribution of lubricating fluid to the cylinder walls and gudgeon pin through orifices shown in Figure 2.
The linear up and down movement or reciprocating motion of the piston is converted into the circular motion of the crankshaft by the connecting rod or conrod. During this process, the rod experiences tension, compression and buckling. The part behaves as a lever arm and the compressive and tensile forces from the piston are transmitted and rotated at both ends of the con rod. Figure 1 illustrates a connecting rod as part of its functional assembly attached to the crankshaft and piston via the gudgeon pin. 
Connecting rods are subjected to 2 main types of force caused by the combustion of fuel in the cylinder and the mass of the piston and rod itself, resulting in compressive bending load and tensile load. The highlighted points in Graph 1 illustrate the crank angles at which the rod experience its maximum compressive and tensile forces. The negative force indicates a tensile force and positive is the compressive force (Shenoy & Fatemi, 2006). 

[bookmark: _Ref61110097][bookmark: _Toc61353680]Graph 1 Forces acting on connecting rod.

These forces vary between engine depending on cylinder pressure and engine speed. This results in a cyclic load which is the cause of fatigue as shown in Graph 2, this is from a study previously carried out by the author. 
[bookmark: _Ref61111633][bookmark: _Toc61353681]Graph 2 Cyclic load on connecting rod.











[bookmark: _Toc61353716]Materials Commonly Used
Connecting rods are typically cast from aluminium or steel alloys, this is to help the rod withstand the forces which it is subjected to during the full combustion engine process. 
A mass production rod is predominantly manufactured from steel alloys and he aforementioned manufacturing methods are used. For a rod that requires high precision and a flawless finish, such as performance and race engines used in Formula 1 cars, MotoGP bikes and speed boats, a solid billet is machined as opposed to being cast or forged, due to imperfections that can form due to less precise manufacturing processes used in mass production. 
For a smaller, low performance applications such as scooters, outboard motors and generators, a cast iron may be used in order to increase service life due to its high UTS, and relatively low young’s modulus. 
In recent developments within the last 6 years, a titanium-based alloy has been used in mass production for the Yamaha R1M. It is to be used further in the future for similar purposes as the single piece billet connecting rods for high performance applications (Nippon Steel & Sumitomo Metal Corporation, 2014). 


[bookmark: _Toc61353717]Types of Connecting Rod
[bookmark: _Toc61353718]Billet
These are single-piece steel or aluminium rods. These are smaller, heavier and more durable than other types of rod and are primarily used or high-performance cars and motorcycles.
[bookmark: _Toc61353719]Cast
Manufacturers use casting as a process because a rod made with like this it is capable of withstanding a stock engine load. The cost of production is low, for this reason they have been used widely in mass production engines for many years. This type of rod cannot withstand high horsepower applications and high engine rotational speeds. A visible seam down the centre of the rod separates it from the forged type.
[bookmark: _Toc61353720]Forged
These are made by pressing and forging the grain of the chosen material into the rod’s form. Depending on the required characteristics, the composition of materials may be steel alloy, aluminium alloy, and more recently titanium alloy. Chrome and nickel alloys are used by forgers during the process in order to create a stronger and less brittle through the means of a lower young’s modulus.
[bookmark: _Toc61353721]Powdered Metal
A powdered metal rod is suitable for mass production and is widely used by Ford in the majority of their consumer vehicles. These rods are manufactured using a metal powder mix, this is pressed into a mould of the rod and then heated to a high temperature. The mixture is melted due to the heat and forms a solid shape in the mould when it cools. It may be required to sometimes carry out some light machining on the finished product. This type of rod is stronger than its cast counterpart and costs less therefore used for mass production. 


[bookmark: _Toc61353722]Theoretical Engineering Principles
[bookmark: _Toc61353723]Material Comparison
The material used to manufacture production vehicle connecting rods are alloy steels or alloy aluminium and a comparison is shown in Table 1 below:
[bookmark: _Ref61267865][bookmark: _Toc61353674][bookmark: _Ref61360762]Table 1 Possible materials for a connecting rod and their mechanical properties (Kar, 2019)





[bookmark: _Toc61353724]Material Selection
Depending on what force a connecting rod will be subjected to is what defines the material used and also the fatigue life of that material due to the cyclic load experienced is considered. The reasons for 4340 forged steel being used for a production connecting rod can be seen below as material characteristics: 
· Low iron-carbon alloy steel, Nickel-Chromium-Molybdenum
· Molybdenum assists in the prevention of the steel becoming brittle during tempering
· Has the required strength due to its hardenability
· Can be heat treated to high strength level meanwhile not losing its toughness
· Overall a balanced tensile and yield strength, hardness and toughness properties
· Shock and impact resistance therefore increasing fatigue life
· Resistance to abrasion and wear
· Increasing test temperatures provided increased fracture toughness
· Machinability
[bookmark: _Toc61353725]Forging Considerations
The steel should be melted, and forging carried out at high temperatures between a range of 980°C and 1230°C. This eliminates cooling of the metal before it has had a chance to settle into all the forms crevices and contours. Also, conrods manufactured in this way should be tempered in sand once removed from the form, this is to reduce brittleness and internal stresses (Astmsteel, 2019).
[bookmark: _Toc61353726]Machining Considerations
When machining alloy steel 4340, it is best to do so with the piece in a tempered and annealed state, this is to prevent breaking or damage during this process from being brittle before these processes. The necessary methods of machining can be used such as turning on a lathe, drilling and removing material with precision on a mill (Astmsteel, 2019). 
[bookmark: _Toc61353727]Types of Failure
[bookmark: _Toc61353687]Figure 4 Locations of the most critical connecting rod sections (A. Strozzi et al, 2016)








[bookmark: _Toc61353728]Fatigue
The main reason for a connecting rod to break is the fatigue. This often occurs in engines which have reached their life cycle limit. The act of repeated compressive and tensile loads being applied to the rod, ensues several thousand times per minute. This ultimately results in wear to the rod up to the point of failure. The fatigue process can be accelerated by a poorly maintained engine, in forms of incorrect engine oil levels and foreign objects which should be not present in an engine. 
Failures from fatigue will occur in places which experience the highest stress concentrations, these are areas such as small radius corners and transition areas. A crack will originate up to the point of where the material cannot take the load anymore and this is when a fracture presents itself. This is what set the desired life of a connecting rod during the design process as infinite (Gere, 2012). 
A secondary and less common cause of fatigue failure can be induced by fretting. Fretting induced fatigue cracks are caused by the repeated relative surface motion at a low amplitude under a significant load such as vibrations from an engine (Chao, 2019). 
[bookmark: _Toc61353688]Figure 5 (a) Angled connecting rod and (b) the mating face (Chao, 2019)






A study carried out by (Chao, 2019) to analyse the failure of a connecting rod with a toothed mating face between the rod and rod cap respectively. Due to the connecting rod which they assessed being imported from abroad, the rod’s material composition, mechanical properties and heat treatment procedure were unknown. The cracked rod was studied from a fractography point of view initially, followed by a data collection exercise to measure the UTS, yield strength and material hardness. The final step was to consider the assembly stress of the bolts in the case of carrying out a finite element model and analyse the crack propagation to find reasons for its forming. 
[bookmark: _Toc61353729]Fast Fracture
A failure analysis of a fast-fractured connecting rod carried out by (Mohammed et al., 2009) illustrating the use of visual examination and FEA to reduce design time and cost. Another procedure used within this report was a metallography study which is used to determine if the fast fracture was caused by porosity or another phenomenon (Lee et al., 2006). 
[bookmark: _Ref61185811][bookmark: _Toc61353689]Figure 6 Fast fracture failure on connecting rod (Mohammed et al., 2009)




With this type of failure, it is important to point out all the different reasons which could have caused this to happen. These reasons consist of fatigue near a visible physical defect on the connecting rods surface, engine overheating, cracking, overheating due to a lubrication failure caused by poor maintenance, rod cap bolt failure caused by improper tightening or re-use of an old rod bolt (Biancolini et al., 2003). This type of failure can be seen in Figure 5. 


[bookmark: _Toc61353730]Experimental Procedures
In order to consider which design improvements and manufacturing processes can be altered, the initial task is to carry out experimental procedures to determine which failure mechanisms is present and how it was caused. 
[bookmark: _Toc61353690]Figure 7 Fracture failed diesel generator connecting rod (Juarez et al., 2016)






In a case study carried out by (Juarez et al., 2016) indicates that the initial stage of analysis was a visual inspection of a fractured diesel generator rod followed by an analysis of the fracture surface. A detailed determination of the conrods material characteristics was completed. The material characterization was completed by removing 2 sample pieces from the rod itself away from the fracture zone, this eliminates errors from fatigue damage already occurred near the fracture zone as shown in Figure 8. These samples were used to carry out the following: hardness tests, chemical analysis, metallurgic analysis and tensile tests.[bookmark: _Ref61190571][bookmark: _Toc61353691]Figure 8 Location of samples for the material characterization of conrod fracture zone (Juaraz et al., 2016)












The chemical analysis was conducted using a Bruker Magellan Q8 atomic emission spectrometer machine as part of standard practice ASTM E415-14 (ASTM, 2014b). According to standard practice ASTM A370-15 (ASTM, 2014a) tensile tests were carried out on a Zwick Roell Z250 machine. Following the standard practice ASTM E384-11 (ASTM, 2016), hardness testing utilised a Zwick Roell ZHV30 hardness testing machine. Lastly, according to ASTM E3-11 (Materials, 2011) and ASTM E407-07 (ASTM International, 2015), samples for metallographic analysis were mounted into an epoxy resin and prepared accordingly so the samples microstructure was visible prior to some chemical etching using a 2% Nital solution, the images were captured using a Leica M2 microscope and digital camera. 
[bookmark: _Ref61195051][bookmark: _Toc61353692]Figure 9 Fracture zone of connecting rod shank (Juaraz et al., 2016)









The fracture zone was also comprehensively analysed in forms known as microanalysis, hardness testing, metallographic analysis and magnetic particle inspection. The crack was deemed to have started from the lubrication channel down the centre of the rod shank, this is discussed further in the results section of this report. Due to this fact, a longitudinal cut was made to make the channel visible for inspection as also shown in Figure 8, dimensions recorded for the experiment are shown in Figure 9. The first 2 samples were taken from the area shown in Figure 9 and a third sample was taken away from the fracture zone. Magnetic particle inspection has been carried out following standard practice ASTM E709-15 (ASTM, 2015), an alternating current magnetic field created by a Magnaflux Magnetic Yoke and fluorescent particles was used. 
For the microanalysis of the samples, a scanning electron microscope was used at 30kV, with the use of an EDAX energy dispersive spectrometer. Furthermore, the hardness and metallography tests were carried out as aforementioned. 

[bookmark: _Toc61353731]Results and Discussion
[bookmark: _Toc61353732]Visual Inspection and Fractography
Figure 10 illustrates the connecting rods fractured shank face where it has been cut. The rod fractured through a section of the shank which is perpendicular to its own vertical axis at the base the of the shank. As aforementioned, previous studies and experiments carried out indicate that this is an area of common failures. This is due to the highest stress and deformation occurring in this area shown in FEA model simulations (Samal et al., 2015). 
Furthermore, in Figure 10 it can be seen that there is a fatigue pattern which shows the cracking initiating from various sites starting at the lubrication channel, spreading outwards towards the external surface of the connecting rod. This fatigue pattern can be referred to as beach marks. 75% of the visible rod section is showing signs of fatigue, thus indicating a relatively low amount of nominal stress. An overload pattern can be observed from the section shown in Figure 10, providing the author with an uncommon pattern of the fracture propagating from the centre outwards to the exterior. This indicates that any analysis of the fracture zone should begin from the lubrication channel as this is the origin of the fracture. 
[bookmark: _Toc61353733]Material Properties
From chemical testing analysis, the material of the connecting rod in question corresponded to a low alloy medium carbon steel, which identifies as SAE 4140 steel (The Materials Information Society, 1990) and the addition of a small amount of Nickel for added strength while avoiding brittleness. The chemical composition of the material can be seen in Table 2.[bookmark: _Ref61276973][bookmark: _Toc61353675]Table 2 Chemical composition of connecting rod (Juarez et al., 2016)


[bookmark: _Ref61279327][bookmark: _Toc61353676]Table 3 Tensile properties of connecting rod material (Juarez et al., 2016)




Table 3 illustrates the tensile test results, with a yield strength of 659 MPa and a tensile strength of 855 MPa. Elongation is 20% and a young’s modulus of 201 MPa. 
The results from the hardness test are shown in Table 4. The average hardness value collected was HV 276. [bookmark: _Ref61280445][bookmark: _Toc61353677]Table 4 Hardness of connecting rod material (Juarez et al., 2016)

The connecting rod material metallographic analysis found a martensite microstructure which had been tempered, as illustrated in Figure 10.
[bookmark: _Ref61281246][bookmark: _Toc61353693]Figure 10 Connecting rod material microstructure (Juarez et al., 2016)










The microstructure and values of the properties measured correspond with those documented  for SAE 4140 steel in its tempered form (The Materials Information Society, 1990), thus providing the author with confidence that this material is correct for the application of a connecting rod. 
[bookmark: _Toc61353734]Fracture Zone Analysis
In Figure 12, it can be seen that the fracture surface has had a cut perpendicular to that in order to reveal the channel in greater detail. This reveals an area of coarse machining marks and a section of the channel which has encountered loss of material. 
It can be observed from Figure 11, the magnetic particle inspection reveals a secondary crack which runs directly parallel with the fracture surface. From this image it can be clearly seen that the crack propagates from the lubrication channel to the outer surface of the connecting rods shank as illustrated by the labelled image.  

[bookmark: _Ref61282335][bookmark: _Toc61353694]Figure 11 Lubrication channel at fracture zone view (Juarez et al., 2016)








[bookmark: _Ref61288569][bookmark: _Toc61353695]Figure 12 Magnetic particle inspection reveals a secondary crack (Juarez et al., 2016)









The inspection of the metallographic samples 1 and 2 showed a layer which appeared to be white. This was present in the lubrication channels surface, and is determined to be the area where cracks are forming as shown in Figure 13. Illustrated further is this fact in Figure 14 where it can be seen cracks are propagating towards the outer rod shank face. 
A wide range of thicknesses are seen in the white layer, Figure 13 illustrates the two different thickness values of 106.28 mm and 83.78 mm. This figure also shows there are two further thickness values measured in the heat effected zone of 196.35 and 168.08 mm.
Sample 3 was analysed, as forementioned away from the area with the fracture. As can be seen in Figure 13, there is no white layer present nor a heat affected area as in previous samples. However, there is evidence of coarse machining on the edge of the channel shown in the image.

[bookmark: _Ref61290734][bookmark: _Toc61353696]Figure 13 Lubrication channel micrograph of microstructure of sample 3 (Juarez et al., 2016)
[bookmark: _Ref61289983][bookmark: _Toc61353697]Figure 14 Lubrication channel micrograph of microstructure of sample 2 (Juarez et al., 2016)
[bookmark: _Ref61289905][bookmark: _Toc61353698]Figure 15 Lubrication channel micrograph of microstructure of sample 1 (Juarez et al., 2016)








Results from the hardness test are shown in Figure 16 at test points (1-6). Indentations (1-3) have been magnified further. Below in Table 5 results for the hardness test are displayed. [bookmark: _Ref61343162][bookmark: _Toc61353678]Table 5 Hardness test results from all indentation sites (Juarez et al., 2016)


An extremely high hardness value of 1000 HV is the average across indentation sites 1 and 4. Therefore, indicating that the white layer area must slightly altered chemical material composition as this is not a common property of SAE 4140 steel. 
A heat effect zone being present at indentation sites 2 and 5, indicates with a hardness of 408 HV that a process involving high temperatures was utilised in order to embed a different material int the steels matrix. 
[bookmark: _Ref61342539][bookmark: _Toc61353699]Figure 16 Hardness test sites (1-6) (Juarez et al., 2016)








Microanalysis determined the chemical composition of the white layer shown in previous figures. illustrate the energy dispersive spectra, with the red line representing the white layer and the black line representing the rod material away from the white area. This indicates a high level of tungsten also known as W in the region. 
[image: ][bookmark: _Ref61348044][bookmark: _Ref61348023][bookmark: _Toc61353700]Figure 18 Tungsten count variation between connecting rod material and white layer (Juarez et al., 2016)
[bookmark: _Toc61353701]Figure 17 Energy dispersive spectroscopy spectra showing the connecting rod material and white layer areas (Juarez et al., 2016)


A line scan inspection was performed in order to confirm this as illustrated in Figure 18. This line scan was carried out from the connecting rod inner material to the white layer. As can be seen in the figure, the amount of tungsten content increases vastly at the transition between the white layer and the heat effected area. 
With this evidence, it can be concluded that the temperatures which the part was subject to in order for the W to become embedded resembles a process called EDM, which stands for electrical discharge machining (Manupati, 2015). During this machining process 12,000°C is the temperature which the material can encounter, therefore it can be determined from this analysis that EDM was used in the machining of the lubrication channel. This corresponds with tungsten being present and the heat affected area being formed due to the manufacturing process being deficient. 
The author has found that a chain reaction of events has occurred, starting with the machining process of the lubrication channel experiencing overheating in the form of the tungsten tool melting or plasticising. This issue then caused tungsten to become embedded in the conrod fracture area, resulting in a stress concentration in the visible area of the cracks origin. The catastrophic failure was caused by a fatigue mechanism, with the repeated cyclic loads increasing the size of the crack until it separated the rod into its current destructive state.
[bookmark: _Toc61353735]Preventative Recommendations
Forging rather than casting
· Improved impact and mechanical properties due to the directional flow which is enabled.
· Minimise porosity.
· This form of manufacturing allows for NDT inspections.
· Prohibits chemical segregations.
· Improved metallic production.
· Provides a superior surface finish in order to reduce machining processes.
Surface Coating and Treatments
In recent developments Arrow Precision, a company in North America who manufacturer performance connecting rods, have begun to use titanium connecting rods with a Chromium Nitride coating which is applied using PVD, the physical vapour deposition process. This produces a thin, resistant to wear layer on the surface of the rod which come into contact with other items such as the big end bearing and small end on the gudgeon pin. The coating will also protect the connecting rod from hygroscopy when the rod is in storage and outside of the without engine lubricant on it protecting it from the elements and oxidisation.
Stress Concentration Reduction
The stress concentrations introduced using the method of machining for the lubrication channel can be used however with a tool that has a higher melting point in order to avoid the tool itself plasticising. Carry out a stress concentration factor study and from that, determine if the rod still has a predicted infinite duty life. 

Material Selection
Dependant on the forces which are being exerted onto the piston and thus the connecting rod through the kinematic relationship they encounter, the correct material choice should be made by assessing all the mechanical properties required to provide a suitable duty life prediction and fatigue life. Once the forces have been defined from cylinder pressure data and engine geometry collected, the material can be analyses using FEA models to predict if this material is generally suitable for such an application. Items such as those illustrated in Table 1 should all be considered in the final decision made.





[bookmark: _Toc61353736]Conclusion
To begin concluding it can be determined that the ideal process for manufacturing a connecting rod is through forging due to its heat treatment process which must occur prior to machining the finished product, thus improving the hardness without sacrificing brittleness of the rod. SAE 4140 low alloy steel is fit for purpose, through means provided with evidence such as chemical material composition, microstructure and mechanical material properties. 
The failure which occurred in rod shank was caused by a fatigue mechanism failure which originated at the lubrication channel due to the tungsten present creating a stress concentration. The machining process EDM used on the lubrication channel has been identified as the route of the problem. 
Based on results from the inspections and experimental procedures available and standards which are followed it allows the author to assess exactly how the part failed and therefore take into consideration improvements in order to not allow this to occur repeatedly. This is seen as a manufacturing defect and can be prevented in ways aforementioned above. Thus, it should be recommended that suitable materials for the application are critical along with processes which do not cause such stress concentrations and introduce unwanted chemical compositions into the material during the manufacturing process. Lastly, in order to enable the connecting rod to have a long life of operation the lubrication is vital in order to avoid fretting fatigue damage. 
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Hardness of the connecting rod material.
Indentation 1 2 3 4 5 6 7 8
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Table 3 shows the results of the hardness test. The obtained average hardness value was 276 VH. The metallographic
analysis of the con-rod material revealed a tempered martensite microstructure, as observed in Fig. 4. The values of the
properties and the microstructure are consistent with those reported for an AISI/SAE 4140 steel in the quenched and
tempered state [17], and are appropriate for an application as a connecting rod.
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