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1. [bookmark: _Toc61639102]Introduction 

For the purpose of this study, the author has been tasked with selecting an appropriate component/components or material failure analysis detailing the historical design factors, material selection, and process routs undertaken during manufacturing and treatment. The author was then tasked with considering all theoretical engineering principals related to the chosen component. These principals should include properties of material failure such as fatigue, fast fracture, creep, friction/wear, and corrosion/ UV Degradation/hygroscopy. The author was tasked with commenting on the experimental procedure and evidence used to analyse the mechanisms of failure found to occur in the chosen component.
2. History & development Figure 1 William Burnets 1838 Engine, first known use of metallurgical Con-Rods (clerk, 1897)

The author chose to study the history of development and mechanisms of failure of connecting rods used in common ICE engine designs; the first recorded use of a connecting rod design can be found as far back as the 3rd Century, used in the operation of a sawmill. The connecting rod design continued to be used and developed for many different applications, such as water pumps as machinery evolved across the Centuries, until the internal combustion engine was developed in the 17th Century which pioneered metallurgical analysis of mechanisms of failure in the automotive industry.
The first found usage of a connecting rod in an IC Engine was in 1838, designed by a William Barnett; the use of the modern representation of a connecting rod was used to allow for the first form of in cylinder compression. This development revolutionised engines, as we knew them, as well as the materials industry, as the development of the piston, connecting rod and crank design must endure massive stresses under compressed charge destination. With the use of metals for manufacturing, the mechanisms of failure were more easily observable and various other than just fast fracture found in rudimentary wooden rods or metal pushrods which proceeded modern big and small end connecting rods. (William Barnett (engineer), 2020) .
As Internal Combustion Engines were developed to provide more power and torque, the design and materials of the connecting rod were continually challenged to the point of failure; the causes of failure vary largely dependent of the mechanism of failure, such as creep, fatigue, fast fracture, and friction wear. These are all factors that could cause critical and dangerous failures, as a connecting rod directs the massive forces from combustion.  
3. [bookmark: _Toc61639104]Connecting Rod Materials, Design & Development
The application of modern internal combustion engine connecting rods subjects the rod to high compressive and tensile loads over a large amount of cycles; to reduce the inertial forces which are usually responsible for the mechanism of failure in connecting rods, the weight must be minimised as much as possible due to the reciprocating mass generating inertial force. Before modern FEA , materials analysis, detection of cause of mechanism of failure connecting rod manufacturing and design were significantly less efficient, primarily due to over engineering of connecting rods to ensure that the rod wont fail; however, this leads to high mass of the rod and therefore increased inertial forces. (Bai-yan He, 2013)..
The materials selection of connecting rods have developed with better materials such as titanium, alloy and carbon steel. Originally cast or forged iron was used, however it was found to be brittle and have low tensile limits, whereas titanium has excellent tensile probity’s but has a lower fatigue strength than steel, therefore, is used in minimal life cycle and high load applications, such as drag bikes where the rod would also be used for only a race day or weekend and then replaced; the use of H beams are also used for this application see. Figure 2 shows the relative density of the prospective materials, such as titanium and steel alloys compared to fatigue strength, figure 2 demonstrates that for the best and most constant fatigue strength low alloy steel (in light blue) whereas titanium in red is scattered and highly dependant on quality and large rod size.[bookmark: _Ref61444206]Figure 2 perspective materials Fatigue strength of materials Vs Density (Multiphysics Cyclopedia, 2017)



Figure 3 demonstrates the relative tensile strength in relation to density; this is a crucial decision when choosing materials for connecting rods due to the relation between mass and density. The designer must ensure ultimate tensile limit’s (UTS) is great enough to withstand inertial force generated to withstand the inertial force generated by rod’s mass; fortunately, this is the case for most alloy steels. Due to the high loading capability and fatigue endurance, the amount of material needed can be reduced, therefore, reducing the mass, making alloy and carbon steels the primary choice for connecting rods. 

Figure 3 prospective material Tensile strength Vs Density (Bai-yan He, 2013)


The use of this materials, despite the relatively high density, was possible due connecting rod design evolving to use I beam cross sectional area as it was found that a solid beam design is inherently rigid, therefore, when considering required tolerance to loading, the development of I & H beams was revolutionary. The shape and cross section are crucial in the design development as it was discovered that a cross sectional area of an I or H beam, as seen in figure 4, can carry the same load as a simple square rod; I beams can even undergo greater bending forces than a simple square rod. 
Figure 4 I-beam Cross section Vs Rectangular Rod Area (Bai-yan He, 2013)






4. [bookmark: _Toc61639105]Mechanisms of failure found in connecting Rods 

The mechanisms of failure found to occur in a connecting rod are various and can cause, or be caused, by other failures or a combination; this is due to the diverse range of cyclic forces exserted on the Connecting rod. These methods of failure include:
· Fatigue 
· Fast fracture 
· Creep
· Surface finish 
· Crrosion
4.1. [bookmark: _Toc61639106]Fatigue

Fatigue is the most common mechanism of failure and is usually the precursor to a critical component failure, such as fast fracture; fatigue can be defined as a mechanism of failure due to repeated application of cyclic loads when considering connecting rods. Fatigue in connecting rods due to cyclic loads and stress (see in Figure 5) can even occur under loads below the maximum tolerance of the material/ component; this is due to microscopic flaws propagating due to the continuous stretching and compressing of the rod. This leads to larger cracks which allow for stress concentrations at the edges of the cracks, reducing its maximum designed yield of the component until the crack reaches a critical size causing a critical failure of varying severity.  Fatigue can also be caused by changing temperature which causes metal to expand and soften while contracting and increases in brittleness on cooling which could lead to failures if the rod, particularly if the engine is running while a thermal irregularity occurs. (Multiphysics Cyclopedia, 2017).
[bookmark: _Ref61100728]Figure 5 Cyclic stress representation (Multiphysics Cyclopedia, 2017)








The author was able to find a study conducted by (Bai-yan He, 2013) on a high-powered diesel engine connecting rod which focused on verifying fatigue as the mechanism of failure. The design of the connecting rod in question consisted of two components, the rod, and rod cap, which are bolted together with aligned bore holes; the mating surface between the rod and rod cap had been machined to have interlocking teeth with a large surface area to ensure precision locking of the two surfaces. This is crucial to the integrity of the bolts under load, as well even force distribution across the fitted bearings for the connecting rod to crank interface. 
Figure 6 Connecting rod (Bai-yan He, 2013)







The found study investigates cracks found int the toothed interface between the rod and rod cap which appeared in several connecting rods within the same engine after approximately 6000 – 10,000 hrs of operation (see figure 6).
Figure 7 Rod sample Crack visual analysis









Figure 7a shows the position of the crack on a CAD modelled connecting rod in readiness for FEA analysis of the rd to determine and simulate the mechanism of failure. The crack can be seen to form between two of the bolt holes bore along the second tooth surface (see figure 7a). To analyse the found defect, the rod was cut into samples through the mid plane of the rod to reveal the extent of the flaw; for more information as to the crack propagation along the mated surface as can be seen in figure 7b. Figure 7c shows where the sample has been manually fractured to determine the progression of the crack for further FEA comparison data.
[image: ] (Bai-yan He, 2013)’s study prepared specimens parallel to the surface failure, in order for microscopic analysis of the component. Figure 7a shows the microscopic analysis of the toothed structure, where sorbite and martensite can be seen, mostly comprising the structure of the rod which are common elements found in steel structures; large grains of ferrite are also present as the darker elements as (Bai-yan He, 2013) describes which reduces hardness and fatigue strength in the components.Figure 8 microscopic analysis of the Connecting rod material (Bai-yan He, 2013)

Figure 8b shows the metallographic analysis showing short cracks propagating across the ferrite elements, as well as the same surrounding elements as the base sample in figure 8a. Figure 9 shows the CAE model of the connecting rod which had undergone FEA analysis of the failed component against the visual inspection views in figure 7. As can be seen, the FEA analysis shows the stress concentration along the second tooth of the mating surface and the crack point of origin at the bolt bore hole, the same as the visual analysis determined.  
Figure 9 CAE FEA Analysis of fatigue and crack propagation (Bai-yan He, 2013)











The CAE analysis, in figure 9a, shows the maximum stress concentrated at the centre of the bolts around the inner side of the rods big end; with closer inspection of the mating surface, a maximum stress of 734Mpa was exerted across the tooth which exceeds the materials yield limits resulting in the plastic deformation; the yield limit was not exceeded by enough to cause a critical failure, however. Without maintenance or replacement, this defect could cause dangerous failure; as a result of this, (Bai-yan He, 2013) was able to suggest design and set up modifications, to prevent early and critical failure, while increasing the life cycle of the rod. These suggestions include reducing the angle profile of the teeth around the bolt bore hole to reduce the stress concentration, a further recommendation was to refine the torque settings of the bolts to reduce clamping force on the teeth.
4.2. [bookmark: _Toc61639107]Surface finish 

Surface finish in connecting rods usually related to increasing the strength of the materials, such as shot peening or plasma nitriding of the surface which are commonly used to improve steel connecting rods by either increasing fatigue strength or adding compression to the materials surface allowing for greater tensile strength. 

4.2.1.1. [bookmark: _Toc61639108]Shot peening 

As stated, the connecting rod is a typical component that undergoes complex alternating load situations; this requires a high fatigue tolerance in the chosen material as mentioned. However, there are methods of surface finishing, such as shot peening which is a method of surface compression in a component by firing steel shots at the neck of a connecting rod; this crease over lapping pits in the material leaving residual compressive stress in the material, as seen in figure 10, which demonstrates the effect of shot peening pitting in the material as well as the corelation of residual stress on the graphs Y axis against the compression depth, due to impacts at different shot velocity (m/s), demonstrating as the velocity increases as dose the residual stress; this method of surface treatment increases the material hardness and fatigue strength significantly. 
Figure 10 Residual stress and depth dependant on shot velocity (Long Bai, 2020)


Table 1, from (Long Bai, 2020) study,  shows the residual stress formulated, and the accuracy of the predicted residual stress, to the actual residual tress. These results show that through shot peening the surface of a connecting rod an additional -400 – -500 Mpa of residual compressive stress can be added to the rod; this means that when the connecting rod is used it will be able to withstand greater forces than without this surface treatment. The benefits of this method is that it grants additional fatigue life to a component which out re design of the rod; altering the manufacturing process or materials used in industry would save considerable money and time, if a manufactured component was found to fail in the final stages of testing. 
Table 1 increase in residual stress from shot peening (Long Bai, 2020)


4.3. [bookmark: _Toc61639109]Corrosion 

Corrosion in connecting rods rarely occurs, due to the fact that it is submerged in engine oil, however, this can occur if the water jacket of the cylinder ruptures leading to water pollution of the engine oil; this can cause oxidisation of the rod, and left for long periods, can corrode the steel making the rod unsafe to use but this is rare and usually is solved or scrapped before a critical failure occurs.
4.4. [bookmark: _Toc61639110]Friction Wear 

Friction wear can occur in connecting rods as a mechanism of failure, primarily in the big end bearings, due to incorrect torque settings on the bolt increasing the clamping force above tolerance, which causes the big end bearings to rub on the crank causing friction wear; this can also be caused by inadequate lubrication and foreign pollutants, such as metal shavings in the lubricant. Figure 11 shows the effects of incorrectly press fitting a bearing shell on the big end of a connecting rod, which experienced fretting and then failure due to friction in the crank journal; this caused thermal deformation in the bearing shell, along with the stress from friction. 
Figure 11 Fretting due to friction wear fatigue






Figure 12 shows the big end bearing shell when tested to failure, due to the effect of the friction, causing fretting and thermal deformation of the bearing leading to fatigue and a critical failure. This is a common failure in engines when the proper procedure and settings are not followed during assembly.
Figure 12 Critical fatigue failure due to thermal deformation and friction induced fretting





4.4.1.1. [bookmark: _Toc61639111]Plasma nitriding 

Plasma nitriding is a method of surface finish/hardening, where nitrogen in a vacuum with a steel component and an electric field which generates plasma that is accelerated at the exposed component surface, creating a hard compound layer with an exceptional finish to reduce friction and corrosion, while increasing surface hardness and strength of the material. This usually occurs between 350 – 600 degrees Celsius causing a chemical bond to the material according to (MIHEU, 2020). For connecting rod application, this is occasionally used at the gudgeon pin bore to reduce friction ear from the gudgeon pin.
Figure 13 surface hardness due to nitriding dependant on depth







The nitriding method in (Pinedo, 2002) study, demonstrates an increased surface hardness of 1100 HV0.1 on the Vicars Hardens test which can be exceptionally useful in connection rod application to reduce fatigue due to friction.
4.5. [bookmark: _Toc61639112]Fast Fracture

Fast fracture in a connecting rod occurs when the forces exerted on the rod exceed the materials strength parameters, such as the UTS and compressive strength; this causes rapid critical failure, such as the opening of a crack formed, commonly due to many of the previously stated mechanisms of failure. Fast fracture usually ends in complete engine failure and can also occur simply to under engineering or unpredicted maximum loads exceeding the Rods designated limits.
Figure 14 Critical failure of a Connecting rod (P.R. Wami, 2005)







A study found by (P.R. Wami, 2005) demonstrates a situation where a critical failure of the small end of a rod underwent a critical rapid failure after 1500h,r as seen in figure 14, where FEA analysis determined that the force exerted on the rod peaked fat above to UTS of the rods design; due to this (P.R. Wami, 2005) reinforced the material around the oil feed, which is where the failure originated, before running further test to ensure the mechanism of failure has been solved. Table 3 shows the maximum stress tolerable, and table 2 demonstrates the maximum stress exerted on the area around the oil well.  
Table 2 Maximum stress exerted in real world (P.R. Wami, 2005)
Table 3 Maximum Load the reinforced rod can withstand (P.R. Wami, 2005)









As can be seen by tables 2 & 3, the stress exerted on the reinforced rod do not exceed the newly designed rods stress limits
1. [bookmark: _Toc61639113]Conclusion

In conclusion, the primary mechanism of in connecting rods is usually due to fatigue; this is due to the large variety of forces, such as rotational, compressing, and tensile, which can all cause mechanisms of failure. The development of materials and FEA have allowed for the evolution of the connecting rods, and therefore automotive technologies, to allow for greater life span of the component as well as durability. The material selection and design specification for each connecting rod can vary massively depending on the application; for example, variant of carbon and alloy steels are used for day-to-day vehicles and even for most motorsport applications, however, for motorsport, better material selections are made as cost is less of an issue. Titanium is only used for connecting rod applications, such as minimal use in Drag bikes which exert such forces that the rod fatigues rapidly and requires replacement regularly. Contributing factors in the manufacturing methods are also a large factor in the mechanisms of failure, such as the advantages and disadvantages of cast, forged and several other methods of manufacturing all having unique probity’s. 
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inhibiting further movement of dislocations, and effectively hibiting the initiation of cracks. It is
because cracks are caused by dislocation motion.

After the surface hardening of the physical sample of the connecting rod through the fifth scheme,
the technical indicators obtained are shown in Table 3

Table 3. Test of shot-peening strengthening process for high load-bearing connecting rod.

achieved accuracy

factor technical indicator N
index

Arc height of Almen type A standard test piece 0.3540.05 0.30-0.38
Residual stress on the surface of the connecting

rod -400~-500Mpa -421~-498Mpa

5. Conclusion

After establishing the parameters required for the simulation analysis: the projectile type is S390, its
diameter is 1.2mm, and the projectile hardness is SSHRC, which can be considered as a rigid body in
the simulation. According to the spatial distance relationship between the connecting rod and the
impeller of the shot peening equipment, the range of incident angle of shot peening can be determined.
Since this range is not particularly large, the average value of the incident angle is taken as
approximately 60°. The incident velocity of the projectile can be considered as the linear velocity of
the impeller edge, which is 40n/s. The shot peening time is 1 minute. This is the length of time that
engineers set according to the requirements of 100% coverage. It is impossible to simulate such a long
time in actual simulation. Therefore, the key parameter of 100% coverage is used to determine the
simulation time. The final residual stress on the shot peenmg %urtace of the connecnng rod is
abproximatelv -42 e e
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surfaces are nitrided using the mounting shown in Fig.
2b. For the second mounting system, the diffusion zone
depth of the inner and outer diameter surfaces are
comparable. It is important to point out that the nitrided
surface is homogencous in depth for any observed
position. This demonstrates the efficiency of the sput-
tering step on the elimination of the passive film and
surface activation. Fig. 6 shows the hardness profiles
for mounting of Fig. 2b. The difference in the hardening
effect between the outer and inner diameter surfaces is
minimal. The maximum hardness is the same and the
0 005 0.10 0.15 020 0.25 0.30 035 0.40 045  nitriding depths arc comparable.

Dopth, mm Being the running surface, it would be expected that

only the outer diameter surface should be nitrided.

Fig. 4. Hardncss profiles after plasma nitriding. (520 °C, No/H,=1:1) ~ However, by nitriding only the outer diameter, undesir-
able dimensional changes are present, thus jeopardising
the manufacturing process. Nitriding both sides avoids
this problem. For the same reason, a similar nitrided

Hardness, HV0.1

parameters [4,6]. Fig. 3 shows the microstructure after
plasma nitriding for 12 h. A sharp interface between the
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Figure 2 : Curved Beam Model of Connecting Rod
FINITE ELEMENT ANALYSIS (FEA) : FEA was carried
out for the inertia loads and the compressive loads. The
loads were applied as a pressure over the area with
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Figure 4 : Connecting Rod Fixture for Tensile Test
Fig. 7 10 9 shows the results of experiments carried out
for the push out force. The push out force is found to
Maximum Principal increase with following factors.
stress in rod o, (Nmmf) 2053 Increase of bush thickness.
Maximum Principal Change of material from phosphor bronze to steel
stress in rod o, (Nimm?) 229 backed bush
Use of liquid nitrogen during assembly of the bush.
(Nmm) Use of liquid nitrogen facilitates better gripping
Alternating Stress
o, (N/mm?) =
2 12000
Equivalent fully reversed 2 10000
st g
Design margin based 3
on Endurance Strength § T R e R S
& —
Table - Il : Fluctuating Stresses in the Region Near Oil 1 2 25
Hole on Small End Rod number
Figure 7 : Effect of Bush Thickness on Push Out
z 1602
e} 5 N
Type here to search @D o O





image31.png
@ Micosor x | [ Freting X | @ 104320 x | F Cacker X | F Connect X | @ Crosshes X | @ wwwegor X | T Fasthroc x | [ Swayor x X
€« C"+ @ File | C/Users/user/Downloads/2005-26-003.pdf Yro-¥
ii Apps BB Mai - Thomas Syke... UWTSD Moodle 20... ~ 1 YouTube @ Facebook Uni Masters. BTV - @ Sign in' your Univ... x-engineer.ofg - En.
Figure 4 : Connecting Rod Fixture for Tensile Test
Fig. 7 10 9 shows the results of experiments carried out
for the push out force. The push out force is found to
Maximum Principal increase with following factors.
stress in rod o, (Nmmf) 2053 Increase of bush thickness.
Maximum Principal Change of material from phosphor bronze to steel
stress in rod o, (Nimm?) 229 backed bush
Use of liquid nitrogen during assembly of the bush.
(Nmm) Use of liquid nitrogen facilitates better gripping
Alternating Stress
o, (N/mm?) =
2 12000
Equivalent fully reversed 2 10000
st g
Design margin based 3
on Endurance Strength § T R e R S
& —
Table - Il : Fluctuating Stresses in the Region Near Oil 1 2 25
Hole on Small End Rod number
Figure 7 : Effect of Bush Thickness on Push Out
z 1602
e} 5 N
Type here to search @D o O





image32.png
@ Microsor x| [ Fretting x| @ 104320 x | T Crackan x | F Connect x | { Croshe: x | @ wwwgor X | E Fastfrac x | [§f Smdyor x @ 20057

x4 s
<« C'+ @ File | CyUsers/user/Downloads/2005-26-003.pdf e
1i Apps' BB Mail - Thomas Syke.. UWTSD Moodie 20.. 1 YouTube @ Facebook I UniMasters. BTV @ Signin'to your Univ... - [l x-engineerorg—En... B Careers| Hoare Lea - G - Gidduate Dvelo
RESULTS AND DISCUSSION
After the improvements ke increase of the material at
small end and I-section, the nominal stress levels and
the equivalent fully reversed stresses were calculated by
Figure 3 : Material Ratio Curve Parameters FEA. Table-| shows the typical principle stresses and the
Von Mises stresses due to the inertia and compressive
and without the use of liquid nitrogen during assembly
of the bush and with different bearing thickness.
FATIGUE TRIALS ON CONNECTING ROD BY
STAIRCASE METHOD : In staircase method, specimens ot
are tested sequentially, with first one being tested at a mssmy‘sz bar
load level equal to the estimated median fatigue limit, P
using preliminary information to define this value. If first Maximum
specimen survives the load level, next specimen is Principal stress
tested at higher load level. If it fails before reaching in rod
fatigue lfe value, next specimen should be tested a
lower load level. Load levels are thus incremented up
or down, depending on whether current test specimen Maximum
fails or doesn'. Fig. 4 shows the fixture for this test. Principal stre:
The fixture was made strong enough to sustain the in rod o,
higher fatigue loads. It is not supposed to fai earlier than ()
the sample connecting rods. Equivalent Von
Mises stress
o faciltate the evaluation in both applications viz. power Wi
generation and industry, by a single series of fatigue
test, the two most severe cases were selected for the Maximum
basis of test loading. The maximum tensile and Displacement
compressive forces in the operating conditions were (mm)
Table - | : Peak Stresses and Displacements in Rod
Fixture Parts
Table-l shows the combined effect of the stresses at
1500 rimin at critical sections and the calculated factor
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