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1. [bookmark: _Toc534420989][bookmark: _Toc3754055][bookmark: _Toc24625424][bookmark: _Toc24625855][bookmark: _Toc28283338][bookmark: _Toc30379660][bookmark: _Toc30382742][bookmark: _Toc33434892][bookmark: _Toc60524637][bookmark: _Toc61216363]Introduction:
[bookmark: _Toc24625427][bookmark: _Toc24625860][bookmark: _Toc28283345]Prior any warning, material failures in engineering systems occur due to specific reasons in many industries, with different levels of consequential damages. Analytical investigations of these failures have provided designers and manufacturers with an abundance of useful information and strategies, to prevent at a certain extent failure mode in components and systems (Ramachandran et al, 2005). On the other hand, vehicle safety is a highly important matter in the automotive industry, and fatigue is the principal cause of premature failure of vehicle components as evident by Sanchez and colleagues (2008). It is also common that different stress and strain-rate loading, temperature, and chemical environment, affects the mechanical behaviour of material, such as yield stress, ductility, and strength (Dasgupta and Pecht, 1991; Sanchez et al, 2008).  
In the 20th century, it was well established that the cyclic loads or forces which are applied repeatedly on the material, will lead to fatigue mechanism which causes nucleation of a small crack, that in turn, will grow or expand and inevitably cause a complete material failure (Schijve, 2003). Connecting rod is a critical component inside the engine, that transmits the thrust of the piston to the rotating crankshaft as a result of compressive forces generated though combustion, and tensile loads due to engine components inertia. Thus, connecting rod experiences serious cyclic loading which makes it highly subject to fatigue failure, if not designed and manufactured to the desired quality standards (Alam et al, 2018; Yadav et al, 2016).
As cited by Inoue et al. (2012), the continuing development of high power density engines operating at high rotating speed, necessitates the advancement of the reciprocating engine components, especially the connecting rod as it is usually the first components to fail under high power or engine load. Failure in the rods occurs at the shank section as a result of the bending loads, also it can happen at the threaded holes where the bolt links the two sections of the rod around the crank, or at the bushing within the pin-end area where the rod is linked to the piston (Wright, 1993).
The motivation to overcome the fatigue failure of connecting rod operating inside high performance engines, introduced a competitive marketplace, where engineers presented a wide range of superior materials such as, aluminium and titanium alloy for the application of connecting rod. Consequently, the manufacturing process also evolved, in order to deal with the new metallic materials which encompass various mechanical properties, and react differently to the range of manufacturing methods and treatment processes.
This report discusses the fatigue failure of an internal combustion engine connecting rod, throughout the investigation of two different manufacturing processes (i.e. drop forging and powder forging). The comparison reveals how these two different process routes, changes the original mechanical characteristics of the material in the end-product, and thus, alters the fatigue behaviour of the connecting rod. Moreover, design parameters and material selection, will also be covered in this paper to highlight the influence of different material properties, and the engineering design on fatigue mechanism.
 

2. [bookmark: _Toc60524638][bookmark: _Toc61216364][bookmark: _Toc33434894]Design, Material, and Manufacturing Development:
[bookmark: _Toc61216365]2.1. Design Factors:
[image: ]The design of a connecting rod is governed by multiple geometrical dimensions which are, cross-sectional area, crankpin at the big-end, piston-pin at the small-end, rod cap, and bolt’s dimensions which link the big-end cap (Khurmi and Gupta, 2005). Due to the compressive forces acting on the rod being superior than the tensile forces, the cross-sectional part of the rod is designed as a strut in order to resist the buckling phenomenon. According to Lee et al. (2010), there are two buckling modes: side buckling occurring parallel to the rotational direction axis and front-rear buckling occurring perpendicularly to the side buckling. The structure of reciprocating components, should be designed and manufactured in a process, that eliminates the undesirable fatigue failures from occurring during the design life of the structure (Schijve. 2003).[bookmark: _Toc61216415]Figure 1 Stress concentration in connecting rod design (Schijve. 2003).

Stress concentration in connecting rod can happen at any section depending on the design and structure of the rod shape. However, the advanced development of computer aided design tools, finite element analysis (FEA), and the implementation of topology optimisation techniques, significantly aids on eliminating stress concentration sites, based on the finite element’s calculations of the stress distribution and loads applied on the component. A uniform distribution of stress and strength across the connecting rod, creates a robust design that can handle superior loads and generate better results under fatigue testing. Kumar and Prajapati (2017), presented a review paper where the design, buckling and fatigue failure analysis of connecting rod were addressed. Witek and Zelek (2019), investigated stress and failure of a turbocharged diesel engine connecting rod, and one of the main causes of fatigue failure was reported to be the high stress levels in zones near the bolt hole as demonstrated in the FEA post processing figure 1.



[bookmark: _Toc61216366]2.2. Material Selection:
Connecting rod are generally made of different grades of steel, aluminium, or titanium alloy. Each material selected depends on engine’s application and performance level. Steel rods are the most common type used in the automotive industry today, and their applications can be found in the majority of daily driving vehicles, due to their inherent strength and long fatigue life (Ali et al. 2018). In high performance engine applications, only high quality grade metals are selected for the production of connecting rod such as, steel, aluminium, or titanium.
The dominant type of steel utilised in high-performance connecting rods is the AISI 4340 alloy steel (36CrNiMo4/1.6511), which is also referred to as aircraft grade or aircraft quality steel, due to its high tensile and yield strength as it is generally supplied hardened, and tempered in the tensile range of 930 – 1080 Mpa (Creason. 2013; Astmsteel. 2020). AISI 4340 steel properties which contain chromium, nickel, and molybdenum provides a good resistance against shock, impact, abrasion, and wear after hardening and heat treatment process, as well as good ductility in the annealed condition. The chemical, physical, and mechanical properties of this steel are listed in the tables below, and according to the AZoM (2012), this material is commonly used in power transmission gears, shafts, aircraft, and a variety of structural parts where high hardenability and strength is required.
	Mechanical Properties / AISI 4340
	

	Tensile strength
	745 MPa

	Yield strength
	470 MPa

	Bulk modulus (typical for steel)
	140 GPa

	Shear modulus (typical for steel)
	80 GPa

	Elastic modulus
	190-210 GPa

	Poisson's ratio
	0.27-0.30

	Elongation at break
	22%

	Reduction of area
	50%

	Hardness, Brinell
	217

	Hardness, Knoop (converted from Brinell hardness)
	240

	Hardness, Rockwell B (converted from Brinell hardness)
	95

	Hardness, Rockwell C (converted from Brinell hardness. Value below normal HRC range, for comparison purposes only)
	17

	Hardness, Vickers (converted from Brinell hardness)
	228

	Machinability (annealed and cold drawn. Based on 100 machinability for AISI 1212 steel.)
	50


[bookmark: _Toc61216416]Figure 2 Mechanical Properties AISI 4340 (AZoM, 2012).

	Physical Properties / AISI 4340
	

	Density
	7.85 g/cm3

	Melting point
	1427°C




[bookmark: _Toc61216417]Figure 3 Physical Properties AISI 4340 (AZoM, 2012).

	Chemical Composition / AISI 4340
	Content (%)

	Iron, Fe
	95.195 - 96.33

	Nickel, Ni
	1.65 - 2.00

	Chromium, Cr
	0.700 - 0.900

	Manganese, Mn
	0.600 - 0.800

	Carbon, C
	0.370 - 0.430

	Molybdenum, Mo
	0.200 - 0.300

	Silicon, Si
	0.150 - 0.300

	Sulfur, S
	 0.0400

	Phosphorous, P
	 0.0350


 






[bookmark: _Toc61216418]Figure 4 Chemical Properties AISI 4340 (AZoM, 2012).

The increasing demand of light weight powertrain components to reach higher engine speed, led to the deployment of Aluminium alloy as an alternative material, in the production of high performance  connecting rods. Aluminium alloy, is an aluminium based metal, alloyed with copper, magnesium, manganese, silicon, and zinc elements. This type of alloy comes in different grades, in the automotive industry specifically AA6061 and AA7075 types are widely used (Tiwari and Kaviti. 2015). Aluminium rods are lighter, and absorb hight impact shock in comparison to their steel counterparts, however, this comes at the expense of durability in some cases. Below are the properties of aluminium alloy 6061, obtained from ASM Metals Handbook (1990).  
	Chemical Composition  6061-T6  /  ISO AlNg1SiCu
	Content (%)

	Al
	95.8 – 98.6

	Cr
	0.04 – 0.35

	Cu
	0.15 – 0.4

	Fe
	0.7 max

	Mg
	0.8 – 1.2

	Mn
	0.15 max

	Si
	0.4 – 0.8

	Ti
	0.15 max

	Zn
	0.25 max

	Others
	0.2 max









[bookmark: _Toc61216419]Figure 5 Chemical Properties 6061-T6 (ASM Handbook, 1990).

	Physical Properties  6061-T6  /  ISO AlNg1SiCu
	

	Density
	2.7 g/cm3

	Melting point
	652°C




[bookmark: _Toc61216420]Figure 6 Physical Properties 6061-T6 (ASM Handbook, 1990).


	Mechanical Properties of
	AA6061 /
	6061-T6   /   6061-T651 / ISO AlNg1SiCu

	Hardness, Brinell
	95
	AA; 500 g load; 10 mm ball

	Hardness, Knoop
	120
	 Converted from Brinell Hardness Value

	Hardness, Rockwell A
	40
	 Converted from Brinell Hardness Value

	Hardness, Rockwell B
	60
	 Converted from Brinell Hardness Value

	Hardness, Vickers
	107
	 Converted from Brinell Hardness Value

	Ultimate Tensile Strength
	310 MPa
	AA

	Tensile Yield Strength
	276 MPa
	AA

	Elongation at Break
	12 %
	AA; 1/16 in. (1.6 mm) Thickness

	Elongation at Break
	17 %
	AA; 1/2 in. (12.7 mm) Diameter

	Modulus of Elasticity
	68.9 GPa
	AA; Average of tension and compression.
Compression modulus is about 2% greater than tensile modulus.

	Notched Tensile Strength
	324 MPa
	 2.5 cm width x 0.16 cm thick side-notched specimen, Kt = 17.

	Ultimate Bearing Strength
	607 MPa
	Edge distance/pin diameter = 2.0

	Bearing Yield Strength
	386 MPa
	Edge distance/pin diameter = 2.0

	Poisson's Ratio
	0.33
	AA

	Fatigue Strength
	96.5 MPa
	AA; 500,000,000 cycles completely reversed stress; RR Moore machine/specimen

	Fracture Toughness
	29 MPa-m½
	KIC; TL orientation.

	Machinability
	50 %
	0-100 Scale of Aluminium Alloys

	Shear Modulus
	26 GPa
	AA

	Shear Strength
	207 MPa
	AA


	Chemical Composition   Ti-6Al-4V  
	Content (%)

	Ti, Titanium 
	87.6 - 91

	Al, Aluminium
	5.5 – 6.75

	V, Vanadium
	3.5 – 4.5

	Fe, Iron
	0.4 max

	O, Oxygen
	0.2 max

	C, Carbon
	0.08 max

	H, Hydrogen
	0.015 max

	N, Nitrogen 
	0.05 max


[bookmark: _Toc61216421]Figure 7 Mechanical Properties 6061-T6 (ASM Handbook, 1990).
In the high-performance powertrain market, weight saving is the main goal of any development engineer, manufacturing industry, and every costumer, even when the end-product is not cost efficient. At this level, the trend of Titanium alloy connecting rods has been growing significantly, since the Ti alloy was already developed, and used within the motorsport industry (Porsche GT3) as well as the high-end automobiles, such as Ferrari 12 cylinder engines, Bugatti Veyron 16.4L engine, and Koenigsegg (Wagner and Schauerte. 2007; Qiu et al. 2012).






[bookmark: _Toc61216422]Figure 8 Chemical Properties Ti-6Al-4V (AZoM, 2012).


The commonly used titanium grade is the (α- +  β-) titanium alloy Ti-6Al-4V, and according to Schauerte (2003), Ti-6Al-4V is an undoubtedly superior material when it is used in the application where maximum strength and/or fatigue strength is required. However, this grade of alloy is not optimised for an optimum stiffness criteria, due to its comparatively low young’s modulus.   
	Ti-6Al-4V  Properties
	Minimum Value
	Maximum Value
	Units

	Density
	4.429
	4.512
	Mg/m3

	Energy Content
	750
	1250
	MJ/kg

	Bulk Modulus
	96.8
	153
	GPa

	Compressive Strength
	848
	1080
	MPa

	Ductility
	0.05
	0.18
	

	Elastic Limit
	786
	910
	MPa

	Endurance Limit
	529
	566
	MPa

	Fracture Toughness
	84
	107
	MPa.m1/2

	Hardness
	3370
	3730
	MPa

	Loss Coefficient
	0.001
	0.002
	

	Modulus of Rupture
	786
	1080
	MPa

	Poisson's Ratio
	0.31
	0.37
	

	Shear Modulus
	40
	45
	GPa

	Tensile Strength
	862
	1200
	MPa

	Young's Modulus
	110
	119
	GPa

	Maximum Service Temperature
	620
	690
	K

	Melting Point
	1878
	1933
	K

	Specific Heat
	553
	570
	J/kg.K

	Thermal Conductivity
	7.1
	7.3
	W/m.K

	Thermal Expansion
	8.7
	9.1
	10-6/K


[bookmark: _Toc61216423]Figure 9 Mechanical Properties Ti-6Al-4V (AZoM, 2012).
[bookmark: _Toc61216367]2.3. Manufacturing Process:
The two manufacturing processes which will be discussed here comprise the drop forging (DF) and powder forging (PF). Also, it is worth noting that the fracture-split technique of separating the cap from the main part of the connecting rod, is utilised in both DF and PF processes. Drop forged connecting rods are manufactured from a wrought steel billet, and starts by heating the material to the plastic temperature range while forging it to the desired shape. Following that, the rod is machined to remove the access material and meet the final geometrical characteristics (Chattopadhyay. 2010). 
In contrast, powder forged connecting rods, are fabricated through the consolidation of metal powder into a preform that is sintered, reheated to forging temperature, and then fully densified by forging to final shape. The final machining process to realise the geometrical characteristics of the part, is minimal compared to DF method. The result of PF method is the creation of a fully dense net or near net shape part, that is ideal for high performance application where high durability and strength are a necessity (Ilia et al. 2005).      

According to Ilia et al (2004), drop forging method encompasses extensive deformation during cogging and rolling of the original ingot, which generates inclusion stringers and therefore, areas of weakness in the find product. The mechanical properties of DF connecting rods varies significantly with relation to the direction of the part’s rolling and forming history. Opposingly, powder forged connecting rods undergoes minimal material deformation, resulting in the achievement of isotropic mechanical properties which contributes to the development of superior fatigue resistance components. In addition, the end-product is further treated throughout surface finish and finer grain size for an optimised mechanical properties (Dale. 2005).  























3. [bookmark: _Toc60524644][bookmark: _Toc61216368][bookmark: _Hlk59640553]Fatigue Investigation with Relation to Manufacturing Route:   
Fatigue is one of the most insistent failures in reciprocating components. Under cyclic loading, material failure occurs at stresses much below the ultimate tensile strength of the specific material, as a result of the accumulated damage, and fatigue failure starts with the initiation of a small, microscopic cracks as confirmed by Dasgupta and Pecht (1991). Material discontinuity or defects points, are the typical source from which the crack develops as they cause local stress and the concentration of plastic strain. These initiated cracks can propagate in a stable fashion under cyclic loading, till they reach an unstable phase under the applied stress amplitude says the authors, in the description of fatigue crack propagation.
[image: ][image: ]The influence of manufacturing process in fatigue behaviour of a connecting rod, is investigated in this section by reviewing Afzal and Fatemi (2004) study, where a comparative analysis of fatigue behaviour and life predictions of drop forged versus powder forged steel connecting rods, was critically discussed. The experimental testing started with test specimens, which were obtained from conventional forged steel and (PM) powder metal connecting rods. The specimen’s dimensions demonstrated in the figure below were used for both monotonic and fatigue tests.[bookmark: _Toc61216424]Figure 10 Chemical composition of FS and PM (Afzal and Fatemi. 2004).
[bookmark: _Toc61216425]Figure 11 Test Specimens (Afzal and Fatemi. 2004).

Two samples were obtained from each connecting rod, furthermore, the authors performed a detailed FEA analysis to calculate the stress concentration at the specimen radius. The results highlighted  the stress concentration factor to be in a range of 1.05, and this is considered to be reasonable with reference to the limitation on material thickness. Post CNC milling the specimens from the rod shank, as indicated in figure above, the gage section edges for all four surfaces of specimens were polished to ensure an optimum material finish and eliminate all machining marks in the test section.   
The tests were conducted using a closed-loop servo-hydraulic axial load frame conjointly with a digital servo-controller, and the total strain was controlled for all tests by utilising an extensometer (with ASTM Class B1 rating). The maximum bending strains were also monitored not to exceed the 5% mark of the minimum axial strain range applied during any test program, as per the ASTM Standard E606. Following that, an ASTM Standard E1012 was implemented to verify the alignment of all specimens, and all tests were executed at room temperature. With regards to the monotonic tension tests, they were performed in line with test specification of the ASTM Standard E8. The results of the study are discussed in the next section. 
Post completing the specimens testing, an experimental testing of axial fatigue was followed on both type of connecting rods (i.e. forged steel and powder metal). The weight of the rods was around 455 grams and 569 grams for forged steel and powder metal, respectively. It is worth to mentioned that the PM rods were 25% heavier compared to their counterpart. The Fatigue life of the connecting rods was calculated as the number of cycles endured, until the rods completely separated (failed) during the test.
4. [bookmark: _Toc61216369]Discussion:   
Afzal and Fatemi (2004) Results
[image: ][image: ]Results of the specimen’s tests are summarised in the tables below, highlighting both the monotonic properties and cyclic and fatigue properties of both forged steel FS material and powder metal PM.[bookmark: _Toc61216426]Figure 12 Cyclic and Fatigue Properties (Afzal and Fatemi. 2004).

[bookmark: _Toc61216427]Figure 13 Monotonic Properties (Afzal and Fatemi. 2004).

As observed in the monotonic tensile tests result, yield strength of forged steel is 19% higher compared to powder metal, as well as the ultimate tensile strength, which was 8% higher in the forged steel material. As per the cyclic deformation properties, forged steel shows marginally higher cyclic yield strength 620 MPa, while powder metal scored 609 MPa.        
According to Basquin equation, SN material behaviour can be formulated as: where σf and b represents fatigue strength coefficient and exponent, respectively.      
[image: ]  
  
The comparison of long-life fatigue strength ‘Sf’ which is defined as the fatigue strength at 1 million cycles (106), revealed that forged steel rod is 27% higher than powder metal rod as confirmed in the table above. 
[image: ]









[bookmark: _Toc61216428]Figure 14 stress vs cycles to failure graph (Afzal and Fatemi. 2004).

[image: ]For the complete connecting rod testing, the results are illustrated in the graph above. It is well demonstrated here that forged steel connecting rod fatigue strength is higher than that of the powder metal rod by 37%, which indeed results to a longer life for the component. Fatigue strength was 387 MPa and 282 MPa defined at 1 million cycles for forged and powder metal rods, respectively, as cited by Afzal and Fatemi (2004).     [bookmark: _Toc61216429]Figure 15 FS vs PM connecting rod Crack analysis (Afzal and Fatemi. 2004).

By observing the failed connecting rods in figure above, it is evident that the forged steel connecting rods predominantly failed at the near transition to the crank end side. Alternatively, the powder metal rods, fractured at the pin end transition region. The macro and micro fracture surface of both connecting rod in figure above, shows the crack nucleation site at 50X closeup images, and SEM photomicrograph images at 1500X for forged steel and 600X for powder metal. It was found that the internal defects were inclusions, which led to the crack initiation in the forged steel rod. However, in relation to the powder metal, the crack initiation origins were likely to be from either surface or subsurface defects, as the images did not show any sign of gross plastic deformation.
5. [bookmark: _Toc30382747][bookmark: _Toc33434896][bookmark: _Toc60524652][bookmark: _Toc61216370]Conclusion:
[bookmark: _Toc534421002][bookmark: _Toc3754066][bookmark: _Toc24625429][bookmark: _Toc24625862]Fatigue is one of the most critical failure mechanisms, experienced in the connecting rod under cyclic loading, it commonly starts with the initiation of a small, microscopic cracks, and it develops to the point where it causes complete component’s damage. As cited by Dasgupta and Pecht (1991), understanding the potential failure mechanisms of a product is necessary in order to develop reliable components. 
The available literature confirms that AISI-4340 steel, 6061-T6 Aluminium grade, and Ti-6Al-4V  titanium alloy, are all high grade metals which are used in the production and manufacturing of high performance engine connecting rods. Furthermore, the discussion regarding the influence of manufacturing route on the end-product performance against fatigue failure, revealed that even when using the same grade of material, the process route significantly changes the material characteristics, and thus, the fatigue behaviour cannot be identical.      
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