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INTRODUCTION

The relentless demand for higher performance, efficiency, and reliability in internal
combustion engines has propelled innovative solutions in component design and
manufacturing. Amongst engine components, the piston is a critical determinant of engine
output, longevity, and efficiency, as it endures high thermal and mechanical stresses during
operation. Conventionally, pistons for small displacement engines like the typical 150cc 4-
stroke are produced using aluminum alloys via casting techniques. However, this traditional
approach suffers from inherent drawbacks such as limitations in geometry, excess weight,
uneven heat dissipation, and increased friction and wear due to relatively solid and uniform

internal structures.

Technological advancements in additive manufacturing, notably Selective Laser Melting
(SLM)—a subset of 3D metal printing—offer a transformative pathway to create pistons with
complex internal architectures, optimized for weight reduction, enhanced strength, superior
thermal properties, and improved overall engine performance. The Modified SLM Piston
Project is conceived to demonstrate the efficacy of this advanced manufacturing methodology
in developing a highly optimized, lightweight piston for a 150cc 4-stroke engine. This paper
presents a systematic, A-to-Z exploration of the project, encompassing conceptualization,
problem statement, objectives, material selection, design features, tools and software,
simulation and analysis, the manufacturing process, quality testing, comparative assessment,
cost estimation, expected outcomes, future scope, and the unique academic relevance of this

project at the diploma level.
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Project Concept: Rationale and Background

The fundamental premise of the Modified SLM Piston Project arises from a critical

evaluation of conventional piston architectures. Traditional pistons, often solid in structure

and cast from aluminum alloys, are predisposed to several engineering constraints—

excessive inertial mass due to higher weight, suboptimal heat dissipation leading to thermal

fatigue, and accelerated wear rates from uniform, non-optimized constructions. These

challenges are exacerbated by geometric restrictions inherent to conventional manufacturing,

precluding the adoption of designs that might otherwise offer improved stress distribution,

thermal management, and mass reduction.

Specifically, three central limitations in a typical 150cc 4-stroke engine piston are:

e Excessive weight: Increases friction and cyclic inertia, hampering engine response and
accelerating component wear.

e Insufficient heat dissipation: Results in localized overheating, potentially causing
detonation, power loss, or permanent engine damage.

e Premature wear and uniform structure: Solid structures lack resilience under cyclic

loading, often leading to damage initiation at stress concentrators.

To address such persistent challenges, this project adopts SLM 3D metal printing to produce
a redesigned piston optimized for lower weight, increased structural strength, enhanced
thermal control, and, ultimately, improved engine efficiency. The SLM process enables the
construction of intricately internal lattice geometries that are unattainable by conventional
means, thus allowing for purposeful distribution of material and the intentional engineering

of mechanical and thermal properties within the part.

Problem Statement: Need for Modification
The core motivation for the Modified SLM Piston Project is succinctly encapsulated in a
comparative evaluation between the limitations of the existing piston design and the solutions

afforded by SLM-enabled modifications, as summarized below.

Existing Piston Problems Modified SLM Piston Solutions

Solid structure — Heavy Internal lattice/optimized hollow — Lightweight
Casting defects Zero-defect precise 3D printing

High thermal expansion Higher thermal stability with AlSilOMg

Limited geometric freedom Complex shapes possible through SLM

High friction & wear Surface-customized for low friction
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The casting process employed for conventional pistons is prone to material inhomogeneities
and unavoidable geometric compromises. By contrast, SLM enables precise control over
geometry and material disposition, down to the scale of microstructures, with the added
benefit of eliminating many traditional casting-induced defects. In addition, SLM allows the
incorporation of internal lattice or hollow architectures, which are crucial for reducing mass

while maintaining or even enhancing component strength.

A further aspect of the modification lies in the selection of an appropriate material—
Aluminum-Silicon—Magnesium alloy (AISi10Mg)—which offers superior thermal stability,
good post-processing mechanical properties, and is particularly well-suited for SLM
processes. The overall goal is a piston that is 12-18% lighter, demonstrates significantly
better heat dissipation, and features custom-tailored properties in critical regions such as ring
grooves, skirts, and the crown, providing a comprehensive solution to the recognized

shortcomings of conventional piston production.

Project Objectives

The primary objectives guiding this research and development project are:

1. To design a lightweight piston for a 150cc 4-stroke engine through the integration of
advanced generative and lattice design strategies.

2.  To manufacture the piston using SLM 3D metal printing, leveraging the geometric
freedom and material efficiency native to the process.

3. To improve performance parameters critical to engine operation: specifically, the
reduction of piston weight and friction, enhancement of heat dissipation capabilities,
and the extension of service life.

4.  To systematically compare the modified SLM piston’s performance characteristics—
mechanical, thermal, operational—against those of a conventional cast aluminum

piston.

These aligned objectives together form the basis for a multi-faceted engineering investigation

spanning design, materials science, manufacturing technology, and performance evaluation.
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Material Selection for the SLM Piston

AlSi10Mg: Properties and Rationale

The choice of base material is central to the performance, durability, and manufacturability of
the piston. For this project, the Aluminum-Silicon—-Magnesium alloy (AlSi10Mg) is selected,

providing an advantageous set of characteristics, outlined as follows:

Property Benefit

Lightweight Reduces mass & inertia

High thermal conductivity Facilitates efficient heat dissipation
Good post-heat treatment strength Resists high combustion pressures
SLM compatibility Optimally suited to additive processes

AIlSi10Mg embodies a favorable balance of mechanical strength, ductility, and high thermal
conductivity, all of which are crucial for the challenging thermal and mechanical
environment experienced by pistons. After appropriate heat treatment (commonly T6), the
material attains high yield and ultimate tensile strengths necessary for reliable operation amid
the repeated exposures to extreme temperatures and pressures characteristic of engine
operation. Its widespread adoption in additive manufacturing provides further credence to its

suitability for high-performance automotive applications.

Modified Piston Design Features

1. Internal Lattice Structure: Mass Reduction

One of the centerpiece innovations in the modified piston is the integration of a complex
lattice or gyroid structure within the body of the piston. By employing generative design tools
and lattice optimization software, the internal volume of the piston is converted from a solid
mass into a lightweight, load-bearing honeycomb or gyroid architecture. This method
achieves a mass reduction in the range of 12-18% while retaining (and in some load cases

exceeding) the mechanical strength levels found in conventional solid pistons.

Such lattice structures are further customizable in terms of cell size, wall thickness, and
orientation, allowing for fine-grained control of both weight and stress distribution within the
component. This results in improved vibrational properties and resistance to fatigue,

addressing a longstanding limitation of solid-cast pistons.
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2. Modified Piston Crown: Enhanced Combustion Management

The geometry of the piston crown plays a determining role in managing combustion chamber
airflow, mixture formation, and flame-front propagation. Through SLM-enabled freedom of
design, the piston crown can be precisely shaped to encourage superior air-fuel mixing and to
promote complete combustion. Such a redesign contributes to more efficient power delivery,
lower emissions, and improved fuel economy—Lkey targets in contemporary engine design.

3. Optimized Skirt Profile: Lower Friction and Noise

The skirt profile of a piston governs the contact area and pressure distribution against the
cylinder wall. In the modified design, optimization of skirt shape (using simulation-driven
iterations in CAD software) serves to minimize piston slap—a source of noise and wear—
while also reducing friction losses. This supports smoother piston motion, reduces overall
wear rates, and assists in maintaining dimensional accuracy over the part’s lifespan.

4. Reinforced Ring Grooves: Increased Service Life

Piston ring grooves are susceptible to wear, deformation, and even fracture under the
repetitive forces of combustion gas sealing and mechanical loading. The SLM process
enables reinforcement of material specifically in the region of the ring grooves, thickening
the walls selectively and introducing tailored microstructures if desired. This localized
strengthening considerably enhances the reliability and longevity of the piston.

5. Integrated Oil Galleries and Micro-channels (Optional)

Innovative cooling channels, micro-channels, or galleries designed for oil circulation can be
purposefully integrated within the piston architecture. These facilitate efficient heat removal
from the piston crown and other hot zones, further improving resistance to thermal fatigue
and reducing the likelihood of detonation-induced failures. Such features are functionally
infeasible in traditional manufacturing but naturally realizable through SLM.

Design and Analysis Tools
The successful implementation of the modified piston project depends on a tightly
orchestrated sequence of design, simulation, and manufacturing operations. The following

table summarizes the specialized tools and software deployed at each project stage:

Stage Software Suite

3D Design SolidWorks, CATIA, Fusion 360
Lattice Structure Design | nTopology, Autodesk Within
Finite Element Simulation | ANSY'S, SolidWorks Simulation
SLM Slicing/Preparation | Materialise Magics

www.ijarp.com



http://www.ijarp.com/

International Journal Advanced Research Publications

Design commences in advanced 3D CAD environments, where the initial piston concepts are
modeled, refined, and iteratively improved. The lattice and internal geometries are generated
using dedicated topology optimization and lattice structure tools. Critical simulation
analyses—thermal, structural, and modal—are undertaken to predict in-service performance,
identify failure modes, and optimize geometry for the best trade-off between weight savings
and durability. Prior to SLM printing, files are converted into formats suited for layer-by-

layer manufacturing, complete with necessary support structures.

Design Analysis and Simulation

Thermal Analysis

The piston is the primary interface for the transmission of heat from combustion gases to the
cooling system. As such, thermal analysis takes precedence, focusing on modeling
temperature distributions across the piston crown, sidewalls, ring grooves, and skirt under
representative loading cases. Simulation tools such as ANSYS evaluate the efficacy of the
internal lattice and any incorporated oil galleries in dissipating heat. Optimal thermal
management is correlated with increased resistance to knock, improved combustion stability,

and extended piston service life.

Structural Analysis

Mechanical integrity analyses probe the ability of the modified piston to withstand the
cyclical compressive and tensile stresses imposed by combustion pressures, which can reach
peak values on the order of 3-4 MPa in a 150cc 4-stroke engine. FEA is employed to locate
high-stress regions, assess the adequacy of reinforcement around the ring grooves and pin

bores, and to validate the suitability of the lattice structure for maintaining overall rigidity.

Modal Analysis (Optional)

Resonant vibrations and associated dynamic loads can accelerate fatigue and generate
unwanted noise. Modal analysis, though optional in the present project scope, is conducted to
ascertain the frequency response characteristics of the redesigned component, with an eye

toward ensuring operational stability and driver comfort.
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SLM Manufacturing Process

Step 1: CAD Model Creation

The project initiates with the comprehensive design of the piston in a 3D CAD environment.
The model incorporates all functional requirements—overall geometry, lattice configurations,
modified skirt, reinforced ring grooves, and (where applicable) internal oil channels.

Step 2: Lattice and Hollow Structure Integration

Generative design and lattice optimization tools are utilized to embed the intended
lightweight internal architecture. The resulting model features a highly optimized balance of
strength and mass, validated through FEA simulations.

Step 3: STL File Conversion and Slicing

With the design frozen, the model is converted into STL format, compatible with SLM
printers. Specialized slicing software, such as Materialise Magics, prepares the print job,
generating the layered toolpaths and support structures necessary for successful printing.

Step 4: SLM Printing

The SLM additive process commences with a thin layer (typically 20-60 microns) of
AIlSi10Mg powder recoated over a build plate. A high-power fiber laser selectively melts the
powder according to each slice layer, fusing the particles into solid metal and gradually
constructing the full 3D geometry in a layer-by-layer fashion. The build process is precisely
controlled to maintain dimensional correctness and to optimize microstructural characteristics
for post-processing strength.

Step 5: Post-Processing

Upon print completion, the loose support structures are carefully removed. The piston
undergoes heat treatment (most commonly T6, involving solutionizing, quenching, and
artificial aging) to enhance mechanical properties. Final finishing comprises CNC machining
for critical features (ring grooves, pin holes) to achieve high dimensional accuracy and low
surface roughness, ensuring fit and finish compatible with high-performance engine

standards.

Quality Testing After Manufacturing
The augmentation of advanced manufacturing technologies demands equally rigorous quality
control to ensure the final component meets stringent performance benchmarks. The quality

testing regime for the SLM piston encompasses:
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e Dimensional Accuracy Check: Employs precise metrology tools to confirm that all
critical dimensions conform to design tolerances—a non-negotiable aspect for high-
performance piston operation.

e Hardness Test: Verifies that the mechanical strength post-heat treatment matches or
exceeds that of conventionally manufactured counterparts.

e Density Test: Confirms expected mass reduction, validates process consistency, and
indirectly assesses the effectiveness of the implemented lattice architecture.

e Porosity Test: Uses advanced non-destructive testing techniques (such as X-ray CT
scans) to detect internal voids or incomplete fusion—imperfections that can compromise
strength or cause premature failure.

e Surface Roughness Test: Ensures that all sliding and sealing surfaces have the requisite

smoothness to minimize friction, wear, and oil consumption.

Comparative Analysis: Conventional vs. SLM Piston
A detailed performance comparison between the traditional cast piston and the modified

SLM-printed piston is summarized below:

Parameter Conventional Piston | Modified SLM Piston
Material Al 2618 AlSi10Mg
Manufacturing | Casting SLM 3D Printing
Weight Higher 12-18% lower

Heat Dissipation | Normal Improved

Strength Good Higher (post-HT)
Fuel Efficiency | Standard +5-8% expected
Cost Lower Higher, but advanced

While SLM manufacturing carries a higher upfront cost versus casting—a trade-off typical
for additive manufacture in high-performance domains—the advantages in weight reduction,
heat dissipation, and reliability offer compelling value, particularly for applications where
these parameters are critical (e.g., performance bikes, motorsport, or advanced hybrid/electric

platforms).

Project Estimated Cost
Given the specialized nature of SLM printing and the requirement for expert CAD/CAM

skills, the project’s budget is itemized below:
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Item Approx Cost
CAD Design + Simulation | ¥3,000-%6,000
SLM Printing %12,000-%25,000
Post Processing %2,000-%4,000
Testing %1,000-%2,000
Total %18,000-k37,000

These figures are dependent on location, access to skilled personnel, equipment rental, and

unit batch size, but they remain well within accessible bounds for a proof-of-concept or

diploma-level research and development undertaking.

Expected Results

The implementation of the modified SLM piston design is projected to deliver measurable

and significant improvements across several critical performance indices:

Mass Reduction: 12-18% reduction compared to conventional solid pistons, leading
directly to lower reciprocating mass and improved engine response.

Friction and Heat: Smoother running, decreased frictional losses, and improved
thermal management support higher sustained engine loads without overheating.

Fuel Efficiency and Power Output: Refined crown geometry and precise fit contribute
to more complete combustion and lower parasitic losses, increasing fuel efficiency by
an estimated 5-8% and slightly improving power output at equivalent engine loads.
Component Longevity: Localized reinforcement and superior thermal management
extend the mean service interval and reduce the risk of premature failure, contributing

to overall lower lifecycle costs and better reliability.

Future Scope

The foundational work established by the Modified SLM Piston Project opens multiple

avenues for further innovation and industrial adoption:

Hybrid/Electric Range-Extender Engines: The lightweight, thermally robust design
is especially well-suited to compact, high-efficiency utility engines in hybrid and
electric vehicles, where space, weight, and heat management are at a premium.
Ceramic Coated Crowns: Future projects might investigate the addition of thin
ceramic thermal barrier coatings on piston crowns, further enhancing heat resistance
and supporting ultra-high efficiency combustion.

Al-Based Generative Design: The use of artificial intelligence-driven topology
optimization could yield even lighter, stronger, and more adapted piston geometries,

maximizing material usage only where functionally justified.
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. Titanium SLM Pistons: For the highest demands of motorsport, SLM printing in
advanced titanium alloys offers unmatched strength-to-weight ratios, with the
adaptability of additive manufacturing ensuring vehicle-specific optimization.

Academic and Industrial Relevance for Diploma Level

This project differentiates itself as a prime candidate for academic pursuit at the diploma
level in several respects:

. Industry 4.0 Alignment: The integration of advanced manufacturing, simulation, and
data-driven optimization embraces the tenets of Industry 4.0, aligning with near-term
industrial trends.

. Real-Time Industrial Value: The project demonstrates a viable, manufacturable
innovation of direct value to the automotive and advanced engineering sectors—
providing students with experience relevant to future employers.

. Distinctiveness: Few diploma-level projects tackle the holistic integration of additive
manufacturing, CAD/CAM optimization, and functional component design to this
depth, providing a strong differentiator for graduates in both job placements and further
education.

. Academic Rigor: The multidisciplinary approach—spanning design, analysis,
manufacturing, materials science, and testing—fosters robust engineering expertise and

offers a strong foundation for viva voce and portfolio development.

CONCLUSION

In summation, the Modified SLM Piston Project represents a sophisticated, future-forward
solution to the inherent limitations of traditional cast piston design. By leveraging the
advanced capabilities of SLM 3D metal printing, the project delivers a lightweight, thermally
and mechanically optimized piston tailored for a 150cc 4-stroke engine. The confluence of
material innovation (AISi10Mg), generative internal geometries, and rigorous simulation-
guided design holds promise not just for improved engine efficiency and component
longevity, but also for the expanded adoption of additive manufacturing methods across the

automotive industry.

This project stands as a testament to the profound potential for student-driven R&D,
providing a valuable demonstration of academic excellence, practical skill development, and

direct industrial applicability at the diploma level.
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