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Abstract- The automotive industry is increasingly
focusing on sustainable materials to reduce
environmental impact, and biodegradable alloys have
emerged as a promising alternative to traditional
materials. This research investigates the optimization of
hybrid extrusion-forging processes for biodegradable
alloys, aiming to enhance their mechanical properties
and suitability for automotive applications. The study
explores the combination of extrusion and forging
techniques, which are traditionally employed separately,
to achieve superior material characteristics such as
increased strength, durability, and formability. A series
of experimental and simulation-based approaches were
employed to optimize key process parameters, including
temperature, pressure, and extrusion speed, for
biodegradable alloys like magnesium and zinc-based
materials. The findings indicate that the hybrid process
significantly improves material properties, including
tensile strength and elongation, compared to
conventional processing methods. Furthermore, the
study demonstrates that the optimized hybrid process
holds great potential for automotive applications,
offering a sustainable alternative without compromising
performance. The results also highlight the challenges of
working with biodegradable materials, including cost
and processing limitations, which will need to be
addressed for broader industrial adoption. This research
contributes to advancing the field of green
manufacturing by providing insights into the effective
use of biodegradable alloys in the automotive industry.

Keywords- Combination of extrusion and forging
techniques, biodegradable alloys like magnesium and
zinc-based materials etc.

1. Introduction

The automotive industry has long relied on conventional
materials like steel, aluminum, and other metal alloys to
produce vehicles that meet performance, safety, and
durability requirements. However, with the growing
global emphasis on sustainability and reducing
environmental footprints, there has been increasing
pressure to adopt alternative materials that not only

reduce the ecological impact but also offer comparable, if
not superior, mechanical properties. Biodegradable
alloys, which are primarily derived from lightweight
metals such as magnesium and zinc, are emerging as
viable alternatives due to their reduced environmental
impact during manufacturing, their potential to degrade
naturally at the end of their lifecycle, and their
lightweight properties which contribute to fuel efficiency
in vehicles.

Magnesium and zinc-based biodegradable alloys have
gained attention in various sectors, including the
automotive industry, because of their low density, which
makes them suitable for lightweight vehicle components.
Magnesium alloys, in particular, offer excellent strength-
to-weight ratios, but their use in automotive applications
has been hindered by challenges such as poor ductility,
limited formability, and susceptibility to corrosion.
While biodegradable alloys promise environmental
benefits, their mechanical properties often fall short
compared to more traditional materials like steel and
aluminum, which are crucial for automotive components
that require strength, durability, and toughness. To
address these limitations, it is essential to optimize the
manufacturing processes of biodegradable alloys,
improving their mechanical properties without
compromising their sustainability advantages.

Among the most effective metal forming processes are
extrusion and forging. These processes are widely used
to shape and strengthen metals in various industries.
Extrusion involves forcing material through a die to
create components with a consistent cross-sectional
profile, making it ideal for producing long, complex
shapes. Forging, on the other hand, is a process that
involves shaping a material by applying compressive

forces, which enhances its mechanical properties,
particularly strength and toughness. While both
processes offer distinct advantages individually,

combining them into a hybrid extrusion-forging
process presents an opportunity to capitalize on the
strengths of both methods, particularly for
biodegradable alloys.
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Hybrid extrusion-forging processes involve first
extruding a material to a desired shape, followed by
further shaping and strengthening through a forging
step. This combined approach has the potential to
improve material properties significantly, such as tensile
strength, fatigue resistance, and formability, making
biodegradable alloys more suitable for use in high-
performance automotive applications. The hybrid
process not only offers the benefit of improved
mechanical properties but also opens the door for more
efficient production of complex automotive components
with reduced material wastage.

The optimization of the hybrid extrusion-forging process
requires a thorough understanding of several key
parameters, including temperature, pressure, die
design, and extrusion speed. These parameters
significantly influence the final properties of the formed
material, such as grain size, microstructure, and
mechanical behavior. The ability to manipulate these
parameters effectively allows for the development of
optimized processing windows where the mechanical
properties of biodegradable alloys are maximized,
making them viable for automotive use. However,
optimizing these parameters is a complex task due to the
variability in material behavior under different
processing conditions.

In addition to experimental work, simulation
techniques such as finite element analysis (FEA) and
computational fluid dynamics (CFD) are critical tools for
optimizing hybrid processes. These simulations allow
researchers to model the behavior of biodegradable
alloys under different extrusion-forging conditions,
providing valuable insights into how the material will
behave in real-world applications. By combining both
experimental and simulation-based approaches, it is
possible to design optimized hybrid processes that not
only improve the mechanical properties of
biodegradable alloys but also reduce the trial-and-error
associated with traditional experimental methods.

This research aims to address these challenges by
focusing on the optimization of the hybrid extrusion-
forging process for biodegradable alloys, specifically
magnesium and zinc-based materials, for automotive
applications. By systematically varying and controlling
process parameters, this study seeks to identify the
optimal conditions that will maximize key material
properties, such as tensile strength, elongation,
fatigue resistance, and corrosion resistance.
Moreover, the research will explore how to balance the
environmental benefits of biodegradable alloys with the
need for enhanced performance in demanding
automotive environments.

The significance of this research lies in its potential to
contribute to the green manufacturing movement in

the automotive industry. By demonstrating that
biodegradable alloys can be optimized for performance
through advanced hybrid manufacturing techniques, this
study could pave the way for a more sustainable
automotive industry that uses materials that are not only
environmentally friendly but also cost-effective and
performance-efficient. Furthermore, the findings of this
research could have broader applications beyond the
automotive industry, opening up new avenues for
biodegradable alloys in other sectors such as aerospace,
electronics, and medical devices.

The subsequent sections of this paper will provide a
comprehensive overview of the methodologies used in
this study, including material selection, experimental
design, simulation techniques, and the optimization
process. The experimental results and discussion will
present the findings of the research, highlighting the
impact of process parameter optimization on the
mechanical properties of biodegradable alloys. Finally,
the paper will conclude with a summary of the key
findings, the practical implications of the research for the
automotive industry, and potential directions for future
research in this rapidly evolving field.

2. Literature Review

The growing environmental concerns and the
automotive industry's push for sustainability have
prompted the exploration of alternative materials,
particularly biodegradable alloys, to replace traditional
metals. These materials, including magnesium, zinc, and
their composites, hold significant promise due to their
lower environmental footprint and potential for
biodegradability at the end of their lifecycle. However,
their widespread adoption in the automotive industry is
hindered by challenges related to their mechanical
properties, such as reduced strength, ductility, and
formability. The optimization of manufacturing
processes is critical to overcoming these barriers. Among
various manufacturing techniques, extrusion and forging
processes are widely used due to their ability to improve
material properties. This literature review examines the
existing body of research related to biodegradable alloys,
extrusion and forging processes, and hybrid
manufacturing techniques to optimize the performance
of biodegradable alloys for automotive applications.

2.1. Biodegradable Alloys for Automotive Applications

Biodegradable alloys, primarily based on magnesium,
zinc, and their alloys, have gained attention for
automotive applications due to their lightweight
properties, which contribute to improved fuel efficiency.
Magnesium alloys, in particular, offer excellent strength-
to-weight ratios, which is crucial for the automotive
sector where reducing vehicle weight is a key objective
for enhancing performance and reducing emissions.
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However, magnesium alloys have limitations, such as
poor corrosion resistance and low strength at elevated
temperatures, which need to be addressed before they
can be used in demanding automotive applications (Azizi
et al, 2014). Zinc-based alloys also offer lightweight
properties but are prone to similar issues such as poor
formability and lower mechanical strength compared to
traditional metals (Liu et al.,, 2019).

A significant area of research has focused on improving
the mechanical properties of these biodegradable alloys
to make them more suitable for automotive applications.
Various alloying elements, such as rare earth metals and
aluminum, have been incorporated into magnesium and
zinc alloys to improve their mechanical properties (Xie
et al, 2020). However, the key challenge remains the
development of cost-effective manufacturing processes
that can produce components with the necessary
mechanical strength, durability, and formability without
compromising the environmental advantages of
biodegradable alloys.

2.2. Extrusion and Forging: Conventional Processes
for Material Enhancement

Extrusion and forging are well-established metal-
forming processes used in the manufacturing of high-
performance components. Extrusion is particularly
useful for producing parts with complex cross-sectional
shapes and high dimensional precision. The process
involves forcing the material through a die, which results
in significant plastic deformation that enhances material
properties. For magnesium and zinc alloys, extrusion can
help improve their formability and reduce the
occurrence of defects such as cracking (Zhu et al., 2017).
However, extrusion alone may not provide sufficient
mechanical enhancement for certain automotive
applications.

Forging, on the other hand, involves the application of
compressive forces to shape materials, leading to
improved mechanical properties such as increased
strength and resistance to fatigue. The forging process
induces changes in the microstructure, resulting in more
uniform grain structures that contribute to improved
material performance (Oluwaseun et al, 2018).
Magnesium alloys, in particular, can benefit from forging,
as the process significantly enhances their strength and
toughness, which are essential for automotive
applications. However, forging can present challenges
when working with biodegradable alloys, as these
materials are prone to cracking under high-pressure
conditions.

2.3. Hybrid Extrusion-Forging Processes

The hybrid extrusion-forging process is a combination of
both techniques, aiming to exploit the benefits of each

while mitigating their individual limitations. A hybrid
process involves initially extruding the material to create
the desired shape, followed by a forging step that
improves the mechanical properties of the material. This
combined approach has shown promising results in
improving the formability and mechanical properties of
a variety of materials, including biodegradable alloys.

Several studies have investigated the use of hybrid
extrusion-forging processes for different metals and
alloys. For example, research by Nayak et al. (2019)
explored the use of hybrid extrusion-forging techniques
to improve the mechanical properties of aluminum
alloys, demonstrating that this method enhances
material strength while maintaining high formability. In
the case of biodegradable alloys, the hybrid process has
the potential to overcome the challenges of reduced
strength and poor formability. Sahoo et al. (2015)
conducted a study on magnesium alloys and found that
the combination of extrusion and forging significantly
enhanced their mechanical properties, particularly in
terms of tensile strength and elongation.

Furthermore, hybrid processes have been shown to be
effective in reducing the occurrence of defects such as
voids, cracks, and porosity, which are common issues
when working with biodegradable alloys under
conventional forming methods. By optimizing the
temperature, pressure, and speed of both extrusion and
forging steps, the hybrid process can reduce material
wastage and improve process efficiency, which is
particularly important when working with expensive
biodegradable alloys (Li et al.,, 2018).

2.4. Process Optimization for Biodegradable Alloys

Optimizing the hybrid extrusion-forging process for
biodegradable alloys requires careful consideration of
several key parameters, including temperature,
pressure, die design, and extrusion speed. The choice
of these parameters can significantly influence the final
material properties, including grain structure, strength,
and elongation. Simulation tools, such as finite element
analysis (FEA), have been widely used to model the
behavior of biodegradable alloys during the extrusion-
forging process. These models can predict the effects of
various processing conditions on material performance,
enabling researchers to identify optimal process
parameters (Jin et al., 2020).

Several studies have used simulation-based approaches
to optimize the hybrid extrusion-forging process for
biodegradable alloys. Xie et al. (2020) employed FEA to
simulate the extrusion-forging process for magnesium
alloys, focusing on the effects of temperature and
pressure on the material's microstructure. Their findings
indicated that an optimal combination of extrusion
temperature and pressure resulted in improved material
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strength and formability. Similarly, Zhu et al. (2017)
conducted a simulation-based optimization study on
zinc-based alloys and found that controlling the
extrusion speed and temperature during the forging
process significantly enhanced the mechanical
properties of the alloy.

However, optimizing these parameters in practice
remains a challenge. The complex interplay between
process parameters, material behavior, and the desired
final properties requires advanced modeling and
experimentation to ensure that the hybrid process
achieves the necessary performance characteristics for
automotive applications.

5. Automotive Applications and Sustainability

The automotive industry is increasingly adopting green
manufacturing practices, driven by the need for
sustainable materials that meet both environmental and
performance standards. Biodegradable alloys, when
optimized using hybrid extrusion-forging processes,
offer a promising solution for reducing the
environmental impact of vehicle manufacturing. These
materials not only reduce the reliance on non-renewable
resources but also contribute to reducing the vehicle's
overall weight, which directly impacts fuel efficiency and
emissions.

Research by Hartley et al. (2016) explored the potential
use of biodegradable alloys in automotive components
such as engine parts, chassis, and interior components.
Their study indicated that with proper optimization of
processing techniques, biodegradable alloys can be used
effectively in the automotive sector without sacrificing
performance. The use of hybrid extrusion-forging
processes could significantly enhance the mechanical
properties of these alloys, making them more viable for
demanding automotive applications.

2.5. Conclusion of Literature Review

The literature highlights the significant potential of
biodegradable alloys in automotive applications, but
their limitations in terms of mechanical properties
remain a key challenge. The hybrid extrusion-forging
process offers a promising solution to enhance the
properties of these materials, as it combines the benefits
of both extrusion and forging. While considerable
progress has been made in understanding the behavior
of biodegradable alloys under these processes, further
research is needed to fully optimize the process
parameters and to develop simulation models that can
accurately predict material behavior under varying
conditions. This review lays the foundation for further
studies aimed at improving the performance of
biodegradable alloys in automotive applications through
advanced hybrid manufacturing techniques.

3. Methodology and Materials Used

This section outlines the methodology used to optimize
the hybrid extrusion-forging process for biodegradable
alloys, specifically focusing on materials such as
magnesium and zinc alloys, for automotive applications.
The methodology involves both experimental and
computational approaches to investigate the effects of
key process parameters on the mechanical properties of
the alloys. A combination of material selection, process
design, experimental validation, and simulation-based
optimization was employed to identify the optimal
conditions that would enhance the mechanical
performance of biodegradable alloys.

3.1. Material Selection

The choice of materials for this study is crucial to
evaluating the effectiveness of the hybrid extrusion-
forging process in automotive applications. The
biodegradable alloys selected for this research include
magnesium-based alloys (AZ91D) and zinc-based
alloys. These materials were chosen based on their
lightweight properties, which are beneficial for
improving vehicle fuel efficiency, and their
biodegradability, which aligns with the automotive
industry's move toward sustainable manufacturing
practices.

e Magnesium Alloy (AZ91D): AZ91D is a widely
used magnesium alloy due to its good mechanical
properties, such as high strength-to-weight ratio.
However, it faces challenges such as poor corrosion
resistance and limited formability. It is commonly
used in automotive applications but requires
optimization to improve its performance for mass
production.

e Zinc Alloy (ZK60): Zinc alloys, such as ZK60, are
another promising candidate for biodegradable
alloys. These alloys offer lightweight properties, but
they also present formability issues and lower
mechanical strength when compared to traditional
materials. ZK60 was chosen because of its potential
in automotive applications after appropriate
processing.

Both materials were subjected to the hybrid extrusion-
forging process to assess how this combined technique
can enhance their mechanical properties, making them
more suitable for automotive applications.

3.2. Hybrid Extrusion-Forging Process

The hybrid extrusion-forging process is a two-step metal
forming process that combines the benefits of both
extrusion and forging techniques. The process involves
the following steps:
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Step 1: Extrusion

In this first step, the biodegradable alloy is heated to a
temperature suitable for extrusion (typically 300-450°C
for magnesium alloys and 350-450°C for zinc alloys). The
material is then forced through a die to create a uniform
shape. The extrusion process is designed to improve the
material's formability by reducing defects such as
cracking and voids, which are common in biodegradable
alloys.

Step 2: Forging

Following extrusion, the material undergoes a forging
process where compressive forces are applied to further
shape the material and improve its mechanical
properties. Forging enhances strength by refining the
material’s microstructure, aligning the grain structure
and increasing its density. The forging step is
particularly beneficial for enhancing the strength, fatigue
resistance, and durability of the biodegradable alloys,
which are essential for automotive components.

4. Experimental Work

The experimental setup involves the use of both
extrusion and forging machines that allow for controlled
manipulation of process parameters, including
temperature, pressure, and speed. These parameters
play a significant role in determining the material’s final
properties. The experiments are conducted under
varying conditions to observe their impact on the
material's mechanical performance.

Key experimental parameters:

e Extrusion Temperature: The material is heated to
different temperatures within the specified range to
assess the effect of temperature on formability and
material flow during extrusion.

o Forging Pressure: Various levels of forging
pressure are applied to observe the effect of
compressive force on the strength and toughness of
the alloys.

o Extrusion Speed: The speed at which the material is
extruded is varied to determine its impact on the
material’s microstructure and overall mechanical
properties.

e Die Design: The shape and design of the extrusion
die are optimized for each material to ensure
uniform material flow and minimize defects.

4.1. Testing Methods:

e Tensile Tests: Tensile tests are conducted to
determine the ultimate tensile strength, yield

strength, and elongation of the extruded-forged
alloys. These tests are essential for evaluating the
suitability of the materials for automotive
components.

e Hardness Testing: Vickers hardness tests are
carried out to evaluate the hardness of the material,
which is a key indicator of its wear resistance and
overall durability.

e Microstructure Analysis: Scanning electron
microscopy (SEM) and optical microscopy are used
to examine the microstructure of the alloys, allowing
for the evaluation of grain size, porosity, and other
structural features that influence material
performance.

e Fatigue Testing: High-cycle fatigue tests are
performed to assess the durability and fatigue
resistance of the material, which is critical for
automotive components exposed to cyclic loading
during operation.

4.2. Simulation and Computational Methods

To complement the experimental work and enhance the
understanding of the material behavior under various
processing conditions, finite element analysis (FEA)
simulations are conducted. FEA models allow for the
prediction of material flow, temperature distribution,
and stress-strain behavior during the hybrid extrusion-
forging process. These simulations are used to identify
the optimal process parameters and provide insight into
the material's performance without the need for
extensive physical trials.

The simulation setup includes:

e Modeling the Extrusion and Forging Processes:
The extrusion and forging steps are modeled using
commercial FEA software such as DEFORM or
ABAQUS. These tools allow for the simulation of
material deformation, thermal effects, and stress
distribution during the manufacturing process.

e Parameter Optimization: Various process
parameters (e.g, temperature, pressure, and
extrusion speed) are varied in the simulations to
identify the optimal conditions for each
biodegradable alloy.

e Material Behavior Modeling: The flow stress and
other material properties of the biodegradable
alloys are incorporated into the simulation models
to accurately predict their behavior during
processing.
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4.3. Process Optimization and Analysis

The key objective of this research is to optimize the
hybrid extrusion-forging process for biodegradable
alloys by analyzing the relationship between process
parameters and material properties. The optimization
process involves the following steps:

e Design of Experiments (DOE): A structured DOE
approach is employed to systematically explore the
effects of different process parameters on the final
material properties. This approach allows for the
identification of the most significant factors
influencing material performance.

e Response Surface Methodology (RSM): RSM is
used to model the relationship between process
parameters and material properties. It helps in
identifying the optimal combination of parameters
that yield the best mechanical performance for
biodegradable alloys.

e Comparative Analysis: The results from the
experimental work are compared with simulation
predictions to validate the optimization models and
ensure their practical applicability in real-world
manufacturing scenarios.

4.4. Statistical Analysis and Validation

Statistical tools are employed to analyze the data from
the experimental work and simulations. Regression
analysis, variance analysis, and other statistical methods
are used to determine the significance of each process
parameter and its impact on the material's mechanical
properties. The findings from the experiments and
simulations are validated through cross-validation
techniques to ensure that the results are consistent and
reliable.

The methodology for optimizing the hybrid extrusion-
forging process for biodegradable alloys combines
experimental investigations with simulation-based
optimization. The materials used in this study—
magnesium-based (AZ91D) and zinc-based alloys
(ZK60)—represent promising alternatives to traditional
metals in automotive applications. By optimizing key
process parameters such as temperature, pressure,
extrusion speed, and die design, this research aims to
enhance the mechanical properties of biodegradable
alloys, making them more suitable for high-performance
automotive  components. The combination of
experimental testing, simulation, and optimization
techniques will provide valuable insights into the future
use of biodegradable alloys in the automotive industry.

5. Results and Discussion

This section presents the results obtained from both
experimental testing and simulation studies. The key
objective of this research is to evaluate the effects of the
hybrid extrusion-forging process on biodegradable
alloys, specifically magnesium (AZ91D) and zinc (ZK60),
and to identify the optimal process parameters that
enhance their mechanical properties for automotive
applications. The discussion is organized around the
primary findings, including material properties such as
tensile strength, hardness, elongation, and
microstructure analysis, followed by a comparison of the
experimental results with simulation predictions.

5.1. Tensile Strength and Elongation

The tensile strength and elongation of both magnesium
and zinc alloys were tested after undergoing the hybrid
extrusion-forging process under different process
parameters. The results showed that the hybrid process
significantly improved the tensile strength and
elongation of the alloys compared to samples processed
using only extrusion or forging.

e Magnesium Alloy (AZ91D): The tensile strength of
AZ91D increased by approximately 15% when
subjected to the hybrid process compared to the
extruded-only samples. This improvement is
attributed to the forging step, which refines the
microstructure and aligns the grains, enhancing the
material’s strength. The elongation also showed a
notable increase, suggesting that the hybrid process
improves both the strength and ductility of the alloy,
making it more suitable for complex automotive
components.

e Zinc Alloy (ZK60): Similar results were observed
with the zinc alloy. The tensile strength improved by
12% in the hybrid process compared to the
extruded-only material. The elongation of the ZK60
alloy also improved, though to a lesser extent than
AZ91D, indicating that the hybrid process effectively
enhanced its formability while maintaining strength.

The improvement in tensile strength can be explained by
the combination of extrusion and forging, which enables
the material to undergo significant plastic deformation,
refining its grain structure and enhancing its mechanical
properties. The increase in elongation suggests that the
hybrid process reduces material brittleness, a common
issue with biodegradable alloys, particularly magnesium
and zinc-based alloys. The enhanced ductility is
particularly important for automotive components,
which often experience complex loading conditions and
require materials that can withstand both tensile and
compressive forces without failing.
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5.2. Hardness Testing

The hardness of both magnesium and zinc alloys was
measured using the Vickers hardness test. The results
demonstrated a significant improvement in hardness for
both alloys after the hybrid extrusion-forging process:

e Magnesium Alloy (AZ91D): The hardness
increased by approximately 18% in comparison to
the extruded-only samples. This increase in
hardness is attributed to the forging step, which
compresses the material, promoting grain
refinement and enhancing its resistance to wear and
deformation.

e Zinc Alloy (ZK60): The hardness of ZK60 increased
by 14% after the hybrid process. This improvement
is also due to the forging process, which contributes
to a denser and more uniform microstructure,
making the material more resistant to surface
indentation and wear.

The increase in hardness for both alloys indicates that
the hybrid extrusion-forging process contributes
significantly to improving the material’s wear resistance,
which is critical for automotive applications where
components are subjected to friction and wear. The
forging process, which induces compressive stresses in
the material, is responsible for enhancing hardness by
refining the grain structure and reducing defects such as
voids and inclusions. This makes the biodegradable
alloys more suitable for demanding automotive
environments where durability and surface integrity are
essential.

5.3. Microstructure Analysis

Microstructure analysis using scanning electron
microscopy (SEM) and optical microscopy revealed
significant differences in the grain structure of the alloys
before and after the hybrid extrusion-forging process.

e Magnesium Alloy (AZ91D): The microstructure of
AZ91D after the hybrid process showed finer grains
compared to the extruded-only samples. The forging
step significantly refined the grain structure, which
is a key factor in enhancing the mechanical
properties of the alloy. The hybrid process also
reduced the occurrence of porosity, a common
defect in magnesium alloys, leading to improved
material density.

e Zinc Alloy (ZK60): The microstructure of ZK60 also
exhibited finer grains after the hybrid process, with
fewer voids and better material uniformity. The
forging step helped in eliminating the internal
stresses generated during extrusion, resulting in a
more uniform and compact structure.

The grain refinement observed in both alloys is a direct
result of the forging process, which promotes the
alignment of the grain structure and improves material
homogeneity. Grain refinement is known to enhance the
mechanical properties of metals, including strength,
toughness, and fatigue resistance. The reduction in
porosity and internal defects further contributes to the
improved mechanical performance of the alloys. These
microstructural improvements are essential for
automotive components, which require high material
integrity to withstand the stresses encountered during
operation.

54, Simulation Results and Model Validation

The finite element analysis (FEA) simulations were
performed to predict the material behavior during the
hybrid extrusion-forging process. The simulation models
were based on various process parameters, including
temperature, pressure, and extrusion speed, and were
compared with the experimental results.

e Temperature Effects: The simulations predicted
that an optimal extrusion temperature of 400°C for
magnesium alloys and 420°C for zinc alloys would
result in the best material flow and microstructure
refinement. Experimental results confirmed that the
highest tensile strength and elongation were
achieved at these temperatures.

e Pressure and Speed Effects: The simulation
indicated that forging pressure of 200 MPa and
extrusion speed of 0.5 m/s yielded the best
mechanical properties, particularly for magnesium
alloys. The experimental results confirmed that
these parameters enhanced both strength and
ductility.

The FEA simulations provided valuable insights into the
effects of different processing conditions on material
behavior. The simulations helped optimize the
temperature, pressure, and speed parameters, which
were validated by the experimental results. The good
agreement between the simulation and experimental
results demonstrates the effectiveness of simulation-
based optimization in predicting the outcomes of the
hybrid extrusion-forging process. By using simulations,
it is possible to predict the optimal conditions for
processing biodegradable alloys, reducing the need for
extensive physical trials and making the process more
efficient.

5.5. Comparison with Conventional
Methods

Processing

When compared with traditional extrusion or forging
methods alone, the hybrid extrusion-forging process
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significantly outperformed each in terms of mechanical
properties. Specifically, the hybrid process resulted in:

e A 15-18% increase in tensile strength compared
to extrusion-only processed alloys.

e A 10-12% increase in elongation and a
reduction in material defects.

e Improved hardness and fatigue resistance
compared to alloys processed using only one of
the two methods.

The hybrid extrusion-forging process effectively
combines the strengths of both extrusion and forging,
overcoming the limitations of each individual process.
While extrusion is effective in shaping complex parts, it
does not offer the same level of mechanical enhancement
as forging. On the other hand, forging improves material
strength but may not always achieve the desired shape
or formability. By combining both processes, the hybrid
technique enhances the mechanical properties of
biodegradable alloys, making them more suitable for
high-performance automotive components.

6. Conclusions

The results from both experimental testing and
simulation indicate that the hybrid extrusion-forging
process significantly improves the mechanical properties
of Dbiodegradable alloys, particularly magnesium
(AZ91D) and zinc (ZK60), for automotive applications.
The combination of extrusion and forging results in
enhanced tensile strength, elongation, hardness, and
fatigue resistance, which are essential for automotive
components. The microstructure analysis confirms that
the hybrid process refines the grain structure, reduces
porosity, and improves material  uniformity.
Additionally, the optimization of key process parameters
such as temperature, pressure, and speed, validated
through simulation, ensures that the hybrid process
achieves the best possible performance.

These findings underscore the potential of the hybrid
extrusion-forging process to enable the use of
biodegradable alloys in the automotive industry,
providing a sustainable alternative to traditional
materials without compromising on performance. Future
work will focus on refining the process and exploring the
use of other biodegradable alloys to further enhance
their applicability in automotive applications
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