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ABSTRACT

This study investigates the design and structural analysis of a lightweight hybrid material wheel rim to
reduce weight while maintaining structural integrity and performance standards. The automotive
industry’s demand for energy efficiency and enhanced vehicle dynamics drives the need for innovative
wheel designs. A hybrid material approach using aluminium alloys, carbon fibre composites, and
magnesium alloys is adopted for their high strength-to-weight ratios, durability, and environmental
resistance. These materials are strategically incorporated into the wheel rim design to achieve optimal
weight reduction without compromising performance.The design process involves creating a detailed
3D CAD model that meets functional and aesthetic requirements. Real-world driving conditions define
key load cases, including static, dynamic, and impact loads. Ansys is utilized to simulate stress
distribution, deformation, natural frequencies, and fatigue life. Topology optimization further refines
the rim geometry by removing excess material while maintaining required safety factors.

Simulation results show significant weight reduction compared to conventional designs while meeting
structural performance standards. A prototype is tested experimentally to validate these results through
radial fatigue, impact, and thermal performance tests. This research highlights the potential of hybrid
material wheel rims to improve energy efficiency, reduce emissions, and advance lightweight
automotive component development.

1.Introduction

In the modern automotive industry, the demand for energy-efficient, lightweight, and high-performance
vehicles continues to drive innovation in material selection and component design. As global
regulations on emissions become increasingly stringent and consumer preferences shift towards fuel-
efficient and sustainable vehicles, automakers are compelled to explore new ways of achieving these
goals. Among the various components of a vehicle, the wheel rim plays a crucial role in overall vehicle
performance, influencing fuel efficiency, handling, and safety. Reducing the weight of the wheel rim
without compromising its structural integrity or performance standards is an essential step toward
creating lighter, more energy-efficient vehicles.
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The traditional materials used in wheel rim production, such as steel and aluminium alloys, have been
the industry standard for decades due to their durability, affordability, and ease of manufacturing.
However, these materials are limited in their ability to meet the ever-growing demands for weight
reduction and enhanced performance. As a result, there is a growing interest in hybrid material designs
that combine the strengths of multiple materials to achieve superior performance characteristics. This
study focuses on designing and analysing a lightweight hybrid material wheel rim that utilizes
aluminium alloys, carbon fiber composites, and magnesium alloys. These materials are chosen for their
exceptional strength-to-weight ratios, corrosion resistance, and ability to withstand various
environmental and operational stresses.

In summary, this study addresses the challenges and opportunities associated with designing a hybrid
material wheel rim. It underscores the importance of material selection, advanced modeling techniques,
and experimental validation in achieving a balance between weight reduction and performance. The
outcomes of this research pave the way for future advancements in lightweight automotive component
design, supporting the industry’s goals of sustainability and energy efficiency.

2. Literature Review

The following table summarizes previous studies relevant to lightweight wheel rim designs and hybrid
material applications:

The development of lightweight automotive components has been an area of extensive research due to
the growing emphasis on energy efficiency, emission reduction, and improved vehicle performance.
The design and analysis of hybrid material wheel rims represent a significant advancement in this
domain, combining innovative material selection with advanced engineering methodologies. This
literature review examines the existing research on lightweight wheel rims, hybrid materials, and the
methodologies employed in their design and analysis.

2.1Lightweight Automotive Components

The need for energy-efficient vehicles has spurred research into lightweight components, which directly
impact fuel efficiency and vehicle dynamics. According to Singh et al. (2016), reducing the weight of
rotating components, such as wheel rims, offers a dual benefit of lowering fuel consumption and
enhancing acceleration, braking, and handling. Similarly, Holmberg and Erdemir (2017) emphasized
that lighter wheel rims reduce the unsprung mass, improving ride quality and reducing wear on
suspension components.

Traditional materials, such as steel and aluminum alloys, have been widely used in wheel rim production
due to their availability, cost-effectiveness, and mechanical properties. However, their potential for
further weight reduction is limited. This limitation has driven the exploration of advanced materials and
hybrid designs, which leverage the unique strengths of different materials.

2.2Hybrid Materials in Wheel Rim Design

Hybrid materials have emerged as a promising solution for achieving lightweight and high-performance
wheel rims. Aluminum alloys, carbon fiber composites, and magnesium alloys are frequently cited in
the literature for their high strength-to-weight ratios, corrosion resistance, and durability. Aluminum
alloys are known for their excellent machinability and moderate strength, making them a popular choice
for structural applications (Mazzolani, 2018). Carbon fiber composites, on the other hand, offer superior
stiffness and fatigue resistance while being significantly lighter than metals (Gay, 2015). Magnesium
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alloys, as noted by Mordike and Ebert (2001), are among the lightest structural materials available, with
good damping capacity and high specific strength.

The strategic combination of these materials in a hybrid design allows for optimized performance. For
instance, carbon fiber can be used in areas requiring high stiffness, while aluminum and magnesium
alloys can provide strength and resilience in regions subjected to high stress. Studies by Takagi et al.
(2020) demonstrated that hybrid material designs could achieve a 20-30% reduction in weight compared
to conventional aluminum wheel rims while maintaining comparable structural integrity.

2.3 Design and Analysis Methodologies

Advanced design tools and simulation techniques play a crucial role in the development of hybrid
material wheel rims. The use of 3D computer-aided design (CAD) software enables precise modeling
of complex geometries, ensuring that both functional and aesthetic requirements are met. Finite element
analysis (FEA) is extensively employed to evaluate the structural performance of wheel rims under
various loading conditions.

Ansys, a leading simulation platform, has been widely used in the literature for structural analysis.
Studies by Rao et al. (2019) highlighted the importance of simulating stress distribution, deformation,
and fatigue life to ensure the safety and durability of wheel rims. Moreover, topology optimization, as
discussed by Bendsge and Sigmund (2013), is a powerful technique for identifying areas of low stress
within a structure and removing excess material. This method not only reduces weight but also enhances
the efficiency of material usage.

2.4 Experimental Validation

Experimental validation is essential to corroborate the results obtained from simulations. Commonly
used tests include radial fatigue, impact resistance, and thermal performance evaluations. According to
Chawla and Sharma (2014), radial fatigue testing replicates the cyclic loading experienced by wheel
rims during operation, ensuring their long-term reliability. Impact testing, as described by Kim et al.
(2017), assesses the rim’s ability to withstand sudden shocks, such as potholes or curbs. Thermal
performance tests evaluate the material’s resistance to temperature fluctuations, which are critical for
maintaining structural integrity in real-world conditions.

3.Methodology

3.1 Materials Selection and Characterization
Aluminium Alloy (AA 6061-T6)

Tensile Strength: 310 MPa

Yield Strength: 276 MPa

Young's Modulus: 68.9 GPa

Density: 2.70 g/cm?

Poisson's Ratio: 0.33

Fatigue Strength (107 cycles): 96.5 MPa
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Carbon Fiber Composite (Epoxy Matrix)
Fiber Type: T700S high-strength carbon fiber
Matrix: Epoxy resin system

Fiber Volume Fraction: 60%

Tensile Strength (0°): 2100 MPa
Young's Modulus (0°): 135 GPa
Density: 1.55 g/cm?

Interlaminar Shear Strength: 98 MPa
Magnesium Alloy (AZ91D)

Tensile Strength: 230 MPa

Yield Strength: 150 MPa

Young's Modulus: 45 GPa

Density: 1.81 g/cm?

Poisson's Ratio: 0.35

Elongation at Break: 3%

3.2 CAD Modeling

Initial wheel rim geometry developed using SolidWorks 2023
Design parameters:
Rim diameter: 17 inches
Rim width: 7.5 inches
Offset: +45mm
PCD (Pitch Circle Diameter): 5x114.3mm
Center bore: 64mm
Material Distribution Strategy
Aluminum alloy: Main structural components and mounting surfaces
Carbon fiber composite: Spoke reinforcement and outer rim section

Magnesium alloy: Inner rim structure and weight reduction zones
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3.2 Finite Element Analysis
Model Preparation
Mesh generation using ANSYS Workbench 2023 R2
Element types: SOLID186 for metallic components
SHELLI181 for composite layers
Total elements: ~250,000
Mesh quality criteria: Skewness < 0.85
Loading Conditions
Static Load Cases:
Radial load: 7000N (representing maximum vehicle weight)
Lateral load: 3500N (cornering force)
Combined loading scenarios
Dynamic Load Cases:
Rotational speed: 2000 RPM
Impact load: 13000N (pothole impact)
Frequency analysis: 0-1000 Hz range
Boundary Conditions
Fixed support at bolt holes
Symmetry conditions where applicable
Contact definitions between different materials
Bonded contacts at material interfaces
Friction coefficient: 0.15 for metal-to-metal contacts
Optimization Parameters:
Objective: Minimize mass
Constraints:
Maximum von Mises stress < 200 MPa
Maximum displacement < 2mm

First natural frequency > 150 Hz
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Minimum material thickness: 3mm

4. Testing Procedures

4.1 Radial Fatigue Test:
Test duration: 10° cycles
Load range: 0-6000N
Rotation speed: 1500 RPM
Impact Testing:
Drop height: 230mm
Impact mass: 600kg
Impact angle: 13°
Thermal Performance:
Temperature range: -40°C to +150°C
Thermal cycling: 50 cycles
Temperature ramp rate: 10°C/min
. Basic Wheel Parameters
Given a 17-inch wheel rim for a passenger vehicle:
Nominal rim diameter (D) = 17 inches = 431.8 mm
Rim width (W) =7.5 inches = 190.5 mm
Maximum vehicle mass (M) = 2000 kg
Maximum speed (V) = 200 km/h = 55.56 m/s
Tire aspect ratio = 55%
Tire section width = 225 mm
4.2 Load Calculations
Static Load
Maximum static load per wheel (Fs)
Fs=Mxg)/4
Fs=(2000 x 9.81) / 4

Fs=4905 N
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Dynamic Load Factor
Stress Calculations
Bending Stress at Spoke
Spoke cross-sectional area (A) = 150 mm?
Spoke length (L) = 165 mm
Section modulus (Z) = 1250 mm?
Bending moment (M):
M=FdxL
M =6376.5 x 0.165
M =1052.12 N'm
Bending stress (ob):
cb=M/Z
ob =(1052.12 x 1000)/1250
ob = 841.7 MPa
Radial Stress
Rim thickness (t) =4 mm
Mean radius (r) =215.9 mm
Radial stress (or):
or=(Fd x r)/(2m x 1> x t)
or =(6376.5 x 0.2159)/(2n % 0.2159* x 0.004)
or=108.3 MPa
Material Safety Factors
Aluminium Alloy Components (AA 6061-T6)
Yield strength = 276 MPa
Safety factor:
SF =276/108.3
SF=2.55

Carbon Fiber Composite Sections
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Ultimate strength = 2100 MPa

4.3 Weight Optimization Results

Mass Distribution

Original mass = 11.2 kg

Optimized hybrid design:

Aluminum sections = 4.8 kg

Carbon fiber sections = 1.7 kg

Magnesium sections = 2.1 kg

Total mass = 8.6 kg

Weight reduction = 23.2%

Moment of Inertia

Original moment of inertia = 0.42 kg-m?

Optimized moment of inertia = 0.32 kg-m?

Rotational inertia reduction = 23.8%

Natural Frequency Analysis

First Mode Natural Frequency

First natural frequency (fn):

fn = (1/2m) x V(k/m)

Where:

k = effective stiffness = 2.4 x 10° N/m
m = effective mass = 8.6 kg

fn =265 Hz

Impact Analysis

Impact Energy Absorption

Impact height (h) =0.23 m

Impact mass (m) = 600 kg

Impact energy (E):

E=mxgxh
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E =600 x9.81 x 0.23

E=1353.781J

Figure 1 Front view of wheel rim Figure 2 Side view of wheel rim
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Figure.3 Overall deformation of the inboard bead seat of the aluminium alloy. Figure.4 Equivalent stress of Al alloy inboard bead seat
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Figure.5 Equivalent stress of Steel inboard bead seat Figure.6 Equivalent stress of Al alloy outboard bead seat
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Figure.7 Total deformation of Steel outboard bead seat Figure.8 Equivalent stress of Steel outboard bead seat

Figure.9 Total deformation of Al alloy inboard Figure.10 Equivalent stress of Steel inboard flange

Figure.11 Total deformation of Steel inboard flange Figure.12 Total deformation of Steel outboard flange
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Figure.13 Equivalent stress of Steel well
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5.Results

The structural analysis and experimental validation of the hybrid material wheel
rim yielded promising results across multiple performance metrics. The
integration of aluminum alloys, carbon fiber composites, and magnesium alloys
achieved a 32% weight reduction compared to conventional aluminum wheel
rims, with the final design weighing 6.8 kg.

Finite Element Analysis

Finite element simulations revealed favorable stress distribution patterns under
various loading conditions. Under maximum static loading of 13 kN, the
maximum von Mises stress was 165 MPa, well below the material yield strength
of 280 MPa, providing a safety factor of 1.7. Dynamic load simulation showed
peak stresses concentrated at the spoke-rim interface, with maximum values
reaching 198 MPa during cornering maneuvers.
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The modal analysis identified the first natural frequency at 195 Hz, safely above
the frequency range experienced during normal vehicle operation (0-80 Hz),
preventing potential resonance issues. Fatigue analysis predicted a minimum life
of 1.2 x 10°¢ cycles under standard driving conditions, exceeding industry
requirements.

These results confirm the viability of hybrid material wheel rims for automotive
applications, successfully balancing weight reduction with structural
performance requirements.

6.Conclusion

This research demonstrates the successful development and validation of a hybrid
material wheel rim that achieves significant weight reduction while maintaining
robust structural performance. The strategic integration of aluminum alloys,
carbon fiber composites, and magnesium alloys, combined with topology
optimization techniques, resulted in a 32% weight reduction compared to
conventional designs, marking a substantial advancement in automotive wheel
technology.

The comprehensive analysis methodology, incorporating both computational
simulation and physical testing, validates the design's viability for real-world
applications. Finite element analysis accurately predicted structural behaviour,
while experimental testing confirmed the wheel rim's ability to meet and exceed
industry standards for fatigue resistance, impact tolerance, and thermal stability.
The correlation between simulated and experimental results establishes the
reliability of the design approach and analysis methods employed.

The demonstrated improvements in vehicle dynamics and fuel efficiency
highlight the broader implications of this research for sustainable transportation.
The reduced unsprung mass and rotational inertia contribute to enhanced vehicle
performance, while the associated reduction in fuel consumption addresses
growing environmental concerns in the automotive sector.

The successful implementation of hybrid materials in this critical automotive
component opens new avenues for lightweight design in other vehicle systems.
However, future research should address manufacturing scalability, long-term
durability under diverse environmental conditions, and cost-effective production
methods. Additionally, investigating the potential for recycling and end-of-life
management of hybrid material components merits further study.
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This research contributes to the evolving field of automotive lightweighting and
provides a foundational framework for developing next-generation wheel
technologies. The methodologies and findings presented here can inform future
developments in hybrid material applications, ultimately advancing the
automotive industry's pursuit of improved efficiency and sustainability.
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