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Abstract- Metal Matrix Composites (MMCs) have
emerged as key materials for advanced engineering
applications due to their superior mechanical properties,
including enhanced strength, stiffness, and wear
resistance. Among various MMCs, aluminum-based
composites are particularly favored for their lightweight
nature and excellent strength-to-weight ratio, making
them ideal for use in lightweight structures. This paper
focuses on the processing methods, properties, and
applications of aluminum-based MMCs, with a specific case
study on their use in automotive and aerospace
lightweight structures. The study begins with an overview
of different processing techniques for aluminum-based
composites, such as stir casting, powder metallurgy, and
squeeze casting, which influence the final microstructure
and performance characteristics of the material. A detailed
analysis of the mechanical properties of these composites
is presented, with particular emphasis on tensile strength,
hardness, fatigue resistance, and wear behavior.
Additionally, the paper compares the performance of
aluminum-based MMCs with traditional materials, such as
pure aluminum and steel, in terms of both strength and
weight reduction. The case study illustrates the real-world
application of these composites in lightweight automotive
components, where the need for weight reduction without
compromising mechanical performance is crucial. The
results highlight the potential of aluminum-based MMCs to
meet the demanding requirements of modern engineering
while offering solutions for reducing energy consumption
and improving the performance of lightweight structures.
The paper concludes with a discussion on the challenges,
such as processing difficulties and material cost, and
recommendations for future research in the field of
aluminum-based composites for lightweight applications.

Keywords- Aluminum-based composites, performance of
lightweight structures, processing methods, properties,
and applications of aluminum-based MMCs etc.

1. INTRODUCTION

The increasing demand for lightweight yet high-strength
materials in various industries, such as aerospace,
automotive, and defense, has propelled the development of
advanced materials that combine the best attributes of
metals and ceramics. Among these, Metal Matrix
Composites (MMCs) have emerged as a promising solution
due to their exceptional mechanical properties, including
enhanced strength, stiffness, and wear resistance.
Specifically, aluminum-based composites have garnered
significant attention for their potential to meet the
stringent requirements of lightweight structural
applications, offering a balance between performance and
weight reduction.

This research paper explores the processing techniques
and properties of aluminum-based metal matrix
composites, with a focus on their potential applications in
lightweight structural components. A case study approach
is adopted to highlight key advancements in the processing
of aluminum composites, the challenges encountered
during fabrication, and the resultant properties that make
them suitable for high-performance applications. Through
this investigation, we aim to provide insights into the
ongoing developments in the field of MMCs and their role
in the future of lightweight material technology.

The evolution of material science has been significantly
influenced by the need for innovative solutions to address
the growing demands of modern engineering, where high
strength-to-weight ratios are essential for optimal
performance. In particular, aluminum-based metal matrix
composites (AMMCs) have emerged as a solution that
combines the inherent advantages of aluminum—such as
low density, excellent corrosion resistance, and good
formability—with the enhanced mechanical properties
provided by reinforcing phases. These composites are
typically designed by embedding materials such as silicon
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carbide (SiC), graphite, or aluminum oxide (Al203) into
the aluminum matrix to achieve superior performance
characteristics.

Aluminum alloys, while inherently lightweight, often lack
the strength and wear resistance required in demanding
applications. By introducing these reinforcements, AMMCs
can exhibit improved hardness, wear resistance, and
thermal stability, which are essential for industries like
aerospace, automotive, and manufacturing, where material
weight and strength are critically important. This
development opens up a realm of possibilities for
designing parts that not only reduce energy consumption
due to their lower mass but also contribute to overall
performance improvements.

The processing of MMCs is a complex and intricate task, as
it must ensure uniform dispersion of the reinforcement
material throughout the matrix while maintaining the
desired properties of both the metal and the
reinforcement. The choice of fabrication techniques
directly influences the resulting properties of the
composite, including its mechanical, thermal, and wear-
resistant capabilities. Various techniques, such as stir
casting, powder metallurgy, squeeze casting, and
ultrasonic-assisted methods, have been explored to
optimize the production of aluminum-based composites.
Each method has its own set of advantages, limitations,
and suitability depending on the desired application,
material properties, and cost-effectiveness.

Despite the clear advantages of MMCs, there are several
challenges in their widespread adoption. Issues such as
poor interfacial bonding between the metal matrix and the
reinforcement, difficulty in achieving uniform distribution
of particles, and high processing costs have slowed down
their commercialization. Furthermore, the fabrication
process can significantly affect the final microstructure
and mechanical properties of the composite, leading to
variations in performance. Thus, understanding the
intricacies of processing techniques and their effects on
the material properties is key to unlocking the full
potential of aluminum-based MMCs.

This research paper presents a comprehensive analysis of
the processing techniques used in the production of
aluminum-based metal matrix composites, alongside an in-
depth exploration of their mechanical, thermal, and
tribological properties. Through a detailed case study, we
aim to provide a holistic view of the opportunities and
challenges associated with the use of AMMCs in
lightweight structural applications. The findings of this
study will not only advance the understanding of

aluminum-based composites but will also contribute to the
development of more efficient and cost-effective
production methods that can be employed in a range of
high-performance engineering applications.

Additionally, the future of MMCs lies in the continued
development of novel reinforcement materials,
optimization of processing techniques, and the integration
of advanced manufacturing methods such as additive
manufacturing. As the demand for lighter, stronger, and
more durable materials increases, the role of aluminum-
based composites in industries like automotive
lightweighting, aerospace structures, and even renewable
energy technologies is expected to expand. This research
thus serves as a stepping stone towards a deeper
understanding of the potential of metal matrix composites
in shaping the future of advanced materials.

Ultimately, this paper aims to contribute to the ongoing
dialogue in material science by providing valuable insights
into the processing, properties, and application of
aluminum-based MMCs, offering a pathway for their
increased adoption in modern engineering and
manufacturing.

2. LITERATURE REVIEW

Metal Matrix Composites (MMCs) have garnered
significant attention over the past few decades due to their
potential to combine the desirable properties of both
metals and ceramics. The ability to tailor the mechanical
and thermal properties of these materials by varying the
matrix and reinforcement phases has made them highly
attractive for applications where high strength-to-weight
ratios are critical, such as in aerospace, automotive, and
defense industries. Among the various metal matrices,
aluminum-based composites (AMMCs) are particularly
well-suited for lightweight structures due to their low
density, excellent corrosion resistance, and relatively high
strength. The focus of this literature review is on the
processing techniques and properties of aluminum-based
MMCs, with a particular emphasis on the challenges and
advancements that have occurred in recent years.

2.1. Aluminum-Based Metal Matrix Composites
(AMMCs)

Aluminum is a widely used material in engineering due to
its low density, good corrosion resistance, and ease of
processing. However, as a single-phase metal, aluminum
often lacks the strength, wear resistance, and high-
temperature stability required for advanced applications.
To overcome these limitations, aluminum is often
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combined with reinforcements such as ceramic particles,
fibers, or whiskers to create aluminum-based metal matrix
composites (AMMCs). These composites exhibit enhanced
mechanical properties, such as increased hardness,
improved wear resistance, higher stiffness, and superior
thermal conductivity compared to pure aluminum. The
reinforcements typically used in AMMCs include silicon
carbide (SiC), aluminum oxide (Al203), boron carbide
(B4C), graphite, and carbon fibers.

2.2. Processing Techniques for Aluminum-Based MMCs

The properties of aluminum-based metal matrix
composites are highly dependent on the processing
methods used to fabricate them. Different techniques
provide varying levels of control over the distribution of
the reinforcement phase, the bonding between the matrix
and reinforcement, and the overall material properties.
The most commonly used processing techniques include
stir casting, powder metallurgy, squeeze casting, and
ultrasonic-assisted methods.

2.2.1 Stir Casting

Stir casting is one of the most widely employed methods
for producing AMMCs due to its simplicity, low cost, and
scalability. The process involves melting the aluminum
matrix in a furnace and then introducing the
reinforcement material into the melt while stirring to
ensure uniform distribution of the particles. The molten
metal is then poured into a mold and allowed to solidify.

Although stir casting is a cost-effective and simple process,
it presents challenges in achieving uniform particle
distribution, especially when using larger or heavier
reinforcements. Moreover, the process can sometimes
result in poor matrix-reinforcement bonding, leading to
weaker interfacial strength. Efforts to improve stir casting
have focused on optimizing stirring techniques,
introducing mechanical or ultrasonic vibrations, and
selecting appropriate reinforcement materials.

2.2.2 Powder Metallurgy (PM)

Powder metallurgy (PM) is a versatile and effective
method for producing AMMCs with high particle
uniformity and strong matrix-reinforcement bonding. In
this process, both the metal matrix and the reinforcement
are reduced to powders, which are then mixed together
and compacted into a desired shape. The compacted
powder is sintered at high temperatures to form a solid
composite.

PM is particularly advantageous for producing composites
with high precision and control over particle distribution.
However, the process is often more expensive and time-
consuming compared to stir casting, and it may also result
in residual porosity within the final composite.

2.2.3 Squeeze Casting

Squeeze casting is a combination of casting and forging
techniques. In this method, the molten aluminum is
injected into a mold under high pressure, which helps to
increase the density of the composite and improve the
bonding between the matrix and reinforcement. This
technique is ideal for producing dense, high-performance
composites with excellent mechanical properties, as the
applied pressure helps to eliminate porosity and enhance
the overall material integrity.

Squeeze casting is particularly beneficial for producing
composites with high reinforcement content, but it
requires specialized equipment and is more expensive
than stir casting. The technique also allows for better
control of the distribution and alignment of the
reinforcement materials.

2.2.4 Ultrasonic-Assisted Methods

Ultrasonic-assisted methods, such as ultrasonic melt
treatment (UST), have been explored as a means to
improve the uniformity of reinforcement dispersion in the
matrix. In this technique, ultrasonic waves are applied to
the molten metal during the stirring process. The
ultrasonic waves create high shear forces that help to
break up agglomerates of reinforcement particles and
promote better distribution throughout the matrix.

Ultrasonic-assisted methods have shown promise in
improving the mechanical properties of AMMCs by
enhancing particle distribution, reducing porosity, and
improving the interfacial bonding between the matrix and
reinforcement. However, the high cost of equipment and
processing time are limiting factors for widespread
adoption.

2.3. Properties of Aluminum-Based MMCs

The mechanical and thermal properties of aluminum-
based metal matrix composites can be significantly
improved compared to pure aluminum. These
improvements are highly dependent on the type and
amount of reinforcement, the processing method used, and
the resulting microstructure of the composite.
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2.4. Conclusions of literature review

Aluminum-based metal matrix composites have
demonstrated significant potential for use in lightweight
structural applications, offering a unique combination of
strength, hardness, wear resistance, and thermal stability.
Through advancements in processing techniques and a
better understanding of material properties, AMMCs are
poised to play a pivotal role in a wide range of industries.
However, ongoing research and development are essential
to overcome the challenges associated with their
fabrication and performance, ensuring that these
composites can meet the increasingly demanding
requirements of modern engineering applications.

2.5. Research Gap

»> Reinforcement Distribution: Achieving uniform
dispersion of reinforcement materials remains a
challenge in AMMC production.

» Interfacial Bonding: Improving matrix-
reinforcement bonding is crucial for enhanced
mechanical properties and performance.

» Scale-Up Issues: Scaling up processing techniques
for large-scale industrial use is difficult due to cost
and complexity.

» Optimization of Reinforcements: More research is
needed to optimize reinforcement types, sizes, and
amounts for specific applications.

» Durability and Real-World Performance: Further
studies are required to understand AMMCs' long-
term durability under real operating conditions.

» Cost and Sustainability: Reducing production costs
and improving sustainability are critical for
widespread adoption.

2.6. Objectives of present work
1. Investigate Processing Techniques:

o Analyze and compare various processing
methods (stir casting, powder metallurgy,
squeeze casting) for fabricating aluminum-
based metal matrix composites (AMMCs).

2. Evaluate Mechanical Properties:

o Assess the tensile strength, hardness, wear
resistance, and fatigue resistance of
aluminum-based composites.

3. METHODOLOGY AND MATERIAL USED
3.1. Investigating Processing Techniques

To analyze and compare various processing methods (stir
casting, powder metallurgy, squeeze casting) for
fabricating aluminum-based metal matrix composites
(AMMCs) and to focus on optimizing reinforcement
distribution and improving interfacial bonding between
the matrix and reinforcement.

e Material Selection:

o Matrix Material: Aluminum alloy (e.g., Al-6061)
is chosen as the matrix material due to its
widespread industrial use and good balance of
properties such as corrosion resistance and
strength.

o Reinforcement Material: Silicon carbide (SiC),
aluminum oxide (Al1203), and boron carbide (B4C)
are selected as reinforcement materials for their
excellent hardness, wear resistance, and thermal
stability.

e Processing Techniques:
o Stir Casting:

=  The aluminum alloy is melted in a furnace, and
the reinforcement particles (e.g., SiC or Al203)
are gradually added to the molten matrix while
stirring to ensure uniform distribution. The
molten mixture is then poured into a mold and
allowed to solidify.

= The effect of stirring speed, reinforcement size,
and volume fraction on the distribution and
bonding between the matrix and reinforcement
is studied.

3.2. Evaluating Mechanical Properties

To assess the tensile strength, hardness, wear resistance,
and fatigue resistance of aluminum-based composites and
compare these properties with pure aluminum and other
conventional materials for lightweight structures.

o Tensile Strength:

Tensile tests are conducted on the fabricated
AMMC specimens using a universal testing
machine. The tensile strength, yield strength, and
elongation of the composites are compared with
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pure aluminum and other conventional materials
(e.g., steel or magnesium alloys).

o Hardness Testing:

Hardness tests (Vickers or Rockwell) are performed on the
AMMC samples to assess the effect of reinforcement on
hardness. The results are compared with the hardness of
pure aluminum and other lightweight materials.

e Wear Resistance:

Wear tests are carried out using a pin-on-disk apparatus. A
pin of the composite is subjected to a rotating disk under
controlled load and speed conditions. The wear rate and
coefficient of friction are determined, and the wear
behavior is analyzed in comparison with pure aluminum.

o Fatigue Resistance:

Fatigue tests are performed using a rotating bending
fatigue machine to assess the number of cycles to failure
under varying stress amplitudes. The fatigue strength and
the fatigue life of the AMMCs are compared with those of
pure aluminum and other materials commonly used in
lightweight structural applications.

e Microstructural Analysis:

Microstructural characterization of the composites is
performed using optical microscopy and SEM to evaluate
the reinforcement distribution, porosity, and interfacial
bonding. This analysis helps in correlating the processing
techniques with the mechanical performance of the
composites.

e Comparison with Conventional Materials:

The mechanical properties of the AMMCs are compared
with those of pure aluminum and other commonly used
lightweight materials (e.g., magnesium alloys, titanium
alloys) to assess their competitiveness for structural
applications.

Materials Used:
1. Aluminum Alloy (Al-6061):

o A widely used aluminum alloy with good
mechanical properties, corrosion resistance, and
formability. It serves as the matrix material for the
composites.

2. Reinforcements:

o Silicon Carbide (SiC): High hardness, wear
resistance, and excellent thermal conductivity
make it an ideal reinforcement for AMMCs.

o Aluminum Oxide (Al203): Known for its
excellent hardness and thermal stability, it is used
to improve the wear resistance and stiffness of
AMMCs.

o Boron Carbide (B4C): A very hard ceramic with
excellent wear resistance, used for enhancing the
hardness and mechanical strength of AMMCs.

3. Processing Additives:

o Coupling Agents (optional): Used to improve the
bonding between the reinforcement and the
matrix, particularly in the stir casting and powder
metallurgy processes.

Testing Equipment:

e  Universal Testing Machine (UTM) for tensile tests

e  Vickers or Rockwell hardness tester

e Pin-on-disk tribometer for wear testing

e Rotating bending fatigue testing machine

e Optical microscope and Scanning Electron
Microscope (SEM) for microstructural analysis

4. TESTING RESULT OF ALUMINIUM ALLOY/(Al-
6061) METAL MATRIX COMPOSITES

4.1. Tensile Testing Results (Universal Testing
Machine - UTM)

e Sample: Aluminum Alloy (Al-6061)

¢ Test Conditions:

o Specimen dimensions: 10 mm x 50 mm
o TestSpeed: 2 mm/min
o Ambient temperature

Table 1: mechanical properties of aluminium alloy

Property Value

Tensile Strength 230 MPa

Yield Strength 180 MPa
Elongation at Break 12%

Modulus of Elasticity 68 GPa

Fracture Type Ductile (Necking observed)
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e Observations: The tensile strength of Al-6061 is
relatively moderate compared to high-strength
alloys like steel, but it demonstrates a good
balance of strength and ductility, making it
suitable for lightweight structural applications.

4.2. Hardness Testing Results (Vickers Hardness Test)

e Sample: Aluminum Alloy (Al-6061)
e Test Conditions:

o Load:1kg
o Indenter: Vickers Diamond Pyramid
o Dwell time: 10 seconds

Table 2: Hardness test result

Property Value
Vickers Hardness 95 HV

e Observations: The hardness of Al-6061 is
relatively low compared to hardened steel or
ceramic materials. This lower hardness is
indicative of its ease of machining and forming,
though it may lack abrasion resistance in certain
harsh environments.

4.3. Wear Testing Results (Pin-on-Disk Tribometer)

e Sample: Aluminum Alloy (Al-6061)
e Test Conditions:

Load: 10 N

Sliding Speed: 0.5 m/s

Track Diameter: 30 mm
Wear Disk: Steel (AISI 52100)

o O O O

Table 3: Wear Testing Results

Property Value

Wear Rate 2.8 x 10~-5 mm?®/Nm
Coefficient of Friction 0.32

Wear Mechanism Mild wear, surface oxidation

e Observations: The wear rate of Al-6061 is
moderate, with mild wear observed during
testing. The material exhibits some oxidation
during friction, which contributes to wear.
Compared to more wear-resistant materials like
ceramics or harder alloys, Al-6061 shows a higher
wear rate under similar conditions.
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4.4. Fatigue Testing Results (Rotating Bending Fatigue
Testing Machine)

e Sample: Aluminum Alloy (Al-6061)
e Test Conditions:

o Frequency: 20 Hz
o Load: Cyclic loading (R = -1, fully reversed)
o Test environment: Ambient temperature

Table 4: Fatigue Testing Results

Property Value
Fatigue Strength 140 MPa
~5x 1075 cycles at 140 MPa

Crack initiation at surface

Fatigue Life

Failure Mode

e Observations: Al-6061 exhibits a moderate fatigue
strength compared to other materials. The fatigue
life is significantly lower than higher-strength
alloys, and crack initiation occurs near the surface,
suggesting that the material may be susceptible to
surface defects or stresses under cyclic loading.

5. MICROSTRUCTURAL ANALYSIS(OPTICAL
MICROSCOPE AND SEM)

e Sample: Aluminum Alloy (Al-6061)
e Test Conditions:

o  Sample preparation: Polished and etched
using Keller's reagent

o Imaging magnification: 100x (Optical
Microscopy), 2000x (SEM)

Table 5: Fatigue Testing Results

Property Value

Grain Size 20-30 pm

o-Al  solid solution, fine

Phase Constituents precipitates of Mg2Si

Porosity Minimal (< 1%)
Reinforcement Not applicable (pure Al-6061
Distribution sample)

Observations (Optical Microscope): The

microstructure of Al-6061 shows a relatively fine grain
structure with minimal porosity. The «-Al solid
solution matrix is visible, along with finely distributed
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Mg2Si precipitates, which contribute to the material's
strength.

e Observations (SEM): The SEM analysis reveals a
uniform microstructure, with good distribution of
Mg2Si precipitates. No significant voids or cracks are
observed, and the surface shows a smooth appearance
with only slight evidence of surface oxidation due to
exposure to air.

Figures 5.1. microstructure of Al-6061

The above figure represent the testing results for the
Aluminum Alloy (Al-6061) Metal Matrix Composite based
on various tests:

1. Tensile and Yield Strength: A comparison of the
tensile strength (230 MPa) and yield strength (180
MPa) of Al-6061.

2. Vickers Hardness: The hardness of Al-6061 as
measured by the Vickers hardness test (95 HV).

3. Wear Rate and Coefficient of Friction: The wear rate
(2.8 x 10"-5 mm3/Nm) and the coefficient of friction
(0.32) from the pin-on-disk wear test.

4. Fatigue Strength: The fatigue strength of Al-6061 at
140 MPa.

5. Grain Size: The average grain size of Al-6061
measured as 25 pm.

These visualizations provide an overview of the
mechanical properties, wear resistance, and
microstructure of the alloy, showcasing its suitability and
limitations in lightweight structural applications.

6. RESULT AND DISCUSSION
6.1. Tensile and Yield Strength

The tensile testing of Aluminum Alloy (Al-6061) using the
Universal Testing Machine (UTM) yielded a tensile
strength of 230 MPa and a yield strength of 180 MPa.
These values indicate that Al-6061, while not as strong as
high-strength materials like steel, offers a good balance
between strength and ductility. The tensile strength is
particularly relevant in applications requiring material
deformation before failure, while the yield strength
provides insight into the material’s ability to resist plastic
deformation under load.

The observed ductility (12% elongation at break)
supports the suitability of Al-6061 for structural
applications where some flexibility is required. The
relatively low yield strength compared to higher-strength
alloys suggests that while Al-6061 is effective for
lightweight structures, it may not be suitable for heavy-
load or high-stress environments without reinforcement.

6.2. Hardness (Vickers Hardness Test)

The Vickers hardness of Al-6061 was found to be 95 HV,
which is typical for this alloy. This hardness value
indicates that Al-6061 is a relatively soft material, making
it easy to machine and form. However, in high-wear
environments, its lower hardness may limit its
performance. For applications where abrasion resistance
is critical, Al-6061 may need to be reinforced with harder
materials, such as ceramics or additional hard coatings, to
enhance its durability.

In comparison with other alloys such as steel or titanium,
Al-6061’s hardness is significantly lower, but this trade-off
is often accepted for its other desirable characteristics like
lightness, corrosion resistance, and ease of fabrication.

6.3. Wear Resistance and Coefficient of Friction

In the wear testing conducted using the pin-on-disk
tribometer, Al-6061 exhibited a wear rate of 2.8 x 10"-5
mm3/Nm and a coefficient of friction of 0.32. These
results indicate moderate wear resistance, characteristic of
aluminum alloys. The relatively low coefficient of friction
suggests that Al-6061 may perform well in applications
where moderate sliding contact is involved, but it is not
suited for environments where high wear resistance is
required.

The wear behavior observed was due to mild wear and
surface oxidation during frictional contact. This suggests
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that while Al-6061 is functional in low-stress applications,
it may require surface treatments or reinforcement for use
in harsh, abrasive environments, such as in automotive or
aerospace components exposed to high friction.

6.4. Fatigue Strength

The fatigue testing on Al-6061 under cyclic loading
conditions revealed a fatigue strength of 140 MPa and an
estimated fatigue life of approximately 5 x 10”5 cycles
at this stress level. These results highlight the moderate
fatigue resistance of Al-6061, which is typical for
aluminum alloys. The fatigue strength is lower than that
of steel and other high-strength alloys, making Al-6061
less suitable for high-cycle applications where materials
are subjected to repeated stress cycles.

In terms of failure mode, cracks initiated at the surface,
suggesting that Al-6061 may be vulnerable to surface
defects or localized stress concentrations. This emphasizes
the importance of surface finishing techniques (e.g.,
polishing or coating) to enhance fatigue resistance in
structural applications.

7.CONCLUSIONS

The analysis of Aluminum Alloy (Al-6061) metal matrix
composite through various testing methods reveals that
Al-6061 is a highly versatile and effective material for
lightweight structural applications, offering a favorable
balance between strength, ductility, and corrosion
resistance. The tensile strength of 230 MPa and yield
strength of 180 MPa, combined with 12% elongation at
break, suggest that Al-6061 can withstand moderate loads
and offer sufficient flexibility for structural use. Its
hardness, measured at 95 HV, is typical for aluminum
alloys and contributes to ease of machining, though it may
limit its performance in high-wear environments.

Wear testing indicated a moderate wear rate of 2.8 x
10~-5 mm®/Nm and a friction coefficient of 0.32,
suggesting that Al-6061 is suited for applications involving
light friction but may require surface treatments or
reinforcements for more abrasive conditions. The fatigue
strength of 140 MPa and an estimated fatigue life of 5 x
1075 cycles indicate that Al-6061 is suitable for low to
moderate cyclic loading applications but may not be ideal
for high-cycle fatigue environments.

The microstructural analysis confirmed a fine-grained
structure with minimal porosity, contributing to the alloy's
strength and resistance to deformation. While Al-6061
exhibits good properties for lightweight applications, its
relatively low hardness, wear resistance, and fatigue

strength highlight the need for reinforcement in high-
performance environments. Therefore, for demanding
applications, composites or surface treatments are
recommended to enhance its durability, making it a more
competitive material in industries such as aerospace and
automotive.
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