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[bookmark: _Toc185189956]Introduction
The piston is a fundamental component in any ICE engine, responsible for converting thermal energy from fuel combustion into mechanical work. (Arunkumar  et al, 2022) Operating in a very harsh environment of extreme mechanical and thermal loads, and corrosive substances a good design is crucial for engine performance, efficiency, and longevity. Piston design requires optimizing structural parameters, reducing weight, increasing cooling, and ensuring material integrity under high temperatures and repeated cyclic loadings. (Mahle,2016) 

The following are crucial design consideration for any piston:
· The Piston ought to have high strength and thermal resistance properties to withstand high pressures caused due to gases and inertia forces.
· The material should dissipate heat efficiently from the crown to the piston rings and from the bearing zone to the combustion chamber walls.
· The Piston needs to be designed in such a way that the weight should be kept minimum to
reduce the inertia forces.
· The material of the Piston should possess excellent wearing qualities.
· The material must be a corrosion resistive material.
· The Piston construction should be made rigid to withstand thermal, mechanical distortion.
(Ravikiran et al, 2021)
For this reason material selection is crucial, with modern designs utilizing advanced alloys and composites to balance strength, thermal conductivity, and weight reduction. Effective thermal management is an important consideration to mitigate heat buildup and prevent material degradation during operation.
This report explores the application of FEA in the design and optimization of a gasoline piston, focusing on stress distribution, thermal performance, and weight reduction. Through the use of CAD modelling, material selection, and part optimization techniques, the study demonstrates the advantages of FEA testing while examining its limitations in replicating real-world conditions.
The key objectives of this study include:
· Analysing and improving the structural performance of a gasoline piston.
· Evaluating stress, strain, and thermal behaviour under realistic loading conditions.
· Optimizing piston mass while maintaining or enhancing fatigue life.
· Comparing FEA simulation results with simplified analytical solutions to validate outcomes.
This approach provides a comprehensive evaluation of FEA’s effectiveness and its constraints in piston design and broader engineering applications.


[bookmark: _Toc185189957]Modelling and assembly 
[image: A 3d model of a piston

Description automatically generated]An accurate CAD model is essential for accurate FEA as it directly influences the reliability and validity of the simulation results. The precision of the CAD model ensures that the geometrical representation of the structure is correct, which is needed to predict the structural behaviour under various loading conditions. (Gilioli et al., 2021) While the CAD model and geometry for this assignment was already existing and piston design isn’t the primary focus of this report, the piston design suggests a petrol engine due to its valve reliefs for high-RPM operation, lightweight design with a short skirt for reduced inertia, and a moderate compression ratio. The inline 4 configuration and component geometry suggest it is from a 4-cylinder engine with approximate bore of 70mm and 100mm stroke, therefore from a 1500cc 1600cc petrol engine. For simplicity sake the assembly excludes some components such as, piston rings, cylinder walls, and lubricating oil. This removes real world interactions such as frictional losses, oil viscosity effects, and energy dissipation, leading to less realistic results. While it is possible to include these interactions, doing so significantly increases model complexity, computation time, and solver requirements.Figure 1 - CAD model of existing piston and assembly. (Noble, 2024)

FEA works best for single component analysis, where isolated behaviour under specific loading conditions can be accurately tested. When it comes to full assemblies, the complexity of contact interactions, material properties, and dynamic effects makes it harder to achieve accurate results. This results in simplifications  being needed to strike the balance between solving time and accuracy.




[bookmark: _Toc185189958]Material selection and testing
The use of FEA software and Material selection software such as Granta allows for extensive testing of a wide variety of materials in a very cost effective manner. 
Aluminium alloys are often favoured in high-performance applications due to their excellent thermal conductivity, machinability, and cost-effectiveness. Reinforced options, such as aluminium-silicon alloys, enhance strength and wear resistance, while advanced manufacturing processes like forging improve grain alignment and increase durability. Additional enhancements, such as ceramic fibre reinforcement and specialized coatings, further boost thermal and mechanical load capacities. Their high recycling efficiency and reduced environmental impact also make them a sustainable option (Mahle, 2016; Taylor, 1985).
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Figure 2 - Material Properties selection process. (Ansys, 2022)

Using Granta, a shortlist of aluminium alloys were selected for testing. with 2618 T61 showing by far the most promise on paper. Due to higher strength, better fatigue resistance, and improved thermal stability. 2618 T61 excels under extreme stress and heat and offers superior wear resistance and tight tolerance capabilities, making it an ideal replacement for the pistons existing 6061 T6. (Full details in appendix B)
To accurately use FEA real world data must be incorporated into the simulation, the accuracy of this data dramatically effects the result accuracy. Rubish data in = Rubish rubbish out. For this reason accurate real world data needs to be used. Full data used in analysis in appendix C. Ansys user interface in appendix D.
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Description automatically generated]Figure 3 - Material masses (Vale,2024)


Figure 3 confirms that the masses of the different materials are as expected from the research with the 2618-T61 being 1.36% heavier and 6463-T6 being 0.85% lighter than baseline 6061-T6. While the 2618-T61 has slightly higher moments of inertia, indicating better resistance to rotational deformation, while 6463-T6 has slightly lower moments of inertia, reflecting its lighter mass and reduced resistance to rotational loads. (Ansys, 2016. World Material, 2024. AZoM, 2012)
[image: ]
Image 3 shows what an average temperature profile looks like across a gasoline piston. Figure 4 - Temperature distribution in a gasoline piston (Mahle, 2016)
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[image: A computer screen shot of a computer

Description automatically generated]Total deformation test results are as follows: Figure 5 - 2618 T61 FEA deformation testing (Vale,2024)

· 6061-T6: 2.9275e-4 m (baseline).
· 2618-T61: 2.5498e-4 m (12.92% lower than 6061-T6).
· 6463-T6: 2.6618e-4 m (9.07% lower than 6061-T6).
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Description automatically generated]2618-T61 deforms the least, with 12.92% less deformation than 6061-T6, while 6463-T6 also shows reduced deformation, 9.07% lower than the baseline. (Full data in appendix B)Figure 6 - Scaled view of total deformation (Vale,2024)

The scaled view in figure four exaggerates the deformation and can be useful particularly for complex geometries and material behaviours. (Goa et al, 2013) It highlights temperature induced deformations across the piston. It effectively visualizes areas most affected, in this case, by thermal expansion, such as the crown and ring groves. Particularly helpful in identifying areas of potential issues like clearance loss or stress concentration caused by uneven expansion. This helps inform design improvements to maintain performance and durability.
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To accurately use FEA real world data must be incorporated into the simulation, the accuracy of this data dramatically effects the result accuracy. Garbage data in = Garbage rubbish out. For this reason accurate real world data needs to be used. Boundary constrains were used such as body to ground mates and motion only in X axis to mimic the cycle of the piston.
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Table 1 - Material comparison motion loads
	Material
	Ip1 Difference %
	Ip2 Difference %
	Ip3 Difference %

	2618 T61
	+1.38%
	+1.37%
	+1.43%

	6061 T6
	Baseline 0%
	Baseline 0%
	Baseline 0%

	6463 T6
	-0.89%
	-0.83%
	-0.86%



2618-T61: Slightly higher moments of inertia (1.37–1.43% above baseline) confirm that it resists rotational deformation more effectively. This aligns with its lower deformation as seen earlier (12.92% less deformation than 6061-T6).
6061-T6: Acts as the baseline with moderate performance. Its higher deformation (14.83% more than 2618-T61) reflects its lower strength and stiffness.
6463-T6: Slightly lower moments of inertia (0.83–0.89% below baseline) show reduced resistance to rotational deformation. This aligns with the intermediate deformation performance of 9.07% less than 6061-T6 
X-Direction Force Imbalances
Combustion pressure and inertia interact during the piston’s reciprocating motion. Materials with higher stiffness and strength distribute these forces more evenly, while weaker materials deform under load, creating internal imbalance. Side forces (Y-direction) from the motion of the con rod also influence the piston’s alignment, causing wear, piston slap, increased heat and friction and even cylinder scoring. For this reason many piston are designed with asymmetric geometry in an attempt to cope with this lateral loading acting on the skirt. (Mahle, 2016) Therefore a material with minimal imbalance is preferable. Using the formula below it possible to calculate the imbalance percentage for each material.

Force Imbalance data from FEA:
Table 2 - Material force imbalance
	Material
	X Axis (Up / Down)
	Y Axis (Side to Side)
	Z Axis (Rotational)
	Total force (N)

	2618 T61
	+13336.6 / -13336.6 (0%)
	+53.19 / -53.19 (0%)
	0.0 (0%)
	13336.6 (44.4% less)

	6061 T6
	+5522.8 / -11517.1 (52.06%)
	+91.95 / -91.95 (0%)
	0.0 (0%)
	23985.9 (Baseline)

	6463 T6
	+2697.9 / -13045.5 (79.3%)
	+52.94 / -52.94 (0%)
	0.0 (0%)
	23961.1  (0.1% less)



Analysis under operational loads:
Table 3 - Material imbalance analysis
	Material
	X - Direction imbalance (%)
	Y – Direction imbalance (N)
	Longevity

	2618-T61
	0%
	±53.19
	Best fatigue resistance and wear handling.

	6061-T6
	52.06%
	±91.95 (73% higher than 2618)
	Moderate fatigue life, increased wear.

	6463-T6
	79.3%
	±52.94 (Similar to 2618)
	Shortest lifespan due to severe imbalance.



Limitations of FEA
· Idealized Material Behaviour: Homogeneous assumptions ignore manufacturing imperfections.
· No Wear Modelling: Long-term skirt cylinder interaction effects are not captured.
· Simplified Boundary Conditions: Thermal and dynamic interactions are underrepresented. 
(Mahle, 2016)
· Fixed supports were applied to the gudgeon pin holes to reduce solving time, but this introduced localized stiffness, effecting the pistons ability to deform accurately in this area. Weak springs would better simulate real-world conditions but significantly increase solving time and require greater computational power. This shows that practical constraints applied for ease of solvability can reduce accuracy, particularly near constrained regions.
[bookmark: _Toc185189962]Stress
Normal stress provides valuable insight into directional load distribution, distinguishing between tensile and compressive stresses along specific axes. This is useful for identifying directional imbalances, such as tension and compression cycling in pistons, or localized stress concentrations and useful for directional stress analysis. However, it does not account for the sum and interaction of stresses across multiple directions. Equivalent (von-Mises) stress combines all stress components into a single value. It is useful for calculating and predicting yielding or failure under complex multiaxial scenarios and ensures no critical stress state is overlooked.
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Figure 8 - Equivalent stresses (Vale,2024)
[image: A model of a device

Description automatically generated]
Figure 9 - 2618-T61 Normal stresses (Vale,2024)
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Figure 10 - 6061-T6 Normal stresses (Vale,2024)
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Figure 11 - 6463-T6 Normal stresses (Vale,2024)
Normal Stress Observations for 2618-T61:
2618-T61 shows the highest normal stress values across all directions, with a maximum X-axis stress +4.763 MPa (+31.83%) and improvement over 6061 T6 in Z-axis resistance (+42.32%). This  highlights suitability in coping with reciprocating, lateral, and torsional loads, making it perfect for higher performance pistons. However, stress concentration near the piston crown, visible in the FEA image could indicate potential fatigue risks under cyclic loading, requiring design optimization in these areas.
Normal Stress Observations for 6463-T6:
6463-T6 shows significantly lower stress capacity, with X-axis max stress −35.02 lower and Z-axis −16.07 below 6061-T6. Y-axis performance is comparable(-8.14%), its inability to handle high up and down cyclic forces makes it unsuitable for heavy loads. The FEA visualisations show a lower, but more evenly spread stress across the piston indicating an inferior load bearing ability when compared to both 6061 T6 and 2618 T61 limiting its use as a piston material.
Normal Stress Observations for 6061-T6 (Baseline):
6061 T6 provides a balanced stress across all axes, with moderate stress values suitable for a wide array of general purpose pistons. It’s even load distribution can be seen and ensures minimal stress concentrations. However, compared to 2618-T61 it lacks the advanced strength required for extreme conditions and high cyclic loading, making it less suitable that 2618 T61 for high performance applications.
Comparison of Normal vs. Equivalent Stress:
Evaluation of normal stress is essential for understanding directional loads, identifying if one axis is weaker than another, allowing for design optimisation for specific loading scenarios. Equivalent stress gives a simplified stress overview, by combining multi axis stress concentrations, making it useful for failure prediction.







[bookmark: _Toc185189963]Strain
One of the consequences of elastic deformation is the accumulation of potential energy in the deformed body, which is referred to as strain energy in the context of elastic deformable solids. (Sifakis et al, 2016)
Table 4 - Material elastic strain
	Material
	Max strain 
	Avg strain
	Comparison to 6061 T6 (max)
	Comparison to 6061 T6 (Avg)
	Comments

	2618 T61
	6.4434 x10⁻³
	2.2312 x10⁻³
	+105% 
	+74.7%
	High ductility, ideal for high stress.

	6061 T6
	3.1454 x10⁻³
	1.2772 x10⁻³
	Baseline
	Baseline
	Balanced stiffness & ductility. Mid-load application

	6463 T6
	6.0739 x10⁻³
	2.3201 x10⁻³
	+93%
	+81.6%
	Similar flexibility to 2618 T61, good for dynamic loads



Observations: 
Strain concentrations near crown and skirt indicate critical deformation zones. 2618-T61 and 6463-T6 absorb stress better, while 6061-T6 suits less extreme conditions.
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FEA and mesh limitations
As well as the fixed supports mentioned earlier. Coarse meshing around critical stress zones may underestimate peak stresses. Additionally, idealised material property data ignores the microstructure and possible imperfections, potentially misrepresenting real world behaviour. These factors limit FEA's accuracy for detailed performance prediction. These errors can be reduced by solving with a finer mesh, however this greatly increases solve times. A happy medium can be achieved by sizing a finer mesh on areas of interest, particularly in the areas most susceptible failure.
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Figure 12 - Mesh density (Coarse, Fine, And appropriately sized elements of interest) (Vale,2024)
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Figure 13 - Localised high stress areas on ring groove (Vale,2024)
The high stress concentrations seen around the edge of the oil groove in the provided image are likely due to mesh related errors rather than realistic stress behaviour. This could be caused by a number of factors, such as:

Geometry Simplification: Sharp edges or abrupt changes in geometry can create singularities where the stress theoretically approaches infinity. However real materials deform plastically and redistribute stress in these scenarios. Machining or casting processes would smooth out these sharp edges in the real world. (Bathe, 2007)
Mesh Refinement Issues: As mentioned earlier if the mesh is too coarse or not sufficiently sized near sharp geometrical features, it can unrealistically inflate stress values due to too few mesh nodes at those location.
Mathematical Interpolation: FEA solvers use interpolation between nodes to calculate stress, which can overestimate or exaggerate stress in areas with high curvature.
Idealized Boundary Conditions: Unrealistic constraints such as fixed supports or rigid constraints can also compound the stress concentrations by restricting deformation. FEA also assumes perfect contact zones or constraints, which is unrealistic. (Bathe, 2007)

Options to mitigate this effect include:
Mesh refinement around the groove, Geometry modification, convergence study, and reliance on average stress values or equivalent stress for analysis instead of peak nodal stresses. Techniques such as error-based refinement, smoothing sharp edges (e.g., with fillets), and conforming adaptive mesh refinement (CISAMR) to eliminate non-conforming elements further ensure that the stress analysis represents realistic distributions rather than numerical anomalies. (Salazar, Tortorelli, 2018)
Material recommendation: 
2618 T61 shows superior stress tolerance in all directions, provided crown stress concentrations and the slightly higher mass are addressed. 6061 T6 offers balanced performance for moderate conditions, and would be suitable for most applications. 6463-T6 is lightweight but unsuitable for high stress scenarios, performing significantly worse than the baseline 6061 in the X axis. This FEA analysis confirms the findings in the attached material selection report found in Appendix B. Confirming 2618 T61 as the best choice for high performance application.
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Description automatically generated]Piston modificationFigure 14 - Motion loads study comparison (Vale,2024)

[bookmark: _Toc185189966]Motion loads

[bookmark: _Toc185189967]Mass and Moment of inertia
Table 5 - Mass comparison
	
	Original
	Re-design
	Change

	Mass (kg)
	0.26049
	0.20769
	Re-design = 20.25% lighter 


Moment of Inertia is reduced by 18.6% on average by the changes. Improving efficiency and reducing reciprocating stresses in the component during use.

[image: A rainbow colored object with holes

Description automatically generated]The thermal performance has improved, with the average temperature of the redesign is 3.64% lower than the original.Figure 15 - Improved Thermal study (Vale,2024)


Table 6 - Re-design temperatures
	
	Original
	Re-design
	Change

	Max temp (°C)
	310.38
	300.78
	9.6

	Min temp (°C)
	156.79
	147.17
	9.62


[image: A multicolored objects with a blue background

Description automatically generated with medium confidence]Figure 16 - Total deformation study comparison (Vale,2024)
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Re-design achieves 9% lower deformation (2.57e-4 m vs. 2.82e-4 m) indicating improved stiffness. The re-design improves stiffness and reduces weight significantly without compromising structural integrity, making it more suitable for high-performance use.Figure 17 - Re-design strain comparison (Vale,2024)

Table 7 - Equivalent strain comparison
	Metric 
	original
	Re-design
	Change

	Maximum
	6.4434 x10⁻³
	6.3493 x10⁻³
	-1.46%

	Minimum
	2.2312 x10⁻³
	2.7512 x10⁻³
	+23.3%


Maximum strain remains similar, while average strain increases by 23% indicating better stress distribution.

[bookmark: _Toc185189969]Stresses
When considering stress on the piston, Max pressure isn’t at TDC but motion loads were taken at TDC. One could take loads at max pressure (20° crank for example). However using TDC motion loads could act as a FOS and allows a safe margin of error for engine tuning mods such as advancing or [image: A 3d model of a cylinder

Description automatically generated]retarding ignition point.Figure 18 - Equivalent stress comparison (Vale,2024)

Peak stress is reduced, lowering the likelihood of stress induced failure, while average stress appears more uniformed in its distribution.
	Metric
	Original
	Re-designed
	Change

	Maximum (Pa)
	4.7632  x10^8
	4.4097 x10^8
	- 4.7% 

	Average (Pa)
	1.4926 x10^8
	1.8761 x10^8
	+25.6% 


Table 8 – Equivalent stress comparison
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Description automatically generated]Figure 19 - Modified piston normal stress in X, Y, and Z (Vale,2024)

The X axis normal stress shows a decrease, reducing the risk of fatigue under reciprocating loads. Y and Z normal stresses increase slightly but well within material limits. (Ansys, 2022). 
	Axis
	Original Max (Pa)
	Re-design Max (Pa)
	Change

	X
	4.7632 x10^8
	4.3410 x10^8
	-8.9%

	Y
	3.2346 x10^8
	3.3246 x10^8
	2.8%

	Z
	2.8292 x10^8
	2.8922 x10^8
	2.2%


Table 9 - Normal stresses of Re-design
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Figure 20 - Localised stress on ring groove Re-designed piston (Vale,2024)
The high stress concentrations seen around the edge of the oil groove in figure 13 have now been almost entirely removed by using a 0.2 mm fillet on the edge of the ring groove, showing that the issue was caused by sharp edges, mesh error, or interpolation errors.
[bookmark: _Toc185189970]Summary
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Description automatically generated]The piston re-design achieves a 20.25% weight reduction and 18.6% lower moment of inertia, improving efficiency and reducing reciprocating stresses. Thermal performance is enhanced, with a 3.1% decrease in maximum temperature, and deformation is reduced by 9%, indicating improved stiffness. Peak stress drops by 4.7%, with X-axis normal stress decreasing by 8.9%, reducing fatigue risk, while average stress increases by 25.6%, ensuring more uniform stress distribution. The addition of a 0.2 mm fillet mitigates stress concentrations near the ring groove. Overall, the re-design was a success, achieving a lighter, stronger, and more thermally efficient piston suitable for high-performance applications. The re-design below has solid skirts and slightly more re-enforcement in key areas, this is not needed but may increase lifecycle.


Figure 21 - Possible Re-design 2.0



[bookmark: _Toc185189971]Lifecycle study
A lifecycle analysis (LCA) assesses the environmental impacts of a product across all stages of its life, from raw material extraction to production, use, and disposal, providing a systematic approach to quantifying inputs and outputs for informed sustainability decisions. (Reap, et al. 2008)  Similarly, a lifecycle study evaluates the number of cycles a component can endure under repeated loading before failure, which is essential for predicting fatigue life and identifying failure points. In this case, attempts to perform a lifecycle study on the piston were unsuccessful, as the simulated results did not align with the original piston’s 23-minute lifespan, leading to their exclusion. Despite challenges like data accuracy and regional variations affecting both methods, lifecycle studies and analyses remain critical tools. They help evaluate environmental impacts, predict fatigue life under cyclic stresses, and inform design improvements, ensuring products perform reliably under real-world conditions while addressing sustainability and durability goals. (Lopes, 2021)
[bookmark: _Toc185189972]FEA Validation 
In order to validate the results of the FEA testing and ensure the accuracy of the computational simulation validation tests must be carried out by comparing computational results with known benchmarks or experimental data. Below are three such standard case studies tests:
(Dlubal, 2021)
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Description automatically generated with medium confidence]Bi-metallic stripFigure 22 - Bi-metallic strip validation (Vale,2024)

A bimetallic strip is ideal for validating thermo-mechanical simulations, as thermal expansion occurs in two different bonded metals it induces mechanical deformation. During testing a calculated deformation of 7.1215 mm showed a 1.03% error from the analytical value of 7.049 mm.




[bookmark: _Toc185189974]Cantilever beam with UDL
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Description automatically generated]A cantilever beam subjected to a known UDL is used to validate structural simulation, as the load shows a predictable deformation based on beam bending theory. (Engineeringtoolbox, 2013).  During testing, a calculated deformation of 157.15 mm showed a 0.004% error from the analytical value of 157.143 mm, Figure 23 - Cantilever beam with UDL validation (Vale,2024)

The variation in both the Bi-Metallic beam and the Cantilever UDL is likely due to mesh size or solver numerical approximations. The minimal error highlights the accuracy of the simulation while emphasizing the importance of mesh refinement and solver precision in achieving reliable results for structural analyses.
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Appendices
A
These values were gathered by Noble, A and represent average values for a gasoline piston. These values fall well within average operating ranges according to (Mahle, 2016), (Kane, 2021), (Sroka, [image: A screenshot of a graph
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Recalling the lementary equation forthe beam deflection using the Euler-Bernoulitheory

@,
Bae

(16-2)

where  isthe quadratic moment of a cross-section with respect o the y-axis and it s given by

e

= (16-3)

‘Weintegratethe equation (16.- 2) rom 0to . twice. Upon applying the boundary condtions for
‘cantlever beam ,(0) = u,(0) = 0, the soluion takes the followingform

_ 9ol —aix s xt)

= (16-4)
The maximum displacement occurs at the pointx = L:
ol et mm .
Yo = G5 = 2 = 157143 (16-5)
RFEM 5 Settings
« Modeled in RFEM 5.040024
© The element sizeis = 0.020m
+ Geometricalylnear analysss considered
‘+ The Mindiinplate theory i used
 sotropic inear elastic material model s used
Results
Strucre Fle Surface Stfiness Type.
01601 Standard
01602 Without Tension
‘Surface Stffness Type | Analytical Solution RFEMS.
. . Ratio
[mm) mm] ol
Standard 157130 1000
157143
‘Without Tension 157.150 1000
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