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Abstract— This study conducts a detailed finite element analysis (FEA) to evaluate the performance of different materials used in the
manufacturing of connecting rods for internal combustion engines. The materials under investigation include aluminum alloys, cast carbon steel,
and titanium. The primary objective is to compare these materials in terms of mechanical performance, stress distribution, and deformation
characteristics under operational conditions. Using advanced simulation techniques, the study assesses the fatigue life, weight efficiency, and
cost-effectiveness of each material. Aluminum alloys are known for their lightweight properties, which can significantly reduce the overall weight
of the engine, leading to improved fuel efficiency. However, their lower strength compared to other materials necessitates a careful examination
of their suitability for high-stress applications. Cast carbon steel, on the other hand, offers a good balance between strength and cost, making it
a popular choice in the automotive industry. Despite its higher weight, its cost-effectiveness and adequate performance make it a viable option.
Titanium, although more expensive, provides superior strength and fatigue resistance, making it ideal for high-performance engines where
durability is critical. The FEA results indicate that titanium exhibits the highest strength and fatigue resistance, followed by cast carbon steel and
aluminum alloys. However, aluminum alloys offer the most significant weight savings, which can be crucial for applications where reducing mass
is a priority. Cast carbon steel remains a cost-effective option with satisfactory performance metrics. This comparative analysis aims to provide
a comprehensive understanding of the trade-offs involved in selecting materials for connecting rods. The findings are intended to guide engineers
and designers in making informed decisions to optimize the design and efficiency of internal combustion engine components.

Keywords— Finite Element Analysis (FEA) Connecting Rod, Internal Combustion Engines, Aluminum Alloys, Cast Carbon Steel, Titanium, Stress,
Distribution, Deformation Characteristics, Fatigue Life, Emission Reduction, Cost-Effectiveness, Material Selection, Engine Component
Optimization.

I.  INTRODUCTION efficient IC engines, ultimately leading to improved vehicle

Internal combustion (IC) engines are the heart of many modern performance and longevity.

vehicles, converting fuel into mechanical energy to power
everything from cars to industrial machinery. In these engines,
the connecting rod plays an important role, connecting the
piston to the crankshaft and transmitting the power generated
by the combustion process. Given the extreme conditions under
which connecting rods operate, including high temperatures
and significant mechanical stresses, understanding their
deformation behavior is essential for ensuring engine reliability
and performance.

This study focuses on the modeling and simulation of the
deformation of connecting rod materials in IC engines. By
employing advanced computational techniques, we aim to xS
predict how different materials respond to the dynamic loads
experienced during engine operation. This research not only
seeks to enhance our theoretical understanding of material I
behavior under stress but also aims to provide practical insights '

Fig. 1.0
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that can inform the design and selection of materials for
connecting rods.

The objectives of this study are threefold: to develop
accurate models that simulate the deformation of connecting
rod materials, to validate these models through experimental
data, and to compare the performance of various materials
under simulated engine conditions. By achieving these goals,
we hope to contribute to the development of more durable and
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The connecting rod is a critical component in IC engines,
and its material properties significantly influence engine
performance and durability. Previous studies have explored
various materials, including steel, aluminum, and titanium, to
understand their mechanical properties and suitability for use in
connecting rods. For instance, research by Smith et al. (2018)
compared the fatigue life of steel and aluminum connecting
rods, highlighting the advantages and limitations of each
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material under cyclic loading conditions. The deformation
behavior of connecting rod materials can be analyzed using
several theoretical frameworks, including elasticity, plasticity,
and fracture mechanics. Theories such as Hooke’s Law for
elastic deformation and the von Mises yield criterion for plastic
deformation provide a foundation for understanding how
materials respond to stress. Additionally, fracture mechanics
principles help predict the initiation and propagation of cracks
in connecting rods under high-stress conditions. Finite element
analysis (FEA) is a widely used computational technique for
modeling the deformation of composite wood materials.
Studies by Johnson and Lee (2020) demonstrated the
effectiveness of FEA in predicting stress distribution and
deformation patterns in connecting rods under various loading
conditions. Other modeling approaches, such as molecular
dynamics simulations, have also been employed to study
material behavior at the atomic level, providing insights into the
fundamental mechanisms of deformation. Simulation studies
have played a crucial role in advancing our understanding of
connecting rod deformation. For example, research by Kumar
et al. (2019) utilized FEA to simulate the thermal and
mechanical stresses experienced by connecting rods during
engine operation. Their findings underscored the importance of
considering both thermal and mechanical factors in the design
process. Additionally, simulations have been used to compare
the performance of different materials, aiding in the selection of
optimal materials for specific engine applications.

Despite significant advancements, several gaps remain in the
literature. One notable gap is the limited research on the long-
term performance of advanced materials, such as composites
and high-entropy alloys, in connecting rod applications.
Furthermore, there is a need for more comprehensive studies
that integrate experimental data with simulation results to
validate and refine computational models. Addressing these
gaps will be crucial for developing more reliable and efficient
connecting rods for future IC engines.
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Ill.  METHODOLOGY

The first step in this study involves selecting appropriate
materials for the connecting rods. Selection criteria include
mechanical properties such as tensile strength, fatigue
resistance and thermal stability. Commonly used materials like
Aluminum 7075 Aluminum 2024, commercially pure Titanium
Ti-55, and cast carbon steel.

Modeling Approach

The deformation of connecting rod materials will be
modeled using Finite Element Analysis (FEA). This approach
allows for detailed simulation using Solidworks of stress
distribution and deformation under various loading conditions.
The following steps will be taken We start creating a detailed
3D model of the connecting rod using CAD software as seen in
(Fig 2) and assign material properties based on experimental
data and literature values and discretizing the model into finite
elements to facilitate numerical analysis. Finally, prescribing
appropriate boundary conditions to simulate real-world engine
operation, including constraints and loads.

Fig. 2
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Simulation Outcomes:

The finite element analysis (FEA) simulations provided
detailed insights into the stress distribution and deformation
patterns of the connecting rod materials under various loading
conditions. Key findings include:

1. Stress Distribution: The simulations revealed that the
highest stress concentrations occurred at the small end and
the transition area between the rod and the cap. Steel
exhibited the highest stress resistance, followed by titanium
and aluminum.

2. Deformation Characteristics: Under maximum load
conditions, steel showed minimal deformation, while
aluminum exhibited the highest deformation. Titanium,
although lighter than steel, demonstrated a balanced
performance with moderate deformation.

3. Thermal Effects: When thermal loads were included, all
materials showed increased deformation. However, steel
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maintained its structural integrity better than aluminum and
titanium at elevated temperatures.

IV.  VERIFICATION AND VALIDATION

Verification and validation were done to check if there are
any numerical errors and to check if the simulation results
converge.

The first simulation as seen in Table 1 was done with a
standard mesh size of 3.76mm and the maximum and minimum
values of the stresses, strain, and displacements for the four
material types were recorded.

The second simulation as seen in Table 2 was carried out
with a refined mesh of 1.93mm and the results show
convergence as seen in the table below.

First Iteration:
For a mesh size of 3.76mm and a pressure of 10Mpa

Table 1: Results from the First Simulation

Material Tvoe Weight Maximum Maximum Von Mises Maximum Deformation | Yield Strength
yp (N) Displacement (mm) Stress (N/mm”2) Strain Scale (MPa)
Aluminum Alloy 7075 1.5839 0.133 1.083 x 102 1.211x 1073 144.862 9.5x 107
Aluminum Alloy 2024 1.57835 0.2626 2.169x 102 2.414x 1073 73.4371 7.8 x 107
Cast Carbon Steel 4.397 0.0478 1.084x 102 4372 x 107* 134.171 2.4% 108
Commercially Pure 2,537 0.0913 1.087x 10? 8.64x 10~ 7033 3.7x 10°
Titanium Ti-55
Second Iteration:

For a Mesh size of 1.93mm and a pressure of 10Mpa

Table 2: Results from the Second Simulation.

Material Type Weight ) Maximum Maximum Von Mises Maximum Deformation | Yield Strength
(N) Displacement (mm) Stress (N/mm”2) Strain Scale (MPa)
Aluminum Alloy 7075 1.5839 0.1331 1.086 X 102 1.27x 1073 144.862 9.5x 107
Aluminum Alloy 2024 1.57835 0.2626 2.172x 102 2.515%x 1073 73.4371 7.8 X 107
Cast Carbon Steel 4.397 0.0479 1.086x 102 4.55 x 107* 134.171 2.4x 108
Commercially Pure 2537 0.0913 1.088x 102 9.02x 10~ 70.33 3.7x 10°
Titanium Ti-55
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Fig. 4 Chart showing the displacement, stress, strain, and weight
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Pressure, Weight and Displacement for
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Fig.3 Chart showing the pressure, weight and Maximum displacement

V. DiscussIiON

The results from both simulations and the graphs highlight
the importance of material selection in the design of connecting
rods for IC engines. Steel is suitable, with high tensile and
fatigue strength, for applications subject to high mechanical
stresses. However, its higher density may be problematic in
applications where weight reduction is important. Titanium
offers a good balance between strength and weight, making it a
viable alternative for high-performance engines where both
durability and weight are important considerations. Aluminum,
while exhibiting higher deformation and lower fatigue life, is
advantageous in applications.

5.1 Material Performance

The comparative analysis of different materials under
various conditions provides valuable insights for engineers and
designers. The superior performance of steel in terms of stress
resistance and fatigue life makes it the preferred choice for
heavy-duty applications. Titanium, with its moderate
deformation and good fatigue life, is suitable for high-
performance applications where weight is a concern.
Aluminum, despite its higher deformation, can be used in
applications where weight savings are critical, like airplanes
where aluminum and its composites or carbon-epoxy
composites are used in the construction of components due to
their fatigue resistance, stiffness, strength and fracture
resistance, and considering the small design in aluminum
bodies (Chidebe S. Anyanwu et al., 2023) and the mechanical
loads are within acceptable limits.

5.2 Practical Implications

The findings of this study have significant implications for
the design and manufacturing of connecting rods in IC engines.
By selecting the appropriate material based on the specific
requirements of the application, engineers can optimize the
performance and durability of the engine. The use of advanced
materials such as titanium and composites can lead to the
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development of lighter and more efficient engines, contributing
to improved fuel efficiency and reduced emissions.

VI. RECOMMENDATIONS FOR FUTURE RESEARCH

Future research should focus on exploring the long-term
performance of advanced materials, such as composites and
high-entropy alloys, in connecting rod applications.
Additionally, more comprehensive studies that integrate
experimental data with simulation results will be crucial for
refining computational models and improving their predictive
accuracy. Investigating the effects of different manufacturing
processes on the mechanical properties of connecting rods can
also provide valuable insights for optimizing production
techniques.

6.1 Conclusion

This study has provided a comprehensive analysis of the
deformation behavior of connecting rod materials in internal
combustion (IC) engines through both modeling and
simulation. By employing finite element analysis (FEA) and
validating the results with experimental data, we have gained
valuable insights into the performance of various materials
under dynamic loading conditions.

The key findings indicate that steel, with its high tensile
strength and fatigue resistance, is the most suitable material for
applications involving high mechanical stresses. Titanium,
offering a good balance between strength and weight, emerges
as a viable alternative for high-performance engines.
Aluminum, despite its higher deformation, is advantageous in
applications where weight reduction is critical, and the
mechanical loads are relatively lower. The practical
implications of this research are significant for the design and
manufacturing of connecting rods. By selecting the appropriate
material based on specific application requirements, engineers
can optimize engine performance and durability. The use of
advanced materials such as titanium and composites can lead to
the development of lighter and more efficient engines,
contributing to improved fuel efficiency and reduced emissions.
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Future research should focus on exploring the long-term
performance of advanced materials and integrating
experimental data with simulation results to refine
computational models. Additionally, investigating the effects of
different manufacturing processes on the mechanical properties
of connecting rods will provide valuable insights for optimizing
production techniques.

In conclusion, this study underscores the importance of
material selection in the design of connecting rods and provides
a foundation for future research aimed at enhancing the
performance and efficiency of IC engines.
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