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1. [bookmark: _Hlk192861025][bookmark: _Toc193023109]Introduction 
[image: A close-up of a bolt

AI-generated content may be incorrect.]In high-performance and high-speed engine applications, increasing engine revolutions per minute (RPM) is a common strategy to enhance power output and efficiency. However, this increase places additional mechanical stress on critical components, particularly connecting rod (conrod) bolts, which experience significant cyclic loading during engine operation. Conrod bolts play a crucial role in securing the connecting rod to the crankshaft, and their failure can lead to catastrophic engine damage. As RPM increases, these bolts undergo greater tensile and shear stresses, accelerating fatigue-related failure mechanisms and reducing their service life. Figure 1 (Connecting rod bolt)

This report focuses on the fatigue analysis and redesign of conrod bolts in the Ford 1.6L EcoBoost engine, assessing their performance under high-RPM conditions. The study will evaluate fatigue behaviour using Goodman diagrams to determine the operational limits of the existing bolt design and the fatigue safety of the other connected components. The results will be compared to published research and industry standards to identify potential discrepancies and explore their causes, such as material properties and loading conditions.
Based on these findings, this report will propose a redesign of the conrod bolts (figure 1) to enhance their fatigue resistance. Possible improvements may include material selection, surface treatments, or dimensional modifications, ensuring that the revised design offers increased durability without compromising performance. This study aims to provide a structured and evidence-based approach to improving component longevity, ultimately contributing to the broader understanding of fatigue-related challenges in modern high-speed engine applications.


2. [bookmark: _Toc193023110]Literature Review Figure 2 (Ali, Koten and Alwan, 2022)

Figure 3 (Ali, Koten and Alwan, 2022)
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AI-generated content may be incorrect.][image: A screenshot of a computer

AI-generated content may be incorrect.]Figure 2 illustrates power increasing as RPM rises, while Figure 3 shows that brake thermal efficiency (BTE) also improves with RPM. Figure 4 highlights a reduction in brake specific fuel consumption as RPM increases, supporting the rationale for higher engine speeds. These trends indicate that increasing engine RPM can enhance performance and efficiency.Figure 4 (Ali, Koten and Alwan, 2022)
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AI-generated content may be incorrect.][image: A graph of stress and pressure

AI-generated content may be incorrect.]Lu et al. (2024, pp. 5-6) state: "With increasing the depth to 0.02 mm, the stress state changed from a tensile stress to a compressive stress of -97 MPa. It slightly varied to -64 and -77 MPa at a depth of 0.06 and 0.12 mm, respectively." This research suggests that the residual surface compressive pressure of carburised steel after shot peening falls within the range of 64-77 MPa. This stress adjustment is essential in fatigue safety factor calculations, ensuring that components perform reliably under cyclic loading. Given the slight variation in reported values, a reasonable estimate for calculations is 71 MPa.Figure 5 (Thibault et al. (2018))

Figure 5 presents residual stress from nitriding, a process widely used in gudgeon pins. The nitriding process introduces a surface residual stress of approximately 100 MPa, contributing to increased component durability. This value is essential in stress modelling and fatigue life predictions for powertrain components.
[image: A screenshot of a data sheet

AI-generated content may be incorrect.]The mechanical properties of titanium alloys, particularly their ultimate tensile strength (UTS), are vital in assessing their suitability for high-performance applications. Figure 6 shows that steel bolts have a UTS of 1000 MPa, while the general tensile strength of steel is around 1100 MPa. Given that titanium has a tensile strength range of 1070-1290 MPa, a reasonable estimate for the UTS of the same bolt made from titanium would be 1165 MPa. This estimation ensures that the material properties align with the expected performance under high-stress conditions, making titanium bolts a viable alternative for high-performance applications.Figure 7 (Szpunar et al. (2021) pg. 6)
Figure 6, Ti-6Al-2Sn-2Zr-2Mo (Ansys Inc. (2022))
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AI-generated content may be incorrect.]Figure 7 presents data on the coefficient of friction for lubricated titanium surfaces. Connecting rod bolts are lubricated before installation to reduce friction and improve torque accuracy. Test results indicate that the closest lubricant to the 5W-20 oil used in the 1.6 EcoBoost engine is 10W-40, which provides a friction coefficient range of 0.19-0.24, with an average value of 0.21. This information is crucial for refining stress models and ensuring accurate predictions of component performance under operating conditions.
Sheng et al. (2020, p. 3604) state: "It is noted that CRS of CT-LPed sample is around 628 MPa at room temperature." CT-LPed refers to cryogenically treated and laser peened samples, techniques employed to reduce fatigue failure in titanium components. These treatments induce residual compressive stress, reducing crack propagation and improving tensile stress resistance. Research indicates that the residual surface pressure in CT-LPed samples is approximately 628 MPa, a significant improvement due to the combined effect of both treatments. This highlights the importance of surface engineering techniques in improving component longevity and reliability.
Overall, the findings from these studies provide essential data for optimising stress modelling, improving fatigue performance, and enhancing the durability of powertrain components in high-RPM applications.
























3. [bookmark: _Toc193023111]Stress analysis of powertrain components 
Fatigue analysis is critical in assessing the durability of powertrain components subjected to cyclic loading. This section evaluates the fatigue safety factors (FSF) of the connecting rod, gudgeon pin, and connecting rod bolts under two operating conditions: 6000 RPM (representing the actual engine speed) and 9000 RPM (representing an increased speed for enhanced power and efficiency). The analysis is based on Goodman diagrams, which relate mean stress and alternating stress to determine the FSF, ensuring the components operate within safe limits.
The FSF is calculated using the following equations:




3.1 [bookmark: _Toc193023112]Connecting RodFigure 8 (connecting rod Goodman diagrams and FSF)

[image: ]Figure 8 illustrates the FSF values derived from the Goodman diagrams for the connecting rod at both 6000 and 9000 RPM, providing insight into its fatigue performance under different loading conditions. The connecting rod experiences fluctuating tensile and compressive loads during engine operation. At 6000 RPM, the FSF is 4.1495, indicating a significant margin of safety. At 9000 RPM, the FSF decreases to 3.9373 due to increased cyclic loading, elevating mean and alternating stresses. The Goodman diagrams confirm that despite the FSF reduction, the connecting rod remains within safe operational limits at both speeds.
The Goodman diagram shows a shift in the operating point towards higher mean stress values with increasing speed. This shift is expected, as higher RPMs increase the load cycles, leading to greater stress magnitudes. However, the FSF values indicate that the connecting rod maintains a sufficient safety margin against fatigue failure. The application of shot peening introduces a compressive residual stress of 71 MPa, which improves fatigue resistance by delaying crack initiation and propagation. This treatment helps counteract the detrimental effects of increased cyclic loading by enhancing the surface layer's residual stress distribution.
Despite the benefits of shot peening, the decreasing FSF trend suggests that further improvements might be necessary to ensure long-term durability at higher RPMs. Additional considerations such as material selection, heat treatment processes, and optimized geometry could contribute to maintaining a higher FSF. Ensuring uniform stress distribution through precision machining and reducing stress concentrations around fillets and transitions would further improve fatigue resistance.
3.2 [bookmark: _Toc193023113]Gudgeon Pin Figure 9 (gudgeon pin Goodman diagrams and FSF)

[image: ]Figure 9 shows the Goodman diagram for the gudgeon pin including the FSF. The gudgeon pin connects the piston to the connecting rod and is subjected to shear and bending stresses. At 6000 RPM, the FSF is 5.502, indicating strong fatigue resistance. At 9000 RPM, the FSF slightly reduces to 5.2153, which is consistent with increased cyclic loading but remains within safe operational limits.
The Goodman diagram illustrates a minor shift in stress distribution with increased RPM. The small FSF reduction suggests that the gudgeon pin is less sensitive to speed-induced stress variations compared to the connecting rod. This stability is attributed to its material properties and nitriding treatment, which introduces a compressive residual stress of 100 MPa. Nitriding enhances fatigue resistance by improving surface hardness and reducing crack initiation risk. This surface modification significantly extends component life, particularly in applications involving high-frequency cyclic loading.
3.3 [bookmark: _Toc193023114]Connecting Rod BoltsFigure 10 (connecting rod bolt Goodman diagrams and FSF)

[image: ]Figure 10 shows the Goodman diagram for the connecting rod bolts, as well as the FSF for a bolt. The connecting rod bolts are subjected to significant cyclic loads and must be analysed with stress concentration factors (Kt FSF). At 6000 RPM, the FSF without considering stress concentration is 8.7199, but when stress concentrations are included, the Kt FSF drops to 1.9425. At 9000 RPM, the FSF decreases to 3.8068, with the Kt FSF further reducing to 0.848, indicating a high risk of fatigue failure at elevated speeds.
The Goodman diagram reveals that at 9000 RPM, the bolt operates close to the failure limit, emphasizing the impact of stress concentrations. Unlike the connecting rod and gudgeon pin, which maintain adequate FSF values, the connecting rod bolts show significant vulnerability. The drastic reduction in Kt FSF highlights the need for design modifications to mitigate stress risers and enhance fatigue resistance.
To address this issue, potential solutions include using higher-strength materials, optimizing bolt geometry, or applying surface treatments to reduce stress concentrations. Increasing the fillet radius and implementing undercut reliefs can help distribute stresses more evenly. Additionally, maintaining optimal bolt preload and considering alternative fastening techniques, such as interference fits or thread locking solutions, could improve fatigue reliability.
Another approach to improving fatigue performance involves the use of cold rolling or shot peening on the bolt threads to introduce beneficial compressive residual stresses. These treatments counteract tensile stress concentrations, effectively increasing the fatigue strength of the bolt. Given that the Kt FSF at 9000 RPM falls below 1.0, immediate redesign considerations are necessary to prevent premature failure in high-performance applications.
4. [bookmark: _Toc193023115]Effect of Crankshaft Design 
[image: ]The three crankshaft configurations analysed here: flat-plane, cross-plane, and flat-plane big bang, each exhibit unique torque characteristics influenced by their configuration and firing order seen in figure 11. These differences impact their suitability for various applications.Figure 11 (Crankshaft torques due to inertia and gas force)

4.1 [bookmark: _Toc193023116]Flat-Plane Crankshaft (180 degrees, Firing Order: 1-3-2-4)
The flat-plane crankshaft, with a 180-degree crank angle separation, exhibits a high peak torque variation in both inertia and gas torque graphs. The sharp peaks and valleys indicate high vibration levels due to the minimal counterbalancing effect. The firing order (1-3-2-4) contributes to uneven firing intervals, resulting in irregular torque pulses. While this configuration is ideal for high-revving performance engines (such as those in sports cars) due to its lightweight and quick acceleration, it lacks smoothness and generates significant vibration.
4.2 [bookmark: _Toc193023117]Cross-Plane Crankshaft (90 degrees, Firing Order: 1-4-2-3)
The cross-plane crankshaft shows much smoother torque curves with reduced peak-to-peak variations, especially noticeable in the inertia torque graph. The 90-degree crank angle and the 1-4-2-3 firing order create a more balanced configuration, minimizing vibration and offering a more consistent torque delivery. This characteristic makes cross-plane crankshafts particularly suitable for road cars and motorcycles that prioritize smooth power delivery and ride comfort. However, the additional counterweights make the crankshaft heavier and limit its suitability for high-revving applications.
4.3 [bookmark: _Toc193023118]Flat-Plane Big Bang Crankshaft (360 degrees, Firing Order: 1,4-2,3)
This configuration, characterized by a 360-degree separation and simultaneous firing of paired cylinders (big bang), shows distinctive torque characteristics. The gas torque curve is particularly erratic, with sudden torque spikes, while the inertia torque demonstrates pronounced peaks. This uneven power pulse arrangement enhances traction by allowing tires to regain grip between torque surges, making it suitable for applications where traction control is crucial (e.g., in racing motorcycles). However, the increased vibration and irregular torque make it less suitable for smooth road applications.
In conclusion, the choice of crankshaft configuration depends on the balance between performance, smoothness, and application demands. Flat-plane configurations are optimal for high-speed, performance-focused setups, while cross-plane designs suit smoother, everyday use. Flat-plane big bang setups are tailored for specialized traction-oriented applications, despite their irregular torque profiles.

5. [bookmark: _Toc193023119]Connecting Rod Bolts Re-design 
The fatigue safety factor (FSF) and stress concentration fatigue safety factor (Kt FSF) are critical parameters when assessing the durability and reliability of connecting rod bolts, especially under high-speed conditions such as 9000 RPM. The original connecting rod bolt considered here is a steel, non-surface-treated M8x0.75 with an ultimate tensile strength (UTS) of 1100 MPa. To improve performance, three modifications were applied: material change, combined material and geometry change, and a comprehensive material, geometry, and surface treatment change. This comparison evaluates the impact of each modification on the fatigue safety factor and stress concentration fatigue safety factor.
[bookmark: _Toc193023120]    5.1 Modification 1: Material Change to Titanium (Ti-6Al-2Sn-2Zr-2Mo)Figure 12 (connecting rod bolt Goodman diagrams and FSF, Titanium)

[image: A graph of a graph of stress

AI-generated content may be incorrect.]The results of this modification are shown in Figure 12: Material Change to Titanium (Ti-6Al-2Sn-2Zr-2Mo). The first modification involves changing the bolt material from steel to titanium alloy (Ti-6Al-2Sn-2Zr-2Mo), increasing the UTS to 1165 MPa. Despite the increase in tensile strength, the FSF changes marginally to 3.8137, while the Kt FSF slightly improves to 0.8496. The minor enhancement in Kt FSF is attributed to the material's improved strength, but since the geometry and surface treatment remain the same, stress concentration at the thread root is still a limiting factor. Titanium's superior fatigue resistance offers some advantage, but it does not drastically change the stress distribution characteristics inherent to the original design.
[bookmark: _Toc193023121]    5.2 Modification 2: Material and Geometry Change (Titanium M8x1)Figure 13 (connecting rod bolt Goodman diagrams and FSF, Titanium M8x0.75)

[image: A graph of a graph of a person

AI-generated content may be incorrect.]The results of this modification are shown in Figure 13: Material and Geometry Change (Titanium M8x1). In the second modification, the bolt material remains titanium, but the geometry changes from M8x0.75 to M8x1. This increase in thread pitch reduces the stress concentration factor, resulting in an FSF of 3.8137 and a Kt FSF of 0.8866. Although the FSF remains similar to the previous titanium-only modification, the increase in Kt FSF indicates reduced stress concentration at the thread root. This change highlights the importance of optimizing geometry alongside material selection to achieve improved fatigue performance. The reduction in stress concentration significantly reduces the likelihood of crack initiation, making this configuration more reliable under cyclic loading.
[bookmark: _Toc193023122]    5.3 Modification 3: Material, Geometry, and Surface Treatment (Titanium M8x1 with CT and LPed)Figure 14 (connecting rod bolt Goodman diagrams and FSF, Titanium M8x0.75 with cryogenic and laser peening treatment)

[image: A graph of a graph of a person

AI-generated content may be incorrect.]The results of this modification are shown in Figure 14: Material, Geometry, and Surface Treatment (Titanium M8x1 with CT and LPed). The final modification combines material and geometry changes with advanced surface treatments, including cryogenic treatment (CT) and laser peening (LPed), which induce a residual surface pressure of 628 MPa. This combination results in a significant improvement in fatigue resistance, with the FSF increasing to 8.4197 and the Kt FSF to 1.9573. The introduction of compressive residual stresses at the surface substantially mitigates the risk of crack initiation, enhancing the bolt's ability to withstand higher cyclic loads without fatigue failure. The synergy between increased tensile strength, optimized geometry, and surface residual stresses yields the most substantial improvement among the modifications evaluated.
[bookmark: _Toc193023123]    5.4 Comparative Analysis 
Comparing the results across all modifications reveals that while material changes alone provide limited improvements in Kt FSF, combining material and geometry changes enhances stress concentration resistance more effectively. However, the most significant leap in performance arises from incorporating surface treatments alongside material and geometric optimization. The combination of cryogenic treatment and laser peening with titanium and an optimized thread pitch not only increases the FSF substantially but also achieves a Kt FSF more than double that of the original steel configuration.
The analysis demonstrates that optimizing connecting rod bolts for high-speed applications requires a holistic approach that addresses material strength, geometry, and surface integrity. Among the configurations evaluated, the comprehensive modification involving titanium, increased thread pitch, and surface treatment offers the highest fatigue safety margin, making it the most robust option for demanding applications.








6. [bookmark: _Toc193023124]Conclusion
The comparative analysis of stress concentration fatigue safety factors (Kt FSF) for connecting rod bolts demonstrates the importance of a multifaceted approach to bolt optimization. Material changes alone, such as switching from steel to titanium, offer limited improvements in fatigue resistance. While increasing tensile strength slightly enhances the fatigue safety factor (FSF), stress concentration at the thread root remains a limiting factor. Combining material changes with geometric optimization, such as increasing the thread pitch, yields better stress distribution, reducing crack initiation risks and improving Kt FSF.
However, the most substantial gains are achieved through a comprehensive modification strategy that incorporates material upgrades, geometric adjustments, and surface treatments. Specifically, the combination of titanium alloy, optimized thread pitch, and advanced surface treatments like cryogenic treatment (CT) and laser peening (LPed) significantly enhances fatigue performance. The introduction of compressive residual stresses at the surface plays a crucial role in mitigating crack initiation, ultimately increasing both FSF and Kt FSF to the highest levels observed in this study.
In conclusion, the results highlight that achieving optimal fatigue resistance in connecting rod bolts requires an integrated approach that balances material properties, geometric precision, and surface enhancement. This comprehensive modification approach ensures the highest reliability under high-speed and cyclic loading conditions, making it the preferred choice for demanding applications.
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