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ABSTRACT

This paper provides an overview of the development and application of metal matrix composite (MMC)
materials in the design of propulsion system valves for aerospace applications. MMCs are materials composed
of a metallic matrix reinforced with one or more other materials, such as ceramics, polymers, or other metals.
The paper discusses the various properties of MMCs that make them attractive for use in propulsion system
valves, including their high strength, stiffness, wear resistance, and thermal stability. It also describes the
different manufacturing techniques used to produce MMCs, including powder metallurgy, casting, and additive
manufacturing. The use of MMCs in propulsion system valves has been shown to offer several benefits,
including increased durability, reduced weight, and improved performance at high temperatures and pressures.
However, the design of MMC-based valves requires careful consideration of the manufacturing process,
material properties, and operating conditions. the application of MMC materials in propulsion system valves
has the potential to improve the performance and reliability of aerospace systems, leading to increased safety
and reduced maintenance costs. However, further research is needed to fully understand the properties of MMC

materials and to optimize their use in specific valve designs.

INTRODUCTION

Propulsion system valves are critical components in aerospace systems, playing a key role in the safe and
efficient operation of rocket engines, gas turbines, and other propulsion systems. These valves must withstand
extreme temperatures, pressures, and mechanical stresses, while also providing reliable control of fluid flow
rates and pressures. The use of advanced materials, such as metal matrix composites (MMCs), offers a

promising solution to address the challenges associated with valve design and manufacturing.

MMCs are composite materials composed of a metallic matrix reinforced with one or more other materials,
such as ceramics, polymers, or other metals. The addition of these reinforcing materials can significantly
improve the mechanical, thermal, and wear properties of the material, making it an attractive choice for

applications in aerospace systems.

This paper provides an overview of the development and application of MMC materials in the design of
propulsion system valves for aerospace applications. The paper discusses the properties of MMCs that make
them attractive for use in valves, the different manufacturing techniques used to produce MMCs, and the

challenges associated with the design and manufacturing of MMC-based valves. (Ramanathan, A et al,2019).
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Properties of MMC Materials

MMCs offer several advantages over traditional metallic materials, including increased strength, stiffness, wear
resistance, and thermal stability. These properties make MMCs an attractive choice for use in propulsion system

valves, where high temperatures, pressures, and mechanical stresses are commonplace.

The strength and stiffness of MMCs are largely dependent on the type and amount of reinforcing material used
in the matrix. Ceramic reinforcements, such as silicon carbide (SiC) and alumina (Al203), are commonly used
due to their high strength and stiffness. The addition of these ceramics can increase the strength of the MMC
by up to 50%, while also increasing its stiffness by up to 300%. In addition to ceramics, other materials, such

as carbon fibers and boron fibers, can also be used as reinforcing materials in MMCs.

MMCs also exhibit improved wear resistance compared to monolithic metals, due to the presence of the
reinforcing materials. The addition of ceramics, in particular, can significantly increase the wear resistance of
MMCs, making them suitable for use in applications where wear is a major concern. The high thermal stability
of MMCs also makes them attractive for use in propulsion system valves, where exposure to high temperatures

IS common. (Sharma, A. K et al,2020).
Manufacturing Techniques for MMCs

The manufacturing process for MMCs is critical to the properties and performance of the final material. Various
techniques have been developed to produce MMCs, including powder metallurgy, casting, and additive

manufacturing.

Powder metallurgy involves the mixing of the metallic matrix and reinforcing materials in powder form,
followed by compaction and sintering to form a solid material. This process allows for precise control over the

composition and microstructure of the material, resulting in improved mechanical and thermal properties.

Casting involves the melting of the metallic matrix and the addition of the reinforcing materials in liquid form,
followed by solidification and cooling to form a solid material. This process is simpler and less expensive than

powder metallurgy, but can result in less uniform distribution of the reinforcing materials.

Additive manufacturing, also known as 3D printing, involves the layer-by-layer deposition of the matrix and
reinforcing materials using a laser or electron beam. This process allows for precise control over the
microstructure of the material, enabling the production of complex shapes and geometries. However, the use of
additive manufacturing for MMCs is still in its early stages, and further research is needed to fully understand

the properties of these materials.
Design and Manufacturing of MMC-based Valves

The design and manufacturing of MMC-based valves require careful consideration of the material properties,
operating conditions, and manufacturing process. The properties of MMCs can vary significantly depending on
the type and amount of reinforcing materials used, as well as the manufacturing technique used to produce the
material. This variability can make it challenging to predict the behaviour of MMCs under different operating

conditions. To address these challenges, it is important to conduct thorough material testing and characterization
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to understand the properties of the MMCs being used. This information can then be used to inform the design

of the valve, including the selection of appropriate materials and manufacturing processes. Manufacturing
techniques such as powder metallurgy and casting can produce MMCs with high uniformity and control over
the microstructure. Additive manufacturing techniques offer the ability to produce complex shapes and
geometries with high precision, but further research is needed to fully understand the properties of MMCs
produced using these techniques. The manufacturing process for MMC-based valves must also consider the
unique challenges associated with the material. For example, the addition of reinforcing materials can make the
material more brittle and prone to cracking, requiring careful control over the manufacturing process to
minimize defects and ensure the desired properties are achieved. Additionally, the high thermal conductivity of
MMCs can make it challenging to achieve uniform heating during manufacturing, leading to potential defects

or inconsistencies in the material. (Shi, J., & Wang, Y,2020).

Production processes for MMCs
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Metal matrix composites (MMCs) are advanced materials composed of a metal matrix reinforced with a second
phase material, such as ceramic particles or fibers. The production processes for MMCs typically involve three

main steps:

Mixing: In the first step, the metal matrix and the reinforcing material are mixed together to create a
homogeneous mixture. The mixing process can be done through various methods such as powder metallurgy,

liquid metallurgy, or in-situ synthesis.

Fabrication: The next step involves shaping the mixed material into the desired form, which can be
accomplished through techniques such as casting, extrusion, rolling, or forging. The specific fabrication method

used will depend on the properties required for the final product.

Heat treatment: The final step involves subjecting the fabricated material to a heat treatment process to improve
its mechanical properties. This process involves heating the material to a specific temperature and then cooling
it down in a controlled manner. The heat treatment process helps to enhance the bonding between the matrix

and the reinforcement material, resulting in improved strength and toughness. (Ghosh SK, Saha P, Kishore S 2010).
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The production processes for MMCs are complex and require specialized equipment and expertise. However,

the resulting materials are highly sought after for their unique combination of properties, making them ideal for

use in a variety of high-performance applications.
Classification of the various production process for MMCs.

The production processes for MMCs can be classified into several categories based on the method used for
mixing the metal matrix and the reinforcing material, and the method used for fabricating the mixed material.

Here are some common classifications of the various production processes for MMCs:

Classification of Metal Matrix Composites

Metal Matrix

Composites(MMCs)

| | | |

Sape T Layer Fiber Infiltration
hardened and - 2 :
; composites composites composites
particles

Powder Metallurgy: In this method, the metal matrix and the reinforcement material are first mixed in a
powdered form and then subjected to a series of steps including compaction, sintering, and hot or cold rolling,

to create the final product.

Liquid Metallurgy: In this method, the reinforcement material is added to the molten metal matrix, which is

then cast or formed into the desired shape.

In-Situ Synthesis: In this method, the reinforcement material is synthesized within the metal matrix during the

production process, resulting in a homogeneous mixture.

Hybrid Methods: These methods combine two or more of the above-mentioned methods to create MMCs with
specific properties. For example, a hybrid method may involve mixing the metal matrix and reinforcement

material using powder metallurgy and then using liquid metallurgy to form the final product.

Additive Manufacturing: This method involves layer-by-layer deposition of the metal matrix and the
reinforcement material using a variety of additive manufacturing techniques such as 3D printing, to create the

final product.

TIJER2104001 | TIJER - INTERNATIONAL RESEARCH JOURNAL www.tijer.org | 4



TIJER || ISSN 2349-9249 || © April 2021 Volume 8, Issue 1 || www.tijer.org
Each of these production methods has its own advantages and disadvantages, and the choice of method depends

on the specific properties required for the final product, the quantity and quality of the raw materials, and the

cost and availability of the equipment and technology.

LITERATURE REVIEW

Ramanathan, A., Krishnan, P. K., etal (2019). Metal matrix composites (MMCs) are materials with a
combination of two or more materials, where one material is a metal and the other is a reinforcing material. Stir
casting is a popular method of producing MMCs, where the reinforcing material is introduced into the molten
metal by stirring. Furnace design is an important aspect of stir casting as it affects the quality and properties of
the produced MMCs. This review paper focuses on the production of MMCs through stir casting and the role
of furnace design in this process. The paper begins with an introduction to MMCs and stir casting, followed by
a discussion on the different types of reinforcing materials used in MMCs. The paper then delves into the
importance of furnace design, including the type of furnace, its size, and heating system. The paper highlights
the importance of maintaining a stable temperature during the stir casting process, and how the furnace design
can impact the temperature stability. The use of different types of furnaces, such as resistance furnaces and
induction furnaces, are discussed in detail, along with their advantages and disadvantages.

Sharma, A. K. et al (2020). Aluminum metal matrix composites (AMMCs) have gained significant attention
in recent years due to their unique properties and potential for a wide range of applications. This study focuses
on the advancement in application opportunities of AMMCs, particularly in the automotive and aerospace
industries. The paper begins with an introduction to AMMCs, including their composition, processing methods,
and properties. The various types of reinforcement materials used in AMMCs, such as silicon carbide, alumina,
and graphene, are also discussed. The study then delves into the current and potential application opportunities
of AMMC:s in the automotive industry, including their use in engine components, brake systems, and suspension
parts. The advantages of AMMCs over traditional materials in these applications, such as weight reduction and
improved mechanical properties, are also highlighted. In addition, the study examines the potential for AMMCs
in the aerospace industry, particularly in the development of lightweight and high-strength materials for aircraft
components. The use of AMMCs in the construction of wing and fuselage components, as well as in engine

parts, is discussed in detail.

Aknhil, R. (2018). Metal matrix composites (MMCs) have become increasingly popular in recent years due to
their unique properties and potential for a wide range of applications. This study focuses on recent trends in the
applications of MMCs, particularly in the automotive, aerospace, and biomedical industries. The paper begins
with an introduction to MMCs, including their composition, processing methods, and properties. The various
types of reinforcement materials used in MMCs, such as carbon fibers, ceramic particles, and graphene, are also
discussed. The study then delves into the recent trends in the applications of MMCs in the automotive industry,
including their use in engine components, suspension systems, and brake rotors. The advantages of MMCs over
traditional materials in these applications, such as weight reduction and improved thermal properties, are also

highlighted. In addition, the study examines the recent trends in the use of MMCs in the aerospace industry,
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particularly in the development of lightweight and high-strength materials for aircraft components. The use of

MMC:s in the construction of wing and fuselage components, as well as in engine parts, is discussed in detail.

Mahmood, M. A., Popescu, A. C., et al,(2020). This review paper provides an overview of the synthesis and
properties of metal matrix composites (MMCs) synthesized by laser-melting deposition (LMD). LMD is a
relatively new technique that enables the fabrication of complex 3D structures with high precision and control.
MMCs are materials composed of a metallic matrix reinforced with one or more other materials, such as
ceramics, polymers, or other metals. The paper discusses the various techniques used to synthesize MMCs,
including powder blending, in-situ synthesis, and preform infiltration. It also explores the effects of various
parameters on the microstructure and properties of MMCs, such as laser power, scan speed, and particle size.
The review concludes that LMD is a promising technique for the synthesis of MMCs due to its ability to produce
materials with tailored microstructures and properties. MMCs synthesized by LMD have shown improved
mechanical, thermal, and wear properties, making them suitable for a range of applications, including aerospace,

automotive, and biomedical industries.

Behera, M. P., Dougherty, T., et al, (2019). In conclusion, both conventional and additive manufacturing
techniques offer unique advantages and challenges for the synthesis of metal matrix composites (MMCs).
Conventional techniques, such as powder metallurgy and casting, have been widely used for the production of
MMCs due to their high production rate, low cost, and suitability for large-scale manufacturing. However, these
techniques have limitations in terms of the complexity of the shapes and geometries that can be produced and
the homogeneity of the material properties. Additive manufacturing (AM) techniques, on the other hand, offer
the ability to fabricate complex geometries with high precision and control, as well as the possibility to tailor
the properties of the MMCs at a localized level. However, AM has its own limitations, such as lower production
rates and higher costs compared to conventional techniques. Metal matrix composites synthesized by both
conventional and additive manufacturing techniques have shown improved mechanical, thermal, and wear
properties compared to monolithic metals, making them attractive for a range of applications, including

aerospace, automotive, and biomedical industries.

Shi, J., & Wang, Y. (2020). This review paper provides a comprehensive overview of the development of metal
matrix composites (MMCs) using laser-assisted additive manufacturing (AM) technologies, including laser
powder bed fusion (LPBF) and directed energy deposition (DED). MMCs are materials composed of a metallic
matrix reinforced with one or more other materials, such as ceramics, polymers, or other metals. The paper
discusses the various techniques used to synthesize MMCs by laser-assisted AM, including in-situ synthesis,
powder blending, and preform infiltration. It also explores the effects of various parameters on the
microstructure and properties of MMCs, such as laser power, scan speed, and particle size. The review
concludes that laser-assisted AM technologies have the potential to produce MMCs with tailored

microstructures and properties, offering significant advantages over conventional manufacturing techniques.
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Metal Matrix Composites (MMCs)

Metal Matrix Composites (MMCs) are a class of materials that combine the superior properties of metals with
the enhanced mechanical and physical properties of ceramic materials. They are composed of a metal matrix,
such as aluminum, magnesium, titanium, or copper, reinforced with a ceramic material, such as silicon carbide,
alumina, or boron carbide. MMCs are used in a variety of industries, including aerospace, automotive, and
electronics, due to their high strength-to-weight ratio, excellent thermal and electrical conductivity, and

resistance to wear and corrosion.

One type of MMC is the Metal Matrix Composite 400 (MMC 400), which is composed of an aluminium alloy
matrix reinforced with silicon carbide particles. MMC 400 has a high strength-to-weight ratio and excellent
wear resistance, making it ideal for use in high-stress applications such as engine components, brake discs, and
missile fins. It is also used in the construction of structural components in aircraft, ships, and satellites, due to
its low density and high stiffness. MMC 400 is produced using powder metallurgy techniques, where the
aluminium alloy and silicon carbide particles are mixed together and then compacted under high pressure. The
resulting material is then heated to a high temperature, where the aluminium matrix is melted and the silicon
carbide particles are dispersed throughout the molten metal. The material is then rapidly cooled to solidify the

matrix and form a composite material. (Sercombe TB, Li X, 2016)

The properties of MMC 400 can be further enhanced through the addition of other materials, such as titanium
or copper, to the metal matrix. This can increase the strength and stiffness of the composite material, while
maintaining its low density and high wear resistance. Additionally, surface treatments can be applied to MMC

400 to improve its corrosion resistance and thermal stability.

Table 1: Typical types reinforcements used in metal-matrix composites

Type Aspect ratio Diameter Examples

Particle 1-4 1-25 um SiC, Al,O3, BN, WC

Short fiber (whisker) | 10-10000 1-5 pm C, SiC, AlLOs, Si0; + AlLOs
Continuous fiber > 1000 3-150 um SiC, AlLOs, C, B, W, Nb + T1, Nb3Sn
Nanoparticle 1-4 < 100 nm C, AlLO;, SiC

Nanotube = 1000 < 100 nm C

Metal Matrix Composites (MMCs) have the potential to achieve significant improvements in material properties
compared to conventional alloys, making them highly desirable in a wide range of fields. One important factor
in the behavior of MMC:s is the ductility of the matrix material. When the matrix material has high ductility, it
can effectively arrest cracks formed by the breakage of weak fibers. However, if the matrix is not ductile enough,
cracks can propagate and the strength of the composite material is then determined by the rate of crack
propagation. MMC’s advantages over traditional metals and polymer matrix composites are demonstrated in
Table 1. These advantages include higher strength-to-weight ratio, improved thermal properties, increased

stiffness, controlled thermal expansion, and improved wear resistance.

MMCs can be categorized based on their matrix materials. Among the different types of MMCs, aluminum-
based composites are the most widely used in various applications, accounting for more than one fourth of the

market share according to a recent market study. This is largely due to their unique properties such as lower
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density, higher strength, improved thermal properties, increased stiffness, controlled thermal expansion, and

improved wear resistance.

Table 2 Mechanical and Physical properties of various reinforcement particles

. Compressive Strength Co - efficient of

i ' Density Elastic Modulus (Mpa) ] Thcrm‘al. thermal
Ceramic (gom?) Conductivity expansion (10 /

(Gpa) 10 6 psi (Mpa) ksi K)
Graphite | 1.5-2.5 8-27.6 1.1-4 30-300 4-43 25-150 1.2-8.2
B4C 2.52 450 65.3 3000 435.1 29 5
SiC 3.21 430 62.4 2800 406.1 132 34
TiC 4.93 345 50.0 2500 362.6 20.5 7.4
BeO 3.01 345 50 1655 240 270 8
AlLO; 3.92 350 50.8 2500 362.6 32.6 6.8
CrC;y 6.68 373 54 4138 600 190 6
Si 2.33 140 20 3200 465 90-120 2.6
TiB; 4.52 430 - 510 62-74 3735 542 25 8

The mechanical and physical properties of reinforcement particles play a crucial role in determining the
performance of metal matrix composites (MMCs). Some commonly used reinforcement particles and their

properties are listed below:

Silicon Carbide (SiC): SiC is a ceramic particle that is commonly used as a reinforcement in MMCs. It has a
high melting point, excellent thermal and chemical stability, and high hardness. The Young's modulus of SiC
is around 450 GPa, while its tensile strength is around 500 MPa.

Aluminum Oxide (AI203): Al203 is another ceramic particle commonly used in MMCs. It has high hardness,
excellent wear resistance, and high melting point. The Young's modulus of AI203 is around 400 GPa, while its
tensile strength is around 400 MPa.

Titanium Carbide (TiC): TiC is a ceramic particle that is known for its high melting point, excellent thermal
stability, and high hardness. The Young's modulus of TiC is around 450 GPa, while its tensile strength is around
700 MPa.

Boron Carbide (B4C): B4C is a ceramic particle that has high hardness, excellent wear resistance, and high

melting point. The Young's modulus of B4C is around 450 GPa, while its tensile strength is around 350 MPa.

Graphene: Graphene is a two-dimensional material that has high strength, stiffness, and electrical conductivity.

It has a Young's modulus of around 1 TPa and a tensile strength of around 130 GPa.

Carbon Nanotubes (CNTs): CNTs are cylindrical carbon molecules that have high strength, stiffness, and
electrical conductivity. The Young's modulus of CNTs is around 1 TPa, while their tensile strength can reach
up to 63 GPa.
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The mechanical and physical properties of reinforcement particles are important factors in determining the

performance of MMCs. Ceramic particles such as SiC, Al203, TiC, and B4C have high hardness and thermal
stability, while graphene and CNTs have high strength and stiffness. The selection of reinforcement particles

depends on the specific application requirements and desired properties of the MMC.

CONCLUSION

In conclusion, the use of metal matrix composites (MMCs) offers several advantages for the design and
manufacturing of propulsion system valves for aerospace applications. MMCs exhibit improved mechanical,
thermal, and wear properties compared to monolithic metals, making them suitable for use in high-stress and
high-temperature environments. The selection of appropriate MMC materials and manufacturing processes is
critical to ensuring the desired properties and performance of the material. VVarious manufacturing techniques,
including powder metallurgy, casting, and additive manufacturing, offer different advantages and challenges
for producing MMCs. The design and manufacturing of MMC-based valves require careful consideration of the
material properties, operating conditions, and manufacturing process. Thorough material testing and
characterization are essential to understanding the properties of MMCs and informing the design of the valve.
The manufacturing process must also be carefully controlled to minimize defects and ensure the desired
properties are achieved. the use of MMC materials in propulsion system valves offers the potential to improve
the performance and reliability of aerospace systems, leading to increased safety and reduced maintenance costs.
However, further research is needed to fully understand the properties of MMCs and to optimize their use in

specific valve designs.
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