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This paper presents an overview of the characteristics and advantages of
carbon nanostructures as reinforcement in metal matrix composites. First, the
main carbon nanostructures are summarized. Then, the most common and
some new manufacturing methods for carbon—metal matrix composites are
reviewed. The associated challenges regarding dispersion, interfacial bonding,
and wettability during manufacturing are also discussed. The major proper-
ties of the carbon—metal matrix composites with aluminum, copper, titanium,
magnesium, and nickel as base metals are summarized. Finally, the trends
and future directions of nanocarbon-infused metal matrix composites are

highlighted.

INTRODUCTION

Metals and their alloys are well known for their
high strength, toughness, and elastic modulus.
However, with the increasing demand for materials
in automotive,' airline/aerospace,® defense,® oil/
gas,* sports,” and electronics industries,® a need
for lighter materials with better physical and
mechanical properties has been recognized. This
quest has led to the development of metal matrix
composites (MMCs). These materials are formed by
a metallic base (usually Al, Cu, Mg, Ni, or Ti),” and
a reinforcement (commonly nitrides, metal oxides,
carbon, and carbides).® The reinforcement can be
mainly particles or fibers,” and it tends to improve
the density,'® and the mechanical'! and electrical
properties'” of the base metal. An adequate rein-
forcement is required to have good mechanical and
chemical compatibility with the metal matrix.'?
MMCs have excelled for having high hardness,
thermal conductivity, tensile strength and ductility,
corrosion resistance, and low thermal expansion
coefficient compared with the base metals.>'*!®
However, MMCs present limitations such as poor
dispersion of the reinforcement,” weak interfacial
bonding, and poor wettability between the two
components,'® which have limited their perfor-
mance and large-scale production.

(Received September 30, 2022; accepted May 15, 2023;
published online June 7, 2023)

In recent years, wettability has been treated
through doping with carbide formers and surface
modification, due to the physical bond and the large
contact angle between metal and carbon.'” Magne-
sium can be used to increase the formation of
carbides between metal alloys and carbon. Previtali
et al. manufactured aluminum matrix composites
with 1% of magnesium by stir casting to enhance
the wettability between the metal matrix with
silicon carbide (Fig. la, b) and boron carbide
(Fig. 1c, d) and so avoid undesirable reactions.'®
Similarly, Yang et al. utilized a coating of tungsten
at the interface between graphite and a copper
matrix to boost the thermal conductivity of the
composite by more than 40% (Fig. 2a—c).'?

Interfacial bonding also plays an important role
in the mechanical properties of MMCs. Interfacial
bonding between the metal and the reinforcement
can be improved by utilizing alloying, the addition
of wetting materials, and heat treatments.'*2%?!
For instance, the usage of silicon carbide in carbon
nanotube—aluminum matrix composites (CNT-Al
MMCs), obtained by powder metallurgy, can reduce
the reactivity between the aluminum and the
carbon, hindering the formation of aluminum car-
bide (Al4C3), as shown in Fig. 3.2 Although inter-
facial bonding can help transfer loads from the
matrix to the reinforcement and increase the
mechanical properties of MMCs, the ductility of
the matrix can also be affected by the characteris-
tics of the interface region. Poor interfacial bonding
has also been addressed by alternative synthesis
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Fig. 1. Scanning electron micrographs of aluminum matrix composites reinforced with (a, b) SiC, and (c, d) B,C using a liquid manufacturing
process and magnesium as the carbide former. Reprinted with permission from Ref. 18.

Fig. 2. Scanning electron micrographs of carbon nanotubes—copper matrix composites (a) before and (b, c) after a coating of the reinforcement
with tungsten was performed to enhance the wettability between the carbon nanotubes and the copper. Reprinted with permission from Ref. 19.

methods, such as the electrocharge-assisted process,
in which high electric energies are employed to
ionize carbon and metal components, creating a
covalent bonding between them.??

MMCs can develop chemical and physical bond-
ing. In the chemical bond, a carbide interface
between the two components of the composite is
formed. This carbide formation can improve the
mechanical properties.>* However, in most cases,
large amounts of carbide compounds degrade the
mechanical properties of MMCs.?>?° Likewise, the
physical bonding affects the surface roughness of
the reinforcement and also any external wetting

agent or carbide former introduced to enhance the
mechanisms of interaction between the base mate-
rial and the reinforcement.?’

To reduce the lack of dispersion and agglomera-
tion, Wang et al. synthesized carbon nanotube—
copper matrix composites (CNT-Cu MMCs) by a
combined electroless deposition and spark plasma
sintering process.”® The CNT was activated through
purification, oxidation, and sensitization, and was
then reduced by electroless deposition and surface-
coating with nano-copper (Cu-CNT). Cu-CNT pow-
ders and CNT powders were individually dissolved
under sonication in anhydrous ethanol. The two
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Fig. 3. Transmission electron micrographs (a) at 50 nm and (b) at 5 nm showing the effect of silicon carbide on the carbon aluminum interface.

Reprinted with permission from Ref. 22.

parts were blended and mixed with polyethylene
glycol, stirred for 2 h, filtered, and dried at 50°C for
24 h in a vacuum. The previous powders were later
sintered by spark plasma at 700°C and 50 MPa for
5 min. The compositions obtained through this
process presented higher compatibility between
the two components, which was reflected in a better
reinforcement distribution with low
agglomeration.?®

Carbon MMCs follow at least one of the following
four strengthening mechanisms: Orowan mecha-
nism, thermal mismatch, Hall-Petch effect, and
load transfer mechanism.?” The Orowan mechanism
states that the strength of the material will be
enhanced by the movement restriction and stacking
of dislocations around the reinforcement in the
metal matrix. In the case of the thermal mismatch,
since the coefficients of thermal expansion are
different between the metal and the reinforcement,
plastic deformations produced in the matrix will
increase the density of dislocations during the
cooling of the components. The Hall-Petch effect is
a grain boundary mechanism where an impediment
of dislocation movement within the matrix is pre-
vented by changing the grain size.?° Finally, the
cohesion between the matrix and the nanocarbon
contributes to boosting the transfer capacity of loads
from the matrix to the stronger reinforcement
material, increasing the strength of the composite.>*

The increasing interest in the diverse carbon
MMCs is reflected in the number of publications
over the last decade, as shown in Fig. 4a. The
predominant carbon reinforcements have been
graphene and carbon nanotubes (Fig. 4b), due to
their inherent characteristics, which are described
below.

NANOCARBON ALLOTROPES

Carbon can form many different structures
(Fig. 5) due to its unique sp? and sp® hybridiza-
tions,®® which allow the formation of structures as
soft as graphite and as hard as diamond.?* Diamond
is stronger than graphite or any other carbon
structure due to the covalent bond between the
carbon atoms, in contrast with the weak van der
Waals forces between the layers of the graphite
sheets.?®

Fullerene

Fullerene was discovered in 1985, a whole new
research area was developed, and, subsequently, a
great number of investigations into carbon full-
erene-reinforced composite materials emerged.®®
The fullerene family consists of carbon molecules
that can be formed in different shapes including
hollow spheres, ellipsoids, or tubes. The different
forms of carbon have their own specific names, such
as buckyballs for hollow spheres, and carbon nan-
otubes (CNTs) for cylindrical shapes.37

Carbon Nanotubes (CNT's)

In 1952, Radushkevich and Lukyanovich first
observed and described CNTSs.?® There are two types
of CNTs: single-walled nanotubes (SWNTs) and
multi-walled nanotubes (MWNTS). In recent years,
both have been deployed as reinforcement for
metallic matrices due to their excellent mechanical
properties.® In addition, MWNTSs, which consists of
multiple SWNTs wrapped around each other, were
discovered accidentally by Iijima in 1991 when
trying to formulate the C60 fullerene.*® Since then,
CNTs have been extensively researched due to their
excellent electrical, thermal, and mechanical prop-
erties, including a minimum of Young’s modulus
(1 TPa), extremely high conductivity (3000 W/mK),
and non-corrosive properties to both acid and alkali
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Fig. 4. (a) Number of publications on carbon metal matrix composites over the period 2010-2022, (b) predominant carbon structures employed
in carbon metal matrix composites over the period 2010-2022. Data for these figures were collected from Ref. 32.

(c)

Fig. 5. Carbon allotropes: (a) carbon nanotubes, (b) graphene, (c) graphite, (d) nanofibers, (e) nanodiamond, and (f) fullerene.

media.*’™*® SWNTSs can be compared to the single
roll of a flat graphene sheet into a cylinder. The
three major methods to synthesize CNTs are: laser
vaporization, arc-discharge (above 1700°C), and
chemical vapor decomposition (CVD).?® The use of
a combination of two metals, such as Co, Ni, Y, and
Fe, has been favorable for the production of SWNTSs,
especially Co/Y and Ni/Y.** Moreover, CVD is the
only non-batch-scale process that will not limit
production capacities. CVD is also widely accepted
these days, since this process allows the orientation,
alignment, resizing, and purification of CNTs.*®

Carbon Nanofibers

The development of nanofibers started in the
1960s and has supported the subsequent develop-
ment of nanotubes. Carbon nanofibers are charac-
terized by presenting high mechanical properties,
low densities, and low thermal expansion coeffi-
cients.'* They present a preferred orientation that
facilitates their good mechanical, electrical, and
thermal properties across the axis of the fiber.*’
They are mainly produced from polyacrylonitrile
through CVD and melt-spinning. The electrospin-
ning method, usually employed to synthesize poly-
mers, has also been adapted to obtain carbon
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nanofibers. Inagaki et al. synthesized carbon nano-
fibers from polymers nanofibers obtained by elec-
trospinning. Then, they carried out a carbonization
process at 1000°C to obtain carbon nanofibers.*®

Graphene

Graphene was first synthesized in 2004, since
then it has excelled in its physical, chemical, and
mechanical properties, and has been demonstrated
to be an alternative to CNTs due to a better
dispersion into the metal matrix and good bonding
interfaces.*” It consists of the sp? hybridized single
atomic layer of carbon®® and has potential agplica-
tions in catalysts, optics, and electronics.*’ It is
mainly produced by mechanical exfoliation and
thermal decomposition of silicon carbide, CVD,
and thermal reduction of graphite oxide.*°

Nanodiamond

Nanodiamond is characterized by presenting the
sp® hybridization and forming stable carbon aggre-
gates at ambient temperature.®! It excels in having
an excellent hardness, inertness, and optical and
thermal properties.52’5é Techniques to process nan-
odiamond include detonation, CVD, and laser abla-
tion. It has been used as reinforcement for ceramics,
polymers, and metals in biomedical applications due
to its low toxicity.?*

Graphite

Graphite is the most stable structure of carbon
under ambient conditions, and is divided into
crystal flakes, crystal lumps, and amorphous.?®®
Graphite presents a hexagonal or rhombohedral
layered structure forming 120° between carbon
atoms with covalent bonding between the layers
and weak van der Waals bonds perpendicular to the
layers.?”%® Due to its anisotropy, graphite presents
good electrical and thermal conductivities across
strong covalent bonds.?® Graphite is commonly used
as an electrode conductor and solid lubricant.*® It is
obtained by exfoliation, reduction, and deposition
methods.®°

SELECTED PROCESSING TECHNIQUES

Techniques to produce C-MMCs are divided into
solid, liquid, and deposition. Powder metallurgy and
friction stir processing are the most common solid
methods. Liquid methods include stir casting and
an electrocharge-assisted process. The most
employed deposition methods are cold spray and
plasma spraying. Some outstanding properties
achieved through these techniques in MMCs are
shown in Fig. 6 and Tables I and II.

The most common processing techniques
employed to produce nanocarbon-infused MMCs
are shown in Fig. 7. In addition, the characteristics
of some selected carbon metal matrix composite-
processing techniques are described below.
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Stir Casting

Stir casting is an economic process that consists of
melting the matrix metal by employing an induction
or electric furnace and later adding particulate
reinforcement to the molten material. The rein-
forcement is usually dispersed by mechanical stir-
ring.®® Several strategies have been implemented to
increase the efficiency of this method, such as
centrifugal,®® squeeze,”® and pressure infiltration.®”
In centrifugal casting, the molten material is trans-
ferred to a rotating mold, which is maintained at
high pressure.®® In the squeeze casting process, the
composite is poured into a die in which the material
is then hydraulically pressed.®® In pressure infiltra-
tion, the molten matrix is injected at high pressure
into a mold that contains the reinforcement.”

Powder Metallurgy

Powder metallurgy is the most employed tech-
nique to fabricate carbon MMCs. The powder met-
allurgy method consists of an initial mixing of the
raw material powders with a control agent®
through ball milling,”* ultrasonication,’® or both.?*
Ball milling involves the use of small balls, usually
steel or zirconia.”® Some reports have found that
higher velocities and larger times of mixing ensure
better properties for the resulting composites.?®%7
The mixed powders are uniaxially compressed by
using a wide range of forces. Compression can be
made at room and high temperatures by following
either hot pressing,®® spark plasma sintering,”® or
deformation processing.'’® Room-temperature com-
pression is followed by a sintering step up to
24 h.1°0192 Composites obtained by powder metal-
lurgy are often subjected to post-treatment to
improve their properties. Hot extrusion'®® and hot
rolling'®* are some of the most common post-treat-
ments for powder metallurgy-obtained carbon
MMCs. It has been observed that the application
of these secondary processing after the consolida-
tion step assures an increase in the mechanical
properties of the composites.'®® Some of the issues
presented in this method include poor interfacial
bonding due to low temperatures of consolidation,
and poor dispersion of the reinforcement.'%®

Cold Spraying and Plasma Spraying

C-MMCs have also been manufactured by cold
spraying'®’ and plasma spraying.'°® Cold spraying
is performed at room temperature with supersonic
speed and pressurized helium gas.!®® On the other
hand, plasma spraying melts the materials at
atmospheric pressure with a thermal spraying
source. The metal and the reinforcement are
deposited in a molten or semi-molten state on the
substrate. The cold spraying process presents some
advantages over plasma spraying. They include no
bulk particle melting due to the low temperature of
the process, no requirement of electrical heating
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Fig. 6. Outstanding (a), tensile strength, (b) hardness, and (c) electrical and thermal conductivity of selected carbon-reinforced metal matrix

composites.

equipment or fuel gases, high hardness, lack of
stresses caused by temperature changes, and highly
dense coatings with minimal effects created by
oxidation and phase changes. However, cold spray-
ing is a high-cost process due to the employment of
inert gas and ductile binders for hard brittle
materials.™*°

Electrocharge-Assisted Process

This method was first introduced by Third Mil-
lennium Materials LL.C, who devised a new method
based on the combined use of an induction furnace
and an electric arc system. In this manufacturing
process, the base metal is melted in a conventional
induction furnace while stirring. After adding car-
bon, the melted metal is subjected to an electric arc
discharge, with the help of two graphite electrodes,
to obtain the energy necessary to ionize the carbon.
It is believed that this creates covalent bonding
between the metal and the carbon ions.%°

Recently, variation of this method was imple-
mented by Ma et al. This method, known as electro-
beam melting, starts with mechanical mixing
between powder carbon and powder metal, followed
by drying in a vacuum environment, grinding, and
pressing in pellets. Samples were introduced into
the melting chamber, in which they are melted by
applying a power of 8 kV and 1200 mA. The control
of the position of the sample inside the chamber
allows the samples to be stirred electromagnetically.
Then, the molten material was cooled by using a
vacuum. From scanning electron microscopy (SEM)
images, the authors could identify the formation of
carbon nanoribbons with a size ranging from 20 nm
to 50 nm. Likewise, results from high resolution
transmission electron microscopy (HRTEM) showed
that the carbon nanoparticles were comprised of
distorted graphite sheets. They further investigated
the behavior of this 0.4 wt.% carbon—copper as a
thin film. From the sample previously produced by
electro-beam melting, they deposited layers approx-
imately 18 nm thick on sodium carbide and glass
substrates by electron beam evaporation. SEM
characterization of the films showed that they were
formed by graphitic carbon nanosheets into an
interconnected carbon pathway, as well as by some
parts of amorphous carbon.

Other efforts to manufacture C-MMCs based on
the electrocharge-assisted process have been pub-
lished recently. In 2020, Kareem et al.''! synthe-
sized Al with 3 wt.% of carbon by using a furnace
and electric configuration constructed entirely in
their laboratory. They employed aluminum wires
and graphite powder as starting materials. Gra-
phite was dried under vacuum at 250°C for 1 h and
rolled in aluminum foils before being introduced
into the molten aluminum, which was held at
850°C + 5°C. A set of amperages, voltages, and
current flow times were utilized to create the
electric arc (170 A at 12V and 24 V; 290 and
400 A at 36 V; 6, 8, and 16 min), and, therefore,
determine the minimum values required for the
electrocharge-assisted process to occur. Other
details of the manufacturing process include the
employing of a blender to stir the molten metal and
the subsequent pouring of the molten aluminum
into previously lubricated and heated steel molds.
The final step was to allow the poured material to
cool in an air atmosphere. They concluded that
applying 170 A and 12 V was enough for carbon
ionization to take place, and, more importantly, that
the composition obtained under these conditions
presented higher values of conductivity and hard-
ness, as well as a lower density.'!!

DIFFERENT METAL MATRIX COMPOSITES

The most common metals used for MMCs are
mentioned here. A review of the most recent com-
positions with outstanding properties, as well as the
current trends for manufacturing techniques of
each metal matrix, is discussed.

Aluminum Matrix Composite

The main objective to introduce carbon to alu-
minum is to enhance the mechanical properties,
which has been reached up to a point, but there still
exists the problem of decreased ductility. Carbon—
aluminum matrix composites (AlI-C MMCs) have
drawn attention due to their high tensile strength
and modulus, low density, high stiffness, and wide
potential applications.'’*'* Chen et al. tested the
mechanical properties of MWCNT-reinforced alu-
minum MMCs fabricated by a powder metallurgy
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Table I. Selected processing techniques for manufacturing nanocarbon-infused metal matrix composites

Process Description Advantages Disadvantages Reference
Cold spraying Particles are accelerated at low temperature High homoge- Plastic deformation in- 61, 62
to a substrate. Deposited particles are plas- neous distribution  volved in the process
tically deformed and create a bond with the of the particles creates agglomeration
substrate Phase
transformations
are avoided
Plasma spray- Molten particles are projected to the sub-  Highly crystalline High cost 63, 64
ing strate coatings
Electrocharge- Reinforcement particles are added to the = Strong interfacial Lower reinforcement 65, 66
assisted pro- molten matrix bonding content than the calcu-
cess The bath is subjected to an arc discharge Superior carbon lated
at high amperages solubility Inhomogeneous
dispersion of the
reinforcement
Stir casting Reinforcement is added to the molten Low cost Interfacial reaction be- 67, 68
matrix while mechanical stirring High tween matrix and rein-
compressive forcement
strength Aggregation of
reinforcement
Undesirable chemical
reactions
Powder met- Mixing of matrix and reinforcement by ball Low formation of Reduction in the aspect 69, 70
allurgy milling by-products ratio of the carbon rein-

Compaction and sintering through hot
pressing and spark plasma sintering

Synthesis of a forcement

wide range of Inhomogeneous

compositions dispersion of the
reinforcement

route. A uniform distribution of the carbon nan-
otubes with a composition of 0.6 wt.% was observed.
From the tensile test, it was found that the carbon
nanotubes started to elongate and to act as liga-
ments to avoid the propagation of cracks, and, more
importantly, a strengthening mechanism was also
presented due to a load transfer effect across the
nanotube walls.®”

Aluminum matrix composites have also been
reinforced with graphene nanoplatelets. Alam
et al. fabricated graphene nanoplatelet—aluminum
matrix composites (1-5 wt.%) by employing a pow-
der metallurgy method. Their results showed an
increase in the homogeneous distribution, wear
resistance, and hardness at low doping levels
(< 3 wt.%) due to a later formation of Al,Cs.''°
Carbon nanodiamond has also been employed as a
reinforcement in aluminum matrix composites. Woo
et al. utilized high-energy ball milling and low
pressure cold spray techniques to produce an alu-
minum matrix composite with a reinforcement of
10 wt.% nanodiamond. Their synthesis process
included the mixing of both aluminum and nanodi-
amond powders in a ball mill for between 0.5 h and
3 h, and then a heat treatment of 24 h at 420 °C. An
important finding was that nanodiamond affects the
behavior of the powders in the milling process, by
reducing the grain size due to its brittleness. They
found that the coating had superior mechanical

properties (elastic modulus = 98.3 GPa, hardness
3.27 GPa) due to strain hardening and grain rein-
forcement. Raman spectra also revealed the pres-
ence of Al,C; formed during the milling process.®

Chen et al. studied the coefficient of friction and
mechanical properties of AI-CNT MMCs obtained by
cold spraying. Their results showed that the inden-
tation depths decreased and the elastic modulus and
hardness increased as the reinforcement increased
between 0.5 wt.% and 1 wt.%.''® They concluded
that the cold-sprayed AI-CNT MMCs have higher
elastic strength and hardness than the cold-sprayed
Al-CNT MMCs.On the other hand, the coefficient of
friction of the composite did not present any change
with the addition of CNT.''® In turn, plasma
spraying produces purer, denser, and stronger
deposits, although it  requires complex
equipment.!1?-118

Another attempt to improve the mechanical prop-
erties without sacrificing the ductility of the CNT-
aluminium MMCs has been through the modifica-
tion of their bonding conditions. Chen et al. imple-
mented a series of synthesis techniques including
ball milling of the Al powders, mechanical solution
coating to incorporate CNTs (1 wt.%), spark plasma
sintering at 526°C, 576°C, and 626°C, and a final
hot extrusion step using a pressure of 30 MPa. The
best mechanical properties were achieved at the
higher sintering temperature, showing that high
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Table II. Characteristics of carbon-reinforced metal matrix composites as mentioned in Fig. 6

Composition Reinforcement Synthesis method Reference
1.3 wt.% of C in Mg Carbon nanotubes Disintegrated melt deposition 14
1 wt.% of C in Ni Graphene Selective laser melting 27
0.4 wt.% C in Ti MWCNT Spark plasma sintering 71
1 wt.% of C in Al Graphene Spark plasma sintering 72
0.5 wt.% of C in Al Few-layered graphene Powder metallurgy 73
5 wt.% of C in Cu MWCNT Electroless plating, and die-stretching 74
2.0 wt.% C in Cu 3D graphene-like network In situ processing 75
2 wt.% of C in Al Cu coated carbon nanofibers Rheocasting and extrusion 76
15 vol.% of C in Cu Super-aligned carbon nanotubes Electrodeposition 77
5 vol.% of C in Cu Carbon nanotubes Vacuum sintering method 78
0.6 wt.% of C in Cu Graphene Molecular-level mixing and SPS 79
0.75 wt.% of C in Ni Carbon nanotubes Spark plasma sintering 80
1.0 vol.% of C in Mg Carbon fibers Powder metallurgy 70
0.5 wt.% of C in Ti Graphene Powder metallurgy 81
1.0 vol.% of C in Mg Carbon nanotubes Chemical synthesis and hot extrusion 82
4.0 wt.% of C in Mg Carbon nanotubes Powder metallurgy 83
6 vol.% of C in Ni Carbon nanotubes Molecular-level mixing and SPS 84

temperature is the cause of better ductility and
increased diffusion of the atoms in the CNT-Al
interface.'*® The CNT-AIl interface was also inves-
tigated by Zhou et al. They observed that the better
the CNTs are dispersed into the metal matrix, the
more stable the C-Al interfaces that are formed.
They also noted that a controlled formation of Al4,Cs
was useful to increase the load transfer strength-
ening due to the covalent bonding between the
CNTs and the aluminum carbide.?°

Hanizam et al. utilized the stir-casting method to
fabricate CNT—aluminum alloy matrix composites.
Magnesium pellets were used as a wettability agent.
Aluminum alloy was melted at 700°C in an induc-
tion furnace, then the CNT powders and magne-
sium were mixed, wrapped in aluminum foils, and
added to the molten aluminum alloy. The batch was
stirred at 200 rpm for up to 10 min and poured into
a mold. Then, the samples were subjected to the
forming process, which consisted of transferring the
samples to a pneumatic cylinder placed within the
heating coil of the furnace. The system was heated
at 580°C and a forging load of 5 tons. SEM images
showed a homogeneous CNT distribution and their
presence in the aluminum alloy grain boundaries.
Also, they concluded that longer stirring times
produced materials with better mechanical proper-
ties. The amount of CNTs also influenced the
mechanical properties of the composites, for exam-
ple, the composition with 0.5 wt.% of CNTs was the
one that obtained the highest hardness.'?! Isaza
et al. reinforced ASTM-100 aluminum with
MWCNTs through a sandwich technique. The
MWCNTSs were dissolved in a solution of polyvinyl
alcohol and distilled water. Then, the resulting
solution was stirred for 1 h, sonicated at 40-60 kdJ,
and cured for 8 days at room temperature. This
technique allowed them to obtain composites with

excellent tensile strength and elastic modulus due
to an excellent dispersion and ali§nment of the
MWCNTSs within the metal matrix.'*?

Copper Matrix Composite

The main objective to introduce carbon to copper
is to decrease the overall density while increasing
the mechanical and thermal properties for light-
weight and heat sink applications.?*'?* One of the
advantages of C-Cu MMCs is the small formation of
carbides; however, wettability between Cu and C is
still a challenge. Likewise, carbon—copper MMCs
(C-Cu MMCs) present superior thermal conductiv-
ity (~ 3000 W/mK) compared to copper (~ 400 W/
mK).'?® Chu et al. obtained C-Cu MMCs by using
spark plasma sintering (SPS). They found that the
CNT reinforcement tended to form clusters in the
metal matrix above 15 vol.%. Dong et al. measured
the hardness and coefficient of friction of C-Cu
MMCs by employing Ni-coated CNTs as reinforce-
ment. The hardness increased up to 12 wt.% of
CNTs, and the coefficient of friction decreased by up
to 15 wt.% of reinforcement due to higher porosity
and poor fracture propagation.'?® In addition, Cha
et al. found that CNTs are the most efficient
compared to carbide reinforcements such as SiC.
Yield strength and Young’s modulus increased by
up to 8 times by using between 5 vol.% and 10 vol.%
of CNTs in C-Cu MMCs.'?” In another work, Chen
et al. synthesized super-aligned C-Cu MMC films by
electrodeposition. The procedure consisted of
depositing CNT films on Cu layers previously
obtained from an electroplated solution of copper
sulfate, glucose, and sulfuric acid, employing differ-
ent deposition times and volume fractions of carbon.
They reached a high strength (302 MPa) without
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sacrificing ductility, which showed an outstanding
value of 11.5%.""

New methods such as a 3D carbon network have
recently been implemented to manufacture C-Cu
MMCs. This method consists of an initial solution of
Cu powders, ethanol, water, and sucrose, which was
sonicated and heated at 75°C until evaporating and
dried at 80°C for 4 h. The resulting material was
introduced into a quartz tube and heated at 800°C

under Ar and H, atmosphere for 10 min.'?® After
employing the above methodology, Zhang et al.
obtained graphene—copper matrix composites in
which the thermal stress generated by the matrix
and the reinforcement allow the creation of a
regular 3D graphene network. This network is
responsible for the exceptional mechanical and
physical properties of this composite.’® Zhang
et al. manufactured 5 vol.% graphene and graphene
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oxide-reinforced copper matrix composites by a
combined catalytic reaction—spark plasma sintering
method. Graphene also results in a better reinforce-
ment to copper matrix composites than graphene
oxide because the presence of graphene oxide can
facilitate the formation of copper oxides. This was
attributed to the differences in the interfaces of the
two compositions, since the graphene—copper inter-
face was regular and without any contaminant,
while the graphene—oxide interface appeared much
more complex because of the presence of additional
phases such as copper oxide and amorphous
carbon.'?

Electrodeposition is a common method to manu-
facture nanodiamond-copper matrix composites,
but a poor understanding of the carbon-metal
interface has limited its implementation. Cho
et al. utilized this technique to obtain different
samples of this composite with 68 wt.%. They found
that the thermal conductivity decreased at a small
reinforcement size, which was ascribed to an
increase in the electrical current density from the
electrodeposition step.'®° Aligned CNTs were used
as reinforcement for copper matrix composites by
Zhao et al. They measured their performance con-
cerning reinforcement dispersion and distribution,
density, and interfacial interactions between the
two components. SWCNTs were electroless-plated
with Cu and Ni and dried in a vacuum for 3 h. The
components were later mechanically stirred by
sonication and dried again for 2 h at 40°C. The
resulting powders were compacted at 50 MPa and
sintered at 950°C for 120 min in an Ar atmosphere.
SEM images showed a homogeneous distribution of
the SWCNTs and a preferential alignment along the
stretch direction, which led to the formation of an
anisotropic composite.”*

In 2017, Zhang et al. manufactured graphene—
copper matrix composites in a novel way. First, they
dissolved copper (II) nitrate trihydrate, glucose, and
sodium chloride in water while stirring. Then, the
solution was placed at — 20°C until a dry gel was
obtained. The resulting precursor was calcined at
750°C under an H, atmosphere for 2 h. The remain-
ing sodium chloride was cleaned with deionized
water. The graphene content in this material was
26.8 wt.%. The powders were impregnated with
copper powder by an impregnation—reduction
method. The final composition was placed into a
graphite mold and hot-pressed sintered for 1 h in a
vacuum at 800°C and 50 MPa. Their results showed
the formation of a discontinuous graphene network
sheet with strong interfacial bonding and high
ductility due to the anchor and the high number of
nucleation sites between graphene and cooper
within the two synthesis steps.”” The 3D graphene
network sheet reinforcement was also explored by
Zhang et al. by employing a powder metallurgy
method. Cu powders were added to a solution of
sucrose, ethanol, and water, and sonicated for
20 min at 75°C. The dry material (80°C for 4 h)
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was transferred to a CVD quartz tube, which was
heated at 800°C for 10 min in an Ar and Hjy
atmosphere. The composite was placed in a graphite
mold, pressed at 50 MPa, and heated at 800°C for
1 h. The thermal stress created due to the difference
in the coefficient of linear thermal expansion of
copper and graphene produced a welding process
between the matrix and C-Cu MMCs reinforcement
layers, which favored the strengthened interfacial
bonding.%®

Nickel Matrix Composite

Nickel MMCs (C-Ni MMCs) have been studied as
coatings in recent years.'*"'®? Borkar et al. have
carried out experiments using pulsed electrodeposi-
tion to manufacture Ni-C MMC coatings. CNTs
were pretreated with nitric acid to unbundle them
for homogeneous distribution inside the matrix.
SEM was taken for the Ni and Ni-CNT MMC
coatings. The Ni-CNT MMC coatings (9 um) are
about half the Ni coatings (19 ym) due to the
restriction of Ni columnar growth by the CNTs.
The experiment also showed that the microhardness
of the Ni-CNT MMCs was more than 1.8 times
higher than that of the unreinforced metal. This
result also has proved the Hall-Petch and Orowan
mechanisms to be the cause of the strengthening.'3?
Carpenter et al. did similar testing and compared
Ni, Ni-CNT MMCs with 1.6 vol.% and 3.7 vol.% for
their wear behavior. The results are similar to those
of Borkar et al. in that the wear resistance increased
as the CNT reinforcement increased; although the
wear rate started to flatten after 3.7 vol.% CNTs.'3*
Yamanaka et al. studied the thermal conductivity
and electrical conductivity of Ni-CNT MMCs by
manufacturing Ni-CNT MMCs by SPS by varying
the sintering temperature and volume fraction of
the CNTs. Both the thermal conductivity and
electrical conductivity of Ni-CNT MMCs with
1 vol.% CNT had their highest value at 873 K.'3°

Some works have compared the properties of Ni
and Ni-CNT MMCs. For exam6ple, there have been
studies on wear resistance,®®37 and on electron
transport and electrocatalytic properties.'®® Like-
wise, Sun et al. studied the mechanical strength of
carbon—nickel nanocomposites using SWNTs and
MWNTSs,'®® and Jeng et al. nanotribologically char-
acterized Ni-CNT MMCs.'®® In addition, Sahoo
et al. have extensively investigated Ni-CNT MMCs
with electroless plating methods to evaluate the
hardness and wear properties of Ni-CNT MMCs.*°
An electrodeposition technique has been employed
to obtain carbon-reinforced nickel matrix compos-
ites from both activated carbon and 50-um metal
particles.'*’  Carbon nanotube—nickel-reinforced
matrix composites were synthesized by SPS with
mass fractions between 0.25 wt.% and 1 wt.%. After
the synthesis, part of the carbonaceous material
was transformed into another morphology due to
the pulsed current field involved in the sintering
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step. The composition of 0.75 wt.% increased both
the hardness and the ductility of the composite
compared with that of nickel. 5

Nanodiamond has also been utilized as a rein-
forcement for nickel matrix composites. Suarez
et al. studied transformations of nanodiamond
structures at high temperatures. Raman spec-
troscopy results showed that the ratio sp®/sp?
depends on the anneahng temperature, being larger
in the presence of sp® at higher temperatures of heat
treatment.'*? The powder metallurgy method has
also been employed to fabricate graphene-nickel
MMCs with 1 wt.%. The tribological performance of
this kind of composite was evaluated by Lei et al.,
and XPS and Raman characterization showed that
graphene increased the wear resistance of the
composite by a transformation of the graphene into
amorphous carbon and polymeric material due to
the friction process.!*® Aristizabal et al. obtained
CNT-nickel matrix composites by utilizing a plastic
deformation process. They employed a colloidal
technique to mix Ni and CNT powders, which were
pressed at 990 MPa, sintered in a vacuum for 3 h at
900 °C, and subjected to high pressure torsion at
2 rpm, 4 GPa, and different turns (1,4, 10, 20). The
high-pressure torsion generated grain refinement
and hardemng phenomena at high CNT contents
due to an increase in screw dislocations.'** Fur-
thermore, experiments with other processes for
other applications have been made, including Ni-
coated SWNTs used for lightning- str1ke protec-
tion,'*® materials for supercapamtors 6 hydrogen
storage 147 L,CD backlights,'*® direct methanol fuel
cells, nanocomp051te films for electrical contact
apphcatlons 9 and amperometric and potentiomet-
ric field-effect bio-chemical sensors.'®!

Magnesium Matrix Composites

The incorporation of carbon structures in magne-
sium matrices seeks to enhance corrosion resistance
and mechamcal strength at room and high temper-
atures.’® Hou et al. studied 1.5 vol.% carbon fiber—
magnesium matrix composites fabricated by powder
metallurgy. Some carbon fibers were pretreated by
nickel plating at 65 °C for 5 min in solutions with
different pH values. X-ray diffraction (XRD) char-
acterization of the coated samples showed the
formation of NizgP and Mg,Ni phases due to the
presence of nickel, unlike the non-coated samples,
in which none of these phases were present. NisP
and Mg,Ni favored the interfacial wettability of the
composites by creating a string combination
between the carbon fibers and magnesium. The
hardness of pure magnesium increased by more
than 80% in the nickel-plated composite sample
with 1.0 vol.%.”

Xiang et al. synthesized magnesium matrix com-
posites with graphene nanoplatelets as reinforce-
ment (between 0.7 wt.% and 1.6 wt.%) by employing
a novel method for carbon incorporation.
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Commercial graphene nanoplatelets were dispersed
in a surfactant and exfoliated ultrasonically. Mag-
nesium and a solution of polyvinyl alcohol were
mixed and stirred for 1 h. This semi-product was
mixed with exfoliated graphene nanoplatelets and
heated until reaching water evaporation. The
resulting product consisted of polyvinyl alcohol-
modified magnesium coated with graphene nano-
platelets. The final step consisted of adding the
above product into a melted alloy of magnesium and
zinc. The mechanical properties of the material
increased as the concentration of the reinforcement
increased, and they were higher than those of the
untreated alloy due to reduced grain size and a load
transfer effect.'”

Nanofiber-reinforced magnesium matrix compos-
ites were obtained by Abdo et al. They used powder
metallurgy and 1 wt.%, 3 wt.%, 5 wt.%, and
10 wt.% of carbon reinforcement. Consolidation of
the bulk material was reached by high-frequency
induction heat sintering. The introduction of carbon
fibers into the magnesium matrix reduced the
strength of the composite after using more than
1 wt.%. They concluded that reaching strong inter-
facial adhesion between the magnesium and carbon
fibers 1ncreased the mechanical propertles of the
composite.'®* A CNT- reinforced magnesium matrix
composite was manufactured through powder met-
allurgy with CNT surface modification. First,
tetrahydrofuran and CNT were sonicated for
30 min, then Li powders, MgCl,, and naphthalene
were added to the solution, which was stirred for
24 h at room temperature. The resulting product
was filtered, washed with ethanol, and dried in a
vacuum at 70 °C for 3 h. Finally, the composite was
cold-pressed at 500 MPa, and sintered for 1 h at
500°C. A later hot-compression step (700 MPa,
380°C) was also carried out. SEM images revealed
the formation of crystal Mg nuclei in the form of a
layer on the CNT walls. They concluded that the
initial atomic level mixing of Mg and carbon pro-
duced in the initial step of the synthesis generated
an enhanced interfacial bonding and wettability
between the components.®?

Titanium Matrix Composite

Carbon—titanium matrix composites (Ti-C MMCs)
have been the main focus of study for their corrosion
resistance, high tensile strength, light weight, and
toughness at extremely high temperatures.
Although Ti has excellent mechanical properties
and the versatility of its uses has included environ-
mental usage, the high cost of elemental titanium
has limited it to mostly military applications.'® The
Ti-C MMCs manufacturing processes include power
metallurgy, mechanlcal rubbing, and a wet chemi-
cal process 6 Kondoh et al. manufactured Ti-CNT
MMCs using CNT prepared with a zwitterionic
surfactant, followed by SPS and hot extrusion. They
evaluated the tensile strength and the hardness of
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pure Ti-CNT MMCs and Ti-CNT MMCs with
0.18 wt.%, 0.24 wt.%, and 0.35 wt.% CNT additions.
Although TiC was formed in this process, it was
evenly distributed among the composite and no
primary particle boundaries were formed, which
would have been detrimental to the mechanical
properties of the Ti-CNT MMCs. SEM micrographs
also showed good wetting among the CNTs and Ti.
In addition, an improvement in all the mechanical
properties, including tensile strength, yield
strength, and hardness, was shown.'®’

In similar experiments, Melendez et al. used
power metallurgy to obtain Ti-CNT MMCs and
titanium-nanodiamond (ND) MMCs (Ti-ND
MMCs). They tested several percentage volumes of
CNT (0.6 wt.% or 1.8 vol.%) and ND (1.4 wt.% or
1.8 vol.%) and compared the different results with
different processing conditions. Hardness, flexural
properties, and densities were measured with hot-
pressing consolidation temperatures from 900°C to
1300°C, and heat treatment temperatures from
1100°C to 1400°C. SEM and XRD were used to
observe the reaction between Ti and the nanocarbon
reinforcements. Moreover, the density for both the
Ti-CNT MMCs and Ti-ND-MMCs increased dra-
matically as hot pressing and heat treatment tem-
peratures increased. A higher hardness for both Ti-
CNT MMCs and Ti-ND MMCs was significantly
found over pure Ti as the hot pressing temperature
increased. Furthermore, both ND and CNT were
distributed more evenly when high-temperature
heat treatment was used. TiC was only present in
Ti-ND MMCs with high-temperature heat treat-
ment, but not in Ti-CNT MMCs. Similar to alu-
minum, the TiC phase can cause the degradation of
the Ti-CNT MMCs and Ti-ND MMCs. On the other
hand, the flexural strength was better for the lowest
hot pressing temperature of 900°C at 1473 MPa
compared to 400 MPa for pure titanium. The flex-
ural strength started to decrease at elevated hot-
pressing and heat-treatment temperatures. In the
same way, after heat treatment, the difference
between the Ti-CNT MMCs and Ti-ND MMCs was
minimal.’®® In conclusion, the addition of up to
0.35% CNT improved the tensile strength, yield
strength, and hardness, but failed to enhance the
elongation percentage. Melendez et al. also proved
that, with the same volume percentage, ND serves
as a better candidate than CNT to reinforce tita-
nium. Furthermore, they demonstrated that the
heat treatment increased the hardness of the mate-
rial but decreased the flexural strength for both the
CNT and ND additions to Ti MMCs.

Ti-CNT MMCs were also evaluated as cold cath-
ode coatings for flat panels. He et al. studied the
field-emission properties of TiOg, where CNT can
improve the uniformity and stability of vacuum
electronic devices. The studies were carried out by
using mechanical rubbing. Property improvement
started at 7-10 wt.% CNT addition by lowering the
turn-on field.'® Furthermore, Lv et al. carried out a
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similar study on Ti-CNT MMCs thin coatings on
Al5,O3 substrates using a different processing tech-
nique to improve the cold cathodes on flat panel TVs
and drew the same conclusion as He et al.'®°. Munir
et al. used high-energy ball milling to obtain
MWNCT-titanium matrix composites in a two-
batch process. In the first batch, Ti powders were
mixed with 5 wt.% between 1 h and 4 h at 200 rpm.
Then 0.5 wt.% stearic acid was added to favor the
fracture of the mixed powders on cold welding.
Through TEM and Raman characterizations, they
discovered the in situ formation of a TiC layer
around the MWNCTSs with high-energy ball milling,
which increased the mechanical properties.”

CONCLUSION AND FUTURE DIRECTIONS

Several issues remain open for the manufacturing
of nanocarbon-reinforced MMCs. There are fabrica-
tion challenges for the carbonaceous reinforcements
involving the distribution into the metal matrix due
to their large specific area/weight ratio. The non-
homogeneous particle dispersion and interfacial
bonding issues are the main disadvantages of using
the present manufacturing techniques. In addition,
the challenges include distributing carbon uni-
formly throughout the matrix, especially when high
concentration processes are being deployed, due to
van der Waals forces. Other disadvantages include
the difficulties in manufacturing carbon structures
with uniform lengths and diameters, porosity, and
bonding, which can also affect the thermal conduc-
tivity, microhardness, and Young s modulus of the
C-MMCs, making the transference of the applied
load in the interfacial bonding between metal and
reinforcement difficult. Another relevant issue
involves the tribological properties and fundamen-
tals for mechanical design, which require further
nanoscale and macroscale studies on their correla-
tion with the reinforcement in C-MMCs.

Regarding improvement possibilities, perfecting
of the distribution, size reduction, and partial
elimination of undesirable compounds, such as the
elimination of Al,Cs in aluminum matrices, dispers-
ing of TiC in titanium matrices, and the formation
of SiC compounds in copper matrices with Si-coated
CNTs can be mentioned in the first place. Likewise,
better bonding between carbon nanostructures and
matrices by using wetting materials and different
hot-pressing techniques may prevent the formation
of undesirable compounds, which decreases the
mechanical properties of the composites. Large
chunks of brittle carbide formation should be pre-
vented in the matrix, as they cause premature
failure. Some metals, such as magnesium, do not
easily bond with carbon, hence carbides need to be
formed using some other chemical agents such as Si.
These intermediate agents can serve two purposes.
Firstly, to coat the carbon nanostructures to avoid
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self-clustering, and secondly, to act as an interme-
diate component for the bonding between metal and
carbon.

In the same way, critical carbon cluster size
fractions should be determined, which may lead to
an increase in the macro-wear resistance of the
coatings and the reinforcement dispersion to main-
tain nanoscale properties at macroscale. To achieve
optimum hardness, Young’s modulus, thermal con-
ductivity, and wear resistance, future experiments
should concentrate on the optimization of the
nanocarbon concentrations on C-MMCs with
improved manufacturing techniques. Future devel-
opment and improvement can also include further
exploration of hybrid metal/carbon and polymer/car-
bon as reinforcements in MMCs. Nano-, micro-, and
macro-tests should also be performed for compar-
ison purposes to validate the reinforcement-matrix
interaction at the interface.
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