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[bookmark: _Toc193047617]Introduction
In the pursuit of performance gain within an internal combustion engine it is important to consider the effect on the stresses and fatigue of different engine component. This is to spot areas that are prone to failure, find suggested work life and any components that would need a redesign. This report will look into how engine components, namely the con rod bolts, will react to the forces in the engine and what would happen with an increased RPM of 9000. This would simulate what would happen if the engine was overrevved which is more likely to happen in a motorsport environment.  By analysing the stresses and fatigue of the engine components at different RPMs a redesign of the conrod bolts can be made to better suited the engine.  By analysing these aspects this report aims to provide an insight into the mechanical limitations of running the Ford 1.6L sigma engine at high RPM, potential design improvements and how performance will affect component longevity. 


[bookmark: _Toc193047618]Baseline 
In order to redesign the bolt analysis of the current design needed to be made in order to find where improvements can be made as well as if the bolt, piston and con rod will withstand the extra stress when revved to 9000 RPM. 
[bookmark: _Toc193047619]Connecting Rod 
The first stage is to calculate the stresses in the connecting rod to create a goodman diagram. The benefits of this are to see if by reducing the mass of the Con-rod the stresses in the bolt will reduce. This will come with other performance benefits due to the lighter reciprocating mass. By using the equation bellow the piston inertia could be calculated. 
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[bookmark: _Toc193046767]Figure 1: Piston inertia
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Figure 2 also includes the MATLAB code that interpolates and extends the pressure data to 9000RPM, by combining this with the gas forces the net pressure applied to the piston can be found. As force a compressive force is being applied to the piston there are several forces that can be resolved. There will be a compressive force applied to the conrod, a friction force as well as a lateral force applied to the piston due to the reaction force of the conrod. 






From the force applied to the con-rod the fatigue stresses and good man diagram could be calculated. As the conrod moves through its cycle it is constantly being compressively and tensile loaded and therefore is important to consider the fatigue life for the component.  
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Using the goodman diagram in figure 3 shows that the increased RPM increases the actual stress on the conrod but it’s still lower than the allowable so there is theoretically no chance of fatigue failure. The graph also shows the effect of adding a surface finish to the component to reduce the mean stress of the component. By doing this at 9000 RPM the mean stresses become more negative which shows that the conrod is experiencing less compressive stresses due to the method of surface finishing, which in this case is placing the surface in a state of compression via nitriding. (Velling, 2020)
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From the graph in figure 4 one possible are of development is to lighten the conrod or piston components as there is room for the stresses to increase without failure. In doing this it will reduce the inertia of the reciprocating assembly and therefore reducing the forces applied to the bolt and cap. Figure4 shows that the factor of safety increases from 3.2 to 3.7, with the surface finish, at its lowest point further proving that the mass could be reduced in the conrod. The reason that the safety factor increases above 4000 RPM is due to the drop off in combustion efficiency resulting in lower gas pressures therefore transferring less force into the assembly. 


 


[bookmark: _Toc193047620]Gudgeon Pin 
The next stage is to look at the stress in the gudgeon pin to see if any mass could be taken out or if the design needs changing to suit the increased RPM.  As the gudgeon pin is supported by the conrod whilst being loaded by the piston it will have both a shear stress as well as a bending stress so a resultant will need to be found. Both forces are caused by the interaction with the conrod and results in different designs for the pin to account for this.
[bookmark: _Toc193046771]Figure 5: stresses on the gudgeon pin
Shear stress
Bending stress
NET force 












One of the limitations of the method is how shear stress is calculated and doesn’t take into account the design of the gudgeon pin. The design allows for mass to be reduced in the areas further away from the support where the shear stress occurs. 


[image: A graph of stress and bending stress

AI-generated content may be incorrect.]







[image: A grey background with red arrows

AI-generated content may be incorrect.]


[bookmark: _Toc193046772]Figure 6: tension and compression forces on gudgeon pin
[bookmark: _Toc193046773]Figure 7: stresses on gudgeon pin vs crank angle
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[bookmark: _Toc193046774]Figure 8: Goodman diagram with zoomed view for gudgeon pin



Figure 8 shows the same trend as the con-rod where the component can withstand the extra stresses applied by the increased RPM. It also shows there is a level of over engineering as actual stress is allot lower than the allowable. This is reflected in figure 9 which shows a minimum factor of safety of 4.2. 
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[bookmark: _Toc193047621]Connecting Rod Bolt 

From the inertia forces calculated the stress applied to the connecting rod bolt can be calculated.  In order to do this the force from the cap need to be calculated  as the stresses made up of whip and tensile acceleration which applies a force to the bolt. The equations bellow  shows how this force is calculated. 
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[bookmark: _Toc193046776]Figure 10: stress concentration areas

The next factor to consider is the stress concentration factor of the bolt as can act as a stress multiplier. Using the appropriate Roark’s formula (Young et al., 1989) for the case 3 different stress concentrators were found as seen in figure 11 and 12 . As failure will happen at the weakest point of the bolt the maximum stress concentration was used to calculate the bolt stress. In addition to this as the bolt is made up of different geometry an overall stiffness needs to be found, to do this the bolt is split up into 3 different sections as can be seen in figure 10 and using the equations bellow an overall stiffness value can be found. This also shows how the geometry can be changed in order to change the performance of the bolt. 
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[bookmark: _Toc193046777]Figure 11: Roark’s formula used for thread calculations (Young et al., 1989)

[image: A math equations on a white background

AI-generated content may be incorrect.]
[bookmark: _Toc193046778]Figure 12: Roark’s formula used for fillet calculations (Young et al., 1989)

the formula in figure 11 was used to work out the factor for the thread so simplified measurements were needed as can be seen in figure 13. 



[bookmark: _Toc193046779]Figure 13: simplified thread dimensions
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Figure 13: goodman diagram with zoomed view for gudgeon pin







  






[bookmark: _Toc193046780]Figure 14: goodman diagram with zoomed view for gudgeon pin
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Looking at the good man diagram and Fatigue factor of safety graph it shows that with the extended RPM range the bolt is more likely to fail with the fatigue factor of safety dropping from 1.36 at 6000 RPM to 0.54 at 9000 RPM. This is allow shown in the goodman diagram as the actual stresses exceed the allowable. At 6000 RPM the fatigue safety factor is 1.25 which while it is above 1 suggesting infinite life, allot of manufacturers use a minimum standard for FSF of above 1. This is to protect against failure due to other factors such as manufacturing defects as well as uncertain loading conditions.  A common fatigue factor of safety for engine components is 1.5 (Sri and Christina, 2020) and therefore is what the redesigned bolt will aim to meet. 





[bookmark: _Toc193047622]Bolt redesign
[bookmark: _Toc193047623]Material 
The first stage of design was to investigate the effect the material of the bolt has on its fatigue safety factor. 

[bookmark: _Toc193046782]Figure 16: fatigue safety factors for different materials
Three different materials were tested and compared to the standard steel that was used. The best performing one was the Maraging Steel. The Maraging Steel is a common material used in within high-performance engines as it has a superior strength and toughness without losing ductility. 2 different grades where tested, 250 and 300, which represents their nominal tensile strengths. The table below shows the material properties that were tested 
	Material 
	Youngs modules (GPA) 
	UTS (MPA)

	Low alloy steel (4037)
	201
	620

	Inconel 718
	198
	1170

	Maraging steel 300
	190
	1870

	Maraging steel 250
	188
	1690







[bookmark: _Toc193046747][bookmark: _Toc193047563]Table 1: Material properties

The higher-grade maraging steel has the best fatigue factor of safety being 2.25 at 9000 RPM which is just over 10% higher than the 250 grade. Both materials allow for the bolt geometry to be changes in order to meet the aim of a safety factor of 1.5. 


[bookmark: _Toc193047624]Bolt geometry 
To see the effect of the geometry changes on the bolt the test was conducted on the standard material as well as the maraging 250 steel. By doing this it isolates the effect of the design has on the performance on the bolt then a final design can be made using the information found.
[image: Con Rod bolt, standard/race spec (for standard con rods) - Crankshafts and Con  Rods, Cylinder Block Components - QED Motorsport]





[bookmark: _Toc193046783]Figure 17: 2 examples of different bolt designs (QED, 2024)

[bookmark: _Toc193047625]Wasted shank 
A common design approach for connecting rod bolts is to use a wasted shank design. This approach removes material from the middle section of the bolt in order to reduce stress concentrations in order to improve fatigue resistance.  To test different designs the length of the shank was tested with different cross sectional areas to see  what combination was the best. 


[bookmark: _Toc193046784]Figure 18: factor of safety vs shank length

[bookmark: _Toc193046785]Figure 19: fatigue factor of safety between 6000 and 9000 RPM










By Increasing the length of the shank, it will increase the factor of safety of the bolt. This is due to the relationship between the length and area that effect stiffness as can be seen in the equation bellow. By increasing the length, the stiffness of the bolt goes down, this causes the maximum force on the bolt to reduce therefore lowing the cyclical range of forces that act on the bolt during a cycle. 
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Figure 19 looks at the 2 options that have different cross-sectional areas. By reducing the cross-sectional area, the stiffness of the bolt is decreases the same relationship as length is put into ply. The option that was chosen was a length of 15mm and area of 2.3mm^2. This result was chosen as it meets the 1.5standard, going over this could result in extra machining of the bolt therefore increasing the cost of the component. 

[bookmark: _Toc193047626]Thread 

The next development area was to see how different thread sizes would affect the safety factor of the bolt. As each different thread size has a different dimension it will affect both the effective diameter of the bolt, which directly impacts the minimum and maximum stresses, it will also have an impact on the stress concentration points. As the thread has the highest concentration factor on the standard bolt this is not expected to change with changing the dimensions of the thread but it will affect the size of the concentration factor (Bolt science , 2025). As the stress concentration factor uses Roark’s formula the thread had to be simplified on the original cad model to find the root radius of the thread. A M8, M7 and M6 bolt dimensions were tested against the standard bolt 








[bookmark: _Toc193046786]Figure 21: bolt dimension vs factor of safety









The results show that bigger bolt dimensions result in a bigger factor of safety. The standard bolt is an outlier which is due to it not conforming to the metric standard witch the other bolts use. The best performing bolt is the M8 bolt, this is down to several factors. As can be seen in figure 21 it has the biggest root radius of 0.144 which reduces the stress concentration value when compared to the m6 bolt with a root radius of 0.108. in addition to the M8 bolt has a higher effective diameter (minor) which helps to spread out the forces acting on the bolt in both the low end and high end of the stress cycles. This is reflected in the equations for min and max stress which can be seen in the equations below. 








[bookmark: _Toc193047627]Piston mass 
The final point of development was to see how changing the mass of the piston. By doing this the inertia forces provided by the piston will be lower which will in turn put less stress on to other engine components. In addition to this, using light weight pistons is a common way of increasing the RPM capability of an engine so may need to be done to meet the 9000 RPM target. 
[bookmark: _Toc193046787]Figure 22: Piston mass vs fatigue factor of safety at 9000 RPM









[image: SBD/Omega 1.6L EcoBoost 79.00mm Forged Piston Set-7004]By reducing the mass by 50 grams the factor of safety increased by 8% to 1.8 because of the lower inertia forces from the piston. Whilst allot of performance can be gained by doing this manufacturing or buying new pistons can be very costly and come with there own set of problems. For example, a FEA process will need to be ran on them to see if they will be able to withstand the gas forces as well as the thermal loading from the combustion process. A 50-gram reduction in weight is quite a significant change however SBD Motorsport (SBD Motorsport, 2023) sell a 235g cylinder which will result in a factor of safety of around 1.7 which is an increases of 3% from the full weight piston. 






[bookmark: _Toc193046788]Figure 23:SBD Motorsport piston for 1.6L EcoBoost (SBD Motorsport, 2023)
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AI-generated content may be incorrect.]There are several limitations with this method of bolt design that should be taken into consideration. The fist is that the MATLAB model does not consider thermal loading, whilst all the materials chosen are commonly used in high temperature environments the thermal conditions will have a negative impact on the materials performance. For example, figure 24 shows how Maraging steel 300 is effected by increasing temperature. As the temperature rises the Youngs modules drops which will cause the factor of safety to decrease. In addition to the cycle of heating and cooling and engine will cause thermal fatigue which will also have a negative impact on the overall fatigue safety factor [bookmark: _Toc193046789]Figure 24: effect of temp on young’s modules for Maraging steel 300 (Granta) 












The second is that additional forces were not considered such a forces caused by vibration effects, crank shaft imbalance and torsional stresses (Shenoy and Fatemi, 2006)

[bookmark: _Toc193047629]Conclusion 
This report has analysed the fatigue behaviour of key engine components particularly the connecting rod bolts under increased RPM conditions up to 9000RPM. Through force and stress calculations using MATLAB, it was determined that the connecting rods and gudgeon pin remained within acceptable bounds when pushed to 9000 RPM. However, the connecting rod bolt failed at 7000RPM so need3ed to be redesigned. 
The use of Maraging Steel 300 significantly improved the fatigue life of the bolt bringing up by 101% to 1.08. the next stage was the geometry redesign which focuses on reducing the size of the shank to reduce the stiffness thus improving the fatigue life of the component. This study resulted in a final design reducing the shank to 2.3mm^2 and increasing the length of the shank to 15mm. this resulted in a factor of safety of 1.52 which is meets the standard used by other manufactures. by combing this with a M8 bolt thread design and using a SBD Motorsport piston which reduced the mass by 23 grams the final fatigue factor of safety of 1.77. the final design is shown in the CAD model bellow. 
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[bookmark: _Toc193047564]Table 2:Results for changing shank dimensions on Fatigue factor of safety at different RPMs
	Length (mm)
	area (mm^2)
	1000
	2000
	3000
	4000
	5000
	6000
	7000
	8000
	9000

	4.8
	4.3
	9.57E+01
	2.38E+01
	1.05E+01
	5.88E+00
	3.73E+00
	2.56E+00
	1.85E+00
	1.40E+00
	1.08E+00

	10
	4.3
	91.60676
	22.82634
	10.08922
	5.631235
	3.567822
	2.446956
	1.771109
	1.332458
	1.031721

	15
	4.3
	91.60676
	22.82634
	10.08922
	5.631235
	3.567822
	2.446956
	1.771109
	1.332458
	1.031721

	20
	4.3
	91.60676
	22.82634
	10.08922
	5.631235
	3.567822
	2.446956
	1.771109
	1.332458
	1.031721

	25
	4.3
	91.60676
	22.82634
	10.08922
	5.631235
	3.567822
	2.446956
	1.771109
	1.332458
	1.031721

	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	4.8
	3.3
	96.27432
	23.99323
	10.60784
	5.922957
	3.754524
	2.57661
	1.866365
	1.405389
	1.089345

	10
	3.3
	103.1688
	25.71684
	11.37389
	6.35386
	4.030302
	2.768123
	2.007068
	1.513115
	1.174462

	15
	3.3
	107.2971
	26.74893
	11.8326
	6.611882
	4.195437
	2.882799
	2.091321
	1.57762
	1.225429

	20
	3.3
	111.4255
	27.78102
	12.2913
	6.869905
	4.360571
	2.997476
	2.175573
	1.642126
	1.276397

	25
	3.3
	115.5538
	28.81311
	12.75001
	7.127927
	4.525705
	3.112153
	2.259825
	1.706632
	1.327364

	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	4.8
	2.3
	106.6285
	26.58177
	11.75831
	6.570093
	4.168691
	2.864226
	2.077675
	1.567173
	1.217175

	10
	2.3
	119.3213
	29.75498
	13.16862
	7.363394
	4.676404
	3.216804
	2.336712
	1.765498
	1.373876

	15
	2.3
	131.5259
	32.80613
	14.52469
	8.126183
	5.164589
	3.555822
	2.585786
	1.956196
	1.52455

	20
	2.3
	143.7306
	35.85729
	15.88076
	8.888972
	5.652774
	3.894839
	2.83486
	2.146893
	1.675225

	25
	2.3
	155.9352
	38.90845
	17.23683
	9.651762
	6.140959
	4.233857
	3.083934
	2.33759
	1.825899


	Mass (g)
	1000
	2000
	3000
	4000
	5000
	6000
	7000
	8000
	9000

	258
	142.9859878
	35.66404
	15.7896
	8.83355
	5.613892
	3.864941
	2.810379
	2.125928
	1.656671

	248
	145.1833285
	36.21337
	16.03375
	8.970884
	5.701785
	3.925978
	2.855223
	2.160262
	1.683798

	238
	147.4492051
	36.77984
	16.28552
	9.112501
	5.79242
	3.988919
	2.901465
	2.195666
	1.711772

	228
	149.7868749
	37.36426
	16.54526
	9.258605
	5.885927
	4.053855
	2.949173
	2.232192
	1.740632

	218
	152.1998049
	37.96749
	16.81336
	9.409414
	5.982444
	4.120881
	2.998416
	2.269894
	1.770421

	208
	154.6916891
	38.59046
	17.09024
	9.565156
	6.08212
	4.1901
	3.049271
	2.30883
	1.801185


[bookmark: _Toc193047565]Table 3: Results for changing mass of piston
	BOLT 
	1000
	2000
	3000
	4000
	5000
	6000
	7000
	8000
	9000

	8
	146.1462004
	36.45322
	16.1397
	9.029969
	5.73918
	3.95159
	2.87373
	2.174158
	1.694533

	7.4
	131.5259328
	32.80613
	14.52469
	8.126183
	5.164589
	3.555822
	2.585786
	1.956196
	1.52455

	7
	142.9859878
	35.66404
	15.7896
	8.83355
	5.613892
	3.864941
	2.810379
	2.125928
	1.656671

	6
	97.31086773
	24.2444
	10.71357
	5.97778
	3.785786
	2.595073
	1.877111
	1.411125
	1.091648


[bookmark: _Toc193047566]Table 4:Results for changing Bolt dimensions









Low alloy steel (4037)	6000	7000	8000	9000	0.74690138707681997	0.52208939465870596	0.37617776496425498	0.27614123201324597	Standard	6000	7000	8000	9000	1.33990479879436	0.95776537061445	0.70974218405537204	0.53969830388770801	Inconel 718	6000	7000	8000	9000	1.78136483075763	1.28210335328134	0.95806345203471199	0.73590276253805098	Maraging steel 300	6000	7000	8000	9000	2.5766104185891998	1.8663654178106499	1.4053890951899599	1.0893452460187401	Maraging steel 250	6000	7000	8000	9000	2.3402346539104002	1.6927015906997001	1.2724277275581499	0.98428935060594802	RPM


Fatige factor of safty




Factor of safety at 9000RPM 

2.3	4.8	10	15	20	25	1.21717453204758	1.3738759486324501	1.52455038765635	1.6752248266802601	1.8258992657041699	3.3	4.8	10	15	20	25	1.0893452460187401	1.17446184523768	1.2254292325642	1.2763966198907299	1.3273640072172599	Shank Length (m)


Fatige factor of safty




Fatctor of safey Vs RPM 

15mmL, 2.3mm^2 CSA	6000	7000	8000	9000	3.5558219872738199	2.5857861621503799	1.95619560257505	1.52455038765635	Standard	6000	7000	8000	9000	1.33990479879436	0.95776537061445	0.70974218405537204	0.53969830388770801	25mmL, 3.3mm^2 CSA	6000	7000	8000	9000	3.1121526312858498	2.2598250026490199	1.70663158983184	1.3273640072172599	RPM


Fatige factor of safty




Bolt dimension Vs FFOS at 9000 RPM 

1000	8	7.4	7	6	1.6945331065272899	1.52455038765635	1.6566706380297	1.09164758958914	Diamiter of bolt (mm)


Fatige factor of safty 



Piston mass Vs FFOS at 9000 RPM 

1000	258	248	238	228	218	208	1.6566706380297	1.68379830111434	1.71177208646653	1.74063220754232	1.7704214671056999	1.8011854690421301	Piston mass (g)


Fatige factor of safty 
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% Extract crank angle and corresponding stress/pressure values
Crank_angle = DATA(#:723,1); % First colum: Crank Angle
Original_stress = DATA($:723,2:7); ¥ Second coluan: Stress or Pressure

% Define the RPN range: Assume original data is at 1000-6008 RPH
Re_original - (1000:1608:5080); % Given RPlls
RPInew = (1080:1000:5608) 5 % Extend to 3020 RPH

% Loop through each crank angle o interpolate/extrapolate stress values

for 3 ngth(RPH_new)
For 1 = 1:length(Crankangle)
CYLP(5,) - interpl(RPH_original, CYL_PP(L, ), RPH_nen(3), "Linear, extrap');
nd

end

on_p-cne.1;
[CrankangleGrid, RPHGrid] = meshgrid(Crankangle, RPH_new);
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