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This article provides a review of the research progress on SiC particle-reinforced metal
matrix composites (MMCs), which are a novel type of structural material known for their
high strength, hardness, and thermal stability. The potential applications of these com-
posites in aerospace, automobiles, electronics, and specialized mechanical equipment are
discussed. The article covers the preparation technology, microstructure, mechanical
properties, wear resistance, and application of SiC particle-reinforced MMCs. The advan-
tages, disadvantages, and applicability of different methods are compared. Furthermore,
this study explores the relationship between the mechanical properties and microstructure
of SiC particle-reinforced MMCs. It also examines the influence of interfacial reactions on
the macroscopic properties of these materials. Finally, this article summarizes the appli-
cation of SiC particle-reinforced MMCs in aerospace, automotive, electronics, and other
industries. It also discusses the possible future development directions of these materials.
These research results serve as a valuable reference for future research and application of
SiC particle-reinforced MMCs. Furthermore, they contribute to the advancement of MMC
research and development by offering innovative design concepts and research method-
ologies to create high-quality structural composite materials. Additionally, this research
may inspire the proposal of new manufacturing methods to produce composites with
enhanced overall performance in the future.
© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Due to the exceptional mechanical qualities of particles,
including their high strength, high elastic modulus, and good
electrical and thermal conductivity, they are one of the most
promising reinforcements for MMCs [1—3]. The related par-
ticulate matters are listed as carbon nanotubes (CNTs) [4],
silicon carbide (SiC) [5], zirconium oxide (ZrO,) [6], aluminium
oxide (Al,0Os) [7,8], and titanium diboride (TiB,) [9], among
others. Aluminum matrix composites (AMCs), which are a
form of MMC, are widely used in various industrial applica-
tions due to their high specific modulus, exceptional strength,
good wear resistance, and high thermal conductivity [10—12].

Over the last few years, there has been significant interest
in the fundamental research and practical use of MMCs
strengthened by CNTs and SiC [13—15]. In recent years, the
main focus has been on the SiC and nano-sized SiC reinforced
MMCs in terms of preparation, microstructure, properties, and
strengthening effect. Composite materials are made up of
multiple materials that have varying physical and chemical
properties [16—19]. When these materials are combined, they
create a new material with a range of properties that differ
from those of the individual components [20,21]. Although
composite materials are heterogeneous at a microscopic level,
they appear homogeneous at a macroscopic level. Typically, a
MMC consists of two components: a matrix and reinforce-
ment [22]. These materials are combined in a way that maxi-
mizes their benefits while minimizing their drawbacks.

The process of casting in liquid form allows for the creation
of items with intricate designs [23]. It would be desirable to
create lightweight bulk parts made of metal matrix nano-
composites (MMNCs) that have an even distribution of rein-
forcement and maintain structural integrity. However, the use
of nano-sized ceramic particles presents challenges due to
their high viscosity, low wettability in metal matrices, and
large surface area-to-volume ratio. Achieving a uniform
dispersion of these particles in liquid metals is difficult. To
address this issue, pretreatment of the particles is necessary
to enhance their ability to bond with the metal matrix [24,25].

In previous research, it was found that numerous scholars
have conducted successful experiments and synthesized
products with outstanding performance [26,27]. The micro-
structure and mechanical properties of SiC/Al composites
were investigated through scanning electron microscopy and
tensile tests to analyze the observed trends. The results indi-
cated that the mechanical properties of the composites are
significantly affected by the uniformity of the distribution of
SiC particles [28]. The corrosion performance of SiC/Al com-
posites was studied by Karthikraja [29] in various acidic and
alkaline conditions. The findings indicated that these com-
posites, which consist of SiC particles embedded in an
aluminum matrix, exhibit a strong resistance to corrosion.
Additionally, the researchers examined the thermal stability
of SiC/Al composites in high-temperature settings [30]. The
findings indicated that SiC/Al composites exhibit favorable
stability at elevated temperatures. The article discusses the
utilization of these composites in the aerospace industry,
specifically for producing aero-engine components and
structural materials for aircraft [31].

The aim of the study was to examine the impact of the
microstructure of the matrix, as well as the size, shape, and
distribution of the reinforcement phase, on the tensile prop-
erties of MMCs that contain particles. This was accomplished
through both experimental and numerical analysis of the
deformation characteristics [32]. The study conducted by
Ozdemir et al. [33] examined various aspects, including the
distribution of reinforcement and intermetallic phases,
porosity levels, microstructure of the matrix phase, interfacial
condition, and mechanical characteristics. Yigezu et al. [34]
conducted a study comparing the microstructures and me-
chanical properties of Al-4% Cu-2.5% Mg matrix composites
reinforced with 5 wt% SiC and Al,O; particulates. The study
examined the yield strength, ultimate tensile strength, elastic
modulus, percentage elongation, hardness, percentage
porosity, and fracture characteristics. The study of [35]
examined the impact of Zr inclusion on the wear character-
istics and microstructure of AMCs that were reinforced with
B,C and SiC particles. These composites were produced
through hot pressing. The mechanical behavior of metal-
matrix composites made of SiC/Al was analyzed using 2D
micromechanical analysis under various types of loads,
including tensile, shear, and combined tensile/shear loads.
The study investigated the impact of interface strength and
loading conditions on the composites [36]. To investigate the
impact of particle arrangements, interface strengths, and
loading conditions on the stiffness and strength properties of
the composite, a series of computational experiments were
performed on the representative volume element (RVE). The
study [37] focused on the production and analysis of
aluminum matrix composites reinforced with SiC and SisN,.
The main objective was to identify the key factors that influ-
ence and improve the tribological performance of the com-
posites. The results showed that increasing the percentage of
Si3N, reinforcement had a moderate effect on reducing the
wear rate of the composites. The authors of a study, Upadhyay
et al. [38], who described the creation of a Silicon—Boron
(SiosBa) alloy using readily available materials and a simple,
one-step process called spark plasma sintering. The alloy's
improved validity value is attributed to a decrease in thermal
conductivity caused by the presence of nanoscale SiC particles
and mesoscale SiB; precipitates, which scatter heat-carrying
phonons. The low cost and non-toxic nature of the constitu-
ent elements, along with the ease and scalability of the syn-
thesis process, suggest that SigeB4/SiC nanocomposites could
be a promising p-type thermoelectric material for high-
temperature power generation applications.

The modern world has shown a technological interest in
developing techniques to create high-performance MMCs that
are reinforced with lightweight aluminum particles. This is
due to the demand for such composites in various sectors,
including aerospace, defense, and industrial, where superior
mechanical properties are required [39]. The study conducted
by Guttikonda et al. [40] focused on examining the impact of
changes in microwave processing temperatures on the
microstructural and mechanical characteristics of a hybrid
composite made from AA7075, SiC, and graphite using powder
metallurgy methods. The researchers used hybrid microwave
sintering techniques to create a composite material that has a
strong and flawless bond between the matrix and
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reinforcement particles. The microwave-sintered nano-
hybrid composite had a significantly higher strain-to-fracture
value of 12.24% compared to the conventional sintered com-
posite, which had a value of 6.12%. To assess the hot work-
ability of the multi-size SiC particle-reinforced 6013 AMCs, the
researchers examined the hot deformation behavior, consti-
tutive model, processing map, and microstructure using a
scanning electron microscope (SEM) in studies [41—43].

Despite decades of research and significant investment in
particle-reinforced AMCs, their current level of application
and created value is not proportional. This is due to limita-
tions in their application and the absence of commercialized
production processes. To address this issue, there is an urgent
need for research and application of composites. The focus
should be on developing low-cost casting products and pro-
ducing a range of products with different properties to meet
various application needs. This approach will facilitate large-
scale industrial production [44,45]. In the past two or three
decades, numerous scholars both domestically and interna-
tionally have dedicated their efforts to researching particle-
reinforced aluminum matrix composites. They have made
significant advancements in the development of SiCy/Al
composites for high-performance structural components
used in aircraft, missiles, and engines. So far, the SiGy/Al
particle has been developed with various techniques for pre-
paring SiC,/Al composites. These techniques include stirring
casting [20], powder metallurgy [46], wrapping, hot extrusion,
spray deposition [47], semi-solid-vortex, and high-energy ul-
trasonic semi-solid composite process, among others. This
article provides an overview of various methods used to pre-
pare composites consisting of an aluminum matrix reinforced
with SiC. The advantages and disadvantages of each method
are analyzed, and potential future trends in composite prep-
aration and application are discussed [20,22]. Overall, these
composites have great potential for use in various economic
sectors and have attracted significant attention. Moving for-
ward, there will be a focus on developing aluminum matrix
composites and allocating financial and material resources to
relevant institutions, universities, and companies.

2. Preparation technology

In this paper, several common preparation processes of SiC
reinforced MMCs are introduced [20,46,47]. The preparation
process and related equipment are described, and the changes
in microstructure and properties of the composites are sum-
marized. In order to propose appropriate research ideas for
scientific and technological professionals, it is important for
them to be familiar with this research method. This will ulti-
mately enable them to contribute more effectively to the
development of relevant composite materials and their
application in engineering practice in the future.

As far as we know, it is mainly divided into a common
preparation process and some relatively novel preparation
methods. The commonly used preparation methods include
ball milling, stir casting, squeeze casting, liquid metal infil-
tration, powder metallurgy, spark plasma sintering, and spray
deposition. The novel preparation methods include in-situ
reaction synthesis, mechanical alloying, and high-energy

ultrasonic-assisted preparation. Each of these preparation
methods has its own advantages and disadvantages. The
prepared composite materials also have their own charac-
teristics. However, the common characteristic is that the final
performance of particle-reinforced metal matrix composites
is relatively excellent [13,26,27].

2.1.  Some common preparation processes

2.1.1. Stir casting

The stir casting process involves adding the reinforced phase
to the liquid metal, mixing the liquid and solid phases evenly
using a high-speed rotating mechanical stirring device [20],
and then pouring the mixture into ingots. The key to this
method is that the reinforcing phase is uniformly distributed
in the matrix and that the interface between the matrix and
the reinforcing phase is well bonded.

Usually, the stir casting process is divided into the liquid
phase stirring method and the liquid-solid two-phase stir-
ring method. Compared to other preparation techniques, the
stir casting method has many advantages [48,49]. Such as
low manufacturing cost and the ability to easily form com-
plex workpieces. The process equipment is relatively simple
and can be adapted for mass production. However, there are
still some problems in the stir casting process, such as the
easy segregation and reaction of ceramic particles at the
interface. Secondly, in non-vacuum stirring casting, itis easy
to introduce gas during the stirring process, resulting in the
formation of internal pores in the product. Thirdly, the vol-
ume fraction of the particle-reinforced phase in the metal
matrix composite prepared by this method will be limited to
a certain extent.

The schematic diagram of the conventional stir casting
process for MMC is shown in Fig. 1. SiC particle-reinforced
AMCs are utilized to fabricate high-performance particle-
reinforced composites. Special applications of aluminum-
based materials in railways and automobiles, particularly as
lightweight brake discs for automobiles, aim to achieve weight
reduction and wear resistance, thereby enhancing mechani-
cal properties and microstructure. An important substantive
issue must be addressed: the research on key technologies for
the controllable production of SiC particle reinforced AMCs.
During the manufacturing process, SiC particles are added to
the aluminum liquid through high-speed mechanical stirring.
This method prevents the segregation of SiC particles caused
by the different specific gravity of the aluminum liquid and
enhances the permeability of the SiC particles and the surface
of the aluminum liquid. Additionally, the study aims to
discuss the number, size, and distribution of SiC particles in
the matrix, as well as research the mechanism of enhancing
the strength of aluminum matrix composites through the
addition of SiC particles [20].

The particles prepared by this method exhibit good
wettability and a uniform distribution within the aluminum
matrix. The preparation equipment is simple, the cost is low,
and it can be used for large-scale production [50]. Now, the
mature semi-solid stirring casting method is mainly used for
micron particles. However, for sub-micron and nano particles,
controlling their uniform distribution in liquid aluminum re-
mains challenging with the stirring casting method. At the
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Fig. 1 — Schematic representation of stir casting for MMC (a) smelting process, (b) die casting process.

same time, when the molten metal is in a semi-solid state, its
viscosity is relatively high, and it is prone to agglomeration.
This can result in a decrease in the composite's related
properties.

2.1.2. Squeeze casting
The Al 6082/SiC, composite was created through a squeeze
casting process [51], which involved adding SiC particles to the
6082 matrix. Fig. 2 displays a diagram of the equipment used
for fabrication. The process for preparing the composite is
outlined in detail below.

To obtain a pure melt, the 6082 aluminum ingot is first cut
into blocks and then polished with sandpaper to remove the
oxide layer. The blocks are then placed in a steel crucible and
heated to 780 °C using a crucible resistance furnace. Argon gas
is introduced into the molten aluminum alloy to degas and
refine it. The temperature of the molten metal is then
controlled at 730 °C.

A stirring head made of steel and equipped with four
blades was heated to 200 °C and coated with ZnO. It was then
attached to a stirrer and placed in a liquid alloy. SiC pellets
were treated in an annealing oven at 1000 °C for 2 h to create a
Si0, film and improve the wettability between the pellets and
the aluminum liquid. The pellets were then dried at 300 °C
before being added to the molten metal. The stirring speed

was set at 350 rpm, and the SiC particles had an average feed
rate of 4 g/min. The 6082 aluminum alloy was mixed with 3 wt
% of SiC particles. Stirring continued at the same speed for
5 min, and argon gas was used to prevent oxidation of the
molten aluminum during the process. This is illustrated in
Fig. 2(a).

Fig. 2(b) displays a diagram of the extrusion casting pro-
cess. Molten metal, with and without SiC particles, was
poured into a preheated conical steel die at a temperature of
200 °C. The die had dimensions of 30 mm on the longer side,
28 mm on the shorter side, and 90 mm on the higher side. The
extrusion process was conducted using an extrusion pressure
of 50 MPa and a holding time of 1 min. Afterward, the solidified
sample was removed. To compare the microstructure and
properties of squeeze casting and permanent mold casting
(PMC), the same molten metal was poured into a steel mold
without undergoing the extrusion process [27,35]. All samples
underwent a T6 heat treatment, which included a solid solu-
tion treatment at 540 °C for 1 h, followed by artificial aging at
180 °C for 8 h.

The main advantages of using the squeeze casting are: (1)
low preparation costs, (2) the shape of the parts made is the
same or similar to the final part, and (3) it can reduce the
interfacial reaction between the particles. However, there are
certain difficulties in manufacturing parts with complex
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Fig. 2 — (a-b) The sketch of fabrication of the SiC,/Al 6082 composites via squeeze casting; (c) SiC, particle size; (d) XRD

pattern; (e) morphology [51].
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shapes, and the relatively high pressure applied by squeeze
casting is limited to some extent [51].

2.1.3. Deformation-driven metallurgy
A composite material with a diameter of 16 mm and a height
of 1 mm was produced using deformation-driven metallurgy
(DDM) process [52]. The process took 30 s and involved a
rotation speed of 1200 rpm. The process is illustrated in Fig. 3.
This is a typical method for preparing SiC composites,
which combines ball milling and pressure deformation. The
prepared SiC/AMCs have a uniform microstructure and good
material properties. Therefore, it can be widely used in
structural devices. A planetary ball milling device (QM-3SP2,
Nanjing University Instrument Plant) was used to mix the SiC/
Al powders. The ball-to-powder ratio, milling time, and rota-
tion velocity were 200 rpm, 10 h, and 5:1, respectively. The
ZrO, milling balls have a diameter of 6 mm. Both micro-SiC
and nano-SiC particles, especially the nano-SiC particles
that tend to aggregate easily, were consistently mixed with Al
powders, as shown in Fig. 3(a and b). It was possible to create
sound nano-SiC reinforced AMCs (SiCnp/AMCs) because the
surface of Al powders was uniformly covered by nano-SiC
particles (see Fig. 3(a)).

2.1.4. Spray deposition
Fig. 4(a) is a schematic diagram of the process for cold spray
deposition of Al matrix composites using two powder feed
lines [53]. By using a constant powder feed rate (5 rpm) and a
range of SiC powder feed rates (i.e., from 0 to 3 rpm), different
microstructural configurations can be obtained within the
deposited layer, the pure Al deposition homogeneous bonding
(Al-SiCp) in b, by, b, and bs, and hierarchical bonding in bg.s.
A promising method for coating surfaces with various
nanoparticles and chemicals, while accurately controlling the
microstructure of the deposition, is ultrasonic spraying. The
schematic diagram of the spraying procedure and the spray-
ing path is shown in Fig. 4(b). Each sample underwent a total
of 12 passes at a nozzle velocity of 10 mm/s. The spray area
overlapped, and the final deposited structure was uniform,

thanks to the small separation of 2 mm between the centers of
two adjacent lines. Finally, the AZ31/SiC composite material
was prepared [49].

In this method, several processing factors, which can be
categorized into two groups-suspension and spraying pa-
rameters, may affect the structure of the spray-deposited
material. The parameters of the suspension include the
type, size, and concentration of suspended particles of SiC. For
two distinct particle sizes of 80 and 800 nm, the effect on the
surface tension was investigated using suspension concen-
trations of 0~16 wt% SiC [54]. Due to the particles' tendency to
settle and clog spraying tubes and equipment, maintaining
homogeneity in the suspension of the 800 nm SiC during the
spraying operation was challenging. However, the suspension
of 80 nm SiC particles could be maintained in a stable state for
days, which was advantageous for the spraying procedure.

This method is a novel preparation process for aluminum
matrix composites. It aims to reduce the interface reaction
between the reinforcement particles and the matrix, promote
grain refinement and uniform distribution, simplify the pro-
cess, shorten the production cycle, and reduce production
costs. However, the utilization rate of particles is low.

2.1.5. Powder metallurgy

Fig. 5(a) depicts the steps involved in making a composite of
Mg»(SioaSno 6)Sbo.015/(y)SiC [55]. The first and most crucial step
in the entire material preparation process is the vacuum in-
duction levitation melting (IM) process. The bulk materials
used in this method were Mg (99.9 wt%), Si (99.9 wt%), and Sn
(99.9 wt%). They were placed in an alumina crucible with
graphite carbon paper before being transferred to a water-
cooled copper crucible. This process produced Mg,SipsSno e
melted ingots under a vacuum of 101 Pa. To compensate for
the loss caused by volatilization in the IM process, there was a
10 wt% excess of magnesium. The output power, time, and
melting times for this method are 14~17 kW, 80—100 s, and 3
times, respectively. In the MA process, the as-melted ingots
were combined with doped Sb (99.99 wt%) and nanocomposite
SiC (99.9 wt%) powders with the chemical formula
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Fig. 3 — (a-b) Microstructure of SiC for ball-milled, (c) schematic of deformation-driven metallurgy procedure [52].


https://doi.org/10.1016/j.jmrt.2023.07.145
https://doi.org/10.1016/j.jmrt.2023.07.145

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2023;25:7470—-7497

7475

/; (a) Powder O Alparticle
: feeder Al € SiCparticle :
: Carrier |
1 gas :
1

! Substrate :
 Compressed ¥ 1
1 gas Powder :
: f feeder SiC Deposit '
1 Laval nozzle :
1

! :
: 1
1

\ I

Gas heater

(b)
Deposition
surface

Heating plate

-l e

2mm

Spraying speed (v) = 10 mm/sec . Experimental setup /

10 ym

\_AZ31-SiC composites/

Fig. 4 — Schematic illustrations of (a) the cold spray deposition of SiC/Al composites [53], (b) spray deposition process of

AZ31-SiC composites [54].

Mg»(Sio.4Sn0.6)Sbo.015/(y)SiC in a ball mill tank under an argon
environment to create a mixed powder. The MA process used
a self-built high-energy ball mill with balls made of WC-
cemented carbide and a tank made of the same material.
Ball mills are typically operated in dry milling mode with a
fixed ball-to-material ratio of 10:1 and a rotational speed of 400
r/min. The milled powder was placed into a graphite mold
with a 20 mm diameter under vacuum conditions (10~* Pa) SPS
processing to produce samples of Mg,(Sio.4Sn0.6)Sbo.015/(Y)SiC.

The sample assembly in the spark plasma sintering
furnace and shear test for the composite of Cg¢SiC/
AlCoCrFeNi, 4 [56], which is shown in Fig. 5(b). Finally, C¢/SiC
composites were successfully joined using an AlCoCrFeNi, ;

eutectic high-entropy alloy filler via SPS technology, resulting
in a uniform microstructure and excellent mechanical
properties.

Powder metallurgy is the earliest developed process for
preparing particle-reinforced metal matrix composites. It in-
volves the screening and uniform mixing of metal powder and
reinforced ceramic particles, followed by cold pressure
consolidation, degassing, sintering, and subsequent treat-
ment to produce composite materials. Fig. 6 shows the con-
ventional process of preparing SiC-reinforced aluminum
matrix composites through powder metallurgy [57]. Hot
extrusion of sintered samples can reduce the number of voids,
refine grains, improve the interfacial bonding strength of

(a) IMprocess mmm)p MAprocess mmm)  SPS process (b)
Vacuum Induction |
chamber coll
| P o Electrode T foil
| indenter Graphite punch
z F
=z Graphite dic . —
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Preparation process of Mg,(Sij 4Sng 6)Sbg o15/(¥)S1C

Sample assembly in spark plasma sintering
furnace and shear test (C¢/S1C/AlCoCrFeNi, ;)

Fig. 5 — The preparation process via spark plasma sintering of (a) Mgx(Sio.4Sno.6)Sbo.015/(y)SiC [55], (b) sample assembly in
spark plasma sintering furnace and shear test (C¢/SiC/AlCoCrFeNi, 4) [56].
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(a) Fabrication process of SiC,/Al composites by powder metallurgy, (b) XRD patterns of SiC,, before and after

composites, and enhance the distribution of SiC particles.
This process effectively improves the mechanical properties
of the composites. After undergoing heat treatment, such as
solution, quenching, and aging, the mechanical properties of
the composites can be further enhanced.

The advantages of the powder metallurgy method are that
it allows for the easy preparation of metal matrix composites
with a high content of strengthening phase. It also enables
better control over the uniformity of particle distribution in
the matrix. Additionally, the metal matrix composites pre-
pared using this method exhibit more stable performance
indexes compared to other methods. In addition, compared to
the same material produced by the molten metal process, the
particle-reinforced aluminum matrix composite prepared by
the powder metallurgy process exhibits higher strength levels
and improved microstructure. However, the process and
equipment involved in this method are more complex.
Incomplete degassing can result in the formation of pores in
the material, and improper temperature selection can easily
lead to segregation. In addition, it is difficult to produce parts
of the desired size using this method, making it unsuitable for
the production of large-sized parts. Therefore, it is not suitable
for the mass production of aluminum matrix composites [45].

SiC,/Al composites are produced using a powder metal-
lurgy technique illustrated in Fig. 6(a). As raw materials,
spherical pure Al powders (99.95% purity), raw SiCgmp, and raw
SiCn,p were employed [57]. Spherical Al powders have a
diameter of around 25 um, while raw SiCgmp and raw SiCpp
have diameters of about 40 nm and 700 nm, respectively. And
the XRD patterns of SiC,, before and after calcining are shown
in Fig. 6(b). The XRD patterns also support the development of
Si0, layers. After calcining at 1100 °C, the distinctive SiO, peak
could be observed in the XRD patterns of both SiCsmp and
SiCnp. Amorphous SiO, was difficult to fully crystallize at
1100 °C due to the presence of additional amorphous com-
ponents, which is the primary reason for the broader char-
acteristic peak of SiO,.

However, powder metallurgy also has some drawbacks,
such as high costs, a complicated process, and long produc-
tion cycles. However, powder metallurgy is currently evolving
towards achieving high densification, high performance,
integration, and low cost. With the deepening of research, the

application scope of powder metallurgy will become more
extensive.

2.2. Some novel preparation methods

2.2.1. In-situ reaction synthesis

The basic principle of in-situ reaction synthesis technology is
to select the appropriate reaction agent according to the
design requirements and carry out a biochemical reaction at
the appropriate temperature. This process results in the in-
situ generation of one or several types of matrix with high
melting point, high hardness, and high elastic modulus,
thereby strengthening the metal matrix. Most of the re-
inforcements are autogenous ceramic particles, including SiC,
TiC, AIN, Al,O; and TiB,. These particles have a stronger af-
finity compared to external ceramic particles and can effec-
tively reduce the agglomeration and segregation of the
reinforcements [58].

It is widely recognized that the properties of MMCs are
influenced by the size and volume fraction of the re-
inforcements, as well as the nature of the matrix-
reinforcement interfaces. An optimal set of mechanical
properties can be achieved when fine and thermally stable
ceramic particles are uniformly dispersed in the metal matrix.
Efforts have been made to meet these requirements. The work
hasled to the development of novel composites, specifically in
situ MMCs, where the reinforcements are synthesized within
a metallic matrix through chemical reactions between ele-
ments or between an element and a compound during the
fabrication process. Compared to conventional MMCs pro-
duced by ex situ methods, in situ MMCs offer several advan-
tages: (a) the reinforcements formed in situ are
thermodynamically stable within the matrix, resulting in
reduced degradation at high temperatures; (b) the interfaces
between the reinforcement and matrix are clean, leading to
strong interfacial bonding; (c) the in situ formed reinforcing
particles are smaller in size and more uniformly distributed
within the matrix, resulting in improved mechanical
properties.

Fig. 7 illustrates the timeline of microstructure changes
during the heating process [58]. Initially, a thin layer of
oxidation forms on the surface of the alloy, which gradually
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thickens as the temperature and heating time increase. The
molten alloy tends to form spheres or flow into pores due to
surface tension and gravity. This causes the dense oxide layer
to crack and react with oxygen and ceramic grains, forming
Spinel, Mullite, and Cordierite. The addition of alloy increases
the liquid phase, which leads to the agglomeration of tiny
particles. Additionally, the increased amount of alloy accel-
erates the oxidizing process of SiC through the dissolved
oxidized shell, providing enough Si to produce Mullite,
Cordierite, and Indialite phases.

In-situ reaction synthesis is a recently developed process
for preparing composite materials. This method is based on
the reaction between elements in the aluminum matrix or
between elements and compounds to produce one or more
reinforced particles. The reinforced particles nucleate from
the matrix and grow with excellent thermodynamic stability.
Furthermore, the particles produced are well distributed and
small at the reaction interface. This method enables the pro-
duction of high-performance aluminum-based composite
materials. This method can produce good performance in
particle-reinforced aluminum-based composite materials.

2.2.2. Mechanical alloying

Mechanical alloying (MA) has become an important method
for preparing nanocomposites with excellent properties. It
involves mechanical mixing, dispersion strengthening, self-

propagating sintering, and in-situ reaction synthesis [59].
The interface is free from impurities and has a strong bonding
strength.

Because there is a significant difference in particle size
between the reinforcement particles and the matrix powder, it
is not possible to achieve uniform mixing using the ordinary
mechanical mixing process for sub-micron reinforced parti-
cles and matrix powder that differ by dozens of microns. Most
of the reinforcing particles in the composite powder are in the
sub-micron range. The smaller the particle size, the better the
distribution uniformity. In the ball milling process, the fine
oxide particles are crushed and then incorporated as a second
phase reinforcement, resulting in an even distribution within
the aluminum alloy matrix. This further enhances the me-
chanical properties of the material.

The traditional powder metallurgy process was used to
create the Cu-based powder metallurgy brake pads. The ma-
jority of the electrolytic Cu, Sn, Ni, W, graphite, reduced Fe, h-
BN, and produced composite ceramic powder (B4C—SiC) were
chosen as the raw materials. According to Fig. 8(a), the
manufacturing procedure for Cu-based powder metallurgy
brake pads can be divided into three parts. The powders were
first placed into the V-shaped mixer for 9 h with a small
amount of aviation kerosene. Then, the combined powders
were pressed into green compacts using a pressure of 600 MPa
for 15 s. The resulting compacts had dimensions of
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75mm x 53 mm. In the end, Cu-based powder metallurgy
brake pads were pressure sintered at 5 MPa and 940 °C for 3h
in a mixed gas environment of N, and H,.

To understand the ball milling process for other compos-
ites, refer to the line graph of the stir casting configuration
shown in Fig. 8(b). The Al/5 wt% Collagen/5 wt% Al,O3 hybrid
composite material was placed in the solid-liquid converter in
the mushy area to apply squeezing pressure. It was then
transferred to a universal testing machine (U.T.M.). To elimi-
nate porosity and shrinkage that occur during the solidifica-
tion process, pressure was applied using a cylindrical die
punch [60].

As we know, ball milling is a mechanical alloying tech-
nology used to create a uniform material. In this process,
powder particles are fractured and the blended powder pieces
are repeatedly cold welded. It is easy to control the size and
shape of powder particles using this technique. By blending
essential or pre-alloyed particles, solid-state powder pro-
cessing technology creates various equilibria and nonequi-
librium alloying stages. Hybrid composite material is created
when the matrix material contains two or more reinforcing
components.

2.2.3. High energy ultrasonic assisted preparation

Ultrasonic waves are sound waves with frequencies above
20 kHz. When the intensity of an ultrasonic wave exceeds a
certain threshold, it can impact or alter the structure and
properties of the medium through its interaction with it. This
type of ultrasonic wave is referred to as high-energy ultra-
sound. Nonlinear effects, such as acoustic cavitation and
acoustic flow, are generated when high-energy ultrasound
propagates through metal or alloy melt. The main functions of
high-energy ultrasonic technology are refining grain, creating
a uniform microstructure, degassing, and removing slag. This
technology is an effective way to improve the solidification
microstructure and mechanical properties of metals or alloys.

After undergoing high-energy ultrasonic treatment, the alloy's
mechanical properties are significantly enhanced. This in-
cludes a 10%—30% increase in yield strength, a 20%—40% in-
crease in tensile strength, and a 20%—40% increase in
elongation. Furthermore, the forging properties and other hot
working properties are greatly improved.

When high-energy ultrasonic technology is used to treat
metal or alloy melt, the instantaneous high pressure and high
temperature caused by the acoustic cavitation effect can clean
and activate the surface energy of particles. This process in-
creases the surface energy of particles and reduces the surface
energy of the melt. As a result, it improves the wettability and
compatibility between components in a short time and pro-
motes the fusion of particles and melt. The stirring effect of
acoustic flow ensures uniform dispersion of particles on a
macro level. Additionally, the combined effect of acoustic
cavitation and acoustic flow promotes uniform dispersion of
particles on a micro level. This results in metal matrix com-
posites with improved interface bonding and enhanced per-
formance. The process of material preparation is not
restricted by factors such as particle wettability, uniform
dispersion, and particle size, which significantly hinder the
widespread adoption of conventional preparation methods.

The ultrasonic-aided rheo-squeeze casting process was
conducted using an ultrasonic vibration device, as depicted in
Fig. 9. A specific quantity of alloy liquid was poured into a
preheated metal cup and then placed inside an insulation
furnace. The ultrasonic vibration head was lowered and sub-
merged into the molten material for 15~20 mm. When the
melting temperature reached the initial vibration temperature,
the ultrasonic vibration was immediately initiated. The tem-
perature range for vibration of Al and A2 alloys is 650~625 °C
and 665~640 °C and the vibration time is 90s. The melt treated
with ultrasonic waves was poured into the preheated mold
cavity of the extruder, which was at a temperature of approx-
imately 200 °C. The upper and lower buttons were pressed
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Fig. 9 — Schematic representing the novel fabrication process by ultrasonic aided rheo-squeeze casting.

simultaneously, and the casting was ejected after maintaining
pressure for 60 s. The size of the part was 30 mm x 80 mm, and
the pressure used was 0, 100, 200, and 300 MPa sequentially. In
order to investigate the impact of ultrasonic action on alloy
solidification, the aluminum alloy melt without ultrasonic
treatment (with the same melting process and melt mass) was
directly poured into the extrusion mold cavity at a temperature
of 700 °C for comparative analysis.

Through a unique ultrasonic-assisted rheo-squeeze cast-
ing process, an Al 6061 alloy reinforced with various combi-
nations of nanoparticles was created [61]. The innovative
process produced high-density hybrid ceramics with minimal
levels of nanoparticle aggregation, refined grain structure, and
reduced porosity. The investigation of the hardness, tensile
strength, and wear behavior of the cermets revealed that as
the amount of ceramic particles in the Al alloy increased, the
mechanical properties of hybrid cermets also increased, along
with their corrosion resistance.

2.2.4. Permanent mold cast and powder thixoforming

Compare to other research studies, this study aims to describe
the benefits of the unique technology and explain how SiC,
strengthens the PTF-SiC,/6061Al composite. To accomplish
this, a series of composite samples were created using powder

thixoforming (PTF) [62]. The samples consisted of 6061 Al-
based alloy reinforced with 10 vol% of 6.94 um SiC,, as
depicted in Fig. 10. The microstructure, mechanical charac-
teristics, and fracture behavior resulting from this process
were thoroughly examined and compared to those of the
matrix alloys made using permanent mold cast (PMC) and
PTF, respectively.

To determine the yield strength of this composite, a
modified model based on three strengthening mechanisms
was presented. The findings from the experiment were found
to be highly consistent with the theoretical results obtained.

In general, composites prepared by powder metallurgy
have various advantages in terms of process and properties.
These include uniform distribution of reinforcement particles,
good wettability, and a compact structure. This process has
been applied earlier and is relatively mature. The stir casting
process has major drawbacks in all areas except for its lower
cost. The production is mostly limited to small parts. Squeeze
casting and spray deposition processes are positioned be-
tween powder metallurgy and stirring casting. On the other
hand, in-situ reactive synthesis is a recently developed tech-
nology that offers exceptional properties and has a growing
range of applications. This technology is continuously
evolving and advancing.
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3. Microstructure characteristics of
composites
3.1.  Microstructure evolution of stirring casting

As the initial layer of the cladding composite, an aluminum
alloy was melted, cast, and formed into a mold. A second layer
of molten metal was then poured over the solidified metal
layer, creating a composite material for cladding. The fact that
the entire procedure is carried out in a vacuum environment
ensures that no alumina film forms on the surface of the top
layer of the composite materials used for cladding. SiC,/A356
AMCs melt was produced by stir casting, which offers several
advantages in terms of economy, simplicity, and the ability to
create large and intricate parts, for the preparation of A356-
SiC,/A356 cladding composite materials.

Under vacuum conditions, the industrial aluminum alloy
A365 was melted in a medium frequency induction furnace.
The scanning electron microscope (SEM) morphology and
particle size of the experimental SiC are shown in Fig. 11(a and
b). As the first layer of the cladding composite material, the
molten material was poured into a permanent mold. The mold
had a bottom diameter of 40 mm, a top diameter of 50 mm,
and a height of 100 mm. The material was filtered before being
poured. The residual A365 aluminum alloy melt was then
mixed with weighed SiC particles at 620 °C to create a 20 wt%
SiC,/A365 composite slurry. Fig. 11(c2) provides micrographs
of the SiC,/A356 layer, the A356 alloy layer, and the interface
of the composite material used for cladding. According to
Fig. 5(c), the grain size of the A356 alloy is approximately
196.5 pm. The «-Al grains in the layer display a globular

morphology, which is a typical characteristic of a semisolid
structure. The «-Al grains in the SiC,/A356 layer still main-
tained a spherical morphology, as observed in Fig. 11(c1), but
their size reduced to approximately 127.9 um. The presence of
numerous SiC particles in the slurry may act as barriers that
prevent the formation of «-Al grains during solidification.
Additionally, based on the interface lattice misfit theory [64],
the SiC particles could act as effective heterogeneous nuclei
for a-Al This is due to the 7.4% lattice misfit between the (001)
plane of SiC and the (111) plane of a-Al [65]. As a result, the
presence of SiC particles increases the number of nucleation
agents and refines the grains of a-Al. As shown in Fig. 11(c3),
the «-Al grains were found to intermingle at the interface
between the SiC,/A356 layer and the A356 alloy layer. Addi-
tionally, the grain sizes of A356 gradually decreased from
196.5 pm to 127.9 pm. The interface of the cladding composite
material offers a nearly flawless transition in metallurgy.

3.2.  Microstructure characteristics of powder metallurgy

In contrast to the methods mentioned earlier, powder metal-
lurgy technology, specifically spark plasma sintering, is a
novel and fast solid-state molding technique that allows for
precise control of the composition ratio and uniform distri-
bution of the reinforcing phase.

In this study of composites prepared by powder metal-
lurgy, three types of powders were utilized: commercial
AlSi10Mg powder with a diameter of 15~53 um, polyangular
micro SiC powder (um-SiC) with an approximate diameter of
40 pm, and nano SiC powder (nm-SiC) with a diameter of
approximately 50 nm. The characteristics of these powders
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are illustrated in Fig. 12. The nm-SiC particles, as shown in
Fig. 12(a), are mostly circular and flat, and they tend to clump
together. The mm-SiC particles, as seen in Fig. 12(al), are
irregular in shape and have sharp edges. The original
AlSil0Mg powder, as illustrated in Fig. 12(a2), has a smooth
surface and high sphericity.

The process of preparing SiC/AlSi10Mg involves four steps.
After four steps of powder mixing, the resulting mixed powder
of 5 wt% nm-SiC particles and AlSil0Mg powder showed a
uniform adherence of nm-SiC particles to the surface of
AlSi10Mg particles, enabling even dispersion in the aluminum
matrix. However, the sphericity of AISilOMg particles
decreased, and the spherical surface was destroyed after ball
milling, as shown in Fig. 12(b-b2). And the higher magnifica-
tion interface TEM images are shown in Fig. 12(c) and (d).
These images indicate that the bonding between Al and SiC
nanoparticles is strong, and there is no evidence of an AL,C;
reaction layer forming at the interface due to the Al-SiC re-
action. Additionally, the SAED patterns show that the inter-
face region (A1) contains both SiC and Al matrix phases, while
the nanoparticle region (B1) only contains the SiC phase.
These findings confirm that the SiC/AlSil0Mg composites
produced using the process parameters in this study have a
strong interfacial bond and no formation of an interfacial re-
action layer.

Jiang et al. [67] studied SiC,/6061Al composites with
different particle sizes and found that the elastic modulus of
SiC, was not significantly affected by the increase in particle
size. However, the tensile strength and yield strength gradu-
ally decreased, while the shrinkage and elongation of the
section initially increased and then decreased. By studying
SiC,/2024Al composites with different volume fractions, Mao
et al. [68] found that the tensile strength and hardness of the
composites increased with increasing volume fractions. At the
same time, certain process factors of powder metallurgy, such

as solution and sintering, can also impact the properties of
composite materials. For example, Huang et al. [69] studied
the effect of solution temperature and time on the micro-
structure and mechanical properties of 17%SiC,/Al-Cu—Mg
composites. The results showed that the strengthening effect
of the solution was not ideal when the solution temperature
was low and the solution time was short, resulting in low
material strength. However, if the solution temperature is too
high, the material is prone to overburning, which reduces its
plasticity and strength. The optimal solution temperature and
time were 510 °C and 2 h, respectively.

3.3.  Microstructure characteristics of spray deposition

The surface morphologies of SiC, and Al feedstock powders
were examined using SEM, as shown in Fig. 13. The crushed
SiC powders had angular shapes, which are known to resultin
higher deposition efficiency compared to spherical ceramics.
The coarse SiC, powder had a more uniform particle size
compared to the fine powder, as observed at lower magnifi-
cation. No trans-particle cracks were found in either size of SiC
particles upon investigation at higher magnification. The
aluminum feedstock powder had a uniform size distribution
and spherical shape, with only a few larger particles exhibit-
ing satellites when viewed at higher magnification. These
defects were not significant enough to affect particle deposi-
tion during cold spraying [70], considering the conditions of
powder atomization and particle classification.

The microstructure of a four-layer graded Al-SiC., deposit
is shown in Fig. 13(d), which was obtained by increasing the
feed rates of SiC.,. The SEM micrograph and EDS mapping,
conducted using Sike radiation (Fig. 13d1), reveal some vari-
ations in local distributions. However, the content variation of
SiCp throughout the layer thickness is not clearly defined.
This may be due to inhomogeneities within the individual
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layers, similar to those observed in uniformly processed de-
posits. The alignment of SiC, depleted zones may overlap with
the layer-by-layer adjusted changes in phase compositions.
The transition between the individual layers is smooth and
barely detectable by optical microscopy (OM), indicating no
accumulation of defects at the interfaces between the layers.
Therefore, it can be assumed that the compressive strength
(CS) of graded composites is not affected by defects and low
interlayer cohesion. However, some porosity is observed
within the Al matrix, which can be attributed to fragmented
SiC, or pull-out of SiC, during cross-section preparation,
similar to other composite materials. It is worth noting that
most of the SiC., reinforcements are intact.

Aiming at the microstructure and mechanical properties of
particle-reinforced aluminum matrix composites, Sun et al.
[71] utilized spray co-deposition technology to fabricate rolled
composites with a fine and uniform microstructure. There are
numerous second-phase particles in the matrix, primarily
Al,CuMg and Al,Cu phases. As for the high-temperature ten-
sile deformation behavior of particle-reinforced aluminum
matrix composites, the tensile flow stress of the composite
sheet decreases with the increase in deformation tempera-
ture. But the elongation of the composite material is
increasing [72,73]. Effective solutions were proposed by [74] to
address some metallurgical defects in spray-deposited
aluminum matrix composites, such as cracking of SiC parti-
cles, pores in the matrix, and interfacial debonding.

3.4.  Microstructure characteristics of ball milling

To study how reinforcements impact the behavior of ball
milling, the shapes of the SiC particle reinforced composite
powders were examined using SEM, which is shown in Fig. 14.
The microstructure of initial SiC powder and SiC/2024Al com-
posite were shown in Fig. 14(a and b), homogeneity of the
structure and distribution of the particles were clearly seen [75].

The interface of the SiC/Al composite and the distribution
of elements along the SiC/Al interface are depicted in Fig. 14(d)
and e. The line analysis reveals that only a thin layer
(10—20 nm) of Mg aggregation can be observed, which has
been previously reported [22,73]. Interestingly, a thin oxide
layer and an aluminum layer can be observed at the interface
between the aluminum matrix and SiC. SiC/Al composites
contain numerous small and tough particles, which results in
lower resolution compared to other composites. However, this
does not hinder the examination of the gain structure of the
composites. On the other hand, 2024Al1 without re-
inforcements mostly exhibits large, elongated grains with
only a few small, equiaxed grains, as shown in Fig. 14(g).

Fig. 14(h) illustrates the impact of ball milling on the
microstructure of as-extruded composites. The behavior of
composite powders during ball milling is influenced by the
type of reinforcement used. In SiC/Al composite powders,
some SiC particles are only partially surrounded by the Al
matrix, while others are detached from it. Although numerous
high-quality SiC, particles are extracted from the composite
powders, they prove to be challenging to be affected by the
balls during ball milling. Consequently, only the size of the
SiC,, particles that are enveloped within the composite pow-
ders is reduced.

3.5.  Microstructure characteristics of spark plasma
sintering

Utilizing lower-cost substrates such as Al and SiC powders
through spark plasma sintering, researchers have developed a
novel Al-SiC ceramic-matrix composite with a high volume
proportion of SiC [76]. The study focuses on analyzing the
microstructure and mechanical properties of this composite.
The composite was produced by milling 20 wt% Al and 80 wt%
SiC powders for 2 h at a speed of 300 rpm, using ethanol and
agate balls as the milling medium. The resulting slurry was
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vacuum-evaporated to dry it. The spherical aluminum parti-
cles are uniformly distributed among the polygonal SiC par-
ticles, as indicated by the SEM measurements of the powder
mixture shown in Fig. 15(a).

To determine the reaction processes, XRD analysis was
initially performed on the reaction products of the sintered
samples. The outcomes are displayed in Fig. 15(b). According
to the diffraction peaks observed in all of these spectra, the
phases present in the specimens are Al, SiC, Si, and AlL,Cs.
These phases were obtained through sintering at tempera-
tures ranging from 1500 °C to 1800 °C. However, when the
sintering temperature reaches 1700 °C, the intensity of the
diffraction peaks for the Al,C3 and Si phases noticeably de-
creases. Furthermore, at a sintering temperature of 1800 °C,
the diffraction peak intensities of Al also significantly
decrease. This pattern demonstrates a decrease in the vol-
ume fraction of the Al,C; and Si phases in the composite
sintered at 1700 °C, as well as a similar decrease in the vol-
ume fraction of the Al phase in the composite sintered at
1800 °C.

Additionally, as shown in Fig. 15(c) and (c1), a significant
number of rod-shaped Al4C3 whiskers were observed scat-
tered on the interface of the SiC grains on the fracture surface
of the composites sintered at 1500 °C and 1600 °C. On the
fracture surface of the composites sintered at 1700 °C and
1800 °C, only a small number of Al,C; whiskers were observed.
The molten aluminum was found on the surfaces of the SiC
grains, as shown in Fig. 15(c2) and (c3).The density of the
composites increased due to the molten aluminum's ability to
fill typical micro-defects such as pores and microcracks dur-
ing the sintering process.

Al 1070 and SiC had particle sizes of less than 63 pm and
2 um, respectively, in the original powder. The powders were
combined to create the following mixtures: Al, Al+10% SiC,
Al+20% SiC, and Al+30% SiC. In a Turbula T2F shaker-mixer,
the powder mixtures were prepared. 30 min were spent mix-
ing. Fig. 16(a) depicts the morphology of the Al powder parti-
cles, while Fig. 16(b) depicts the morphology of the SiC powder
particles. Already in the manufacturing stage, the fine SiC
powder has a tendency to form agglomerates (Fig. 16(b)),
which are particularly challenging to dissolve during con-
ventional mixing [77].

Observations were done using a TEM to more thoroughly
confirm the microstructure of the tested composites. Selected
findings are shown in Fig. 16(c)-c3. The subgrains seen near
the matrix material (Fig. 16(c), c2) constitute a defining trait of
the substructure of the materials under study. The subgrains
are less than 1 m in size. Locally, Al,O5 clusters and disloca-
tions that create low-energy systems are seen (Fig. 16c1).
Al ,05 particles are no larger than 20 nm in size. An undesir-
able carbide was found, according to the TEM microstructure
analyses that were undertaken (Fig. 16c2). The literature on
the casting of Al-SiC composites contains attempts to explain
how this compound formed. By examining the impact of the
sintering temperature on bending strength, it can be
concluded that composites sintered at higher temperatures,
such as 600 °C, demonstrate greater bending strengths. It
should be observed that the Al sintered compacts produced at
both 580 °C and 600 °C did not fracture when bent, demon-
strating their high plasticity and strong interparticle bonding.
No holes or discontinuities were visible at the grain bound-
aries were visible in the TEM observations.
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There are no discernible variations between the micro-
structures of the composites that were spark plasma sintered
at 580 °C and 600 °C. The reinforcing phase is located between
the Al particles in composites sintered at both 580 °C and
600 °C (Fig. 16(d)-d3). Agglomerates are encouraged to develop
when the concentration of the strengthening phase of SiC is
higher (Fig. 16d2 and d3).Cluster formation is encouraged by
the large size differences between the Al particles (<63 um)
and the SiC particles (<2 um). Additionally, the SiC powder
had already formed agglomerates prior to the composite
production process, as demonstrated by the SEM micrograph
in Fig. 16(b). SiC powder particle agglomerates could not be
completely eliminated during mixing in the Turbula T2F
shaker-mixer. The Al-SiC particle contact border illustrated
in Fig. 16d4 andthe SEM micrograph demonstrates a strong
bond between these elements. Even in the vicinity of SiC
particle clusters, no discontinuities or pores were discovered.

4. Properties characteristics
4.1. Relative density

Fig. 17 displays the relative density (RD) of AlSi10Mg and SiC/
AlSi10Mg. AlSi10Mg has a high relative density (RD) of 98.83%,
indicating nearly complete densification [66]. Even with a
10 wt% increase in um-SiC, the RD of pm-SiC/AlSi10Mg re-
mains above 98%, with a negligible difference of 0.24% be-
tween 2 wt% and 5 wt%. This suggests that the distribution of
um-SiC particles in the matrix is uniform, resulting in a high
level of densification. Therefore, the content of ym-SiC has
minimal impact on the RD of um-SiC/AlSil0Mg prepared by
SPS. Conversely, the RD of nm-SiC/AlSi10Mg gradually de-
creases as the nm-SiC content increases, especially when
there are high amounts of nano reinforcements present.
When the nano reinforcements in SiC/AlSi10Mg composites

reach 10 wt%, they tend to agglomerate due to their high
specific surface energy. This makes it challenging to sinter
and densify the nm-SiC particles during preparation, which
leads to an increased number of defects in the final product.

4.2.  Strength

Compared to pure Al, the engineering stress of SiC,,/AMCs and
SiC,,/AMCs has been improved, and the tensile strength of
SiChp/AMCs has increased to 435 MPa, which is 292% higher
than that of pure Al. This is illustrated in Fig. 18(a and b). The
strength of AMCs increases to 200 MPa, which is only 135% of
that of pure Al. According to the Hal-Petch relationship [78], the
smaller the grain size, the higher the grain boundary density,
and the more difficult it becomes to impede dislocation
movement, thus increasing resistance to plastic deformation.

In order to achieve a balance between strength and
ductility through the optimization of SiC particles, a diagram
was presented in Fig. 18(c). SiC,,/AMCs have uniform, ultra-
fine grains with intragranularly dispersed SiC particles that
promote the dynamic recrystallization (DRX) process and in-
crease stability through the Zener pinning mechanism. SiC,p/
AMCs had a multimodal grain microstructure with micro-
sized and ultra-fine grains, which were enhanced by frac-
tured micro-SiC particles during the DDM process. SiCpp/
AMCs exhibit high strength due to grain boundary and Oro-
strengthening mechanisms, whereas SiC,,/AMCs
demonstrate enhanced ductility as coarse grains can accom-
modate stress-relaxation from ultra-fine grains. By optimizing
SiC particles, the specific microstructure of SiC/AMCs can be
designed to achieve a balance between strength and ductility.
Nano-SiC particles enhance the strength of the matrix, while
micro-SiC particles contribute to excellent ductility.

Fig. 18(d and e) illustrates the impact of sintering temper-
ature on the bending strength of composites made with
different SiC particle sizes and Al alloy compositions. Effective
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interface bonding promotes heat conduction during thermal
conductivity. However, the presence of numerous pores
within the material can hinder this process by scattering
phonon thermal motion and trapping gas with low thermal
conductivity. When the SiC volume fraction was kept con-
stant, the interfacial bonding deteriorated, and the coefficient
of thermal expansion increased as the material density
decreased. The best physical properties were observed in the
16 pm SiC/Al composite made with 6061Al alloy as the matrix
material, sintered at 50 MPa, 8 min, and 520 °C. This composite
exhibited a high bending strength of 649 MPa, as depicted in

Fig. 18(e)).
4.3, Hardness

Brinell hardness testing was performed according to ASTM
E10. Samples with dimensions of 20mm x 12 mm were pre-
pared according to ASTM standards, as shown in Fig. 19(a and
b). The stiffness test uses a load of approximately 187.5 kgf for
a duration of 30 s. Hardness is calculated based on the recor-
ded depth of indentation. Three indentation tests were per-
formed on each sample, and the average of the three tests was
used to predict the hardness [80].

The diagram in Fig. 19(d) illustrates the changes in hard-
ness of MMCs when SiC is added in different weight per-
centages, both with and without heat treatment. The findings
indicate that as the amount of SiC particles increases, the
hardness of MMCs also increases by 22.58%. This increase in
hardness is attributed to the presence of hard ceramic parti-
cles, such as SiC, in the soft aluminum alloy A356 matrix.
However, the hardness of the heat-treated sample decreases
by up to 6.5% due to the relaxation of internal stresses.

Fig. 19(e) displays the hardness of a pure material with a
Rockwell hardness value of 90 RHB [81]. However, in the
composite specimens, the hardness value ranged from 102 to
114, increasing with the duration and speed of stirring. The
highest hardness value was achieved at a 27% increase
compared to the pure material, and it was obtained when the
process parameters were set to their upper limits. When the
stirring speed and time were increased, it was observed that
the distribution of SiC particles in the aluminum metal matrix
became more uniform. This led to an increase in the hardness
of the Al8011—SiC composites.

Wu [82] and Jiang [83] prepared SiCp/Al composites with
different volume fractions using the liquid-phase method and
semi-solid method, respectively. The study found that, under
conditions of good interfacial bonding, the wear resistance
and hardness of the composites increased with the increase in
the volume fraction of SiC particles. Additionally, the tensile
strength initially increased and then decreased, while the
elongation gradually decreased. Li et al. [84] found that
injecting Al-SiC, composite powder into semi-solid alloy
liquid promotes interfacial wettability and uniform distribu-
tion of reinforced particles. This process also increases hard-
ness and reduces porosity.

4.4. Elasticity modulus

The elastic modulus is the most significant mechanical
property of composites reinforced with particles. The factors
that affect the elastic modulus of particle-reinforced
aluminum matrix composites include the shape, volume
fraction, and distribution of the particle-reinforced phase.
Generally, the elastic modulus increases with an increase in
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the volume fraction of the reinforced particles. However, the
impact of the shape of the reinforced phase on the elastic
modulus is not well understood.

Regarding the elastic modulus of particle-reinforced metal
matrix composites, the simple mixing method has a relatively
large calculation error. Additionally, the calculation formula
for the series structure does not account for the inconsistency
in side shrinkage between the reinforced phase and the ma-
trix two-phase materials. In recent years, the Halpin-Tsai
formula has been widely used in research work [85].

E=En (1 + ZSqu> / (1 - qvp) 1)

9= (Ep~Em) / (Ep +2SEm) 2

In the formula, E, Er, and Ej, represent the elastic modulus
values of composite material, matrix and reinforced particles
respectively, while s and V, represent the length-diameter
ratio and volume fraction of reinforced particles respec-
tively. When the particle shape is regular and the distribution
is uniform, the s value will be better determined and the
calculated value will be more accurate.

The elastic modulus of the aluminum alloy matrix is
approximately 70 GPa, whereas the elastic modulus of SiC
particles is around 450 GPa. According to theoretical analysis,
the higher the volume fraction of SiC particles, the higher the
elastic modulus of the composites will be. The results show
that when the volume fraction of SiC particles is less than 30%,
the elastic modulus of the composites increases linearly with
the addition of SiC particles. However, when the volume frac-
tion of SiC particles is too high, the mechanical properties of the

composites are reduced due to particle agglomeration and the
challenge of effectively dispersing the reinforced particles.
4.5. Fracture toughness

Fracture toughness characterizes a material's ability to resist
fracture deformation. Fracture toughness, K1c, generally de-
creases with decreasing particle size or increasing volume
fraction of reinforced particles. The nucleation of cracks in
particle-reinforced aluminum matrix composites generally
occurs in the region where particles are segregated. The crit-
ical stress for nucleation is not determined by the overall
volume fraction of reinforced particles, but rather by the vol-
ume fraction of locally reinforced particles. Most scholars
believe that the fracture is caused by the separation of parti-
cles or the detachment between the matrix and particles.
Large particles in the matrix of high strength tend to fracture,
while pores in the matrix of low strength preferentially
nucleate at the interface.

Hosseinzadeh et al. [86] studied SiC/Al2024 composites
after hot extrusion and found that the fracture toughness of
the composites was closely related to the length-to-diameter
ratio and volume fraction of SiC particles. When the volume
fraction of SiC particles increases from 3% to 10%, the fracture
toughness of the material decreases from 20.16 MPa m*? to
14.67 MPa m¥2, as shown in Fig. 20. Song et al. [87] tested SiC
particle reinforced AlI-Cu—Mg composites and found that the
fracture toughness of the composites decreases as the volume
fraction of SiC particles increases. They also observed that the
evolution of fracture toughness is opposite to that of yield
stress during aging. Furthermore, increasing the aging
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temperature can enhance the minimum fracture toughness of
the composites.

4.6. Wear behavior

In composite materials, the wear behavior is influenced by
various factors including the geometry, orientation, compo-
sition, size, type of reinforcement, heat treatment regimen,
load, and sliding speed [88,89]. According to a comprehensive
investigation of the wear mechanism, the main types of wear
in metal matrix composites are abrasive wear and adhesive
wear. The primary form of wear is delamination, which occurs
due to the development and spread of subsurface fissures [90].

In terms of particle content, the wear volume of SiC,/ZL102
composite decreases with the increase of SiC, content and
reaches its minimum at approximately 25 vol%. When the
volume fraction exceeds 33 vol%, it increases. Due to the in-
crease in the number of particles, the proportion of hard
points increases, which strengthens the matrix and improves
wear resistance. However, if the content is too high, the par-
ticles are prone to aggregation, resulting in defects [91,92].
Ravi Kumar et al. [93] studied the dry sliding wear resistance of
SiC, and Al,O3 reinforced Al composites and found that the
wear of the material decreased significantly when the particle
content increased from 5 vol% to 20 vol%. However, under
abrasive wear conditions, when the content of Al,05 or SiC,
increases from 5% to 20%, there is a slight increase in wear
when the load is less than 45 N. However, wear decreases
significantly at 89 N and 134 N. When the NbC, content in-
creases from 0% to 60%, the wear rate of NbC,/Ni—Cr com-
posites consistently decreases.

The wear resistance of the material is also affected by
particle size. The investigation on the wear resistance of 20 wt
% Al,03/Al composite revealed that the material with a par-
ticle size of 142 um exhibits greater wear resistance compared
to the smaller particle materials (16 pm and 63 pm). This is
because the matrix wears more quickly, causing the larger
particles to remain on the contact surface for a longer period
of time in abrasive wear. The foundation, of course, is strong
interface bonding. However, the experimental results on
sliding friction and wear under lubricating conditions

demonstrate that the wear rate of the SiC,/2124Al composite
increases with an increase in particle size [94].

4.7. Damage behavior

The static tensile damage behavior of particle-reinforced
metal matrix composites depends on several factors [95,96].
These factors include the volume percentage of the particles,
the type, shape, and size of the particles, and the micro-
structure of the matrix. These factors directly influence the
strength of the particles and the strength of the particle/ma-
trix interface. The combination of these two strength factors
determines the damage and fracture characteristics of the
material.

Two basic modes of damage evolution and fracture are
shown in Fig. 21. If the strength of the particles is lower than
the strength of the particle/matrix interface, multiple parti-
cles crack before the interface during the tensile process,
leading to the formation and growth of micro-pores in the
matrix [97]. At the same time, local shear occurs among the
cracked particles, which eventually leads to material failure
(upper side of Fig. 21). If the strength of the particles is greater
than the strength of the interface, multiple interfaces will
crack first during the tensile process. These cracks will then
expand in the matrix and connect with each other, ultimately
resulting in material failure (as shown in the lower side of
Fig. 21). Therefore, due to the low-power morphology of the
fracture surface, the fracture often does not exhibit distinct
partition characteristics, such as a fiber zone, radiation zone,
or shear lip zone.

For a SiC particle-reinforced aluminum matrix composite,
the process of tensile fatigue crack propagation was studied
using in-situ synchrotron radiation X-ray three-dimensional
tomography. It was found that the material damage was
mainly caused by the crack bypassing the reinforced particles
at a low stress ratio (e.g. 0.1), in which only a few particles
cracked. Under the condition of a higher stress ratio (e.g., 0.65),
the SiC particles in front of the crack tip fracture, and subse-
quently, the crack propagates forward through the particles,
as depicted in Fig. 21(b)—(d), where red represents the crack,
green represents SiC particles, and blue represents cracked
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SiC particles. Similarly, under low stress intensity factor (SIF)
or maximum SIF conditions, fatigue crack propagation pri-
marily bypasses the particles. However, under high SIF or
maximum SIF conditions, the particles in front of the crack tip
fracture, resulting in a relatively flat crack propagation path.

5. Influence factors of properties
5.1.  Particles

The beneficial combination of SiC particle reinforcement and
matrix metal results in the new composites being stable in
size, having a small thermal expansion coefficient, high
temperature resistance, fatigue resistance, fracture resis-
tance, aging resistance, and corrosion resistance. Therefore,
SiC particle reinforcement is highly likely to be applied in
actual production. Regarding particle-reinforced aluminum
matrix composites, the quantity of added particles has a sig-
nificantimpact on the microstructure, hardness, porosity, and
other properties of the composites. This, in turn, determines
the mechanical and wear-resistant properties of the prepared
composites. In SiC,/A356 aluminum matrix composites pre-
pared using the semi-solid stirring method, the distribution
uniformity of SiC particles in the matrix gradually increases
with the higher amount of SiC particles. When the volume
fraction of SiC particles is 25%, the distribution of SiC particles
in the aluminum alloy matrix is the most uniform. With the
increase in SiC particles, the porosity and hardness of SiCy/
A356 aluminum matrix composites gradually increase [13,63].
The higher the volume fraction of SiC particles in SiC,/A356
aluminum matrix composites, the more uniform the particle
distribution, and the higher the wear resistance.

5.2.  Strengthening mechanism

The strengthening effect of the composites mainly depends
on the type and content of the reinforcement, as well as the
type of alloy matrix and the heat treatment state of the
composites. It is generally believed that there are two mech-
anisms for strengthening metal matrix composites: direct
strengthening and indirect strengthening.

Therefore, direct strengthening primarily involves the
transfer of load from the matrix to the reinforcement phase. It
also includes the reinforcement body's effect on constraining
the deformation of the matrix or obstructing the movement of
dislocations within the matrix. Additionally, it encompasses
the generation of thermal residual stress in the matrix and the
work hardening of the matrix. Indirect strengthening refers to
the influence of the reinforcement phase on the microstruc-
ture or deformation mode of the matrix. This includes the
bonding state of the interface between the matrix and the
reinforcement, as well as the enhancement of the micro-
structure of the matrix near the interface in the composite
material. The strengthening mechanism provides theoretical
support for the preparation of high-performance Al matrix
composites [14,28]. The research on the strengthening mech-
anism of SiC,/Al composites by heat treatment mainly fo-
cuses on indirect strengthening. This refers to the influence of
interface bonding and secondary precipitation on the relative
strength of SiC,/Al composites [30,76].

In addition, the dispersion of reinforced particles with high
hardness and high elastic modulus in the aluminum matrix
will inevitably impede the movement of dislocations. When
the spacing between reinforced particles is sufficiently large,
the hardness becomes high enough to resist the cutting effect
of dislocations. As a result, the motion of dislocations is
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impeded, and they can only protrude from the reinforcing
particles. Eventually, these dislocations join together and
continue to move, leaving a dislocation ring around the rein-
forcing particles. This ring blocks the movement of dislocation
lines passing through it, thereby strengthening the composite
matrix. Generally, as the reinforcement particle content in-
creases, the spacing between particles effectively decreases.
This enhances the ability to impede the movement of dislo-
cations in the matrix, resulting in a more pronounced Orowan
strengthening effect.

5.3. Interfacial reactions

At temperatures of 700 °C—900 °C, the SiC particles did not
exhibit good wettability with the molten Al alloy. However, as
the temperature increased, the interfacial wettability
improved. At high temperatures, there is a risk of forming a
brittle and hydrolysable Al,C; phase [98]. If the sintering
temperature of the composite exceeds the melting point range
of the Al alloy, the Al alloy will transform into a molten state
during sintering. When SiC particles come into contact with
the Al alloy liquid, they would begin to dissolve. As the carbon
concentration reached saturation at the interface, Al,C; would
grow into the Al alloy liquid in block and needle shapes within
the Al alloy liquid.

SiC particles react with liquid aluminum at the interface,
resulting in the formation of a low-density product called
Al,C3, which predominantly coats the SiC particles. This
greatly reduces the density difference between the reinforced
particles and the aluminum alloy melt. Interfacial reaction is
closely related to temperature and reactant concentration, but
since the latter remains unchanged in this system. Therefore,
controlling the temperature can regulate the interfacial reac-
tion [99—101].

4Al1+ 3SiC — ALC; + 3Si 3)

Due to the unique nature of the extrusion casting method,
it cannot provide favorable thermodynamic and kinetic con-
ditions for the reactions described in formula (3). The use of
squeeze casting to facilitate pressure infiltration of SiC parti-
cle preforms with high-purity Al effectively prevents the for-
mation of Al,Cs. The contact time between the reinforced
particles and the molten aluminum was reduced due to the
cooling effect of the preform and the mold, resulting in a
decrease in the likelihood of interfacial reactions. Another
process involves preheating the SiC material to 600 °C, which
promotes the formation of SiO, oxidation layers on the SiC
particles [102]. Al4C5 cannot form due to the presence of SiO,
layers, which prevent direct contact between the molten Al
and the SiC.

6. Application
6.1. In automobiles

Particle-reinforced AMC is particularly suitable for
manufacturing anti-wear materials [103], such as piston rings
and bearing bushes. Toyota Motor Company has utilized SiC
particle-reinforced AMC material for producing piston rings

and engine connecting rods. In addition, the SiC particle-
reinforced AMC material can also be used to manufacture
cylinder linings, drive shafts, and other automotive parts
[104].

6.2. In aerospace

In the aerospace industry, SiC particle-reinforced AMCs are
used to manufacture load-bearing compression rods, guide
rails, and taxiing landing devices for helicopters, missile inlay
structures, and universal antenna stands, among other ap-
plications. In addition, the use of particle-reinforced AMCs in
satellites has been reported [105].

6.3. In precision instrument

SiC particle-reinforced AMCs have higher micro yield strength
and compression resistance, making them potential re-
placements for beryllium alloy in inertial navigation devices
[106]. In the infrared homing and guiding system, replacing
the original stainless steel with SiC particle reinforced AMCs
to manufacture universal joint parts can reduce the weight by
62%. In addition, SiC particle-reinforced AMCs can also be
used to manufacture laser gyroscopes.

6.4. Optical instrument

The United States has developed an ultra-light space tele-
scope that utilizes SiC particle-reinforced AMC material for its
bracket, support, and secondary mirror. This innovation
significantly reduces the overall mass of the telescope. By
controlling the content of SiC particles, the thermal expansion
of the composite can be matched with that of the reflection
layer, thereby achieving ideal stability over a wide tempera-
ture range [107]. In addition, SiC particle-reinforced AMCs can
also be used to replace beryllium and other precious metal
materials in the infrared observation mirror and launch con-
trol mirror of tactical tanks [108].

7. Conclusion and outlook

After nearly 30 years of research and development, particle-
reinforced AMCs are now rapidly moving towards commer-
cial production and application [71,109,110]. The key factors
that have been limiting the development of particle-
reinforced AMCs, such as complex processes and high costs,
are gradually being eliminated. The United States, Europe,
Japan, and other countries have invested significant financial
and material resources in establishing factories for industrial-
scale production of particle-reinforced AMCs. These factories
produce dozens of product types and specifications that have
been applied in various fields such as aerospace, military,
electronics, automobiles, and sports equipment. The particle-
reinforced AMCs have entered a stage of rapid growth. In the
21st century, China's economy and military will further
develop, and many fields (such as aerospace, military, elec-
tronics, and automobile industries) will undoubtedly demand
higher-quality materials for their development. These re-
quirements present opportunities for the advancement of
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particle technology. Nevertheless, this requirement provides
opportunities for the development of particle-reinforced
AMCs.

There are many types of particle-reinforced AMCs
[85,113—115], each of which has different composite effects,
interface structures, design methods, and preparation pro-
cesses. The testing of performance stability during service is
also a major challenge. Therefore, most high-performance
particle-reinforced AMCs have long research and develop-
ment cycles and a high risk of failure. Only governments can
afford to invest significant amounts of money in this chal-
lenging task. Particle-reinforced AMCs are a key area of
research and development in MMCs, owing to their excep-
tional performance [26,27,116]. The potential for development
in this area is extensive, and it is highly likely that these
materials will be widely produced and utilized. This wide-
spread production and application are expected to catalyze a
significant transformation in the field of advanced material
applications [71,91,117].

Some conclusions of this review paper are summarized as
following.

(1) SiC particle-reinforced MMCs have broad application
prospects in the aerospace industry, automobile in-
dustry, internal combustion engine industry, military
industry, and electronic civil industry. This is due to
their high specific stiffness, low coefficient of thermal
expansion, good wear resistance, heat resistance, and
excellent high-temperature strength.

The equipment used in stir casting is simple and easy to
operate. However, it is difficult to achieve even mixing
of the single reinforcement with the matrix material,
and there is a significant issue of material absorption.
Composites prepared by powder metallurgy have
significantly increased strength and hardness at both
room temperature and high temperature. They also
exhibit improved wear resistance and can be tailored to
achieve various types of composites, allowing for the
full utilization of each component material's charac-
teristics. Powder metallurgy is a cost-effective process
technology for producing high-performance composite
materials. Extrusion casting can significantly enhance
the strength, Young's modulus, and plasticity of com-
posite materials. The process and equipment involved
are simple, and the resulting structure is dense, free
from porosity, and exhibits stable material quality. As a
result, extrusion casting has found widespread appli-
cation in industrial production. The process cycle time
of the spray deposition method is short, and the form-
ing speed is fast. However, there are disadvantages such
as expensive equipment, porosity, and raw material
loss.

The use of relatively traditional methods for preparing
SiC particle-reinforced aluminum matrix composites is
gradually decreasing. The new techniques, such as the
high-energy ultrasonic semisolid composite method
and high-energy ball milling method, have generated
significant interest among scholars, leading to exten-
sive research being conducted. These new techniques
for preparing SiC,/Al composites have outstanding

—
N
-

—
w
-~

performance advantages and promising application
prospects in the automotive and aerospace fields. They
have significantly contributed to the development of the
automotive and aerospace industries.

Finally, the SiC particle-reinforced AMC has excellent
performance [118—123] and low cost. Combined with the do-
mestic and foreign particle-reinforced AMCs and the current
application scenario, future research on SiC particle-
reinforced AMCs can focus on the following aspects.

(1) It is possible to enhance the preparation process and
research level of particle-reinforced AMCs. The effec-
tiveness and cost of composite materials are directly
influenced by the level of preparation [124,125]. Hence,
it is imperative to develop innovative methods for
composite preparation, optimize process parameters,
and strengthen equipment construction. Such mea-
sures are crucial for enhancing the techniques of the
preparation process, and research in this field holds
immense significance.

(2) An alternative approach to enhancing the technological
advancement of particle-reinforced AMCs involves
optimizing the subsequent heat treatment process
[126—128]. A critical aspect of particle-reinforced com-
posites pertains to the interfacial bonding between the
reinforcement and the matrix alloy. Enhancement of
the subsequent heat treatment method can improve the
interfacial bonding, allowing for the adjustment of the
composite's performance to the desired optimal state.

(3) Machining proficiency of particle-reinforced AMCs,
including SiC particle-reinforced AMCs, can be
enhanced through appropriate cutting techniques, se-
lection of processing technology, and development of
tool materials [129]. The high hardness of the rein-
forcement particles in particle-reinforced AMCs results
in increased tool wear during mechanical processing.
Therefore, implementing suitable cutting methods,
selecting appropriate processing technology, and
developing suitable tool materials can effectively
reduce costs and conserve materials.

(4) There is actually an approach that can be taken to
improve the connection technology of particle-
reinforced AMCs at the level. AMCs are non-
homogeneous, multi-phase materials, and their
connection is much more complicated than that of
single-phase homogeneous materials [130—132]. An
effective and economical joining technology for SiC
particle-reinforced AMCs needs to be developed for in-
dustrial applications. The effective and economical
joining technology is one of the urgent issues in the
industrial application of SiC particle-reinforced AMCs.

(5) The reinforcement of particle-reinforced AMCs forms
galvanic coupling corrosion with the matrix alloy,
which accelerates the corrosion rate, even though it
improves the corrosion resistance of particle-reinforced
AMCs. Enhancing the corrosion resistance of particle-
reinforced AMCs is a crucial area of research in order
to make them suitable for various environments
[133,134]. The advancement and refinement of the
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manufacturing process will facilitate the widespread
utilization of SiC particle-reinforced AMCs in various
industries.
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