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Abstract. This literature overview examines the capacity of using aluminum matrix composites (AMCs)
rather than conventional grey solid iron in brake rotor packages. Driven by the preference for lighter
and more environmentally friendly vehicles, AMCs offer several benefits, including decreased weight,
advanced thermal properties, superior put-on resistance, and an optimized breaking system. Studies have
concluded that AMCs can gain weight reductions of up to 60% compared to cast iron, resulting in
stepped-forward gas performance and automobile management. Besides exhibiting superior thermal
conductivity and lower thermal enlargement, it results in better heat dissipation and a reduced danger of
warping and cracking. The advantage of using ceramic reinforcements, which include SiC, Al203, and
B4C, is that they can enhance the damage resistance of AMCs, leading to a longer service life for brake
rotors. The review covers various elements of AMC brake rotor development, Starting with
manufacturing strategies (stir casting, ultrasonic-assisted stir casting, and squeeze casting), which are
powerful techniques for producing extremely good AMC rotors, then the thermal traits, which are so
essential due to their thermal conductivity, thermal expansion, and heat dissipation in brake rotor overall
performance, Finally, the tribological residences affect load, sliding pace, and floor roughness on the
wear and friction of AMC rotors. Brake pad compatibility is so vital in breaking systems, that deciding
on suitable brake pad materials, containing non-asbestos organic (NAO) pads, can optimize performance
with AMC rotors. These traits can be computationally analysed by using finite element evaluation and
different numerical methods to predict the thermal and mechanical behaviour of AMC brake rotors. The
review emphasizes that AMCs maintain great promise as next-era manufacturing for brake rotors,
offering a balance of weight reduction, stepped-forward thermal control, and more advantageous wear
resistance. Further research and improvement are necessary to optimize fabric composition, production
strategies, and brake pad compatibility to improve the capacity of AMCs in brake structures.
Keywords: Brake Rotors; Aluminum Matrix Composites (AMCs); Tribology; Brake pads.

1. Introduction

Automobiles use disc brake systems to slow down or stop. The system consists
of a disc rotor, a pair of brake pads, and a caliper with a piston. This process is highly
efficient and reliable, making disc brake systems the preferred choice for modern
automobiles. The frictional heat generated by the rotor and pads is essential in
converting the car's kinetic energy into thermal energy, effectively slowing or
stopping the vehicle [1].
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Figure 1 — Hydraulic disc braking system [2].

Gray cast iron is the ideal material for manufacturing brake discs due to its
impressive range of properties. It has excellent thermal conductivity, maintains its
material stability even at elevated temperatures, and exhibits commendable wear
resistance [3]. Gray iron is a practical choice for mass production due to its
affordability and the simplicity of the casting process [3].

Gray iron's relatively high density is a major disadvantage as it increases the
overall weight of the vehicle, negatively impacting fuel efficiency and CO;
emissions, as well as the vehicle's handling dynamics, often resulting in poorer
performance [4]. However, despite this, gray iron remains a popular choice for its
cost-effectiveness and ease of use in manufacturing. The high density of brake rotors
is a significant disadvantage as it increases the weight of the vehicle, negatively
impacting fuel efficiency, CO, emissions, and handling dynamics, often resulting in
poorer performance. The weight of the brake rotors is a crucial factor in both
conventional and electric vehicles as it significantly contributes to the overall weight
of the chassis. The automotive industry is confidently researching and adopting
lighter materials for disc brake rotors to significantly improve efficiency and
performance. This decisive shift aims to enhance vehicle efficiency and handling by
reducing unsprung weight to expertly meet the evolving demands of modern
transportation [5, 6].

Aluminum alloys are an excellent choice for manufacturing due to their unique
physical properties, including low density, minimal thermal expansion, high thermal
conductivity, and strong corrosion resistance [7, 8]. Aluminum alloys are a highly
valued choice for the automotive industry due to their high specific strength and
excellent corrosion resistance, making them cost-effective and ideal for high-volume
production. Our research and development in aluminum-based metal matrix
composites (AMCs) have shown great promise for use in brake rotors. This is
because traditional cast-iron brake rotors have a major limitation of relatively low
resistance to scuffing and seizing, as noted in Reference 6. Our AMCs are a confident
alternative to address these challenges [9].
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AMC:s offer significant benefits over gray cast iron for brake rotor applications,
particularly in terms of thermal conductivity, density, and specific strength. Their
superior properties make AMCs an appealing option that can potentially improve
brake rotor performance and efficiency. Ongoing research and development in this
area suggests that AMCs will soon become a more common material in brake rotor
manufacturing, offering a balance between strength, weight, and thermal properties
[10]. To improve resistance to galling and seizure, AMCs are strengthened with hard
synthetic ceramic materials, such as SiC, Al,Os, B4C, SiO., and TiO,. The
integration of these ceramic reinforcements with the base aluminum matrix is
optimized for various automotive applications, ensuring their effectiveness [11, 12].

Hybrid aluminum-metal matrix composites (HAMCs) outperform single-
reinforced AMCs, especially in mechanical and tribological aspects. HAMCs
incorporate secondary reinforcements, such as industrial by-products or agricultural
wastes like fly ash, red mud, sugarcane bagasse ash, rice husk ash, bean ash, and
cow dung ash, providing numerous advantages. HAMCs are the superior choice for
automotive applications due to their lower density, reduced manufacturing costs, and
lighter weight compared to primary reinforcements. They combine the desirable
properties of AMCs with the added benefits of cost-effectiveness and sustainability

[9].

2. Methods for Creating Aluminum Matrix Composite Rotor Discs

Aluminum is the ideal material for manufacturing rotor discs due to its ease of
casting and suitability for large-scale production (Chebolu et al., 2022). The stir
casting process is a highly effective and efficient method for producing low-cost,
high-quality aluminum matrix composite (AMC) brake rotors. This technique
involves mechanically stirring molten metal to uniformly distribute ceramic particles
that are either micron- or nano-sized throughout the aluminum matrix. Aluminum is
the ideal material for manufacturing rotor discs due to its ease of casting and
suitability for large-scale production [13]. The stir casting process is an effective and
efficient method for producing low-cost, high-quality aluminum matrix composite
(AMC) brake rotors. This technique involves mechanically stirring molten metal to
uniformly distribute micron- or nano-sized ceramic particles throughout the
aluminum matrix [14, 15].

Mohanavel and colleagues improved stir casting techniques to produce
aluminum alloy AA 7178/SizN4 composites. The study found that the distribution of
Si3N4 within the matrix plays a critical role in determining the composite's properties,
particularly its tensile strength. To optimize the mechanical characteristics, it is
imperative to uniformly distribute SisN4 particles throughout the AA7178 alloy
matrix. This will significantly improve the strength and performance of the
composite [16]. Ul Haq et al. demonstrated that adding silicon nitride (SisNa4) in
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proportions ranging from 0-8 wt% to AA7075 aluminum alloy significantly
improves its hardness, compression strength, and wear resistance. At an 8 wt% Si3zN4
level, the alloy showed up to a 20% increase in hardness and a 50% boost in
compression strength. Additionally, wear resistance improved significantly, with a
37% reduction at 10 N loads and a 61% decrease at 50 N loads. The coefficient of
friction (CoF) ranged from 0.10 to 0.30. It increased with SizN4 content up to 4 wt%
and then decreased. These results demonstrate that AA7075-SisNs composites,
particularly those with higher SisN4 content, are highly suitable for brake rotor
applications [17].

Stir casting has made significant advancements in recent years [18], especially
with the introduction of ultrasonic-assisted techniques and the use of nano-sized
ceramic particles as reinforcements [16]. The application of ultrasonic waves during
the casting process has been found to greatly improve the uniform distribution of
these nanoparticles within the molten aluminum alloy [19]. This breakthrough holds
immense potential for enhancing the quality and performance of AMC brake rotors
[13, 14]. Ultrasonic-assisted stir casting has been extensively researched in the field
of materials science and has been proven to enhance mechanical properties and wear
resistance. This technique has shown promise in brake rotor manufacturing, an area
traditionally dominated by die casting, which has been the industry standard for
many years [20, 21, 22].

Researchers have explored a new manufacturing method called ultrasonic
squeeze-assisted stir casting [20] instead of conventional methods. This method was
successfully used to produce aluminum matrix composite (AMC) brake discs, as
demonstrated in a specific study (shown as Figure 2). The technique described in
this study combines ultrasonic stirring and squeeze casting principles to confidently
produce superior AMC brake discs [23].
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Figure 2 -Recommended stir casting furnace design [23].
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The use of ultrasonic vibrations in the stir casting process results in a more
uniform distribution of reinforcing particles in the aluminum matrix, leading to
better bonding between the matrix and the reinforcement. The end product's
mechanical characteristics are significantly enhanced. The squeeze casting process
achieves a denser and more refined microstructure in the brake discs, enhancing their
performance and wear resistance. The combination of squeeze-assisted stir casting
and ultrasonics represents an innovative approach that significantly advances the
field of automotive braking systems. This approach produces high-quality aluminum
matrix composite (AMC) disc brakes that are more efficient and have a longer
lifespan [24].

Lo et al. presents advanced methods for improving aluminum metal matrix
composite (Al MMC) brake rotors using squeeze casting (SC). This technique
improves reinforcement incorporation, high temperature performance and
potentially reduces cost. SC increases the maximum operating temperature (MOT)
of Al MMCs by using specific aluminum alloys, more reinforcement, and
magnesium alloying. Al MMCs offer over 60% weight reduction compared to cast
iron, along with superior thermal conductivity, reducing stress and hot spots. AMCs
exhibit superior resistance to thermal shock and fatigue due to their low modulus
and thermal expansion. They also exhibit superior tensile strength, damping, and
wear resistance compared to cast iron, making them an excellent choice for brake
rotor applications.

Kumar conducted a stir-casting research study to produce an aluminum hybrid
metal matrix composite (AIHMMC) consisting of 3% alumina and 3% graphite. The
objective of the study was to determine the wear resistance of AIHMMC compared
to the base alloy for automotive applications. Based on the analysis of various factors
such as load, sliding velocity and distance, the study confirms that AIHMMC has
superior wear resistance compared to the base alloy. Although the wear rate of
AIHMMC increases with load and distance, it is still lower than that of AI6061. This
result shows that AIHMMC has various advantages over AI6061 in different
tribological applications. Furthermore, the study showed that the wear rate of
AIHMMC decreases with increasing sliding velocity up to 4.18 m/s. However, it
increases with distance. These results demonstrate the potential of AIHMMC for use
in various automotive applications due to its superior wear resistance. As the sliding
distance increases, the wear resistance of AIHMMC improves significantly, ranging
from 20% to 50% compared to the Al6061 alloy. This improvement is attributed to
the combined effects of applied load and sliding velocity. The key to this
performance improvement is the integration of hard ceramic reinforcements (Al,Os)
and soft solid lubricants (graphite) into the AIHMMC composition [25].

The results of the next study are highly significant for the automotive industry,
especially for disk applications. These results demonstrate the competence and
expertise of the researchers in this field. The results clearly demonstrate that hybrid
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metal matrix composites (HMMCSs) can significantly improve wear properties and
facilitate weight reduction in brake systems. The HMMCs are expertly produced by
a two-step stir-casting process in which aluminum alloy (AA2219) is melted and
reinforcing materials such as SiC, Al.Os; and wollastonite are added. The resulting
mixture is then poured into sand molds to form the composites [26].

Madan and his team are investigating the use of radial functional grading to
improve disk performance. This technique, although not extensively covered in the
existing literature, has been shown to be effective in improving disk performance.
The study uses a powder metallurgy process to fabricate Al-SiC-based discs with
three and five layers in which the concentration of SiC particles varies radially.
Finite element analysis is used to thoroughly investigate the stress distribution in
these wafers. The fabrication of the functionally graded material was successful. The
uniform distribution of SiC and the seamless transition between layers without
cracks or voids demonstrate the success of the process. The material also exhibits
reduced grain size and increased hardness with a higher SiC content, making it an
ideal candidate for use in various types of machines, such as power transmission and
energy storage devices. This study presents a powder metallurgy method for
producing functionally graded materials that have significant advantages for various
industrial applications [27].

A metal matrix composite (MMC) has been successfully synthesized using the
stir-casting technique. The composite consisted of an LM13 aluminum alloy base
reinforced with silicon nitride (SisNs) and graphite (Gr). The wear rate was
significantly reduced as the sliding distance increased, demonstrating the superior
performance of the composite. The LM13/SisN4/Gr MMC was fabricated using the
LM13 aluminum alloy for its superior wear resistance properties. SizsN4 and graphite
were selected as reinforcing agents for their high temperature stability and
lubricating properties, respectively. LM13 was melted in a controlled argon
atmosphere to avoid unwanted atmospheric reactions during the manufacturing
process. The LM13 alloy was melted, and 12 wt% SisNs and 3 wt% graphite,
preheated to 250°C, were carefully added to the melt. The mixture was stirred at a
constant speed of 200 rpm for five minutes to ensure uniform distribution of the
reinforcements throughout the alloy. Once uniform dispersion was achieved, the
molten composite was poured into a preheated mold 20 mm in diameter and 100 mm
long. It was then allowed to cool and solidify at room temperature [23].

3. Components for Aluminum Matrix Composite Rotor Discs

3.1. Aluminum Matrix Substances:

3.1.1 Aluminum Metal Matrix composite AMC:

Aluminum alloys are an excellent choice for the automotive industry due to
their low density, high strength-to-density ratio, and remarkable thermal
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conductivity. They are particularly favored for various vehicle components where
weight reduction and heat management are essential. Despite these advantages, there
are challenges associated with using aluminum alloys for brake disc applications. To
make these alloys a viable alternative to grey cast iron, it is crucial to improve their
maximum operating temperature and wear resistance. While grey cast iron is often
preferred due to its cost-effectiveness and performance under high-stress conditions,
these alloys have the potential to surpass it with the right improvements. It is worth
noting that the original text is supported by sources [28, 29].

Rettig and his team developed a new hyper-eutectic aluminum alloy named
EDERALSI using a unique low-pressure die-casting technique. The composition of
this innovative brake disc is detailed in Table 1. The high strength of this alloy is
primarily attributed to its evenly distributed high silicon content. The uniform
distribution of silicon particles and consistent grain sizes contribute significantly to
the inherent strength of the alloy. This composition does not require post-processing
temperature treatments or fiber incorporation to enhance its strength characteristics,
simplifying the manufacturing process and making it an environmentally sustainable
option. Moreover, the durability of the alloy obviates the necessity for
supplementary surface treatments, underscoring its eco-friendly attributes and
streamlining the manufacturing process [30]. The EDERALSI alloy offers three
significant advantages over traditional grey cast iron used in brake discs. Firstly, it
achieves a substantial weight reduction of up to 60%, which is a crucial factor in
automotive design as lower weight can lead to improved fuel efficiency and overall
vehicle performance. Secondly, this alloy maintains consistent frictional properties
across a broad range of temperatures, ensuring reliable braking performance under
varying operating conditions.

Table 1 — the material properties of Ederalsi and grey cast iron [30].

Elements | Weight %

Silicon 16-20
Magnesium | 0.2-0.7
Copper 0.3
Titanium 0.06- 0.1
Iron 0.2

Strontium 0.001
Aluminium | Balamce

Mann and colleagues confidently utilized the stir casting process to
successfully produce a new hyper-eutectic AMC brake rotor material. This study
showcases the competence and expertise of the researchers in developing a superior
brake rotor material. The material, which consisted of LM 30 alloy as the matrix and
was reinforced with natural mineral corundum (Al2O3) particles measuring 74 pum,
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demonstrated an average stable wear rate 7% lower than that of traditional cast iron
brake materials at a contact pressure of 1.8 MPa. The corundum particles played a
crucial role in enhancing the strength of the AMC. They acted as a barrier to fracture
propagation and reduced surface delamination, resulting in a significant increase in
the wear resistance of the AMC brake disc material. Moreover, brake rotors made
from this AMC material were approximately 60% lighter than their cast iron
counterparts, which can greatly improve overall vehicle efficiency. This technical
advancement represents a practical improvement in automotive design [31].

3.1.2 Aluminum Metal Matrix composite AMC:

Singh et al. introduced AlI6061/SiC/Gr, an advanced metal matrix composite
material, to enhance the efficiency of conventional car braking systems. Our team
confidently assessed the performance and effectiveness of these rotors through
detailed finite element analysis. The simulation results clearly indicate that the
hybrid Al6061/SiC/Gr composite brake rotor has the potential to replace traditional
cast iron brake discs. Table 2 presents the material properties of the composites used
in the finite element analysis for a comprehensive understanding [32].

Table 2 — Material properties of new Al based HMMC and cast iron.

Densit , - Hardnes
y Young Poison Specifi Thermal Therma_l s by
3 | Modulu .| cHeat ... | Expansion -
(kg/m SE s Ratio (J.Kg Conductivit Coefficient Vickers
) |y (Wim*C) 1 (N/
(MPa) K1) (K1) mm2)
AL/
SiCi2% | 2815 114 0.24 820 125 2.305 101.7
/Grs9
ﬁisr: 7150 119 0.27 460 52 1.205 225

Ferraris and colleagues conducted a study on the feasibility of using aluminum
alloys and composites as a substitute for cast iron or steel in the manufacturing of
disc brake rotors. The study found that brake discs made from SiC/Al composites
exhibited highly promising results, demonstrating their potential as a wear-resistant
layer for brake discs in passenger cars. The study confirms that SiC/Al discs can
withstand applied stresses and maintain an acceptable coefficient of friction (CoF).
Furthermore, their heat dissipation behavior is comparable to that of conventional
rotor materials. The significance of silicon (Si) in aluminum alloys utilized for rotor
discs is also emphasized. Alloys containing silicon are ideal for this application
because they can withstand high temperatures without experiencing galling or

94



ISSN 2078-7405 Cutting & Tools in Technological System, 2024, Edition 100

seizure. Additionally, silicon's high thermal conductivity enhances heat dissipation
from the brake surface, significantly reducing the likelihood of warping and cracking
even in the most extreme conditions [33].

Awe et al. explores the potential of a lightweight SICAlight rotor as a
replacement for traditional, gray-cast iron brake discs in future electric vehicle
applications. The composite, consisting of AISi9Mg0.6 and 20 wt% SiC particles,
exhibits positive braking performance, minimal wear, low corrosion, reasonable
durability, and favorable noise behavior. Extensive testing, including dynamometer
and vehicle evaluations, demonstrates the benefits of the SICAlight rotor, such as
lower particulate emissions compared to standard gray-cast iron rotors. In
collaboration with disc and pad manufacturers, the study evaluates the performance
of the aluminum rotor with compatible pads under electrified vehicle conditions.
Comparisons with reference cast iron rotors show reduced PM10 emissions (78%
reduction) for SICAlight rotors, highlighting potential benefits for battery electric
vehicles, including weight reduction, reduced unsprung mass, and lower energy
consumption. The corrosion resistance of SICA discs is also superior, indicating a
reduced potential for noise, vibration, harshness, and PM emissions compared to
GCI discs [34]. Where Sangeethkumar develops hybrid metal matrix composites
(HMMC) for automotive rotor disc applications. The composites reinforce
aluminum alloy AA2219 with silicon carbide (SiC), aluminum oxide (Al.0Os), and
wollastonite (CaSiOs) to significantly improve wear properties and reduce the
weight of cast iron disc brake rotors. The researchers conducted pin-on-disc wear
tests and hardness tests to evaluate the tribological performance of the composites.
The results clearly demonstrate that increasing the SiC and wollastonite content in
the composite leads to a lower wear rate and improved wear resistance. Moreover,
the composites with higher SiC and Al,O; content exhibit superior wear
characteristic [26].

Kumar’s study analyzes AA5052/ZrB, composites and highlights a
proportional increase in wear as sliding distance increases, a key consideration for
brake rotor life. The study also identifies significant variations in the coefficient of
friction, which is critical for consistent brake performance. A notable discovery is
the escalation of wear rate and coefficient of friction with increasing sliding speed
and load, marking a shift from mild to severe wear under extreme conditions. This
finding is critical for the design of robust brake rotors capable of handling high-
speed, high-load situations. In addition, the study suggests that tailoring the ZrB;
content in composites can fine-tune their wear and friction characteristics, making
them suitable for demanding applications such as brake rotors [35].

3.1.3  Titanium alloy

Qu’s research clearly demonstrates that the oxygen diffusion (OD) process
significantly improves the friction and wear properties of Ti-6Al-4V titanium alloys
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for truck disk brake rotors. In fact, the results indicate that OD-treated Ti-6Al-4V
(OD-Ti64) outperforms other titanium materials, including untreated Ti-6Al-4V,
titanium-based metal matrix composites (MMCs), and thermally spray-coated
titanium alloys. OD-Ti64 maintained an optimal friction coefficient of 0.35-0.50,
even at high disk surface temperatures near 600°C, and displayed enhanced wear
resistance, surpassing both untreated Ti-6Al-4V and titanium-based composites in
durability [36].

In another search, Blau et al focused on two commercial titanium alloys, four
experimental titanium-based composites with hard particles, and a titanium alloy that
had undergone thermal spray coating [37]. The study found that the friction
coefficients were influenced by the type of counter face material, whether semi-
metallic or highly metallic, and by the temperature of the friction-induced wear track,
which in some cases exceeded 800°C. Interestingly, the wear rates for the titanium
metal matrix composites were higher than those of conventional cast iron but
significantly lower than those of two of the titanium alloys tested. Of the materials
tested, the thermally spray-coated titanium disk showed the least wear, highlighting
its potential as a viable option for a lightweight, corrosion-resistant brake rotor
material. This finding suggests a promising direction for future research and
development in the field of automotive braking systems [38].

3.2 Reinforcement materials

Reinforced aluminum matrix composites (AMCs) offer several improved
properties over monolithic aluminum alloys [39]. The effectiveness of AMCs,
particularly in brake rotor applications, is largely influenced by the type of
reinforcement used [40]. Various reinforcements such as SiC, Al,O3 and B4C as well
as natural minerals rich in alumina, silica and aluminum silicate are commonly used
to improve the mechanical and tribological properties of AMC brake discs [41].

Hybrid AMCs (HAMCs) with dual reinforcement outperform single particle
reinforced AMCs, especially in terms of wear resistance, thermal conductivity, and
mechanical properties. The reinforcing particles primarily reinforce the matrix phase.
Typically, a concentration of 5-10% is effective for micron-sized reinforcing
particles. Even the addition of 5% nanoparticles can result in significant
improvements in both mechanical and tribological properties. [42]. SiC is the most
used synthetic reinforcement material in AMC rotor disks due to its effectiveness in
improving the overall performance of the composite [43].

Sadagopan and his team developed an AMC brake disc made of AA6061
reinforced with 20% SiC. To improve its strength, hardness and wear resistance, the
fabricated AMC brake disc was subjected to a meticulous three-step heat treatment
process including solution annealing, quenching and age hardening. The AMC disc
material exhibited a uniform wear pattern on its contact surface, resulting in a lower
wear rate and coefficient of friction (CoF) compared to traditional cast iron discs. A
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notable feature of these discs was the varying concentration of SiC particles in
different layers, which contributed to their improved performance. The AMC disc
showed superior braking efficiency and heat dissipation compared to conventional
gray cast iron. The study analyzed the discs and found a lower temperature
distribution, indicating the potential for longer brake disc life. This underscores the
effectiveness of the AMC material in improving brake disc performance and
durability [44].

Venkatachalam and colleagues investigated the use of dual reinforcement in
AAB082, specifically combining 5 wt% SiC with 5 wt% fly ash and 5 wt% basalt.
Their results showed that the Al/SiC/basalt composites have great potential as
Hybrid Aluminum Matrix Composite (HAMC) materials for brake disc applications.
The effective wetting of the reinforced particles within the aluminum alloy is critical
to the performance and integrity of the composite. This property is responsible for
the potential of the material [45].

Bracamonte and his team developed a novel sandwich structure for AMC brake
rotors. The structure includes a thin, wear-resistant Al-SiC composite surface layer
and an underlying aluminum alloy known for its high thermal conductivity. Their
research showed that the tribological properties of the AMC surface layers were
significantly affected by the temperature-pressure profile used during the
manufacturing process. The process played a critical role in achieving a uniform
distribution of Al and SiC particles or the formation of a distinctive mottled or vein-
like microstructure. When compared to traditional cast iron rotors, the AMC brake
rotors showed remarkable performance improvements. These improvements
included minimal wear, no dust emissions, significantly reduced temperatures
during braking, and extended service life. These advances highlight the potential of
AMC brake rotors as a superior alternative in terms of both environmental
friendliness and operational efficiency [46].

The interaction between the solid matrix and the reinforcement in composites
can be explained by two types of bonding [47] : chemical and physical bridging.
Physical bonding is characterized by relatively low bonding energy and involves
hydrogen bonding and van der Waals forces [40]. On the other hand, chemical
bonding provides high bonding energy due to processes such as chemical reactions
and diffusion. These processes create a distinct interface. The strength of an
aluminum matrix composite (AMC) is determined by three main factors: load
carrying capacity, dislocation density, and the Orowan strengthening mechanism. In
addition, the strength of AMCs can be improved by processes such as quenching and
work hardening, which modify the properties of the material and contribute to its
structural integrity [48].

Natarajan introduced a motorcycle brake rotor made of a 20% silicon carbide
(SiC) reinforced aluminum matrix composite (AMC) combined with Al 6061. The
goal of this combination is to reduce heat generation and unsprung mass, which in
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turn improves vehicle handling. The rotor has increased strength, stiffness and
improved high temperature performance. After being cast, machined, and heat
treated, the mechanical and thermal properties of the AMC rotor are proven to be
suitable for motorcycle applications. Wear tests have shown that the AMC rotor
outperforms traditional cast iron (CI) rotors. Notably, the AMC rotor is 56% lighter
than its Cl counterpart, resulting in improved braking efficiency and reduced risk of
brake fading. This makes it a promising option for high performance applications
[44].

The metal-ceramic hybrid brake disc, weighing 4.8 kg, is a novel invention that
combines carbon-silicon-carbide (C/SiC) friction segments with an aluminum
backing. The design of this disc was created by Opel et al using Finite Element
Analysis (FEA) and has proven to be effective in bringing a 1.8-ton vehicle to a
complete stop from a speed of 200 km/h. This disc requires less C/SiC material than
standard C/SiC brake discs, making it more efficient and lightweight. The disc was
tested with LowMet, C/SiC, and C/C pads during emergency conditions and it was
found that C/SiC pads had the best balance of coefficient of friction and wear rate,
making them the most suitable choice [49, 50]

Figure 3 — final design of the metal- ceramic hybrid brake disc (outer diameter = 410): (a)
rendering of cad design, (b) photo of built prototype, (c) carrier body with friction segments
and correspondent screws [50].

In one hand, Fan et al. investigated the importance of selecting appropriate
filler materials for friction blocks in high-speed train brakes. The goal was to
optimize wear characteristics and minimize noise and vibration. Three different
fillers were used sequentially: a Cu-based powder metallurgy material, a composite
material, and a Mn-Cu damping alloy. The results showed that the filler material has
a significant effect on the wear behavior at the brake interface and the friction-
induced vibration characteristics. The Mn-Cu damping alloy was found to be
particularly effective in reducing friction-induced vibration and noise in the brake
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system, resulting in the lowest noise levels compared to other systems. The wear
debris behavior of the fill materials and the interface wear characteristics are the
primary influencers of friction-induced vibration and noise in the brake system [51].

Su et al introduce a novel SiCp/Al-20Si-3Cu functionally graded material
(FGM) for brake disks. It demonstrates superior wear and friction properties
compared to traditional cast iron (HT250) under various loads and speeds. Our
research is significant due to its innovative material composition, detailed analysis
of wear mechanisms, and potential to enhance brake system performance and safety
in the automotive industry. It offers insights into how the distribution of SiC particles
affects performance, shows a transition in wear mechanisms with changing
conditions, and highlights the FGM's potential as a more effective and durable
material for brake disk applications [52].

Singhal and his team also researched the performance of SiC particle-
reinforced functionally graded material (FGM) for brake disk applications. The
study demonstrates the impact of SiC particle distribution on performance, revealing
a shift in wear mechanisms under varying conditions. The findings underscore the
potential of FGM as a superior and long-lasting material for brake disk applications.
The composites were fabricated with a porosity level of approximately 1.74%. The
HAMCs with Sn and Gr demonstrated wear resistance within 6% of the commercial
grey cast iron commonly used in automotive brake rotors [53].

The liquid metallurgy method was used to develop a hybrid composite
consisting of LM13, 12 wt.% silicon nitride (SizN4), and 3 wt.% graphite (Gr). The
wear behavior of the composite was evaluated using a pin-on-disc tribometer, which
revealed that the wear rate increased with both the load and sliding velocity. This
increase in wear rate was attributed to the stress induced by the load causing the
SisN4 particles to fracture and damaging the aluminum matrix. Silicon nitride was
chosen as the primary reinforcement due to its exceptional ability to maintain
structural integrity even at high temperatures. Additionally, graphite was selected as
the secondary reinforcement for its outstanding thermal and electrical conductivity.
The morphological analysis depicted in Figure 4 revealed that the average size of
silicon nitride particles was 5 um, while that of graphite particles was 2 pm. A higher
wear rate was observed with an increase in sliding velocity, primarily due to the
abrasive action caused by the dislodged SisNa4 particles [54].
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(a) Graphite (b) Silicon Nitride

Figure 4 — SEM morphology (a) Graphite, (b) Silicon nitride [54].

Omran and colleagues researched sustainable material science by incorporating
recycled elements into their work. They focused on hindalium, a recycled Al-Mg-Si
alloy, and enhanced its properties by adding silicon carbide (SiC) particles. The
investigation revealed a significant improvement in the alloy's mechanical properties.
The addition of SiC particles to the hindalium alloy at a concentration of 15%
increases the material's hardness by 14%. The research notes a 17% reduction in
wear rate in comparison to the original hindalium alloy, which sets a precedent in
the utilization of recycled materials for high-end applications, marrying
sustainability with technological advancement [55].

This study of Du et al. addresses the critical issue of reducing vehicle mass to
lower fuel usage and greenhouse gas emissions in automotive engineering. The
creation of aluminum metal matrix composite (AlI-MMC) brake discs that are
lightweight and high-performing is examined. The investigation focuses on Al-Si
alloys fortified with varying proportions and dimensions of silicon carbide particles
(SiCp). Lanthanum (La) and Cerium (Ce) are incorporated into the AI-MMC to
fortify the aluminum matrix and enhance the brake discs' ability to withstand high
temperatures, such as those encountered during prolonged braking periods. The
creation of intermetallic phases through the addition of La and Ce further strengthens
the composite. The inclusion of SiCp particles in larger sizes and a broader range
enhances thermal endurance and ease of processing of the composite. The material
demonstrates a twofold increase in compression peak strength while retaining its
malleability [56].

In the other hand, Wang et al. found that the incorporation of nano-sized
particles of silicon carbide (n-SiC) by powder metallurgy significantly improves the
peak hardness and the aging hardening process of 2014 Al alloy composite materials.
This discovery has important implications to produce automotive components,
particularly brake rotors. Transmission electron microscopy (TEM) was used to
accurately identify key precipitation phases, including AlsCu;Mngand 0’ (Al,Cu),
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as well as the rarely seen Q phase in aluminum metal matrix composites without
silver (Ag). The higher dislocation density resulting from the thermal expansion
coefficient mismatch between n-SiC and the 2014 Al matrix can be confidently
attributed to the increase in aging kinetics and peak hardness. Composite materials
have great potential to produce high-performance automotive parts, such as brake
rotors, due to their ability to provide improved hardness and aging properties [57].

In the study of Lei and his team [58], the team compared three carbon/carbon
(C/C) composites with varying compositions for brake rotors. The composites
included rough laminar pyrocarbon, resin-derived carbon, and a mixture of both. The
study clearly demonstrated that resin-derived carbon significantly increased wear
rate without notably affecting friction coefficient, which had a negative impact on
rotor durability and maintenance. The composites exhibited consistent friction
coefficients at different speeds, but wear rates varied. However, it is important to
note that the rough laminar pyrocarbon composite exhibited the least wear,
indicating greater durability and a potentially longer service life. On the other hand,
the carbon composite derived solely from resin wore down the fastest [59],
suggesting a shorter lifespan in brake rotors.

4. Thermal Characteristics

Thermal analysis is critical in assessing the reliability of systems and
components, especially those subjected to temperature cycling and thermal stress. In
the case of aluminum metal matrix composites (AMCs), thermal analysis focuses on
investigating the thermal behavior and response of the material to temperature
changes, such as temperature distribution, heat transfer, and heat flux [60].

During braking, friction generates heat that raises the temperature of the brake
rotor [61]. The ability of a material to rapidly dissipate heat is critical for effective
high-temperature braking. Therefore, brake rotors must have high thermal
conductivity, high thermal deformation resistance, and a low coefficient of thermal
expansion [62]. Evaluation of these thermal properties is critical for any brake rotor
disc alloy or composite. However, there are few studies that focus on these critical
thermal properties of brake rotors [63].

Thermal conductivity is the rate at which heat passes through a material per
unit thickness per unit area for each unit of temperature difference [64]. It can be
evaluated using thermal or laser flash analyzers. The coefficient of thermal
expansion, which indicates how a material's dimensions change with temperature
changes, can be measured with a dilatometer. This instrument is essential for
investigating the thermal properties of brake rotors, including thermal strain and
thermal expansion [65].

In their study of the thermal dissipation capabilities of a high aluminum matrix
composite (HAMC) brake disc, Gupta and colleagues used an LM27 alloy reinforced
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with 15% rutile and sillimanite as shown in table 3. Their research focused on
thermal conductivity, strain, and coefficient of expansion. The disc produced by
HAMC showed significant resistance to thermal expansion due to the effective
interfacial bonding between the matrix and the reinforcements. As a result, it
exhibited superior thermal conductivity and lower thermal strain and expansion
coefficient compared to rotors made of traditional gray cast iron [66].

Table 4 —Thermal properties of density of LM27 alloy, DRP-15 composite, and the
commercial material.

Materials
Property LM27 DRP-15 | Commercial brake rotor
alloy | compositr material
Thermal conductivity at 25 °C, k | 154.42 141.65 +
(W/ mK) 1036 | 081 33824031

1.01 £ 0.57 +

: * -3
Thermal strain & ( * 107) 017 017 0.37 £0.08
Coefficient of thermal expansion | 1895+ | 11.09+
CTE (* 10 °C) 017 | 0017 7.12+008
. 277+ 282+
3
Density (g/ cm?) 0.004 0.006 6.92 + 0,005

Thermal analysis is critical in assessing the reliability of systems and
components, especially those subjected to temperature cycling and thermal stress. In
the case of aluminum metal matrix composites (AMCs), thermal analysis focuses on
investigating the thermal behavior and response of the material to temperature
changes, such as temperature distribution, heat transfer, and heat flux. During
braking, friction generates heat that raises the temperature of the brake rotor. The
ability of a material to rapidly dissipate heat is critical for effective high-temperature
braking. Therefore, brake rotors must have high thermal conductivity, high thermal
deformation resistance, and a low coefficient of thermal expansion. Evaluation of
these thermal properties is critical for any brake rotor disc alloy or composite.
However, there are few studies that focus on these critical thermal properties of
brake rotors [67].

Thermal conductivity is the rate at which heat passes through a material per
unit thickness per unit area for each unit of temperature difference. It can be
evaluated using thermal or laser flash analyzers. The coefficient of thermal
expansion, which indicates how a material's dimensions change with temperature
changes, can be measured with a dilatometer. This instrument is essential for
investigating the thermal properties of brake rotors, including thermal strain and
thermal expansion [68].

Adebisi and her team conducted a study of a passenger car braking system,
analyzing a stir-cast AMC brake rotor made of AA6061 alloy with 20% SiC and
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comparing it to a cast iron rotor using thermal imaging. The rotors were mounted on
a stand and monitored with an IR thermal camera for thermographic analysis. The
AMC rotor showed uniform thermal dispersion and a 25% higher heat dissipation
rate at brake pressures ranging from 1.5 to 2.0 MPa compared to the cast iron rotor.
This was attributed to the superior thermal conductivity of the AMC material [69].

Separately, Jayaraj and colleagues investigated the thermal properties of an
LM9 alloy reinforced with multi-walled carbon nanotubes (MWCNTS) at various
weight fractions. The thermal conductivity of the stir-cast composites was evaluated
using the hot disk technique. The MWCNTSs present in the matrix acted as foreign
particles, creating thermal barriers that impeded heat movement and reduced the
thermal conductivity of the AMCs [70].

In the study conducted by Singh et al, they performed transient thermal analysis
on brake disks to study heat flow and temperature variations. The results showed
that while the cast iron heated up to a lower temperature of 98°C, the A16061/SiC/Gr
composite reached a higher temperature of 230°C. However, it is important to note
that the maximum operating temperature of Al6061/SiC/Gr was below the maximum
tolerance of the composite, which was 525°C. The A16061/SiC/Gr material has high
thermal conductivity, which allows for effective heat dissipation and reduces hot
spot formation. This results in better temperature uniformity and can help minimize
or eliminate thermal failures in brake pads and rotors, ultimately increasing their
operational reliability compared to cast iron [32]. It is important to note that this
statement is based on objective evaluations and not subjective opinions. This results
in better temperature distribution and can help minimize or eliminate thermal failures
in brake pads and rotors, ultimately improving their operational reliability compared
to cast iron [26]

In their study, Firouz and colleagues [71] developed automotive brake rotors
using Al-9Si-SiC and Al-12Si-SiC composites. The composites were reinforced with
10 or 20 weight percent SiC particles by stir casting. The resulting rotors exhibited
a uniform distribution of SiC particles and a refined grain structure, which improved
their overall microstructure. When exposed to temperatures ranging from room
temperature to 350°C, the Al-12Si composites exhibited significantly lower
coefficients of thermal expansion and minimal residual strain. In addition, the
research included thermal fatigue testing of these composites against conventional
cast iron rotors over 80 cycles. Analysis after these cycles, including hardness
evaluation, microstructural examination, and X-ray diffraction, indicated that the
composite rotors maintained consistent strain and temperature profiles during both
the heating and cooling phases without hysteresis loops or residual strain. The
crystalline structure of the composite rotors improved with thermal cycling, while
that of the cast iron rotors deteriorated over time. This study highlights the potential
of AISi-SiC composites as superior materials for automotive brake rotors due to their
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improved thermal stability and fatigue resistance compared to standard cast iron
options.

Sharma et al. analyze the impact of heat treatment on the LM30 aluminum
matrix composites reinforced with sillimanite. The composites had varying
sillimanite content (3—15 wt.%) and particle sizes. They were treated through T4 and
T6 methods. The increases in sillimanite content led to an improvement in hardness.
Both T4 and T6 treatments resulted in better wear resistance and reduced friction.
Specifically, the T6-treated composite with 15 wt.% sillimanite at 200°C showed a
significant reduction in wear rate and friction coefficient by 70% and 52%,
respectively, which is clear to show in figure 5. The composites had wear properties
like those of grey cast iron. This suggests that they could serve as a lightweight
alternative to heavy-cast iron in automotive parts like brake rotors [72].
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Figure 5 — Average wear rate versus operating temperature for heat treated 15DPS AMCs
[72].
5. Tribological properties

Understanding the tribological behavior of Aluminum Matrix Composite
(AMC) brake rotors is critical because it is influenced by several factors. The most
important of these are the applied load and the sliding speed, both of which have a
significant impact on the efficiency of the brake rotor. As a result, numerous studies
have focused on these parameters to evaluate the wear and coefficient of friction
(COF) rates of AMC brake rotors. The equation used to calculate the wear rate is.

Am

pE,D
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Wear is the gradual degradation of material caused by continuous relative
motion between two contacting surfaces. It is quantified as wear loss, which is the
volume or mass loss of a material during a test period. The rate of wear can be
determined using a specific formula. The wear rate 'r' is calculated from the mass
loss before and after the wear test (Am), the density of the material (p), the applied
normal load (Fn) and the sliding distance (D). This calculation is critical for
evaluating the durability and efficiency of AMC brake rotors under various operating
conditions [24].

In a tribological evaluation using a small-scale dynamometer, Alnagi and
colleagues compared rotors made of AMC and gray cast iron. The study focused on
Al6082 and AMC (Al6061/40% SiC) rotors, the latter having an alumina coating
applied by plasma electrolyte oxidation. This coating increased the hardness of the
AMC rotors and reduced their wear rates, resulting in a coefficient of friction (COF)
in line with industry standards [73].

Lyu et al investigated the friction properties of an Al-SiC AMC brake disc
using a pin-on-disc tribometer and non-asbestos organic (NAO) brake pads. They
found that this AMC disc exhibited similar friction characteristics to conventional
cast iron discs due to a self-generated protective tribo-layer that improved wear
resistance [28].

Ahmad et al evaluated the wear and friction characteristics of AMC and cast-
iron brake discs using a pin-on-disc tribometer. The AMC samples, consisting of
AA242 with 30% Al,O3, showed a slight variation in CoF that was more pronounced
at higher loads. This difference was attributed to the softer nature of the aluminum
alloy compared to cast iron, resulting in increased surface roughness and wear [74].

Daoud and colleagues evaluated the wear and friction characteristics of A359-
20 vol% SiC AMC rotors against commercial brake pads. They found that AMCs
consistently outperformed cast iron in terms of CoF, which is critical for effective
braking. The addition of SiC and Si to the AMC rotors contributed significantly to
their superior strength, hardness, and wear resistance. This is due to the ability of the
SiC particles to carry most of the wear load and increase the overall toughness of the
composite. The reference remains unchanged [75].

Tan and colleagues conducted dynamometer tests on hybrid aluminum metal
matrix composite (HAMC) brake rotors for rail vehicles. The results of the study
suggest that HAMC brake rotors could be a promising alternative to conventional
brake rotors in the rail industry. The discs, consisting of an A357/SiC MMC top
layer fused to an AA6082 aluminum alloy base by friction stir processing, exhibited
superior wear and friction performance. Capable of withstanding temperatures as
high as 240°C, these rotors provide a consistent coefficient of friction, demonstrating
their potential to replace traditional heavy iron and steel rotors on trains operating at
120 km/h. The presence of Third Body Films (TBFs) plays a critical role in reducing
direct disc-pad contact, thereby reducing the incidence of cracking and debris
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generation. This resulted in fewer surface grooves, less AMC layer degradation and
less wear loss, which ensured a stable coefficient of friction [76].

Jiang and his team investigated the friction and wear characteristics of
SiC3D/Al brake disks paired with graphite (G)/SiC brake pads using a smaller-scale
dynamometer designed for high-speed train applications. They found that SIC3D/Al-
G/SiC tribocouples outperformed traditional iron-steel pairs by offering lower
operating temperatures, stable friction, and improved durability. The mechanically
mixed layer formed during the sliding process significantly affected the wear and
friction properties of the tribocouple, leading to its improved performance [77].

Baig et al. conducted a study of the tribological behavior of an aluminum
composite reinforced with submicron Al,Os particles used as a brake rotor material.
The study compared the friction and wear properties of this composite with those of
conventional gray cast iron rotors under dry sliding conditions with semi-metallic
brake linings, as shown in the figure. The results indicate that the Al,Os-reinforced
composite exhibits lower wear rates than gray cast iron, particularly at lower braking
force intensities. In addition, the use of Al,Os reinforcement results in reduced brake
pad wear even at higher intensities due to its superior heat dissipation. The inclusion
of submicron Al,Os particles increase the wear resistance of the rotor and extends
its life. In addition, the Al,Os particles improve the friction and stability
characteristics of the material, potentially lowering the coefficient of friction for
smoother braking. The fine particles provide a more uniform distribution within the
aluminum matrix, resulting in consistent friction behavior. In addition, the Al,O3
reinforcement aids in heat dissipation, improving the thermal stability of the rotor
and maintaining performance during extensive braking [5].

6. Influence of Brake Pads on Aluminum Matrix Composite Disc

The effect of brake pad materials on the performance of Aluminum Matrix
Composite (AMC) rotors is a critical factor in brake system performance [2].
Research indicates that Non-Asbestos Organic (NAO) pads are more suitable for use
with aluminum rotors than low-steel or semi-metallic pads [78]. NAO materials are
particularly notable for their ability to develop protective third body tribological
layers under higher loads, resulting in a lower coefficient of friction and consistent
wear rate [28, 30].
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Figure 6 — Photograph of the Tribometer with Pad-on-Disc wear test configuration used in
the wear experiments along with the schematic of the loading mechanism [5].

Nakanishi et al. aimed to improve fuel efficiency by reducing vehicle weight
through the use of aluminum metal matrix composite (AlI-MMC) brake rotors and
pads [79]. They ensured that the braking performance and wear resistance of the Al-
MMC system matched those of conventional cast iron systems by optimizing the
amount and particle size ratio of hard particles in both the rotor and pad [80]. The
researchers rigorously tested the wear resistance of the newly developed brake pad.
The evaluation consisted of repeating 1000 braking cycles at different temperatures,
starting from an initial speed of 50 km/h and a deceleration rate of 1.5 m/s"2 as
shown in figure 7. To measure the changes in thickness of the pad need to evaluate
its wear resistance [81]. The results were compared with those obtained with a
conventional ferrous cast (FC) brake rotor and pad combination [82].
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Figure 7 — Pad wear per 1000 braking times[79] .

Zhang and his team have developed a brake rotor composite that consists of
56% foam ceramics and 44% aluminum alloy. They have conducted rigorous tests
on an Optimal SRV machine using a phenolic resin brake pad to thoroughly
investigate the impact of temperature and load, between 32 N to 128 N, on friction
and wear. The composite has shown predictable friction fade with increasing
temperature, followed by remarkable over recovery on cooling [41]. The wear rates
have also increased with temperature. The tests were meticulously carried out at both
100°C and 250°C. At 250°C, both friction and wear were significantly higher than
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at 100°C. Scanning electron microscopy has revealed that the wear was mainly
caused by two-body wear [83].

Agbeleye investigates the properties of brake pads made from aluminum 6063
alloy blended with 5-30% clay (Al-clay composites), produced through stir casting.
Clay particle size in the composites is 250 microns. Using Denison T62HS pin-on-
disc tests, the study assesses the composites' wear behavior under dry sliding
conditions. Results show that composites with 10-25% clay content significantly
enhance tensile strength, hardness, and wear resistance, with optimal performance at
15% clay. The wear rate is influenced by both load and sliding speed [84]. These Al-
clay composites, especially with 15-25% clay, exhibit wear and friction
characteristics on par with conventional semi-metallic brake pads [85].

Osterle et al. present in their research a detailed analysis of frictional interfaces
and coatings on a semi-metallic polymer matrix composite (PMC) brake pad. The
focused ion beam (FIB) technique is expertly employed to examine the topmost
layers at the micro-contact regions of the brake pad. The frictional material of the
brake pad is a blend of a metallic polymer matrix composite and is expertly paired
with a cast iron rotor as shown in the next figure. The brake pad is composed of up
to three distinct layers [41], each with its own unique composition. These layers
consist of a thin friction film made of metal oxides and a sulfur-rich amorphous
phase, a layer filled with wear debris, and a heavily distorted layer, especially when
a metal particle is used as the base [86]. The analysis confidently indicates the
accumulation of iron oxide particles from wear and the adhesion of copper and sulfur
on the pad's surface. Furthermore, it highlights the transfer of zinc onto the cast iron
rotor [87].

The research of Venugopal et al. investigates the use of magnesium (Mg)
composites reinforced with Ni-P-coated alumina and silicon carbide microparticles
for brake pad applications [88]. These composites are produced using a special stir-
squeeze process. To test their suitability for brake systems, the study uses a
tribometer in which the Mg composite acts as a pin against a stainless-steel disk,
mimicking the brake pad-rotor interaction. Key findings show that coating the
reinforcements significantly reduces the porosity of the composite and increases its
hardness and compressive strength. The wear resistance of these Mg composites is
comparable to that of conventional brake pad materials, highlighting their potential
as effective friction materials in automotive braking systems working in conjunction
with rotors [41].

The study of et al. Darmawan examines the wear rates of brake pads in the LRV
Series 1100, utilizing both regenerative and pneumatic braking systems. Its goal is
to forecast brake pad longevity and uncover reasons for wear rate disparities between
motor and trailer bogie brake pads. Through linear regression of maintenance and
field data, it predicts brake pad life spans—2039 for McA and McB bogies and 2029
for trailer bogies—noting that braking method impacts wear rates. The findings
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underline how braking force and friction influence pad durability, which is crucial
for optimizing maintenance and enhancing safety. This analysis aids the rotor desk
in strategic planning for maintenance and replacements, potentially lowering costs
and ensuring safety by adapting maintenance to actual wear trends.[89, 20].

7. Impact of Surface Texture (Ra) on Rotor Disc

In tribological studies, it is critical to understand the effect of surface roughness,
commonly referred to as Ra, on the performance of Aluminum Matrix Composite
(AMC) brake rotors [75]. To evaluate the wear rate and friction characteristics of the
disc materials, it is necessary to measure the surface roughness of both the disc and
pad material before and after tribological testing. To evaluate the wear rate and
friction characteristics of the disk materials, it is necessary to measure the surface
roughness of both the disk and pad material before and after tribological testing. This
helps us to obtain accurate and reliable results. Prior to testing, it is important to
ensure that the AMC brake disc and pad material have consistent R, values [90].

Research has shown that the surface roughness of AMC brake rotors tends to
increase significantly after being subjected to dynamometer testing [73]. This
increase is attributed to the weakening of the alloy matrix at the contact surface due
to the high temperatures experienced during testing. It is also useful to measure the
surface roughness of the protective tribofilm formed on the disk. This helps to verify
the consistency of the coefficient of friction (CoF) under varying load conditions.
Understanding the effect of surface roughness on AMC discs is critical to optimizing
brake performance and durability. This is discussed in reference [28].

Biswas et al. investigated the development, characterization, and application of
Al-Mg,Si composites in motorcycle disc brake rotors. The performance of Al-Mg.Si
composites was compared with traditional materials such as cast iron and stainless
steel using the Digital Logic Method (DLM) for material selection. In a simulated
motorcycle disc brake scenario, the Al-20wt% Mg.Si composite and steel rotors
were evaluated. The technical performance index of the Al-Mg.Si composite was
73.65, slightly lower than that of steel at 78.10. However, the Energy Efficiency
Index (EEI) of the composite was significantly lower at 31.79 compared to 100 for
steel. Notably, the composite had significantly lower CO, and CO emissions of 0.087
and 0.0026 g/km, respectively, compared to steel's 0.276 and 0.0082 g/km [91].

Alnagi studied the effects of alumina coatings applied via plasma electrolytic
oxidation (PEO) on AA6082 aluminum alloy (Al-Alloy) and 6061/40SiC aluminum
metal matrix composite (Al-MMC) brake rotors, focusing on friction and high-
temperature performance. The PEO process improves adhesion, uniformity, and
surface hardness, with Al-Alloy achieving higher micro-hardness (1400 HV) than
Al-MMC (980 HV). Al-Alloy rotors show superior thermal and frictional
performance, handling over 500°C, while AI-MMC rotors have reduced heat
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tolerance. Coated rotors maintain acceptable friction coefficients (0.28 to 0.34). Al-
Alloy rotors keep consistent coating thickness, unlike AI-MMC. Both rotor types
develop a 2-4 mm transfer layer. However, alumina-coated Al-Alloy rotors fail
above 550°C due to mechanical and thermal stress. Improvements could involve
metallurgical changes or design modifications like ventilated discs [73].

In a novel study, laminate composite brake material designed for high-speed
train braking systems was developed using powder metallurgy. This material has a
bilayer structure consisting of prefabricated tribofilm (PTF, oxide-based) and metal-
based materials. We evaluated the friction and wear performance of this brake pad,
focusing on variations in PTF layer thickness, against a steel rotor disk. Tests were
conducted using a TM-I type dynamometer at initial braking speeds (IBS) ranging
from 50 to 350 km/h. The results showed that the PTF pad maintained stable friction
and wear rates over a wide range of IBS (50-250 km/h) suitable for high-speed train
applications. Key to its performance is the protective friction film formed on the
pad's worn surface during braking, which is enhanced by the PTF layer, providing a
larger, flatter contact area compared to metal-based materials. This film contributes
to the pad's consistent friction performance and wear rate [92].

Synak et al. study the automotive brake components (rotors and pads) at
different price points to determine if they effectively convert kinetic energy into
thermal energy without overheating. It combines driving and laboratory tests to
evaluate stopping distance, deceleration, steering effort, braking force, temperature,
and corrosion resistance. The results show that while all brakes perform well under
standard conditions, the least expensive brakes may underperform under intense or
prolonged use [93].

8. Computational Examination of Aluminum Matrix Composite Brake
Discs

Numerical analysis is used in brake system design to predict thermal aspects
such as friction pressure distribution, surface heat flow, brake temperature
distribution, radial surface temperature, and thermal stress [94]. Effective
management of the conversion of kinetic energy to frictional heat at the disc can
improve braking efficiency. This can be achieved through ideal rotor design and the
use of superior heat dissipating materials. Heat transfer in brakes is primarily by
conduction and convection, with radiation playing a minor role (5-10%). Research
typically includes analysis of both transient thermal and structural aspects. However,
the integration of fluid analysis for heat convection with thermal simulations
provides a more comprehensive approach, especially under different braking
conditions, such as prolonged, single emergency, and repeated braking events [95].

Pranta and colleagues conducted innovative research to redesign ventilated disc
brake rotors. They incorporated unique curved vents, holes, and slots (as shown in
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Figure 10) using Solidworks. Their analysis in ANSYS showed that these novel
designs outperformed conventional disc brake rotors in terms of performance,
achieving higher braking forces while avoiding cracking and buckling during
operation [96].

Ali et al. analyzed the thermo-mechanical dynamics of brake rotors and pads
during braking using ANSYS finite element software. They examined both full and
vented disk interfaces within the braking system. The results showed a rapid
temperature increase followed by a decrease after sustained braking, which was
attributed to the disc brake design. Despite variations in friction coefficients, the
deformation of the disc pad remained largely unchanged [97].

Nong and colleagues recommend the use of aluminum metal matrix composites
(AMCs) in brake discs, especially for high-speed train applications where energy
efficiency is a priority. They first determined heat convection coefficients using
Solidworks 2014 flow simulation, which informed their CFD-based design. The
subsequent thermal analysis used these coefficients as initial conditions. The study
analyzed the use of radially vented SiC3D/Al alloy brake rotors, which were found
to significantly improve airflow around and through the rotor. This improved airflow
effectively dissipated frictional heat, resulting in a temperature reduction of up to
14%. The high thermal conductivity of the discs also resulted in a more uniform
temperature distribution across the rotor. A peak temperature of 471.08°C was
recorded at the 70-second mark near the outer regions of the friction surface, as
shown in Figure 11. This underscores the suitability of the material for high-speed
rail applications [98].

This study analyzes disc brake rotors, using finite element analysis (FEA) to
compare aluminum alloy and aluminum matrix nanocomposite (AMNC) rotors at
70 km/h emergency braking. Key findings include: AMNCSs' superior strength-to-
weight ratio, aluminum alloy's max heat flux at 8 W/mm? versus AMNC's 16.28
W/mm?, aluminum alloy's max deformation at 0.19 mm compared to AMNC's 0.05
mm, and AMNC's max von Mises stress at 184 MPa, slightly higher than
aluminum alloy's 180 MPa. This suggests AMNCs as a viable alternative for disc
brake rotor materials, Results of the ANSYS modal analysis are presented for the
aluminum alloy and AMNC discs [99, 100].

Kumar et al use the grey relational analysis (GRA) to improve the specific
wear resistance and friction coefficient of AIHMMC. Using the Grey Relational
Analysis (GRA) approach, the study reveals distinct influences on the friction
coefficient of Al6061 alloy and its hybrid composite, AIHMMC. For Al6061, the
sliding distance, followed by sliding velocity and applied load, are key factors in
that order. Conversely, for AIHMMC, the order of influence is applied load
(43.67%), sliding velocity (42.51%), and then sliding distance [35].
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(c) (d)

Figure 8 — Diagramof(a)Basemodel, (b)modifiedmodel1(MM1), (c)modifiedmodel2(MM2)
and(b)modifiedmodel3 (MM3) with description [98].

The specific wear rate in another study analysis using GRA-ANOVA
highlights that sliding velocity impacts Al6061 and AIHMMC by 39.57% and
42.51%, respectively. However, the applied load has a more pronounced effect on
AIHMMC for all sliding distances. In summary, while both Al6061 and AIHMMC
are influenced by similar factors, the order and magnitude of these influences differ
significantly between the two materials [45].
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Ad¢paa Xatrad, Yaba denpxo, Mimkonbl, YropiuuHa

AJIBTEPHATUBHE 3ACTOCYBAHHSA AJTIOMIHIEBUX MATPUYHUX
KOMIIO3UTIB JJI TAJIBMIBHUX JUCKIB

AuoTanist. V yvomy o2na0i aimepamypu po3enaoacmvcs MONCIUGICHb GUKOPUCAHHS ATIOMIHICBUX
mampuunux komnosumie (AMK) 3amicmob 36uyaiinozo cipozco yasyna 6 nakemax 2aibMiGHUX OUCKIE.
Kepyrouuco nepesaeoio 6invws neckux ma exonoziunux mpancnopmuux 3acobie, AMK nponouyioms
KiIbKa nepesae, GKIIOYAIOUU 3MEHUIEHY 8a2Y, NOKPAWEH] Meniogi 61acmueocnii, 4y0ogy CIIUKiCmb 00
Kopo3ii ma onmumizogawny cucmemy pyuHyeannsa. JJocrioscenna Oitiuiau 6ucnogxy, wo AMK moocyms
smenwumu 6aey 00 60% nopienaHo 3 4ABYHOM, WO NPU3BOOUMb 00 NOCMYNOB020 NIOGUIEHHS
NPOOYKMUGHOCI 2a3y ma Ynpaguinus aemomobinem. Kpim moco, wo 6in Oemoncmpye uyoosy
MenionpogioHicms i MeHule meniose 30iIbUeHHs, 8iH NPU3600UNTb 00 KPpAujo2o po3Cilo8aHHs menia ma
3menuye Hebesnexy Oegopmayii ma posmpickyeanns. Ilepesaea uKOpUCMAHHA — KEPAMIYHUX
niocumosauie, sxi exmouaiomv SiC, Al,03 i BsC, nonsiecac 6 momy, wo GOHU MOJNCYMb NIOGULUMU
cmitikicms 00 nowikodxcerv AMK, wo npuzeo0ums 00 Ginbiu MpUeanIo2o0 Mepminy CiyiHcou earbMigHUX
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ouckie. Q21150 OXONIIOE PIi3HI eleMenmu po3pooKu 2anbmieno2o oucka AMK, nouunarouu 3 eupoOHUYUX
cmpameziti (MUmMms 3 NEPeMiuLyBauHAM, TUMMSA 3 NePeMily8aHHAM 3a OONOMO20I0 VIbIPA38YKY mda
JUMMsL N0 MUCK), SIKI € NOMYICHUMU MEXHONOLIAMU O UPOOHUYMBA HAO3GUUALIHO XOPOUUX OUCKIG
AMK, nomim mennogi xapakxmepucmuku, sIKi € MaKumu 6adCIUBUMU Yepe3 iX MenionposioHicmy,
menniose po3ulupeHHs ma po3cilo8ants mMenia 8 3a2albHOMY YUKII eKCHIyamayii 2atbMieHo2o oucka,
napewmi, Tpubono2iuni NOKAHUKU GNAUBAIONb HA HABAHMANCEHHS Yepe3 WUOKICIb KOG3AHH ma
wopcmkicmos nosepxui Ha 3Hoc ma mepms ouckie AMK. CymicHicmob eanbMi6HUX KOLOOOK HACMITbKU
8AICIUBA ONISL CUCEM MEPMSL, WO 8UDID BIONOBIOHUX MAMEPIAi6 2ANbMIBHUX KOAOOOK, HANPUKIAO, SKI
micmsame  Heaszbecmogi  opeaniuni  (HAO)  peuosunu, Mmodice onmumizysamu —eKcniyamayiiHy
npodykmusHicme ouckie AMK. L]i xapakxmepucmuxu Moxicyns Oymu npoananizo8ani 004Ucio8aibHumM
WIAXOM BUKOPUCIAHHS OYIHKU KIHYEBUX eleMEeHMi8 ma Pi3HUX YUCeTbHUX Memo0i8 Ol NPOSHO3YEAHHS
mennosoi ma mexaniunoi nogedinku eanvmienux ouckie AMK. B oensoi nioxkpecnoemvcs, wo AMK
30epieaioms GeuKi Nepcnekmueu AK GUPOOHUYMEO 2aTbMI6HUX OUCKIE HACHIYNHOL epu, NPONOHYIOYU
6aNaHC 3HUIICEHHSL 8A2U, CIMYNIHYACMUL MEePMOKOHMPOJL | Oitbit 8U2IOHY 3HOCOCmIliKicmb. HeoOXiOHi
nooanvdi  00CNiONCeHHAs mMa B00CKOHANEHHA ONd onmumizayii cK1ady cmpykmypu, cmpameeii
BUPOOHUYMBA MA CYMICHOCTI 2ATbMIGHUX KOLOOOK 0151 NOKPAWEeHHs eKchayamayiinux nokasuukie AMK
8 2ANbMIBHUX KOHCMPYKYIAX.

Kurouosi ciioBa: canemieni oucku, amominiegi mampuuni komnosumu (AMK); mpubonozis,; 2anemighi
KOJOOKU.
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