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Recent Progress on the Dispersion and the Strengthening Effect of Carbon
Nanotubes and Graphene-Reinforced Metal Nanocomposites: A Review

Zeeshan Baig, Othman Mamat, and Mazli Mustapha

Department of Mechanical Engineering, Universiti Teknologi Petronas, Perak, Malaysia

ABSTRACT
This article reviews the available literature published to date on the reinforcement of metals with
carbon-nanofillers (CNTs and graphene), and also offers a specific focus on issues related to the
mechanical and tribological properties of nanocomposites. Carbon-nanofillers (later denoted by
C-nanofillers) are known to have extraordinary mechanical properties and multifaceted
characteristics and are ideal candidates for the reinforcement of metals for numerous applications.
However, their incorporation for practical applications has been challenging researchers for
decades. The most important issue is uniform dispersion due to sizeable surface differences
between carbon-nanofillers and metals. Other concerns are structural integrity, wetting with metals,
and interfacial connections. Nanocomposite applications can only be effective when these
challenges are properly addressed and overcome.

Section 1 assesses the importance of C-nanofillers and expressly highlights current research
efforts to optimize dispersion in different metals along with processing techniques in section 2. The
authors give special attention on C-nanofillers reinforcement contribution to enhanced mechanical
strength of metals presented in section 3. C-nanofillers dispersion evaluation tools are highlighted
in section 4. Authors also focuses on C-nanofillers role and factors directly associated with metal
nanocomposite strength, as reported in the literature. Particular consideration is also given to
knowledge sharing of attendant strengthening mechanisms along with contribution reported for
empirically derived models used to predict strength. Section 6 solely dedicated to the tribological
aspects of C-nanofillers reinforced metallic nanocomposites. Lastly, future recommendations and
works need attention is summarized.
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1. Introduction

There is an increasing demand from automotive and
aerospace sectors to develop new advanced materials
which contribute to weight savings, improve energy effi-
ciency, withstand harsh structural loadings, and
enhanced tribological performances. To attain such spe-
cial attributes, the material should possess high specific
strength, elastic modulus, and stiffness additional to
enhanced functional characteristics. Traditionally, virgin
metal and alloys were unable to fulfill these demands.
Fortunately, development of metal matrix composites
(MMCs), a perfect response and promising material,
cater to these requirements. Tailorable characteristic and
improved properties of MMCs, such as higher specific
stiffness and strength, excellent wear resistance, con-
trolled coefficient of thermal expansion, higher fatigue
resistance, and better stability at elevated temperature,
are now quickly replacing existing metals or their alloys.1

They are also now employed for the design of a wide
variety of structural applications, as well as for engine
and other mechanical system components.

MMCs comprise of combined properties of metals
(Al, Cu, Mg, Ti, Ni, and their alloys) as matrices
(ductility and toughness), and ceramic or carbon-
based reinforcements or micro fillers (high modulus
and strength) in the form of continuous fiber, discon-
tinuous fibers, whiskers, or particulates includes
Al2O3, B4C, SiC, TiC, WC, graphite, and carbon
fibers.2,3 Previous studies showed that micro-fillers,
reinforced metals exhibited improved strength,
increased wear resistance, and high stiffness up to
acceptable levels over conventional base alloys but
also accompanied poor ductility, low yield strength,
poor machinability, and reduced fracture toughness.4,5

There are some issues connected with these micro fill-
ers such as large micron size (hundreds of micro-
meters and even up to few millimeters cause
premature composite part failure via easy crack initia-
tion), large volume fractions addition (cause weight

increases and degrades their processability), formation
of weak interface with metals due to low aspect ratios
(segregation at interface led to physically small nano-
cracks), brittle nature, and undesired agglomeration
during their processing are barriers to the implemen-
tations of MMCs in the industry. Hence, it is well
recognized that crack formation liability and higher
needed properties in MMCs are directly related to the
reinforcement size. Therefore, it can be concluded
that to minimize or avoid immature cracking and
shortcomings of MMCs, it is essential to reduce the
size of reinforcing fillers from micrometer to nanome-
ter range. Recently, advances in producing particles
below 100 nm size directed toward the development
of high-performance composites with high strength
and modulus by adding nanoparticles into metal
matrix known as metal matrix nanocomposites
(MMNCs).6 Thus, the potential of nanoparticles has
already been realized by the research community to
reinforce metallic materials in recent years for devel-
opment of novel nanocomposites. MMNCs exhibited
advantages over MMCs such as extraordinarily high
strength to weight ratio and enhancement in matrix-
to-reinforcement load transfer efficiency due to the
extremely higher surface area to volume ratio and
aspect ratios (>1000) of nanofillers. Moreover,
enhancement in properties can be achieved even at
lower volume fractions of nano-reinforcements (<3–
5%), whereas with micron scale reinforcements,
higher volume fractions are required (>10%).7

Previous studies revealed a significant increase in
mechanical and tribological properties (lower coefficient
of friction and wear rate) by metal matrix nanocompo-
sites rather than metal matrix micro composites due to a
strong cohesion at atomic level between the matrix and
particles8,9. Such a response can be attributed to the fillers
nano-sized, good interface build, efficient strengthening
mechanism, and effective dislocation blockade provided
by nanofillers in metallic matrices. Ma et al. stated
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enhancement of tensile and yield strength of pure Al by
adding only 1 vol% Si3N4 (15 nm) nanoparticles than 15
vol% SiC (3.5 mm) microparticles.10 Sajjadi et al. manu-
factured A356 aluminum alloy with micro- and nano-
sized Al2O3 particles by stir casting. 3 wt% Al2O3 nano-
composite showed a significant increase in hardness and
compressive strength as compared to 5 wt. % Al2O3

micro composites and pure Al alloy counterparts. Simi-
larly, it has been shown that embedding 10 vol.% of 50–
nm-sized Al2O3 particles to an Al-alloy matrix through
powder metallurgy processes exhibit 15 times more yield
strength than the base alloy, 6 times stronger than the
same alloy containing 46 vol.% of 29 mm size Al2O3.

11

Kang and Chan also compare the increment in yield
strength shown by Al ¡1 vol. % Al2O3 (25 nm) nano-
composite with that of the Al-10 vol. % SiCp (13 mm)
composite. Moreover, a decline in the yield and tensile
strengths of Al nanocomposites has been seen up to
4 vol. % Al2O3 (25 nm) at the expense of tensile ductility
possibly due to agglomeration.12 Recently, a detailed
study conducted by Mashhadi et al. to study the nano-
and micro-sized effect of SiC particles on resulting prop-
erties of composites. They concluded that nanosized and
10 wt. % fraction of SiC particles evolved significant effect
on densification and hardness of composite than 15 wt. %
micron-size particles addition.13 Other researchers also
appreciate the same behavior of using nanoparticles for
properties increment.14 Similarly, besides improved
mechanical performance, tribological properties of
MMNCs has also outperformed MMCs. Jun et al. dem-
onstrated that 15 vol% Al2O3-Al nanocomposite showed
high tensile strength, low wear rate and coefficient of fric-
tion (COF) rather than micro Al2O3-Al nanocompo-
site.15 Hosseini et al. exhibited enhanced relative density,
hardness, and low wear rate of Al2O3 nanoparticles
(30 nm) reinforced Al nanocomposites as compared to
Al2O3 microparticles (1 mm, 60 mm).They also pointed
out that low factions of nanoparticles are sufficient to
attain mechanical and tribological particles than micro-
sized particles.16 But at certain volume fraction (3% Vf)
of nanoparticles, a decrease in properties has been
observed which can be attributed to the possible nano-
particle agglomeration.17

1.1. Need of carbon-nanofillers (CNTs and
graphene) and their properties

Over last few decades, besides ceramics reinforcements,
a considerable attention has been attracted by emerging
carbonaceous reinforcements hold inherent promising
attributes such as high thermal conductivity, low coeffi-
cient of thermal expansion, high damping capacity, high
strength, and good self-lubricant property. These

reinforcements consist of members like carbon fibers,
graphite, diamond, and carbon foams were used as ideal
micro fillers for some real time applications like rocket
nozzles cones or nose tips, heat shields, packaging, auto-
motive brake system, Hubble space telescope antenna,
and thermal management.18 Researchers mainly focus
their research on micron-sized carbon fibers and
graphite particles reinforce metal composites due to
their outstanding strength, thermal, and self-lubrication
characteristics.19 As mentioned above, some major
issues like high density, high reaction affinity, cost, brit-
tle nature, and micron size of these particles along with
reduce toughness (low fracture strains) of resultant
metallic composites degrades properties markedly and
restrict their use to some engineering applications
majorly due to premature failure of parts during service.
By this time, PAN-based carbon fibers and graphite
microparticles have already reached their performance
border. Therefore, a reinforcement with reducing size
(in nanometers) with superior properties is a promising
alternative to overcome the inherent issues of ceramic
fillers and carbon fibers. Apparently, it seems using
nanoparticle could be very effective in avoiding filler
cracking, thereby improving the tensile ductility of
MMNCs. It is considered that the integration low dose
of nanofiller having a larger aspect ratio, higher tensile
strength, and stiffness as well as better flexibility, into
metals can produce MMNCs with much improved
mechanical and tribological properties. Development of
nanocomposites is the most pursued research area from
the last few years after the groundbreaking invention of
two carbonaceous nanofillers (Carbon Nanotubes and
Graphene). Research in the field of carbon was modern-
ized by the discovery of carbon nanotubes (CNTs, dis-
covered in 1991, by Iijima et al.20) and graphene (2004
by Geim et al.21) also referred to as wonder materials. It
has been very shortly realized by researcher across the
globe about CNTs and graphene reinforcing capabilities
amongst present nanofillers. Therefore, CNTs and gra-
phene appeared as ideal nanofillers due to their inherent
structural characteristic (high aspect ratio, planar geom-
etry) and astonishing mechanical, physical, thermal, and
electrical properties.22 Graphene is held as the present
building unit of all sp2 hybridized graphitic structures
including CNTs and fullerenes. Graphene and CNTs in
the form of single or multilayer are available as the hex-
agonal arrangement of sp2 hybridized carbon atoms
form a honeycombed crystal lattice in two-dimensional
planar sheets and rolled up graphene sheets into the
seamless cylindrical manner in case of CNTs. The
strong in-plane sp2 C-C bonding but weak van der
Waals interaction between the between adjacent layers
having 0.34 nm inter-layer distance leading to stronger
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than C-C sp3 bonds in diamond.23,24 The strong bond-
ing makes graphene the strongest material ever mea-
sured, yet flexible because of unique dimensionality.

Table 1 summarizes the noteworthy properties of
CNTs and graphene compared with commonly used
micro-filler carbon fiber (PAN based). This table simply
shows the superiority of C-nanofillers (CNTs and gra-
phene) over carbon fiber in terms of extraordinary
mechanical, thermal, electrical and physical properties.
Exceptional mechanical stiffness and strength, low den-
sity, high specific area, and unique geometry make them
perfect reinforcement for composites.25 The recorded
Young’s modulus by various MD simulations along the
CNTs axis or in the graphene plane can be as high as 1–
1.8 TPa, as compared to diamond (1.2 TPa), steel (200
GPa), and copper (100 GPa). Both are half as dense as
aluminum and have a tensile strength about 100–
200 GPa (20 times that of high strength alloys), equaled
to annealed steel (700 MPa) and annealed copper (200
MPa).23,26–29 Likewise, extraordinary electrical properties
of CNTs and graphene exhibit outstanding carrier
mobility and capacity are well known which is attractive
for next-generation high-speed electronics.30 The semi-
conducting single-walled carbon nanotubes (SWCNTs)
showed carrier mobility as high as »80,000 cm2 V¡1 s¡1,
while exfoliated graphene varies from »100,000 cm2

V¡1 s¡1on insulating substrates to 230,000 cm2 V¡1 s¡1

in suspended structures.31–33 Also, current carrying
capacity of both above 109 A cm¡2 which is 1,000 times
higher than the copper wire.34,35 Similarly, an in-plane
thermal conductivity of CNTs and graphene can be as
high as 3,000–7,000 W/mK, as compared to diamond
(2000 W/mK), carbon fiber (1950 W/mK) and copper
(400 W/mK).36,37 These properties of CNTs and gra-
phene pave the way for a new generation of high-perfor-
mance composites. In comparison, graphene attracted

more attention than CNTs due to three distinct features:
(1) 2D flat geometry (crack deflection capacity); (2) high
aspect ratios (ability to interact from both sides of faces);
and (3) unique surface texture (ability to mechanically
interlock with matrix), less likely to rotate or impede
atomic diffusion at high temperature and cost-effective
production.

Researchers claim that these amazing properties
make both types perfect candidates for the development
of reinforced light-weight/higher-strength nanocompo-
sites.38 The use of C-nanofillers began with their inte-
gration in polymer matrices for engineering
applications.39,40 Almost all researchers over the last few
decades have reported tremendous increment in the
mechanical and thermal properties of the polymer
nanocomposites (PMCs) by the addition of C-nanofil-
lers reinforcements as compared to neat polymers.41,42

A well-established volume of literature is available
showed special attention has paid to polymer nanocom-
posite systems. After successful development of PMCs
and their use in many practical applications has encour-
aged scientists to incorporate C-nanofillers in metallic
matrices. Metal matrix–nanofillers have distinct advan-
tages over polymers because of their stability at higher
temperatures, greater strength, and inflexibility, as well
as superior electrical and thermal conductivity. Due to
nanometer dimension and low density, nanofillers pos-
sess potential to improve mechanical, physical, thermal,
electrical, and magnetic properties of metal matrices
and can be employed where weight savings, and
higher temperature bearing ability withstand structural
loadings and resistance to wear are major concerns.43

These attributes are of great interest for various indus-
trial sectors like automotive, aerospace, and electronics
applications. Nevertheless, the challenge remains to suc-
cessfully embed C-nanofillers in a metallic matrix to

Table 1. Properties of graphene and carbon nanotubes.22, 228–231

Property CNTs Graphene Carbon Fiber (PAN based)

Physical Structure Tube Platelet» 1 nm Filaments (Fibers)
Chemical Structure Hexagonal Hexagonal hexagonal
Interactions p-p bond p-p bond p-p bond
Available Types Single or Multiple walls Single or Multiple sheets Continuous, woven, chopped (single or

multiple filaments, Ik»48k)
Dimensions Single wall diameterD 1–2 nm Single Sheets Thickness D »1 nm Diameter D 5–10 mm

Multi wall diameterD 4–20 nm Multiple sheets thicknessD (Approx.) »
no of sheets x 1 nm

LengthD Up to many mm

Elastic Modulus (TPa) 01 (axial direction) 01 (in-plane) 100–500 (GPa)
Tensile Strength (GPa) 60–150 130§10 2.5–7.0
Thermal Conductivity (W/(mK)) 3500 (4.84§0.44)£103 to (5.30§0.48)£103 21–125
Electrical Conductivity (S/m) 3000–4000 7200 —
Electrical Resistivity (V cm) 5 £ 10¡6 - 50 £ 10¡6 50 £ 10¡6 (in-plane) 1650
Thermal Expansion (K¡1) Negligible in axial direction ¡1 £ 10¡6 (in plane), 29 £ 10¡6 (c-axis) —0.4 in axial direction
Density (g/cm3) 0.8 1.8–2.2 1.75–1.93
Electron mobility (cm2/(V s)) »105 2.0 £ 104 —
Theoretical specific area (m2/g) 1300 2360 0.45–0.5
Thermal stability in air (�C) 700�C (in air); 2800�C (in vacuum) 450–650�C (in air) 350–450�C (in air)
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produce metal-matrix-nanocomposites (MMNCs). With
respect to PMCs, limited work on nanofiller metallic
nanocomposites has been reported because of difficulty
to uniformly disperse nanofillers within metals as well
as poor wetting.44–47 The reason for these setbacks is
the greater surface area presented by nanofillers, which
causes agglomerate clusters and twists secondary to
strong van der Waal forces (surface tension) between
carbon atoms.48,49 This tension creates large surface
energies that hinder wetting with metal and it also
forces separation.50,51

In this context, numerous researchers accepted the
challenge to better control variables and procedures to
enhance dispersion and wetting outcomes52–56 by con-
ducting extensive studies on optimizing processing
approaches.57–59 Nonetheless, it has remained a difficult
task. The authors present the efforts made to meet signif-
icant challenges by metal composite researchers over the
last decade by citing associated problems reported for
nanofiller-metal interactions as well as effects from dif-
ferent processing approaches. Furthermore, we also pres-
ent a detailed review of C-nanofiller major strengthening
mechanisms, their contribution and factors that deter-
mine metal matrix nanocomposite strength. Tribological
(wear and friction) properties of C-nanofillers reinforced
metallic nanocomposites are specially emphasized. The
main purpose of this article is to provide an overview of
the current state of research progress along with remain-
ing challenges concerning graphene and CNT-reinforced
metal matrix nanocomposites. The authors hope this
effort will assist the research community to further
enrich their investigations and developments.

2. Dispersion of C-nanofillers (CNTs and
graphene) reinforced metal matrices

Introducing C-nanofillers to metal matrices presents the
imposing challenge of uniformly applying a homoge-
neous dispersion to obtain a quality nanocomposite.
For optimal dispersion of a nanofiller in the final com-
posite, homogenous distribution early in the powder
mixing process is crucial.52 Generally, CNTs and gra-
phene that are available in the market are

agglomerations of heavily intertwined bundles and clus-
ters. The main reason for this is the irresistible attrac-
tion of van der Waals forces and energy interaction
potentials between parallel tubes is 500 eV/mm of
SWCNT–SWCNT and 2 eV/nm2 inter layer graphene
sheets. For CNTs to overcome this energy of cohesion
(37 kT nm_1 between CNT parallel tubes), 120 kT
nm_1is required to de-agglomerate CNT bundles.22,60

Similarly, the order of magnitude of the force needed to
overcome interaction energy of graphene sheets is 300
nN/mm2. This robust interaction energy potential as
well as the van der Waals’ forces must be broken prior
to nanotube dispersal, which presents a difficult task.
The same behavior is shown in graphene sheets via
clustering due to energy cohesion (Figure 1).

Another feature of clustering and agglomeration is
their large surface areas and higher surface energies
that readily allow agglomeration and clustering during
the process of mixing in a metal matrix. Hence, nano-
filler agglomeration and clustering are major compli-
cations that hinder uniform dispersion. The major
drawback of clusters and agglomerates presence in
nanocomposites is the formation of cracks, pores, and
pin holes that cause premature failure of a nanocom-
posite and distinctly effect on final properties. Many
researchers have attempted to increase the hardness
of metals with the uniform mixing of CNTs. In most
cases, CNT agglomerates adversely reduce hardness
due to improper dispersion by impeding the sintering
process, which results in defects (micro voids). On
the other hand, uniformly dispersed and distributed
CNTs in a metal matrix can fill gaps between metal
particles during sintering; hence, no porosity is noted.
Similarly, graphene sheets have presented as aggre-
gates and also behaved like CNT agglomerations in
metallic nanocomposites.

Therefore, a reasonable precondition that CNTs and
graphene nanofillers are made available as single tubes
or sheets, respectively, to better optimize uniform disper-
sion during nanocomposite processing. It is also worth
noting that potentially optimized properties attending
nanofillers are largely related to individual nanofillers
compared to bulk CNTs and graphene sheets.

Figure 1. Agglomerations and clustering in graphene and CNTs due to attractive forces.
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Realistically, metal nanocomposites can have better
properties under the cited conditions, that being the uni-
form dispersion of individual nanofillers to optimize a
composite’s properties. All factors such as type, function-
ality, nanofiller content, matrix materials, and processing
conditions considerably affect the dispersion of nanofil-
lers in a metal matrix.

2.1. Current dispersion processing techniques
and challenges

Although substantial research has been carried on the
development of C-nanofiller-metal nanocomposites over
the last two decades. However, due to the lack of suitable
processing techniques enable uniform dispersion and
issues regarding the nanofiller/metal interface are the
major prevention in the attainment of desired improved
properties of final nanocomposites. Further challenges
such as structural damage to nanofillers from applied
stress during consolidation and reactions with the matrix
at elevated temperatures during sintering also hindered
research advances. Noteworthy, C-nanofillers exhibited
exceptional chemical stability due to the presence of sp2

bonded carbon atoms equivalent to the (0001) plane of
graphite.18 Interaction of metal and C-nanofillers can be
taken place via side contact and end contact results in
metal carbides formation. End contacts are more prone
to interact with metals than side contacts also known as
basal planes. It has been shown thermodynamically that
metal carbide formation depends on Gibbs-free energy
of metallic carbides. Metals like Mg and Ni showed posi-
tive free energy indicating their carbides will not form or
will not stable at certain temperatures as compared to Ti
and Zr which are strong carbide former having negative

free energy.18 Similarly, metals like Al, Si, and Cr also
carbide former on reacting with C-nanofillers. Nonethe-
less, it turned out that formation of structural defects in
nanofillers (i.e., conversion of sp2 to sp3 bonded carbon
atoms) during various processing stages serve as favor-
able sites for reactions with the matrix, might cause loss
of C-nanofiller structure which leads to carbide forma-
tions.61 These carbides may be in favor or adversely
affect the final nanocomposite properties.18 Thus, the
selection of a suitable processing method became crucial,
because all of these factors should be considered before
proceeding with a metal nanocomposite fabrication.62

Presently, three classes of researchers use different
approaches to optimize dispersion and quality interface
by carefully considering all such issues. As a result,
efforts were/are expended to select more suitable proc-
essing techniques or a combination of procedures to
obtain homogeneous C-nanofiller integration in different
metals and alloys (e.g., Al, Cu, Mg, Ti, Fe, and Ni).
Among these, aluminum and copper are extensively
used for research, more so than others, because both are
ductile and have excellent thermal and electrical proper-
ties. Hence, they apply well to structural aerospace and
heat sink applications and are abundantly available as
well as cost effective, although both have poor mechani-
cal strength.

2.1.1. Dispersion by solid state processing
Processing techniques have pronounced effects on the
dispersion of C-nanofillers in metals. As expected, poor
dispersion results from simple mixing due to high sur-
face energy difference between them. Hence, high energy
mixing is required to achieve uniform dispersion. Pow-
der metallurgy (P/M) emerged as superior and efficient

Figure 2. Schematic process of P/M technology. (© Taylor & Francis. Reprinted with permission from Munir et al.66 Permission to reuse
must be obtained from the rightsholder.)
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technique with the ability to produce uniform distribu-
tion of C-nanofillers within powders.63,64 In powder met-
allurgy (P/M), mechanical alloying is commonly
employed to disperse C-nanofillers in a metal powders.
Figure 2 depicts the conventional powder metallurgy
process for the fabrication of a C-nanofiller-metal nano-
composite. This technique is well known due to simplic-
ity, flexibility, near net shape capability, and any
composition created because of less involvement of ther-
modynamics and the phase diagram as in the case of
ingot metallurgy. The conventional P/M process start
with the mixing of nanofillers with metal powders either
in dry or wet conditions carried out by mechanical alloy-
ing processes, e.g., high- or low-energy ball milling expe-
rience high-energy impact forces (collisions) from
grinding balls (steel or ceramic), followed by compaction
consolidation and then conventional sintering or special-
ized consolidation processes such as hot extrusion, hot
forging, hot/cold isostatic pressing, equally channel
angular processing, microwave, or spark plasma sinter-
ing.7 Powder mixing is crucial to P/M because it is the
only processing step that produces homogeneous disper-
sion; afterwards, compaction, sintering and other pro-
cesses do not effect dispersion.

A lot of researchers has taken benefit using mechani-
cal alloying (MA) to effectively reduce the problem of
agglomerations of C-nanofillers in metal matrices. How-
ever, harsh milling conditions found detrimental to C-
nanofillers causing sp3structural defects and length
shortening necessary for effective load transfer, due to
high impact forces from grinding media which may also
led to structure integrity loss.65 As earlier mentioned,
these sp3defects also act as potential sites trigger unfavor-
able chemical reactions with the matrix thus favoring
carbide presence. During milling processing, metal pow-
ders also experience deformation, fracturing, cold weld-
ing, and fragmentation simultaneously which caused C-
nanofillers to fully embed, breaks agglomerations and
formed mechanical bonding within metal powders.66

Nevertheless, it is acknowledged that co-milling of C-
nanofillers with metals powders does have the ability to
produce composites with desirable microstructure and
homogeneous dispersion by controlled-optimized proc-
essing variables. Ball milling parameters have a marked
effect on the C-nanofiller dispersion within metals from
mill type, milling time, rotation speed, milling bead
diameter and type, milling atmosphere, ingredients type,
and size.67,68 Under proper ball milling conditions, mill-
ing processing limitations can be minimized.69

Several researchers adopted ball milling to achieve
homogeneous dispersion. Kuzumaki et al. were the first
to produce CNT/Al composites by powder metallurgy
using hot pressing and hot extrusion processing.70 They

expected their nanocomposite to have increased tensile
strength but found no such result after using 5 and 10
vol% CNTs. In fact, the fabricated nanocomposite had
the same tensile strength as unreinforced aluminum.
This was likely due to improper dispersion or the lack of
nanotube interactions with the matrix and consequently,
no load transfer. On the other hand, Esawi et al. success-
fully incorporated CNTs in aluminum using P/M. They
reported not only a uniform CNT dispersal but also
enhanced tensile strength (by 21%) along with CNT
alignment in the direction of extrusion.71 Ostovan et al.
went on to suggest that mechanical properties were
mainly dependent on uniform CNT dispersion in Al
after increasing milling time at a certain content level.72

After the specified content, agglomerations began to
form, these findings were also confirmed by Carvalho
et al.73

2.1.2. Dispersion by colloidal processing
Researchers soon realized that MA was more suitable for
C-nanofillers uniform dispersion in metals, although
results failed to meet desired expectations. Even so, MA
remains employed by many, but problems associated
and origin in C-nanofiller nanocomposite require new
approaches. Colloidal processing is an improved wet
mixing process that modifies the surface chemistry with
stable suspensions of C-nanofillers that facilitate homo-
geneous dispersion.74 It is now the simplest and most
widely used method for C-nanofiller dispersion, de-
agglomeration, and mixing with metal powders. The
process involves two steps: (1) nanofiller dispersion in a
suitable solvent (DI water, ethanol, NMP, DMF, etc.) by
ultrasonic energy (>20 kHz) to de-agglomerate and
exfoliate C-nanofillers bundles (CNTs or Graphene); and
(2) mixing with metal powders. Ultra-sonication is a
physical technique adopted to disintegrate large agglom-
erates, produced homogeneous dispersion of C-nanofil-
lers, and helped to improve the wettability between the
matrix and the particles.75 De-agglomeration usually
governed by the interaction of the C-nanofillers with
suitable solvents in the presence of shock waves provided
by Sonicator.76 Effective ultrasonic dispersion and de-
bundling is achieved when optimizing variables like the
level of sonication energy, type of nanofiller, sonication
time and interval, type of solvent, degree of bundling,
and the dispersant’s (C-nanofiller) concentration ratio.
Dispersion via this route also accompanied formation of
defects in the form of vacancies, open edges as well as
length shortening of C-nanofillers due to high shock
wave energy.75 These defects ultimately transformed to
undesirable carbides which downgrades MMNCs prop-
erties. Therefore, ultrasonic exposure should be opti-
mally limited; otherwise, extended exposure causes
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structural damage to the C-nanofiller and severely effects
their unique properties.77 Recently, Simoes et al. reported
that a 15-min dispersion/mixture time was suitable for
effective dispersion. Less time causes non-uniform dis-
persion while more time increases the defect rate, which
weakens mechanical properties of the final nanocompo-
site.78 Consequently, any greater efficiency in C-nanofil-
ler dispersion and de-agglomerations in solvents with
sonication aid can also be achieved through surface mod-
ifications(functionalization). This step involves cationic,
anionic, and/or nonionic surfactants to untangle (stabi-
lize) CNTs and graphene clusters.79 Although the
approach proved successful, intense ultrasonic energy,
chemical, and thermal treatments might cause structure
of nanofillers more prone to defects that were unsuitable
for quality nanocomposites. However, a number of other
studies suggested this problem could be solved by a more
careful selection of processing conditions.

Using this approach escorted a following problem
arises after the mixing of both constituents, i.e., dispersed
C-nanofillers in solution are difficult to be absorbed on
metal powder surface formed weak bonding because of
weak attractive forces between them due to mismatched
zeta potential.80 Therefore, C-nanofillers were just avail-
able on the surface but not fully intact. Moreover, this
weak bonding might result in re-aggregation of C-nano-
fillers during dispersing, solvent drying, or even at con-
solidation stages.61 Similarly, the size of the metal
powders commonly used is in microns, i.e., 1–200 mm
having small specific surface area presents difficulty for
nanosized dimensions C-nanofillers to absorb on the
metal powder surface.81 It was well established by this
time that uniform C-nanofiller dispersion and a strong
interface with the metal matrix is essential to improve
nanocomposite properties. Colloidal processing certainly
appeared to have this potential. Hence, over time, several
methods were devised that used ultra-sonication—cova-
lent and non-covalent functionalization, i.e., with or
without surfactants, and simultaneous mixing are
mechanical agitation, magnetic stirring, nanoparticle
decoration, sol gel, molecular level mixing (MLM), and
semi-powder metallurgy. Of these latter, MLM emerged
as the most novel approach to effectively control for the
dispersion of CNT bundles and graphene agglomerates
in addition to solving bonding issues.82 Microstructural
studies confirmed the presence of homogeneously dis-
persed nanotubes within powder particles; i.e., nanotubes
were successfully embedded within the matrix rather
than just on the surface. But C-nanofillers distribution is
random in the as-fabricated composites, and the fabrica-
tion process is relatively complicated, time consuming
and difficult to be scaled-up. Recently, Rael et al. con-
cluded that the use of “functionalized & surfactant

assisted” nanofillers exhibited excellent dispersion within
metal powders processed by sonication and stirring.83

Although use of surfactant seems to be effective but diffi-
culty in removal even after thermal treatment and their
presence cause decline of MMNCs properties. Similarly,
covalent functionalization of C-nanofillers also accompa-
nied no of processing steps, chemicals involved, and
most importantly defective structure after subsequent
processing markedly effect on C-nanofillers properties.
Therefore, processing parameters, conditions, and mate-
rials should be carefully selected to ensure quality disper-
sion with maintained C-nanofillers structure for effective
improvement in MMNCs properties.

2.1.3. Dispersion by colloidal & solid state
hybrid processing
Momentum of present research increasingly focuses on
employing combining the colloidal and solid state pro-
cesses (MA technique). Efforts have thus far produced
reliable quality outcomes in terms of enhance mechanical
properties as compared to above mentioned processes by
reducing their deficiencies. This process combines uni-
form dispersion, de-bundling and exfoliation at a one-
time step via ultra-sonication of C-nanofillers and then
dry or wet ball milling with metal powders offer increase
surface area simultaneously.84 This approach allowing for
getting better incorporation of C-nanofillers between the
powder particles and maximum adsorption on the sur-
face with quality interface development to make best use
of reinforcement effects. Therefore, this approach seems
quite appreciable to produce with much improved results
than other strategies because it has tendency to address
major issues facing C-nanofillers in metal matrices. Most
recently, this strategy has adopted by Chen et al.81 by
introducing solution ball milling (SBM), shown in
Figure 3. As can be seen that after subsequent ultra-soni-
cation of CNTs, wet ball milling with Al powder allow
for improved dispersion, de-agglomeration, absorption of
CNTs on the flat Al powder with high surface area cre-
ated by milling and importantly strongly intact interface
development between them. Notably, they reported good
dispersion of CNTs and low structural damage due to
processing in solvent medium because solution milling
reduces the impact forces of the balls on the structure of
the CNTs. Similarly, as a consequence of effective de-
agglomeration of CNTs bundles transformed to single
tubes allowed a stronger interface between CNTs and the
Al matrix. Consequently, tensile strength remarkably
improved due to a more competent and uniform disper-
sion that permitted efficient load transfer within the
CNT-Al interface.81 Similar effort conducted by Munir
et al. by employing sonication-assisted ball milling to
effectively disperse CNTs in a Ti matrix while retaining
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CNT structure.61 Another group, Shin et al., used the
same approach with solvent-sonicated, dried-and-milled
exfoliated graphene in an Al alloy via ball and attrition
milling, respectively. As result of the effective graphene
liquid exfoliation and high shear impact forces from mill-
ing, graphene was properly embedded and dispersed in
the Al alloy, which then enhanced tensile properties.85

3. Previous efforts and contributions to
C-nanofiller dispersion

3.1. CNT dispersion in a metal matrix

A number of researchers tried to disperse CNTs in metal
matrices using various processing approaches. It has been
reported that CNTs are very difficult to disperse in metals
due to tubular tangles, surface energy and re-agglomera-
tion tendency. Realizing the importance and worth place
of dispersion in nanocomposites processing, we have
gathered data in the form of Table 2 to highlight the cur-
rent efforts of researchers to tackle this problem to date.
This table allows us to know about the use and important
techniques adopted and suitable for effective dispersion,
parameters and conditions used so far, range of optimal
content, dispersion quality, structural stability, and inter-
face formation of the CNTs with metals after processing.
As can be seen, MA is the most widely used processing
component of the P/M technique which validates its
importance. But issues connected with this method must
be controlled by optimization to receive much better
results. A best solution is to use ultra-sonication with MA
to break agglomeration and uniform dispersion as pre-
sented freshly reported by mentioned above researchers.
Moreover, Al and Cu were the predominate matrices

owing to practical applicability. Although better disper-
sion processes have been established, there remains room
to improve structural stability and CNT defect evolution,
as well as other characteristics that have been compro-
mised and require attention.

Choi et al. prepared aluminum nanocomposites by
incorporating single-, double-, and multi-walled CNTs by
mechanical milling that showed better dispersion.
Although CNTs presented as agglomerates with less mill-
ing time, they gradually became embedded in Al powder
particles with increased milling time.86 More recently,
Rikhtegar et al. employed flake powder metallurgy (200,
250, and 300 rpm at 1 and 2 h) assisted by sonication and
ball milling using a semi-wet based route (200 rpm for 2
and 4 h) to disperse long and short functionalized CNTs in
<45 and <20 mm Al powders at 1.5wt%. They discovered
that (i) 2 h of ball milling was insufficient to unbundle
CNTs in 45 mm Al powder but (ii) improved dispersion
occurred at 2 h in 20 mm Al powder due to greater surface
area, and (iii) more damage was introduced with increased
milling at 4 h. Furthermore, flakes from both Al powder
sizes had greater surface areas at 2 h of milling and were
more compatible due to CNT bonding with Al powder
particles, which also indicated enhanced dispersion.87

Aqeeli et al. reported that sonication reduced agglomera-
tion with sufficient milling to attain uniform CNT disper-
sion in an Al alloy.88 Figure 4 demonstrates the extent of
CNT dispersion for various content ratios and milling
times with no sign of agglomeration.

3.2. Graphene dispersion in a metal matrix

Graphene sheets have great tendency to form clusters or
wrinkles due to strong attraction of van der Waal’s forces

Figure 3. Diagram of Solution Ball Milling (SBM) for the uniform dispersion of CNTs. (© Elsevier Limited. Reprinted with permission from
Chen et al.81 Permission to reuse must be obtained from the rightsholder.)
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existence and 2D planar nature poses more difficulty to
disperse than CNTs. These cluster or wrinkles were the
source of cracks, pores, and pin holes which could lead
to premature failure of composite. 2D form of ultrahigh
surface area graphene sheets may also be lost by these
clusters formation which is also a major drawback.
Depending on required purity and precision, graphene is
available commercially as multi-nanosheets aggregates
or in other forms such as single sheets or a few layers, as
nano-platelets or flakes, or graphene oxide and function-
alized sheets. The properties of a single sheet, as reported
in the literature, are ultra-high tensile and modulus

strengths that far exceed that of multilayer samples.89

Hence, an appropriate approach not only to disperse and
exfoliate as well these 2D sheets homogeneously within a
metal matrix is needed. Despite the fact, a bulk research
literature is now available regarding successful synthesis
of graphene polymer nanocomposite,39,90 however, gra-
phene metal nanocomposite research is present in its
early stages and dispersion remains key concern. Table 3
shows data produced by struggling researchers to dis-
perse graphene in different metal matrices using several
processing techniques. They realized early that graphene
is only dispersed effectively after exfoliation by liquid

Figure 4. SEM images of Al Alloy with different CNT content ratios and process conditions: (a) raw powder; (b) 0.5 wt% CNT–milled for
1 h; (c) 0.5 wt% CNT–milled for 3 h; (d) 2.0 wt% CNT–milled for 1 h; (e) 2.0 wt% CNT–milled for 3 h. (© Elsevier Limited. Reprinted with
permission from Aqeeli et al.88 Permission to reuse must be obtained from the rightsholder.)
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processing and then mechanically dispersed. Some sug-
gested that sonication-assisted-ball milling and colloidal
processing are more commonly used to fabricate gra-
phene metal nanocomposites. These developments have
been attributed to the amenability of the graphene 2D
planar structure to disperse in solvents..81 An important
point to realize that MA either in dry or wet is still be
considered as promising choice for graphene dispersion
in metals as well among other methods. But it should be
kept in mind that graphene is also more prone to defect
due to 2D dimension and availability of both faces to be
affected during processing. So, graphene metal process-
ing still demands greater attention to various concerns
such as effects from graphene size, type, exfoliation and
processing parameters.

Latief et al. first used powder metallurgy to incorpo-
rate various degrees of graphene nanoplatelets in alumi-
num powder. They reported increased mechanical
behavior with increasing filler content.91 Bastwros et al.
conducted a study on graphene dispersion at different

ball milling times and reported that 60 min of milling at
1 wt% enhanced dispersion and increased mechanical
responses.92 Cui et al. observed increased graphene dis-
persion affiliated with no reduction of sheets but with
increased rpms and milling time.93 Boostani et al. manu-
factured aluminum-SiC, which encapsulated graphene
nanosheets via non-contact ultra-sonication to prevent
agglomeration. This approach successfully prevented the
agglomeration of nanoparticles and produced a better
dispersion of the graphene sheets.94 Das et al. reported a
decline in micro-hardness with a 2% graphene load due
to agglomeration.95 Rashad et al. developed Mg alloy gra-
phene nanoplatelets nanocomposite using sonication
and stirring. They claimed superior dispersion and adhe-
sion of graphene in the Mg matrix compared to ball mill-
ing.96–98 They also used sonication and ball milling to
study graphene dispersion in Mg powders. Figures 5a,b
show SEM images of CNT graphene clusters on the sur-
face of Mg particles before milling. Figures 5c,d are post-
milling images that demonstrate the clusters were broken

Figure 5. Before milling (a and b) and post milling (c and d) SEM images of ball milled CNTs (graphene-reinforced AZ31). (© Elsevier
Limited. Reprinted with permission from Rashad et al.99 Permission to reuse must be obtained from the rightsholder.)
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and fully embedded within the Mg powder along with
uniform dispersion.99

4. Carbon-nanofillers reinforced metals
dispersion evaluation tools

So far we have discussed the importance of C-nanofiller
dispersion in metals along with recent research contribu-
tions. Tools used to measure and evaluate the degree
and quality of C-nanofiller dispersion reflect the multi-
functional properties of a final nanocomposite. As dis-
cussed, C-nanofillers are generally dispersed in metal
powders by solid or liquid processes depending on com-
patibility and application. For both processes modalities,
microscopy and spectroscopy are normally used for
quantitative and qualitative analyses. Conventional
microscopy methods include optical, atomic force, field
emission scanning electron microscopy (FESEM) and
high-resolution transmission electron microscopy
(HRTEM) cross-sectional areas, C-nanofillers dispersed
metal powders, or fractured surfaces. These methods are
commonly employed to assess the degree of dispersion
and C-nanofiller quality by scanning very limited regions
of a given nanofiller composite sample. The question
then arises as to “how limited region assessments accu-
rately reflect C-nanofiller dispersion for an entire nano-
composite.” Furthermore, other than FESEM and TEM,
the scanning resolution capability of some instruments is
limited, which presents another drawback. Similarly, C-
nanofillers that are readily dispersed in solvents can be
measured by some spectroscopic techniques to assess the
dispersion state. These latter include ultraviolet–visible
spectroscopy (UV/Vis absorption spectroscopy or photo-
luminescence excitation (PLE) spectroscopy. However,
they cannot all be employed for comparison purposes
for different C-nanofiller types or surfactants because of
differences in spectral absorbance. Additionally, the zeta
potential measurement (ZPM) is a useful tool that moni-
tors both dispersion and stability by measuring the sur-
face potential of nanofillers as electrostatic charges on
the surface. However, it is not frequently used due to
unavailability of quantitative tools. Although several
instruments are commonly in use, they are not entirely
reliable. Hence, applicable tools or methods are also
needed to better assess degrees of nanofiller dispersion.
To improve the quality of dispersion evaluation,
researchers have tried to measure dispersion both quanti-
tatively and qualitatively with a combination of existing
tools but with little success. Hence, there remains a need
to identify better techniques to measure both dispersion
and stability in solid and liquid states to improve the
quality of assessing nanocomposite properties.

5. Role and strengthening effects of
C-nanofillers (CNTs & graphene)

The ultimate objective of researchers is to incorporate C-
nanofillers within different metal matrices and use their
ultrahigh reinforcement strength to enhance the
mechanical properties of final composites for potential
engineering applications. As discussed earlier, the size of
the reinforcement has a pronounced effect on strength
and ductility of metal composites and can usually be
studied through fracture analysis. Microstructural analy-
ses of fractured surfaces confirm that micro sized par-
ticles, compared to nanosized particles, more often lead
to cracks in the composite that cause premature fail-
ures.79 Therefore, it is commonly believed that nano-
sized reinforcement produces superior properties and
that C-nanofillers (CNTs & graphene) can greatly con-
tribute towards increasing the mechanical properties of
metals. Previous results proved C-nanofiller potential as
reinforcing agents due to their exceptional load bearing
ability when compared to traditional fibrous fillers such
as carbon or glass fibers.100

Over the last few last years, C-nanofillers were exten-
sively used to reinforce polymers.101,102 Their results
increased both the confidence and determination of
researchers to apply C-nanofillers as potential strength
enhancers in metals. However, problems associated with
C-nanofillers in polymers such as distribution, interface
reactions, etc., did not affirm their aspirations; thus,
doubt arose as to the effectiveness of C-nanofiller as rein-
forcement in metals. Generally, C-nanofillers are thought
to effectively transfer a load through the interface and
take a higher share of the total load on the composite. To
execute such operation there are some factors related to
C-nanofillers involved which significantly contribute in
strengthening are: homogeneous dispersion, strong
interfacial bonding, and the chemical stability of
nanofillers.

5.1. Influential factors of C-nanofillers to
Strengthen MMNCs

5.1.1. C-nanofillers (CNTs & graphene)
dispersion effect
As mentioned above, uniform dispersion of C-nanofillers
in composites is a great challenge because it has promi-
nent effects on a composite’s strength. To the contrary,
non-uniform dispersion adversely affects the strength of
the composite. Therefore, homogeneous dispersion in
metals is the prerequisites in order to obtain desire
enhancement in properties. Recent techniques employed
to cater C-nanofillers dispersion but various routes have
been discussed in detail given in detail above (Tables 2
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and 3). This section typically discusses research evalua-
tions and results that have linked metal nanocomposite
strength to C-nanofiller dispersion.

Figure 6 shows the relation of dispersion quality to
tensile and yield strength at various CNT fractions using
different dispersion techniques and also clearly validates
the importance of homogeneous dispersion of CNTs
produces desirable outcomes in nanocomposites. It can
be seen that the ball milling method is the most influen-
tial to obtain good dispersion. We can appreciate that
good dispersion and mechanical properties are best
obtained with lower CNT content due to its higher spe-
cific surface area, which facilitates dispersion. To solve
agglomeration concerns at higher content and better dis-
persion facilitation for both CNTs and graphene nanofil-
lers, researchers adopted different strategies that
included modifications of the processing route, optimiz-
ing process parameters, wet or dry processing, particle
assisted processing (Al2O3 or precursors), C-nanofiller
surface modification (covalent, with functional groups
(O2 or carboxylic, etc.), or non-covalent, surfactant, dis-
persing agents), as well as metal decoration and surface

covering (Cu, Ni, Ti). All researchers generally operated
from the same premise that uniform dispersion and dis-
tribution were the sole requirements for significant
improvements of nanocomposite mechanical properties
and tribological aspects.

Recently, Munir et al. achieved both increased hard-
ness (192%) and elastic modulus (89%) over pure Ti as
the result of uniform dispersion via sonication-assisted
ball milling.61 Similarly, Li et al. fabricated a CNT/Mg
nanocomposite by in situ growth of CNTs over Al2O3

particles via CVD followed by the PM process and hot-
extrusion. Aided by the alumina particle, CNTs were
uniformly dispersed in the Mg matrix with moderate ball
milling. Yield strengths and elastic moduli for the 4 wt%
CNT-Al2O3-Mg nanocomposite increased by 28.22 and
28.57%, respectively, compared to pure Mg in result of
good homogenous mixing and interfacial bonding.103

Yan et al.104 reinforced an Al alloy with 0.15 and 0.5 wt%
graphene using simple ball milling and hot isostatic
pressing at 480�C and 110 MPa for 2 h. Significant
increases in tensile strength, from 373 MPa to 400 and
467 MPa were observed, accompanied by yield-strengths
of 214, 262, and 319 MPa. These findings can most likely
be attributed to better dispersion provided by the ball
milling process. Adding Al particles Rashad et al.105 tried
to disperse graphene and avoid agglomeration in a Mg
matrix using semi-powder metallurgy. He compared
UTS and YS results with those reported by others and
found the strengths attained by his Mg/Al-GNP nano-
composites clearly surpassed formerly reported out-
comes. Li et al. enhanced the mechanical properties of a
graphene/Cu nanocomposite with Ni particles decorated
graphene surface by chemical reduction of Ni ions fol-
lowed by ultra-sonication dispersal in Cu powders and
consolidation but SPS technique.106 The 0.8 vol% Ni-
Graphene/Cu composites improved 42% tensile strength
at the expense of elongation vs. either a neat Cu or 0.8
vol% graphene/Cu nanocomposite, as shown in Figure 7.

Figure 6. Prediction of tensile (sf) and yield (sy) strengths of Al-
CNT composites for different CNT contents compared to micro-
mechanic models. (©Elsevier Limited. Reprinted with permission
from Bakshi et al.140 Permission to reuse must be obtained from
the rightsholder.)

Figure 7. (a, b) Stress–strain curves and values for Cu & Ni–GPL/Cu composites. (© Springer Link. Reproduced with permission
from Li et al.106 Permission to reuse must be obtained from the rightsholder.)
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Ni-decorated graphene exhibited well dispersion and
strong covalent Ni–Cu powder interactions as compared
to undecorated graphene which tend to aggregate and
reduction in strength observed.

5.1.2. C-nanofiller-metal interface effect
Fabricating composite materials by incorporating nano-
fillers is challenging due to severe processing conditions,
which include high temperatures and pressures. The
mechanical properties of the final nanocomposite are
very much dependent on the quality of the interface for-
mation achieved. In turn, interface quality depends on a
nanofillers (i) wetting ability, (ii) structural integrity, (iii)
interface reactions, and (iv) carbide formation. These
features are strongly influenced by the nature and type of
processing to handle nanofillers in metals such as the
powder metallurgy method where materials face high
plastic deformation, stress and temperatures, as seen in
high energy ball milling, hot extrusion and hot press
consolidation.

5.1.2.1 C-nanofillers wetting. Nanocomposite strength
depends on the effective transmission of applied stress
through the metal matrix to the reinforcement and a
nanofillers stress bearing ability. These are only achiev-
able though strong interface bonding between the nano-
filler and the matrix.107–109 Strong bonding assures
proper load transfer; otherwise, a weak interface leads to
porosity and failure due to insufficient load transfer;
thus, it inhibits any improvements of composite proper-
ties. Accordingly, optimizing nanofiller wettability within
a metal matrix is essential to avoiding interfacial delami-
nation and void formations. Hence, the fiber-matrix
interfacial quality and strength is crucial for composite
strength and high performance outcomes. It is well
established that poor interfacial bonding is the result of
non-wettable nanofillers that cause difficulty when mix-
ing them with metals.110 The large free surface energy
difference, for example, of Aluminum (955 mN m¡1),
holds 20 times more surface tension than CNTs (45.3
mN m¡1).12,13 Efforts to improve wetting by increasing
surface compatibility include coating and surface func-
tionalization via electro less or electro deposition of met-
als (Ni, Cu, and Fe), precursor aid, and polymeric
attachment to metal powders. He et al. synthesized a
5 wt% CNT/Al composite by the direct growth of CNTs
on Al powder with a 1.0 wt% Ni particle coating.68,111

Hardness and tensile strength of the CNT(Ni)–Al matrix
composites were increased to 4.3 and 2.8 times that of
neat Al. Maqbool et al.112 improved interfacial bonding
via electro less Cu-coated CNTs reinforced aluminum.
They reported increased mechanical properties like hard-
ness, yield strength, and tensile strength by 79%, 121%,

and 107%, respectively with increasing CNTs wt % frac-
tions due to strong binding provided by Cu-coated
CNTs than uncoated CNTs as depicted in Table 4. Nai
et al.113 enhanced surface interaction by Ni-coated CNTs
Mg composite synthesis. They reported greatly improved
interface quality due to the formation of Mg2Ni at the
interface, which guaranteed excellent adhesion between
Mg/Ni–CNT particulates with good CNT wetting. As a
result, there was an increase in hardness, tensile strength,
and 0.2% yield strength by 41%, 39%, and 64% respec-
tively, for the Mg/Ni–CNT composites as compared to
monolithic Mg were obtained.

Using graphene oxide (GO) is another strategy imple-
mented by many researchers to improve bonding of gra-
phene with metal matrix. Chao Zhao,114 Lin et al.,115 and
Peng et al.116 used graphene oxide instead of graphene
nanoplatelets to investigate increase strength in Ni, Fe,
and Cu matrices. They reported well-bonded interfaces,
likely due to the presence of oxygen residue from
reduced graphene functional groups that covalently
bonded with metal atoms, which considerably increased
the strength of the MMNCs. Similar results were
reported as a result of clean interface formation between
Cu and graphene oxide residue owing to covalent C–O–
Cu bonding after reduction and successful SPS consoli-
dation.117 Hwang et al. used a combination of molecular-
level mixing and SPS processing to successfully fabri-
cated reduced graphene oxide (RGO)/copper nanocom-
posite containing a healthy, tearless graphene structure,
and well-bonded interface.118 They believed that oxygen
residue from the reduction of both graphene flakes and
CuO allowed for the formation of strong covalent bonds
that significantly enhanced the nanocomposites strength.
They measured the adhesion energy between sintered
graphene and Cu at 164.47 § 28.47 J m ¡2 — far higher
than the adhesion energy of 0.72 § 0.07 J m ¡2 gained
by a Cu substrate grown graphene layer. They also
reported an increased elastic modulus and increased
yield strength for the 2.5 vol% RGO/Cu composite by
�30 and 80%, respectively, which were higher when
compared to pure Cu.

Table 4. Mechanical properties of Uncoated vs. Cu-Coated CNT/
Al.

Sample
CNT
wt.%

Hardness
Hv

Yield
Strength(MPa)

Ultimate Tensile
Strength (MPa)

Elongation
(%)

Pure Al 0 39 86 140 31.5
Uncoated

CNT/Al
0.25 44 96 170 21.5
0.50 46 101 189 14.8
0.75 51 134 214 10.5
1.0 56 " 44% 136 " 58% 227 " 62% 7.2 #77%

Cu-Coated
CNT/Al

0.25 61 143 237 31.5
0.50 68 148 249 18.2
0.75 71 156 261 9.7
1.0 103 " 79% 190 "121% 290 " 107% 5.0 # 84%
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5.1.2.2. C-nanofillers structural integrity. Investigators
take structural damage and the amorphization of nano-
fillers very seriously during mixing and consolidation
with metal powders. It is much necessary to maintain
the C-nanofillers structure during process because all the
superior characteristics of these nanofillers are due to
their unique structure. Any damage caused to their struc-
ture would definitely effect their performance as rein-
forcing agents. Otherwise, structural impairments cause
the formation of defective sites that trigger carbide reac-
tions and lead to loss of graphitic structure119 which, in
turn, lead to failure of reinforcement purpose. Research-
ers tried to reduce defects by proper selection of a proc-
essing method as well as optimizing the processing
parameters.

Raman spectroscopy is well known as a famously
benign tool used to study C-nanofiller structure, espe-
cially as it records structural evolution data following
respective processing steps. Figures 8a and 8b present
the typical Raman spectra’s of C-nanofillers. A spec-
trum data allows us to assess the reliability of a C-nano-
fillers structural efficiency using intensity ratios where

‘D’ D the number of lattice defects and finite crystal
sizes due to severe 2D geometry damage and ‘G’ D hex-
agonal graphitic lattice arrangements measured as peak
ratios, ID/IG. This means that a lower ratio indicates a
better protected structure so that superior results can be
expected in terms of enhanced mechanical properties.120

Rashad et al. fabricated a magnesium alloy (AZ31)
reinforced with either 0.3 wt% CNT or grapheme using a
semi-PM method with high-energy ball milling at
250 rpm for 4 h, employing a BPR of 10:1. Figure 9
shows Raman spectral images for CNT and graphene
powders before and after milling vs. “as-received” CNTs
and graphene nanoparticles,99 which allow us to appreci-
ate that ball milling clearly produced defects in both
powders. The D-band of “as-received” nanomaterials
depicts structural defects, whereas the G-band indicates
the presence of protected hexagonal structures in both.
This suggests that ball milling damages nanomaterials to
some extent and creates defects that can negatively affect
the strength of final composites.

According to Li et al., the structure of graphene can
also be well maintained after composite processing via a

Figure 8. Raman spectral images of (a) SWCNT and (b) reduced Graphene samples. (© Elsevier Limited. Reprinted with permission from
Liu et al.120 Permission to reuse must be obtained from the rightsholder.).

Figure 9. Raman spectroscopy: (a) “as received” graphene nanoplatelets and AZ31–graphene nanoplatelets composite powders before
and after ball milling; and (b) “as received” carbon nanotubes and AZ31–Carbon nanotubes composite powders before and after ball
milling. (©Elsevier Limited. Reprinted with permission from Rashad et al.99 Permission to reuse must be obtained from the
rightsholder.)

18 Z. BAIG ET AL.



one-step thermal reaction and SPS processing. Defects
were produced by subsequent processing but interest-
ingly a decrease in ID/IG values were observed which can
be attributed to the healing of those graphene defects by
SPS consolidation.117 Yan et al. also observed increased
mechanical properties of a graphene nanosheets-Al com-
posite due to the maintenance of graphene features with-
out the typical interface reactions produced by ball
milling.104 Borkar et al. did not observe significant
changes in D/G peaks, as their ID/IG ratios remained
intact, indicating the survival of graphene’s structure
after milling.121 Bastwros et al. and Das et al. demon-
strated the increased intensity of defects that accompa-
nies the protracted milling of graphene nanoplatelets
and Al powder.92,95,122 Although defects were induced in
the grapheme structure, carbide was also produced by
reactions but was not discussed in detail due to minimal
formations and undetectable XRD levels. The concern is
that prolonged milling fully embeds graphene nano-
sheets within the Al powder, which, in turn, buffers fur-
ther impact forces from milling balls and therefore,
delays the evolution of defect sites. Any increased level
of defects in the graphene structure possibly reduces load
bearing capability and seriously effects the composite’s
mechanical strength according to Cui et al.93

5.1.2.3. C-nanofillers and metals interfacial reactions
(carbide formation). Another concern is that of interfa-
cial reactions between C-nanofillers and the matrix that
can be either favorable or harmful to the composite’s
strength. Interestingly, some researchers favor interfacial
reactions that assist interfacial bonding,123–125 while
others have serious concerns about nanofillers because of
transformations to carbides that can depreciate the final
mechanical properties of a composite.126–128 Apparently,
much depends on the thickness of carbide formations on
the nanofiller surface. A thick carbide layer is considered
harmful whereas a thin (5–20 nm) layer enhances

interfacial bonding.18 Due to the nature of strong sp2

bonded carbon atoms and the p-p bond interaction,
nanofillers do exhibit chemically stable characteristics.
Some researchers have reported the formation of car-
bides129,130 but others have not observed their forma-
tion.125,131 It appears that under favorable conditions, C-
nanofillers easily react with a metal matrix and form
reaction products such as carbides, as reported by many
researchers.132 The equation that governs reactions
between nanofiller carbon and metals to form carbides is:

x
y
MCCD 1

y
MxCy (1)

where x and y are stoichiometric molar fractions; M and
C represent metal and carbon based powders,
respectively.

Hence, different interfacial carbides can form and set-
tle on the C-nanofillers surface. These carbides have a
shear strength that determines the amount of stress
transmitted to the nanofiller. In the absence of an inter-
facial layer, stress is transferred through weak attractive
forces between CNTs and the matrix. Figure 10 shows
that the formation of carbides attached to the surface of
a CNT can transfer loads in different directions.

Some researchers suggest that a thin transition layer
of carbide provides a strong interfacial bond (e.g.,
Al4C3) that is produced by CNT/Al metal matrix reac-
tions that improve wettability as well as interfacial
strength.21,22 The formation of an Al4C3 layer at the
interface might also lower the wetting angle, as in the
case of metal-graphite (from 135–140� to »55�), and
thus, lead to stronger adhesion such as covalent bond-
ing.133 Recently, Khorasani et al.119 and Lara et al.134

reported that the formation of Al4C3 through reactions
at the interface of a CNT/Al nanocomposite possibly
increased strength by establishing strong adhesion while
also helpful in impeding dislocation. Zhou et al.

Figure 10. Carbide formation on the surface and different modes of load transfer to CNT. (© Taylor & Francis. Reprinted with permission
from Munir et al.66 Permission to reuse must be obtained from the rightsholder.)

CRITICAL REVIEWS IN SOLID STATE AND MATERIALS SCIENCES 19



concluded that interfacial reactions between CNTs and
Al metal more favorably occurred on the edges of the
active prism plane found at open ends and defect sites
leading to Al4C3formation, as seen in Figure 11. This
group also noted that a small amount of carbide forma-
tion could be helpful by providing shear resistance and
also act as CNT anchors within Al as well as a cover
that protects CNT structure from further damage, thus
increasing load bearing capability.135

Some researchers intentionally used carbide-forming
elements like Cr in a Cu matrix to encourage carbide for-
mation to provide the necessary interface for wetting and
bonding. Cho et al. prepared a CNTs/Cu Cr alloy nano-
composite via ultra-sonication followed by SPS and
extrusion.136 Figure 12 shows TEM images of Cr carbide
at the CNTs/Cu interface, which facilitated load transfer
and significantly enhanced tensile strength.

To the contrary, Bartolucci et al. did not support the
formation of carbide phases for graphene reinforcement.
They reported that carbide did not enhance strength and
behaved rather in-elastically resulting in a decline of
mechanical properties.137,138 According to their observa-
tions, graphene was more prone to carbide formation
than CNTs, likely because of its higher surface area and
2D geometry—i.e., upper and lower surfaces are easily
available for defects produced during milling. In addi-
tion, excessive prismatic planes or edges of graphene pla-
telets developed, either during graphene production or

composite processing. These sites allow more defects and
possible reactions with the matrix. Recently, Boostani
et al. briefly described the demerits of carbide formation
by fabricating encapsulated SiC graphene sheets and “as
received” SiC particles (AR-SiC) to reinforce Al compo-
sites via ball milling.94 They reported more Al4C3 forma-
tion in (AR-SiC) compared to SiC covered with
graphene because carbide formation can only take place
at impaired regions of GNSs (shown as white arrows), as
confirmed by the SAD pattern, shown in Figure 13. In
conclusion, AR-SiC is less able to transfer a load from
the matrix to SiC particles than a graphene composite.

5.2. Strengthening mechanisms and
carbon-nanofillers (CNTs and Graphene)

A large volume of research is underway to enhance the
mechanical properties of metals by nanofiller reinforce-
ment. Hence, it is important to know how nanofillers
reinforce metals and which mechanisms actually
enhance a composite’s strength. The purpose of nanofil-
ler-metal composites is generally defined as (i) major
stress bearing enhancement of the matrix and (ii) plastic
deformation intervention (dislocations) in the
matrix.85,139 Although acceptable results have been
achieved thus far, at the same time, variables degrees of
strengthening have been reported.18,140 Hence, it appears
that many factors contribute to strength enhancement,

Figure 11. (a) Formation of Al4C3 is low along with the SAED pattern of Al4C3; and (b) high magnification HRTEM images of 5 vol%
MWCNT-Al composite. (© Elsevier Limited. Reprinted with permission from Zhou et al.135 Permission to reuse must be obtained from
the rightsholder.)

Figure 12. TEM images at low (a) and high (b) magnifications of an extruded CNT/Cu Cr composite. (© IOP Science. Reproduced with
permission from Cho et al.136 Permission to reuse must be obtained from the rightsholder.)
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some of which are directly due to nanofiller type and
others due to processing conditions.141

As far as processing effects are concerned, different
variables (temperature, pressure) and parameters gener-
ally affect the performance of C-nanofiller and results in
nanocomposite with different level of strengths, as seen
in most results of research previously reported. A major
reason for this is that C-nanofillers respond differently
in typical circumstances like during ball milling, milling
time, BPR parameters, etc., define the magnitude of rein-
forcement role. Moreover, numerous researchers have
explored C-nanofiller contributions to composite
strength enhancement in terms of size, shape, concentra-
tion, aspect ratio and surface area, the number of walls
or sheets, and surface morphology, etc., to evaluate
strengthening effects.

Generally, C-nanofillers manage microstructural
development by various strengthening mechanisms that
affect the composite.142 For this reason, metallurgists
must fully understand the microstructure and mechani-
cal properties of composite interactions. Although
enhanced strengthening data is openly shared by well-
documented research, the actual strengthening mecha-
nisms of C-nanofillers remain unclear. It is also crucial
to understand a nanofillers degree of strengthening effi-
ciency and effect(s) before designing a nanocomposite.
As an assessment tool of a C-nanofillers reinforcement
effects in a metal matrix, “strengthening efficiency” has
emerged to calculate these effects.143 The Strengthening
Efficiency (R) of reinforcement is expressed as the ratio
of a composite’s yield strength increase to the actual
matrix yield strength, written as follows144:

RD sc ¡ smð Þ=Vrsm; (2)

where sc& sm represent yield strength of the composite
and matrix and Vr is the volume fraction of the
reinforcement.

A higher R-value is directly proportional to strength-
ening efficiency. Recently, Xiong et al. calculated the
strengthening efficiency of graphene in graphene/Cu
nacres produced by the preform impregnation pro-
cess.145 The R-value calculated for graphene ranged from
100–210, which is far superior to ceramic particles and
CNT-Cu matrix nanocomposites. They attributed this
high R-value to (i) graphene’s intrinsic properties (higher
2D structure and specific surface area vs. other reinforce-
ments) and (ii) to the structural stability and the strategic
unidirectional distribution of graphene. Carbon nano-
sheets in a Cu matrix exhibited a strengthening efficiency
of 30.5, which was 1.5 times higher than CNTs in a 10
vol% CNT-Cu composite, per Wang et al.144 Hence, we
can conclude that the R-value not only determines
strengthening efficiency but also reflects the reinforce-
ment contribution to an applied metallic system.

Presently, few scientists follow a specific microme-
chanical model to forecast a composite’s strength when
reinforced with high aspect ratio nanofillers. However,
the question remains as to whether or not such models
truly represent the actual strength attained after process-
ing. The ambiguity arises due to issues attending nanofil-
lers and metals during processing as already discussed in
details that are problematic. Some researchers put a great
deal of effort into achieving results that were projected
by respective models. Table 5 summarizes frequently
used micromechanical models for graphene and CNTs
that follow the strengthening mechanism and equations
currently in use. CNT or graphene reinforcements within
metals show different contributions to strengthening
mechanisms than do particles due to major difference in
geometry and properties. Specific types of strengthening
mechanisms attributable to the nano-reinforcement of
metals remain an open issue and require more detailed
study. To date, numerous researchers have attempted to
identify the strengthening mechanism of nanofillers both
experimentally and by computer simulation. Their
results indicate several assumptions that likely play key

Figure 13. TEM images of microstructures showing rod-like structures and SAD pattern of Al4C3 at the SiC/matrix interface. (©Elsevier
Limited. Reprinted with permission from Boostani et al.94 Permission to reuse must be obtained from the rightsholder.)
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roles related to the reinforcement mechanisms of nano-
fillers in metal nanocomposites, and which go far in
explaining an increase in nanocomposite strength. Possi-
ble strengthening mechanism for nanofillers (CNTs and
graphene) in metals as reported in the literature include
the following:
(1) load transfer strengthening;
(2) strengthening by dislocation interference (Orowan

strengthening);
(3) strengthening due to thermal, elastic moduli, or

geometric mismatch between nanofiller and metal
matrix;

(4) grain improvement strengthening;
(5) nanofiller dispersion strengthening;
(6) solution strengthening of carbon atoms;
(7) reaction carbide transition layer strengthening;
(8) nanofiller clustering strengthening; and
(9) precipitation hardening strengthening.
In some cases, mechanisms play an individual role but

at times the composite’s strength results from synergistic
effects.65,105,146,147 We can express the combined effects
of strengthening mechanisms by determining the yield
strength of a nanocomposite using the following equa-
tion 148:

syc Predictedð Þ D sym CDsLoad CDsOrowan

C DsThermal & Modulus CTE

CDsGEO CTE; (3)

where syc & sym represent yield strengths of both nano-
composite and matrix.

In most reported cases, nanofillers have followed the
first four strengthening mechanisms listed above. These
are most likely the predominantly effective, major
strength contributors; even so, they are not so obvious.
Firstly, load transfer or bearing is defined as the transfer
of load from the metal matrix to nanofillers via interfa-
cial shear stresses produced as the matrix strains when
the composite is loaded. George et al. was the first to

thoroughly explain the strengthening mechanism of Al
-MWCNT composites via experimental results, which
indicated that “load bearing” and “shear lag”models played
major.131 This mechanism has thus far received the most
attention, as the nanofiller would bear the total load and
properly consume its mechanical properties in the compos-
ite. Competency of a stress transfer from matrix to nanofil-
lers can only be made ideal by reducing interfacial reaction
activity while enhancing structural stability and interfacial
bonding. The shear-lag model, presented by the Kelly-
Tyson equation, is used to estimate the load transfer mech-
anism (Table 5). This model is mainly used to assess the
effective strength of a composite (sc) metal matrix with a
short fiber load-mechanism,149 and is usually designed for
high aspect ratio reinforcements.

Recently, Chen et al. used the shear-lag model to con-
firm the load transfer mechanism of a CNT-Al nano-
composite by observing high strengthening efficiency
and excellent congruence with predicted results. He sup-
ported his claims by examining pull outs of CNT surface
fractures during the tensile test, which indicated inter-
wall interactions with the matrix and highly effective
load distribution, as shown in Figure 14a.65 Boesl et al.
did an in situ tensile test on a 1.0 vol% CNT-Al nano-
composite prepared by SPS to assess CNT strengthening
behavior.150 They reported a 40% increase in tensile
strength as result of low fraction, long CNT, and mini-
mum carbide reactions and importantly followed load-
bearing strengthening by CNTs. The shear-lag model
theoretical tensile result (90–110 MPa) for the Al–CNT
nanocomposite agreed well with experimental values
(95.5 MPa), which endorsed both the fiber strengthening
mechanism and themodel. Figure 14b exhibits a CNT
pull out from the Al matrix as a result of strong adhe-
sion; hence, this behavior confirmed the stress transfer
mechanism from matrix to CNTs as the cause of rup-
tured outer layers.

Similarly, Kurita et al. demonstrated the load-bearing
contribution of MWCNTs in Al nanocomposites (0.6
vol% MWCNTs in Al matrix). They reported a UTS

Figure 14. (a) Ruptured MWCNTs walls pulling out after CNT/Al composite tensile test; (b) SEM magnified image of a CNT pull out on a
fractured surface. (© Elsevier Limited. Reprinted with permission from Chen and Boesl et al.65,150 Permission to reuse must be obtained
from the rightsholder.)
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value consistent with the shear-lag model above this vol-
ume fraction. It most likely deviated from the model due
to agglomerations which act like defects that cause a
composite’s mechanical properties to wane.151 Shin et al.
demonstrated the strengthening effect of graphene in an
Al matrix and reasonably correlated experimental values
with those predicted by the available theoretical mod-
els.85 They also compared the strengthening efficiency of
graphene with CNTs and strongly suggested that com-
posite strength performance was associated with effective
load transfer at the interface. Furthermore, they opined
that stress transfer was more favorable to reinforcement,
which has a larger specific surface area per volume and a
capable interface with the matrix. They reported a tensile
strength increment of 71.8% increment, which proved
that graphene has greater ability to tolerate and transfer
stress than CNTs because of the larger specific surface
area per volume (12.8 times than of CNTs) granting a
larger contact area (3.5 times), as does their 2D geome-
try. In addition, the shear-lag model supported their
experimental results, further confirming the strengthen-
ing cause in the grapheme-Al nanocomposite.

Second, strengthening mechanism is dislocation inter-
ference (the Orowan looping mechanism). This process
is frequently observed in nanoparticle size composites
and is based on increased dislocation density.152 Nanofil-
lers are considered more effective than coarse fillers
because their large inter-particle average distances can-
not fulfill all requirements.153 Moreover, experiments,
molecular dynamics, and computer simulations have
established that nanofillers offer excellent barriers to dis-
location motion.154 Generally, Orowan strengthening is
the result of nano-reinforcement responses to disloca-
tions. Nanofillers acts like an obstacle that impedes dislo-
cation motion, thus preventing dislocation pile-ups
(forest). This generates dislocation bowing and succes-
sive dislocation loops that pass through nanofillers to
produce sufficient back-stress that drives back the dislo-
cation motion. This is the mechanism known as Orowan
looping that consequently improves the composite’s
strength. Some researchers conceive that the Orowan

strengthening operates like grains in a matrix and con-
sider it greater than reinforcement. However, to obstruct
dislocation movement, the reinforcement must be pres-
ent in the grains and not at grain boundaries.155,156

Lahiri et al. observed the formation of dislocation forests
in Al-9.5 CNT composites through a sandwich process
and reported it as a major factor in strengthening
increase (see Figures 15a,b). They attributed the disloca-
tion forest and increased strength to the CNT content in
the matrix.157 Recently, Jiang et al. reported 90% and
81% increases in yield and compressive strengths, respec-
tively, due to the effective constraint provided by gra-
phene in Cu metal.

Third, related to dislocation generation via residual
plastic strain due to large differences in texture, as
reflected by an elastic and thermal expansion coefficient
(CTE) mismatch between the metal matrix and nanofil-
lers. A large coefficient difference in thermal expansion
or the elastic modulus of nanofillers and metals is about
10:1, and are major causes of high dislocation pile-ups,
also known as geometrically induced necessary disloca-
tions (GNDs). This type of strengthening is also referred
to as indirect strengthening and is created by residual
strain gradients from contractions due to cooling after
the elevated temperatures of processing. Nanofillers such
as CNTs and graphene have thermal expansion coeffi-
cients of »10–6 K¡1, whereas as Al’s and Mg’s are much
larger at 23.6£10–6 K¡1 and 27£10–6 K¡1, respectively.
Outcomes from this difference include: (i) the prismatic
punching of dislocations at the interface and (ii) the
work hardening the matrix.158 The high aspect ratio of
nanofiller forms high dislocation density and thereby
increases strength. Notably, this type of strengthening
requires coarse grains to better redistribute GNDs over
the entire matrix and wherever the nanofiller has room
enough to gather such dislocations. If not, GNDs are
limited to nanostructured interfacial boundaries and
allow inadequate strain hardening, as revealed by numer-
ous TEM studies.159–161 Surprisingly, recent reviews of
CNT reinforced MMC literature failed to mention clear
indications of thermal mismatch-induced strengthening

Figure 15. TEM images of (a) dislocation loops at sub boundaries; and (b) nanosized MLG particles in grain interiors forming disloca-
tions. (© Elsevier Limited. Reprinted with permission from Lahiri et al.157 Permission to reuse must be obtained from the rightsholder.)

24 Z. BAIG ET AL.



applicability.4,66,140,141 Nevertheless, this mechanism was
predicted by some researchers for graphene-metal nano-
composites but never discussed in detail.96,162,163 How-
ever, Liu et al. soundly posited that improved tensile
properties of nanocomposite solders was likely due to
the building of high dislocation density around graphene
secondary to thermal mismatch strengthening.164

Last, crucial strengthening mechanism is grain bound-
ary improvement or refinement, which plays a specific role
in structural applications since microstructural develop-
ments are involved. It has been acknowledged by many
researchers that grain refining is achieved by incorporating
nanofillers in metals/alloys with a view to increase
strength.165,166 Strength is directly proportional to grain
size, i.e., nanometer grain microstructures have greater
strength than microcrystalline equivalents.167–169 Generally,
this type of mechanism follows the well-known Hall-Petch
relationship, which is used to calculate the yield strength of
polycrystalline metals. Stress concentration becomes higher
as grain boundaries fail to increase as a consequence of
finer grain size. In turn, this leads to dislocation forests at
grain boundaries and more resistance to dislocation
motion. Nam et al. demonstrated the relationship of yield
strength to grain size by the addition of CNTs in an Al-Cu
alloy. Figure 16 presents their findings of increased yield
strength with decreasing grain size due to CNT effects.146

Xiong et al. opined that the key to graphene’s
strengthening mechanism in metals such as Fe, Mg, Ni,
Cu, and Al was its enfolding of the metallic grains. They
suggested this impeded dislocation activity at the grain’s
boundary and specifically targeted small grain forma-
tions during processing.145 Moreover, they concluded
that grain refinement was attained by plastic flow resis-
tance as the result of dislocation density formation at the
grain’s boundaries. They further suggested an optimal
grain size of 20–30 nm but no smaller; otherwise, atomic
migration take place easily instead of flow stresses
needed to hinder plastic deformation.170,171

Li et al. added CNTs to a Mg–6Zn matrix and predicted
UTS values with the Kelly-Tyson equation with excellent
results, showing that nanofillers significantly contributed to

the refinement of grains in the Mg nanocomposite.148,172

Borkar et al. synthesized 1–5 vol% graphene-Ni nanocom-
posites and achieved similar results. They attributed
increased yield strength to the Hall-Petch strengthening
mechanism and grain refinement.121 Other mechanisms
impact metal matrix strengthening but are not commonly
appreciated. Some authors have associated increased pre-
cipitation hardening with the addition of CNTs along with
dislocation generation due to their presence.173,174

5.2.1. Dislocation formation by C-nanofillers in
metals: A case study
In recent years, a number of studies have established that
dislocation propagation is disturbed by the creation of
high-density interfaces by nano-reinforcement, and which
powerfully challenge dislocation motion when shear force
is applied. Essentially, this means that the more difficult
the dislocation motion, the higher the strength of the com-
posite. This can also be achieved by restricting dislocation
motion in a constant slip plane via the difference in grain
positioning and higher lattice disorder.136 Piled up disloca-
tions tend to segregate and escape through free openings
at interfaces but nano-reinforcements do not allow them
to shear their way through. Hence, the reinforcement suc-
cessfully impedes gliding dislocations. Kim et al. demon-
strated an extreme case of increased strength in a
graphene-Cu-Ni nano-layered composite by using the
nanopillar compression test.113 They associated this
behavior to graphene’s ability to (i) block dislocation
propagation at the interface caused Cu grain sizes (ranging
from 125–143 nm) and (ii) layer spacing reiterations that
ranged from 194–200 nm for plastic deformation to occur.
They observed strength’s dependence on layer spacing,
which followed the familiar Hall-Petch relation, i.e., (s a

h-1/2), where (h) equals reiterate layer thickness.
Increased dislocation density produces high shear flow
stress that faces difficulty in overcoming available gra-
phene layers at the interface. This strongly indicates the
shifting of graphene’s obstructive mechanism of plastic
deformation to the next layer (Figure 17). Furthermore,
they particularized role of graphene pinning and interac-
tions with Ni at the atomic level. They achieved this by
conducting molecular dynamic simulation studies that
reflected graphene’s stiffness and impermeable nature, as
portrayed in Figure 18.

5.3. Strengthening mechanism contribution of
C-nanofillers and effect on mechanical
properties

As is known, C-nanofillers (CNTs and graphene) have the
same molecular structure and properties but different
morphology producing different results in terms of

Figure 16. The Hall–Petch mechanism followed by Al–Cu and
PCNT/Al–Cu composites (© Elsevier Limited. Reprinted with per-
mission from Nam et al.146 Permission to reuse must be obtained
from the rightsholder.)
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enhanced properties. Rafiee et al. indicated that low-con-
tent graphene nanoplatelets exhibit more increase in ten-
sile and toughness in epoxy than CNTs which can be
attributed to the graphene unique 2D nature and better
interaction with epoxy.175 Similarly, strengthening the effi-
ciency of CNTs and graphene predict their role in
improvement in metal nanocomposites. Chen et al.176

studied the effect of graphene nanoplatelets addition in
Mg matrix via liquid and solid stirring techniques. They
found a significant increase of 78% in hardness as com-
pared to pure Mg. They also compared the hardness values
achieved and strengthening the efficiency of GNPs with
other reinforcement like CNTs, as seen in Figure 19. It can
be clearly observed that GNPs has shown the pronounced
effect on hardness and excellent strengthening efficiency
to strengthen metal matrix as compared to other carbon
and ceramic reinforcements. This confirms the GNPs
superiority over other reinforcing agents due to its intrin-
sic properties, extremely large aspect ratio and unique
morphology and low content usage as well. Enhancement
in mechanical properties of MMNCs is usually governed

by strengthening mechanism or models predicted by
researchers followed by C-nanofiller.

In this contest, we have gathered data of CNTs and
graphene reinforced MMNCs to highlight major mecha-
nism operative and typical effect on mechanical proper-
ties. Tables 6 and 7 present a comprehensive mechanical
properties data of the CNTs and graphene-reinforced
metallic nanocomposites reported by various researchers
over the last couple of years. The following conclusions
can be drawn from these tables.

(i) Nearly all researchers have used powder metal-
lurgy route to fabricate C-nanofillers nanocompo-
sites due to its processing advantages.

(ii) C-nanofillers have proven themselves to be ideal
reinforcements for enhancement in mechanical
properties of nanocomposites as compared to their
unreinforced counterparts.

(iii) Quantification or trend of the mechanical proper-
ties increase more than pure metal and alloys.

(iv) C-nanofillers contribute more to strengthen
metals up to certain or small added fractions

Figure 17. (a) Dislocation density blocking effect by graphene causing high shear flow stress; (b) TEM images showing dislocation
motion obstruction by graphene before and after compression testing (© Nature Communications. Reproduced with permission from
Kim et al.154 Permission to reuse must be obtained from the rightsholder.)

Figure 18. MD simulations representing single dislocation movement from start to middle followed by the pinning action that caused
blocking at the Ni-graphene interface. Blue D Ni atoms, and green D grapheme; (d) Elaboration of dislocation propagation hindrance,
revealing graphene’s stiffness and bending characteristics. (© Nature Communications. Reproduced with permission from Kim et al.154

Permission to reuse must be obtained from the rightsholder.)
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while high concentration leads to a decrease in
properties possibly due to an agglomeration
problem.

(v) C-nanofillers (CNTs and graphene) exhibited dif-
ferent strength enhancement contribution in met-
als. As clearly seen, graphene contributes more in
strength improvement than do CNTs.

(vi) Most importantly, these tables reveal the possible
strengthening mechanism followed by C-nanofil-
lers as recorded by these researchers.

As depicted in these tables, C-nanofillers fully serve
the purpose and properly utilize their reinforcing role in
MMNCs. The development of C-nanofillers metallic
nanocomposites still experience hindrances due to the

Figure 19. Comparison and effect of GNPs addition (a) Hardness and (b) difference in strengthening efficiency contribution with other
nano-scale fillers in Mg-MMNCs (© Elsevier Limited. Reprinted with permission from Chen et al.176 Permission to reuse must be obtained
from the rightsholder.).

Table 6. Mechanical properties and strengthening mechanism contributions of different CNT-metal nanocomposites (summary of pub-
lished literature for 2014 and 2015).

CNTs Content

Researchers Year
Matrix
System Vol% Wt.% Fabrication Methods

Strengthening
Mechanism Contribution

Yield
strength, MPa

Tensile
strength, MPa

Fracture
strain, %

Borkar et al.237 2014 Ni 0 — PM C SPS method GR 350 — 30
5.0 — Ultrasonication C SPS Process 690 — 8.0

Ogawa et al.264 2015 Al 0 — Ball millingC SPS C GR C LT C TS C OS 239.3 378.3 —
3 — Hot Extrusion 287.5 427.1 —

Han et al.265 2015 AZ31 (Mg
Alloy)

0 — Ultrasonication C Hot GR 220 301 12

0.1 — Extrusion C Melting 270 322 8.0
Nai et al.113 2014 Mg — 0 PM C Microwave sintering GR C CS 126 § 1 171 § 2 7.9 § 0.3

— 0.3 119 § 4 163 § 7 5.7 § 0.2
— 0.3NiCCNT 206 § 2 237 § 1 6.4 § 0.3

Chen et al.65 2015 Al 0 — Solution ball millingC SPS
process

LT — 157 —

0.51 — — 180 20
0.88 — — 192 20

Shi et al.266 2014 Mg–6Zn — 0 Ball millingC Ultrasonic melt
process

GR C LT 35 155 7.0

— 0.5 92 192 7.6
Boesl et al.150 2014 Al — 0 Ultrasonication C SPS process LT 68.1 — —

— 1.0 95.5 — —
Chen et al.81 2015 Al — 0 PM C SPS C Hot Extrusion LT 90.3 § 0.5 100.6 § 0.6 38.3 § 2.8

— 0.6 114.1 § 2.0 122.5 § 2.3 25.4 § 2.7
Li et al.143,148,172 2014 Mg–6Zn 0 — Ultrasonication C melting

mixing C Hot extrusion
LT C OS C GR 157 § 5.5 271 § 6.6 22 § 3.4

1.0 — 209 § 6.6 321 § 7.1 17 § 4.5
Rashad et al.99 2015 AZ31 (Mg

Alloy)
— 0 Semi powder metallurgy TS C ES C OSC LT 195 § 5 285 § 2.9 14.5 § 1.5

— 0.3 210 § 2.8 310 § 5.4 13.3 § 3.0
Park et al.267 2015 Al 0, Wet ball millingCsonicationC

HEBMC melt blendingC
casting

LT 56 § 0.6 92 § 0.3 21 § 0.7

0.1 71 §3.5 103 § 2.2 10 § 1.2
0.2 90 § 2.7 114 §1.6 9 § 1.6
0.3 102 § 4.4 119 § 4.5 2 § 0.4
0.4 111 § 4.0 117 § 5.5 1 § 0.7
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Table 7. Mechanical properties and strengthening mechanism contributions of different Graphene-metal nanocomposites (summary of
published literature for 2014 and 2015).

Graphene Content

Researchers
Published

Year Matrix System Vol% Wt.% Fabrication Methods
Strengthening

Mechanism Contribution
Yield

Strength, MPa
Tensile

Strength, MPa
Fracture
Strain, %

Yan et al.104 2014 Al alloy — 0 Ultrasonication C Ball
millingC heat
isostatic pressing C
Hot Extrusion

OS C GR C LT 214 373 12

— 0.15 262 400 15
0.5 319 467 18

Kim et al.163 2014 Cu 0 — Ultrasonication C Ball
millingC high-ratio
differential speed
rolling

OS 314.2 § 4.5 384.2 § 8.2 25.1 § 3.5

0.5 — 323.4 § 5.2 401.3 § 5.2 21.1 § 2.4
1 — 360.5 § 2.1 425.5 § 3.3 16.4 § 3.6

Chu et al.110 2014 Cu 0 — ball milling C hot-
pressing

GR 140 — —

5.0 170 — —
8.0 — 310 — —
12 190 — —

Rashad
et al.250

2014 Mg–1%Al–
1%Sn–0.18%

— 0 Semi powder metallurgy TS C ES C LT 161 § 04 236 §5.1 16.7§ 03

— 0.18 208 § 5.3 269 § 03 10.9 §3.4
Rashad

et al.147
2014 Mg–1%Cu — 0 Semi powder metallurgy TS C ES C OS C LT 104 § 4.0 164 § 5.0 6.2 § 1.8

— 0.18 160 § 6.0 240 § 2.0 10.4 § 2.1
— 0.36 184 §3.0 252 §3.0 12.2 § 1.3
— 0.54 226 §5.0 260 §5.0 4.8 §2.5

Rashad
et al.105

2015 Mg–0.5–1.5 Al — 0 Semi powder metallurgy TS C ES C OS C LTC GS 162 § 5.0 195 § 4.0 3.7 § 2.5

— 0.5Al-0.18 173 § 4.0 230 § 5.1 10.7 § 3
— 1.0Al–0.18 190 §5.3 254 §3.0 15.5 § 3.4
— 1.5Al–0.18 209 §3.9 268 §4.5 12.7§2

Rashad et al.99 2015 AZ31 (Mg Alloy) — 0 Semi powder metallurgy TS C ES C OS C LT 195 § 5.0 285 § 2.9 14.5 § 1.5
— 0.3 173 § 6.0 275 § 5.7 21.7 § 2.8

Li et al.248 2015 Al — 0 CryomillingC Hot
Extrusion

LT C GR 125 147 17.3

— 0.5 136 173 19.9
— 1.0 194 248 8.3
— 1.5 160 200 5.0
— 2.0 130 175 2.0

Mei-Xia Li
et al.117

2015 Cu — 0 Ultrasonication C SPS
process

LT C GR 128 214 38

— 0.6 225 316 29
Chao Zhao249 2015 Ni — 0 Molecular level mixing

CSPS process
LT 193 485 34.2

— 0.9 512 741 14.6
— 1.5 826 948 12.1

773 835 7.5
— 2.4

Hwang
et al.118

2013 Cu 0 — Molecular level mixing
C SPS Process

OSC LT 160 255 —

1.0 — 230 300 —
2.5 — 284 335 —

Shin et al.85 2015 Al 0 — PM process C Hot
rolling

LT 262 — 13

0.3 — 340 — 5.5
0.5 — 400 — 5.0
0.7 — 440 — 3.0

Tang et al.254 2014 Ni/Cu 0 — Ultrasonication CSPS
process

LT 138 230 —

0.5 — 195 271 12.5
1.0 — 268 320 19

Borkar et al.121 2015 Ni 0 — Ball MillingC SPS
process

GR C LT 160 §5 — —

1.0 — 370 §3 — —
2.2 390 § 3.5 — —
5.0 — 350 §6 — —

(1) Load transfer strengtheningD LT; (2) strengthening by dislocation interference (Orowan strengthening) D OS; (3) strengthening due to thermal, elastic mod-
uli, and geometric mismatch between nanofiller and metal matrixD TS, ES, GS; (4) grain improvement strengthening D GR; (5) nanofiller dispersion strengthen-
ing D NS; (6) solution strengthening of carbon atomsD SS; (7) reaction carbide transition layer strengtheningD CS; (8) nanofiller cluster strengtheningD NCS;
(9) precipitation hardening strengthening D PS.
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unclear origins of strengthening. Therefore, it is very
important to recognize relevant strengthening mecha-
nisms of C-nanofillers which is a critical issue. Proper
understanding can lead to design composites by utilizing
the full potential of these C-nanofillers for required engi-
neering applications. As discussed in the above section
and based on the tables’ data, C-nanofillers normally fol-
low strengthening mechanisms, namely: (i) direct
strengthening (load transfer strengthening) and (ii) indi-
rect strengthening (grain refinement, dislocation-based
strengthening). It can be clearly seen that almost every
researcher has reported the synergistic effect of strength-
ening mechanisms. Among them, load transfer strength-
ening is dominantly followed by C-nanofillers and has
evident effects on mechanical properties.65 Here the fol-
lowing question arises: Do both CNTs and graphene
equally follow this mechanism? As Tables 6 and 7 clearly
demonstrate the variation of mechanical properties
enhancement revealed by CNTs and graphene reinforced
metallic nanocomposites, respectively. Therefore, it is
important to highlight that particular difference which
defines the importance of load transfer capability.
Strengthening of MMNCs majorly relies on adopted
processing techniques, dispersion, interface quality, and
nanofiller intrinsic characteristics like size, shape, con-
tent, aspect ratio, properties, and geometry. There is no
doubt that uniform dispersion of C-nanofillers is the ulti-
mate key to efficiently transfer load to reinforcement. It
is well known that strength surge is proportional to an
increase of C-nanofillers content via increased load effi-
ciency.159 But higher content dispersion of both nanofil-
lers is still challenging and resulted in agglomerations at
the high content lead to the load transfer efficiency
reduction from a matrix to reinforcement. Similarly,
strong interfacial contact of C-nanofillers is crucial and
necessary for effective load transfer, although mechanical
properties of the C-nanofillers promise to provide need-
ful strength but overall it is governed by the adopted

processing route. During processing, the size of the
nanofillers normally reduced and reached certain critical
length (lc) of C-nanofillers which affects load bearing
capacity. Shin et al.177 calculated the critical length using
the formula and found lc values for MWCNT and FLG
equal to 1 and 0.381 mm. Nanofiller length should be
higher that this critical length to experience maximum
stress transfer otherwise nanofiller was unable to carry
load stress and composite fails by the matrix tensile fail-
ure. They also declared that graphene contains unique
geometry having 2D sheet form provided two faces for
interaction and ideal for stress exchange with the matrix.
Similarly, graphene possesses a higher specific surface
area per volume which is 2.6 times that of CNTs, a major
difference in stress transferring mechanism resulting in
more strength enhancement as compared to CNTs. In
another study, they also proved the graphene superiority
in increasing compressive elastic modulus and yield
stress of Ti and Al nanocomposites as compared to
CNTs MMNCs shown in Figure 20. This figure clearly
explains that graphene has a striking improvement in
properties at low fraction addition as compared to
CNTs’ incorporation in Ti and Al matrices.

Another aspect of graphene is that it normally rests at
intergranular regions or grain boundaries and because of
2D sheet nature, it covers more grains area than
CNTs.178 This resulted in crack movement delay and
provides high resistance to crack propagation during
subsequent MMNCs rupturing as seen in tensile test-
ing.179 Moreover, the large specific area of graphene
needed higher energy to pull from the matrix than
CNTs, as evident in many tensile fractures of
MMNCs.178,180 This discussion evidently provides the
importance of graphene characteristic and load transfer
mechanism resulting in higher strength as compared to
CNTs.

As seen in Table 6 and Table 7, mechanical properties
were also dictated by indirect strengthening mechanism

Figure 20. Performance comparison of CNTS and graphene in Al and Ti matrices over the range of volume fraction in terms of (a) elastic
modulus and (b) compressive yield stress of the composites. (© Scientific Reports. Reproduced with permission from Shin et al.177 Per-
mission to reuse must be obtained from the rightsholder.)
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(dislocation strengthening) of the C-nanofillers in differ-
ent metals. This type of strengthening is related to the
grain refinement (pinning effect), CTE mismatch, and
dislocation density generation (prismatic punching
effect). It is worth mentioning that these types of mecha-
nisms functioning and extent of strength improvement
is very much dependent on C-nanofillers size, aspect
ratio, and dispersion, i.e., within the grains or at grain
boundaries. During processing, C-nanofillers experience
size reduction with a change in aspect ratio defines the
mechanism to start play role in strength improvement.
For instance, C-nanofillers with reduce size and aspect
ratio may behaves like a dispersed particles led to disper-
sion strengthening and inappropriate for load transfer
strengthening.165 Therefore, indirect strengthening is
also more pronounced in such type of nanocomposites.
Generally, C-nanofillers increase hardness proportional
to the strength of the MMNCs following this mechanism
due to resultant reduction in grain size by pinning phe-
nomena and dislocations density formation.163 These
also very important mechanisms of C-nanofillers in met-
als and can be effective to a large or small extent simulta-
neously linked to the volume fraction and nature of C-
nanofillers property difference with matrices such as
thermal or modulus mismatch which significantly help
in dislocation hindrance and formation. Higher volume
fractions of C-nanofillers led to lessen inter-distance
between particles creating interference for dislocation
motion.148 Thus, a higher flow stress is needed to create
pile up of dislocation at grain boundaries, eventually
making it difficult to pass through grain boundaries.181

Comparatively, CNTs are more capable for grain refine-
ment than GNPs because their tubular structure well
matched to settle within grains. Presence of CNTs
majorly at grain boundaries generate high stresses to
restrict grain coarsening resulting grain pinning and
refinement.155 Whereas graphene in the form of a sheet
has flexibility and wrapping nature may not produce pin-
ning effect such as CNTs. Similarly, dislocation density
caused by strain produced due to thermal mismatch was
shown by both C-nanofillers in most cases. Lastly, Oro-
wan strengthening is also followed by these C-nanofillers
but is much dependent on particle fragments’ size during
processing, particles dispersion state, and within grains,
i.e., matrix grain size higher than nanofillers.163 Overall,
graphene sheets are believed to have provided more dis-
location interference via planar morphology and higher
aspect ratio. Figure 21 clearly demonstrates the contribu-
tion of C-nanofillers in terms of strengthening mecha-
nism reported by researchers in the last few years
(Tables 6 and 7). It can be observed that C-nanofillers
mainly follow load transfer mechanism, then grain
refinement by pinning effect, and then other

mechanisms come in decreasing manner. Noticeably,
CNTs have shown more grain refining ability than gra-
phene as discussed above. Similarly, almost all research-
ers reported that C-nanofillers take part in strengthening
by combined effects of strengthening, as evident in
Figures 21a and 21b. As far as major strengthening con-
tribution difference is concerned, we can easily witness
mechanical properties in Tables 1 and 2 that graphene-
reinforced MMNCs have shown more enhancement
than CNTs-reinforced MMNCs which can be attributed
to the graphene characteristics, morphology, and load
bearing ability.

6. Tribological aspects of carbon-nanofillers
(CNTs and Graphene) metal nanocomposites

Currently, structural and mechanical components used
in automobiles and aerospace sectors are seeking innova-
tive materials to provide improved mechanical integrity

Figure 21. Strengthening mechanism contribution by (a) CNTs-
reinforced MMNCs and (b) graphene-reinforced MMNCs.
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with less material loss during operating conditions.182 An
effective way to control the wear and friction (tribology)
behavior of the two sliding, rolling, or rotating contact
interfaces is the use of suitable lubricants in order to
reduce surface damage, saving fuel, and parts durabil-
ity.183 Solid lubricants (SL),184 a good alternative to liq-
uid lubricant is usually employed as ceramic or
carbonaceous particulates and fibers reinforcements in
metal matrices known as self-lubricating MMCs.8 Over
the last few years, MMCs have shown great promise to
maintain high mechanical characteristics and superior
tribological behavior under severe loading and impact
conditions without distortion, deformation, fracture, and
surface damages. Mechanical and tribo aspects of MMCs
are attractive for many automotive and aerospace appli-
cations over the wide range offer increased component
lifetime, increased energy efficiency reliability, durability,
and better performance of mechanical component sys-
tems.19 Solid lubricants formed a low shear strength
lubricous layer between contact surfaces which is benefi-
cial to the enhancement of the anti-friction, anti-wear
properties, and high seizure resistance.185 Solid lubri-
cants play a dual role in metallic matrices such as: (i) to
withstand stress effectively to enhance strength; and (ii)
to protect matrix surface against destructive action of
ploughing process during sliding leading to high tribo-
logical performance simultaneously.158

Previously, various hard and thermally stable micro-
sized SL, such as SiC, B4C, Al2O3, Ni3Al, Pb, and graph-
ite, have been tested for mechanical and tribo
performances.186 Although these SL have shown an
acceptable increase in hardness, strength, and wear
resistance they escorted some drawbacks like low duc-
tility, low machinability, and susceptible crack forma-
tion for premature failure which led to an abrupt
increase in wear rate and friction coefficient.5 These
issues can be related to the micron size, agglomeration,
and weak bonding which led them to easy detachment
from the matrix surfaces during sliding conditions and
took part in the damaging surface by wear mechanism.
In recent years, graphite, an allotrope of carbon, is
extensively used as ideal SL in aluminum alloys to
replace steel and cast iron parts like bushes, bearings,
and pistons due to low cost, high thermal conductive
nature, and excellent self-lubricating properties.187–189

Formation of a graphitic lubricative film during surface
interaction reduced shear and frictional stress,
decreased the plastic deformation, and obstructed direct
metal-to-metal contact, resulting in low damage accu-
mulation, and, hence, enhanced anti-wear and anti-fric-
tional properties to an insignificant extent.190 Its
lubrication effect and lubrication mechanism were
extensively studied and well understood. More recently,

Omrani et al. documented graphite lubrication effect
and mechanism comprehensively.19

6.1. Effectiveness of carbon-nanofiller addition as
nanosolid lubricants (nanoSL) in metals

In recent years, usage of macro-sized graphite addition in
MMCs increased distinctly in many real-time applica-
tions because of excellent tribological performance.191,192

But, on the other hand, MMCs’ tribo properties are lim-
ited to some extent of the graphite content additionally
necessary to maintain lubricative film and then decreased
due to the soft nature, chemical inertness, surface lipo-
phobicity, micron size, and agglomeration problem
which resulted in a reduction of MMCs’ mechanical
strength markedly.193,194 An effective way to cope with
this limitation is to use nano-sized graphite instead of
micron sized which would bring an increase in mechani-
cal strength and improved tribo properties of nanocom-
posites rather than micro composites. It has been seen
that adding nano-sized solid lubricants showed clean,
smooth, fine grooves, and small deformations as com-
pared to deteriorating, worn, and delaminating surfaces
of pure metals and micro composites.195 A detailed study
conducted by Rajkumar et al.196 using nano graphite (35
nm) (5–20 vol %) reinforced copper nanocomposite by
PM processing. He compared graphite nano- and micro-
particles in addition to content effect on mechanical,
physical properties, and tribological performance with
respect to tribo parameters like normal load and sliding
speed variations. Their findings revealed that copper
nanocomposite up to 15 vol % exhibited better hardness,
density, electrical conductivity, as well as low wear rate
and COF than micro-composites' counterpart. Such per-
formance of nanographite fraction (15 vol%) can be
attributed to the reduced inter particle distances resulting
blockade dislocations effectively and also due to well-
developed continuous lubrication film on the surface
which lowers deformation rate and wear debris lead to
tribo properties enhancement. In contrast, beyond 15 vol
% nanographite addition decrease in properties observed
which is mainly due to particles agglomerations resulted
in porosity, defects which severely effects on mechanical
response, and, likewise, unable to sustain lubricious film
by non-continuous graphite feeding to surface outcomes
with deformation, fracture, and worn surface. Further-
more, previous studies revealed the importance of using
different nanosized reinforcements over micro size in
terms of mechanical and tribology improvement has
already been discussed in detail.

The shift of research drive from macro- to nanosized
particle has been accelerated significantly nowadays. In
this regard, in order to accommodate graphite addition
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deficiencies, such as low mechanical strength, and prac-
tice the nanosized advantage, novel carbon-nano solid
lubricant (CNTs and graphene) is thought to be promis-
ing.197 Owing to the nanoparticles unique structure,
higher specific surface areas, high surface energy, easy
shear capability with smooth surface, and extreme
mechanical strength inspire researchers to use them as
effective nano-solid lubricant (nanoSL) candidate as
compared with microsized SL for fabricating metal
matrix self-lubricating nanocomposites (MMNCs) for
many tribological applications where anti-friction and
anti-wear are of paramount importance.198,199 After suc-
cessful tribo performance of nanocarbons SL in poly-
mer200 and ceramics,201 contact damage resistance would
also be enhanced in MMNCs by incorporating nano-car-
bon SL which form nanometer-thick, hard, strong, and
lubricating surface layer on metallic grains.202 Zhai et al.
found notably enhanced wear resistance and reduced
COF at a low content of graphene nanoplatelets-rein-
forced Ni3Al matrix composites due to the formation of
an anti-wear protective layer on the sliding contact surfa-
ces.181 Lin et al. observed that specified CNTs content is

needed to form a continuous lubricating film of carbon
provides sufficient surface lubrication. According to him,
15 vol % CNTs content serve the purpose and more than
this content cause CNTs agglomeration, surface brittle-
ness, decrease hardness, and subsequently high friction
and wear rates.203 Similarly, CNTs also act as lubricious
rollers during sliding contact of worn surfaces between
nanocomposites and hard debris, hence reduce frictional
shear and wear rates.204 Xu et al.205 briefly describe and
compare the CNTs or graphene to graphite their respec-
tive lubrication effects and mechanisms, as shown in
Figure 22.

An ideal condition of finely distributed three solid
lubricants are presented in Figures 22a, 22d, and 22g. It
can be deduced from the above scenario that these three
lubricants are providing lubrication film on the surface
during subsequent sliding condition. But the extent to
maintain this film varies with respect to each other
depending upon their respective lubricative nature. Dur-
ing repeated contact stresses and friction forces, graphite
sheets easily squeeze out to the matrix surface, bared,
sheared, and spread out to form a lubricative rich film.

Figure 22. Different lubrication mechanism of the Graphite, MWCNTs, and graphene in NiAl matrix. (© Springer Link. Reprinted with
permission from Xue et al.205 Permission to reuse must be obtained from the rightsholder.)
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However, due to soft nature, graphite easily detached and
leave behind severe delamination lead to high friction
and wear rates (see Figures 22b and 22c). On the other
hand, CNTs and graphene presented compact rich fill on
the worn surface due to stiff nature, high strength, and
inherent lubricative property. After successive sliding
cycles, they protruded off from the matrix and spread
out on the worn surface getting smoother by filling the
debris vacant places, as seen in Figures 22e, 22f, 22h, and
22i. This led to the reduction of friction and wear
properties of the composites having smooth surfaces and
low damage caused. Therefore, it is acceptable that
CNTs and graphene nano-SL provide smoother and
well-worn surfaces with continuous adherent film as
compared to rough and loose films of graphitic-embed-
ded composites.

6.2. Tribological properties of MMNCs using carbon-
nanosolid lubricants (CNTs and Graphene)

Excellent potential as a solid lubricant of C-nanofillers is
evident in Figure 22. As recognized, C-nanofillers effec-
tively utilize their excellent mechanical properties like
elastic modulus and tensile strength to play a significant
role in enhancing mechanical properties (hardness, yield,
and tensile/compressive strength) of metallic nanocom-
posites and directly linked to their tribological perfor-
mance.206 A decrease in mechanical properties of the
composites may lead to a decrease in wear resistance. C-
nanofillers commonly followed strengthening mecha-
nisms (grain size refinement (Hall-Petch effect), Orowan
looping, and dislocation generation or residual stresses
formation from thermal mismatch) and helps in the for-
mation of unique microstructural, i.e., nanometer grain
size which ultimately increased hardness. Hardness is
the important mechanical property used by many
researchers to correlate the tribo behavior of C-nano-SL-
reinforced MMNCs.207 Usually, it has been realized that
hardness is inversely proportional to the wear resistance
of metallic nanocomposites reported in many previous
works.208 A typical Archard’s equation is normally used
to estimate the wear resistance degree due to evolved
MMNCs hardness:209

V DK :
L : P
H

; (4)

where V stands for worn volume, K is the friction coeffi-
cient, L equals to sliding distance, P is the applied load,
and H is for hardness.

Tribology of metallic nanocomposites is defined by
its degree of wear resistance and reduction of COF. C-
nanofillers play the dual role such as to enhance

mechanical properties (via reinforcement or load bear-
ing) steered an increase in wear resistance and tribo-
logical properties (via graphitic structure nano-solid
lubricant, nanoSL) provide necessary lubrication dur-
ing wear, which led to reduce COF simultaneously.210

This C-nanofillers’ behavior attributed to stress con-
centration resistance at the worn surface, improving
the matrix toughness, hinder the dislocation move-
ment and restricted plastic deformation.197,211–213 All
these aspects contribute to increasing mechanical
response and ultimate reduction of wear loss in
MMNCs. Lubrication character and nature of C
nanoSL works the same as of graphite, e.g., act as a
spacer, avoid direct contact with surfaces, and continu-
ous supply of film on the sliding interfaces resulting an
increase wear resistance and decrease COF.5 Many
researchers reported different wear mechanisms for
MMNCs active during sliding, impact, and relative
motion of two mating surfaces are adhesive wear,
abrasive wear, fatigue wear, micro cutting, delamina-
tion, and corrosive/oxidative wear depending upon the
matrix compositions, reinforcement nature, size, and
shape along with environmental, processing, and oper-
ational conditions.197,205,214–217

Most recently, Lee et al.218 presented the classical wear
maps of the unreinforced and reinforced metal compo-
sites to investigate the effect of solid lubricant addition
in a metallic matrix. This map is based on the wear
tracks, cross sections, and wear rates of the sintered com-
posites at different speed and loads combinations. It has
been divided into two regions, such as mild wear and
severe wear along with seizure in the end. As seen in
Figure 23, wear phenomena commences with removal of
oxide layer and appearance of SL on the worn surface
experience mild abrasive wear which is dominant at
lower speed and loads. With increasing load, it shifts to
the next region of both abrasive and adhesion wear
because of continuous formation of an oxide layer and
SL withdrawal by acting shear forces results in three
body abrasion and crack formation via delamination
behavior which is very much prominent in Figure 23 in
the case of composites. As recognized, an addition of SL-
delayed crack nucleation and propagation effectively so
the region of severe wear is shorter in composites as
compared to unreinforced metals. This behavior shown
by composites has reduced wear rate due to delayed
delamination and can be attributed to the improved
properties such as hardness and strength due to SL
addition.

It has been seen that unreinforced metals normally
accompanied adhesive wear due to soft nature, low yield
stress, large plastic deformations via increased surface
temperature results in severe delamination, and micro
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ploughing that are not observed in C-nanoSL-reinforced
MMNCs.183 Worth noting, adding C-nanoSL is believed
to be related to the shift of wear mechanism. This change
brought a change from adhesive wear (unreinforced
metal) to abrasive wear (nanoscale reinforced metals)
and thus is a controlling factor in resultant low friction
coefficient and wear rates. The role of nanoSL begins to
start when low adhesive, harder metallic surface oxide
layer flaked off due to successive wear process in sliding
conditions of contact surfaces. Embedded nanoSL drew
out at the clean metallic contact surface, thus cover the
worn surface with a lubricious film and slowly worn off
during sliding contact and hence stop further surface
delamination and ultimately increase wear resistance.4

The percentage improvement in the wear resistance of

composites with respect to an alloy could be calculated
from the measured wear rate values using the following
equation 195:

IWRca %ð ÞD Wa¡Wc

Wa

� �
£100; (5)

where IWRca is the percentage improvement in the
wear resistance of the composite with respect to an
alloy, Wa is the wear rate of an alloy, and Wc is the
wear rate of the composite. Several controlling influen-
tial factors such as: (i) materials or reinforcement’s vari-
ables such as contents, size, shape, dispersion/
distribution in metal matrix, interfacial quality, and
type of processing technique219–221 and (ii) mechanical

Figure 23. Wear maps of unreinforced and reinforced metallic composites. (© Elsevier Limited. Reprinted with permission from Lee
et al.218 Permission to reuse must be obtained from the rightsholder.)

Figure 24. SEM images of the worn surfaces of the (a) unreinforced milled Al (b) 5wt% CNTs reinforced Al composite with respective
magnified images (c, d). (© Elsevier Limited. Reprinted with permission from Bastwros et al.226 Permission to reuse must be obtained
from the rightsholder.)
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or test variables (normal load, sliding speed, time, and
distance) greatly contribute in dictating the tribo perfor-
mance of the metallic composites have been reported in
detail.222,223 Similarly, the tribological performance of
the nanoSL (CNTs and graphene) are also much
affected and dependent on these parameters.224 Full uti-
lization of nanoSL incorporation can be possible by
intelligent selection and optimization of these parame-
ters to produce tailor-made MMNCs with much-

improved tribo and mechanical behavior for the specific
application. Among these factors, nanoscale fraction,
dispersion, interfacial bonding, and processing tech-
nique are interlinked to each other and extremely
important for desire improvement. Bustamante et al.
claimed the increased in hardness and wear resistance
of the CNTs reinforced aluminum composites prepared
by the PM method is due to the high volume fraction
and uniform dispersion.225 The same behavior is also

Figure 25. Effect of graphite (NAC), MWCNTs (NAM), and graphene (NAG) in NiAl-based alloy (NA) on friction coefficients and wear rates
with respect to applied load (10N), constant sliding speed of 0.2 ms¡1 and time (min). (© Springer Link. Reprinted with permission from
Xue et al.205 Permission to reuse must be obtained from the rightsholder.)
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reported by Bastwros et al.226 and reported that pres-
ence of CNTs in Al matrix formed a smooth surface
with fine scratches and less material tearing as com-
pared to unreinforced Al which has been severely
delaminated and a rougher surface, as seen in Figure 24.

It has been seen that tribo properties of MMNCs have
been inadequately studied for a few years. By far, some

initial investigations reported promising results of
nanoSL addition in reducing wear rate and friction coef-
ficient of MMNCs. These results confirmed the success-
ful nanoSL lubricating ability to protect metal surface
wear and friction conditions. The nanoSL (CNTs and
graphene) were mostly studied by adding into the metal
matrices like nickel, copper, and aluminum due to their

Table 8. Data of CNTs-reinforced metallic nanocomposites (CNTs-MMNCs) tribological properties.

Researcher Year
Matrix
System

CNTs
Fraction Wear Rate Mass Loss COF Test and Parameters Mechanical Properties

Dispersion and
Consolidation
Techniques

Mindivan
et al.236

2014 Mg–6 Al 0 (wt. %) 18.4 (10 4mm3/
N.m)

— 0.47 Reciprocating wear
tester, load D 1 N,
sliding speed D
0.0128 m/s.

HardnessD 38 (Hv) Ball millingC Cold
pressingC Hot
extrusion

0.5 13.4 — 0.42 41
1 14.6 — 0.4 35
2 12.09 — 0.39 33
4 12.13 — 0.38 30

Carvalho
et al.268

2016 AlSi 0 (wt. %) — 0.0019(g) — Pin-on-plate, Load D
10 N, sliding
distanceD 148 m

Tensile strengthD 170
Yield StrengthD 152
Tensile strain, 13

Low energy ball
millingC Hot
Pressing

2 — 0.00175 — Tensile strengthD 209,
Yield Strength D 192,
Tensile strain, 07

Yildirim
et al.186

2016 7075 Al 0 (wt. %) 3 (10¡7mm3/N.
m)

50 (mg) — Pin-on-disk, Load D
30N, sliding speed
D 1 m/s, Sliding
Distance D 2500 m

HardnessD 54 (Hv) Powder metallurgy
technique

0.5 1 15 — 64.78
1 1.5 25 — 83.7
2 8 105 — 62.11
3 11 210 — 68.6
4 12 225 — 65.5

Kumar
et al.213

2016 Al 0 (wt %) 115(wear depth,
mrm)

— — Ball on Plate, Speed D
20 rpm, Load D 15
N

HardnessD 170 (MPa) Powder metallurgy
route

1 52 — — 220
2 35 — — 225
3 85 — — 200

Manikandan
et al.217

2016 Al 0 (wt %) 42 (mm3/kgm) — 0.11 Pin-on-disk, load D
0.5 kg (max), Speed
D 0.5 m/s, distance
D 300m

HardnessD 19.66 (Hv) Ball MillingC
Conventional
Sintering

0.5 44 — 0.105 25.6
1 46 — 0.1 27.45
1.5 49 — 0.098 30.6
2 51 — 0.095 23.05

Carvalho
et al.212

2015 AlSi 0 (wt. %) — 0.002 (g) — Pin-on-plate, Load D
10 N, sliding
distanceD 148 m

HardnessD 59 (Hv) Low energy ball
millingC Hot
Pressing

2 — 0.00175 — 71
4 — 0.00125 — 73
6 — 0.00625 — 80

Jayaraman
et al.269

2016 AZ31 Mg 0 (wt. %) — 12 (mg) — Pin-on-disk, Load D
15.7 N, 25.5 N, and
35.32 N, sliding
speed D 1.04 m/s

HardnessD 62 (Hv) High Energy Ball
Milling C
Conventional
SinteringC Hot
Extrusion

0.33 — 9.5 — 61
0.66 — 10 — 64
1 — 2 — 66
— — 0.02 0.27 65
— — 0.042 0.275 60
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immense real-world consumption and applications.
Recently, Xu et al. conducted comparative studies to
assess the best lubricating ability of graphite, CNTs, and
graphene nanoparticles in the NiAl-based alloy. Tribo-
logical results acknowledge nanoSL lubrication ability
which is far more superior to un-reinforced and gra-
phitic added alloy. Similarly, they also reported that
nanoSL produced less delaminated surfaces than gra-
phitic-reinforced metal showing their potential to act as
ideal anti-friction and anti-wear lubricants for metal
matrices.205

It can be clearly seen in Figures 25a and 25b that
friction coefficients and wear rates of NAC, NAM,
and NAG continuously decreasing with the increase

in sliding speed under constant load and applied load
under constant sliding speed when compared to NA
confirmed the excellent lubricating effect of solid
lubricants. In addition, nanoSL, such as MWNTs and
graphene-reinforced NA, exhibited better lubrication
effect exposed on the worn surfaces forming less
delaminating or damage surfaces than graphite. Over-
all, we can say that NAM contains graphene has
shown the best lubrication effect to reduce friction
coefficient as a function of time (Figure 25c) by form-
ing effective continuous solid lubricant-rich film
exposed and smeared on the worn surface during the
sliding process decrease the direct contacting as com-
pared to NAM and NAC.

Table 9. Data of graphene-reinforced metallic nanocomposites (Graphene-MMNCs) tribological properties.

Researcher Year
Matrix
System

GNPs
Fraction Wear Rate Mass Loss COF Test and Parameters Mechanical Properties

Dispersion and
Consolidation Techniques

Xue et al.270 2013 Ni3–Al 0 (wt. %) 231.4 £
10¡6(mm3/N.m)

— 0.71 ball-on-disk, Load D
13 N(max), sliding
speed of 0.20 m/s

HardnessD 4.20 (GPa) Ball Milling C SPS
technique

1 8.9 — 0.33 8.05
Ghazaly

et al.271
2013 2124Al 0 0.175 £ 10¡4

((mm3/N.m)
2 (mg) Pin-on-disk, Load D

100 N, sliding
speed D 300 rpm,
sliding distanceD
1.0 km

HardnessD 175 (Hv) Turbula Mixing C High
Energy Ball MillingC
Conventional Sintering

0.5 0.313 7 230
3 0.088 3 270
5 0.35 12 205

Zhai et al.181 2015 Ni3-Al 0 (wt. %) 4.2£10¡5(mm3/N.
m)

— 0.5 Pin-on-disk, load D
11.65 N, Speed D
1.0 m/s (max)

HardnessD 4.3 (GPa) Ball Milling C SPS
Technique

0.5 — — — 4.9
1 1 — 0.2 6.5
1.5 — — — 6.3
2 — — — 5.4

Khorshid
et al.272

2015 Al 0 (wt. %) — 0.015 (g) 0.25 Pin-on-disk, Load D
15 N (max), sliding
speed D 150rpm
(max), sliding
distanceD 1.13km

HardnessD 111 (Hv) Ball Milling C Hot
compaction

0.1 — 0.014 0.25 98
1 — 0.02 0.24 97

Algul
et al.273

2015 Ni 100 (mg/L) 10.17£10¡4

(mm3/N.m)
— 0.5 HardnessD 427 § 8 Pulse electrode position

technique
250 9.25 — 0.2 451 § 9
500 8.56 — 0.15 492 § 9

Alamet al.216 2016 Al 0 (wt. %) 85 (wear depth,
mrm)

— Ball on Plate, Load D
15 N

HardnessD 169.7 MPa Ultrasonication C Powder
Metallurgy Technique

1 61 — — 452
2 43 — — 375
3 37 — — 370
5 120 — — 200

Kumar
et al.274

2016 6061
Al

0 (wt. %) — 0.04 (g) 0.48 Pin-on-Disc, Load D 9
kgf (Max), speed D
500 rpm

HardnessD 60 (Hv) Sonication C Powder
Metallurgy Technique

0.2 — 0.028 0.29 62
0.4 — 0.02 0.27 65
0.6 — 0.042 0.275 60
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A supportive literature is available that displays the
decrease in wear rate with an increase in volume fraction
of reinforcements which can be attributed to the avail-
ability of a large amount of lubrication film to reduce
contact surface interaction,190 whereas, this behavior
exhibited by composites up to a certain level of a fraction
to achieve improved wear performance.227. As men-
tioned earlier, dispersing CNTs and graphene at large
volume fractions along with poor wetting with metal
matrices is a challenging task due to their re-agglomera-
tion ability so as to decrease their surface energy. This
leads to weakly bonded agglomerated and clustered
nanoparticles remnants in final composites act as voids
or porosities. These agglomerated nanoparticles could be
easily torn off during sliding conditions resulting in a
severe decrease in the wear resistance of the composite.
There is another thought that these agglomerations could
have positive effects on tribological properties as in the
case of CNTs. Due to shear forces during sliding, the
condition might disaggregate those agglomerates of
CNTs and results in individual CNTs on the worn slid-
ing contact surface that could possibly increase friction
resistance. Therefore, improved dispersion, distribution,
agglomeration prevention, and quality interface with
metal matrices is a prerequisite for high tribo behavior.
A lot of effort has been devoted to addressing these fac-
tors convincingly by adopting various techniques in
order to study their effects on mechanical properties of
MMNCs reported in Section 5 but tribological properties
evaluation of these composites are still needed. In this
regard, we have gathered data (see Tables 8 and 9) from
researcher’s efforts in the last few years to assess the
extent of the tribological effect of CNTs and graphene
addition in different metal matrices. These tables contain
information of the C-nanofillers dispersion techniques
along with consolidation techniques effect, extent of C-
nanofillers content addition effect on tribological as well
as mechanical properties, and, importantly, info related
to tribo testing parameters used by these investigators so
far. These tables evidently show that C-nanofillers were
widely assessed for tribo performance and has produced
significant results contributed by their intrinsic superior
properties and lubricative nature. Likewise, it can be
clearly seen that dispersion has a pronounced effect on
tribo performances of these C-nanofillers which have
been catered by researchers mostly by using powder met-
allurgy route like ball milling technique with a combina-
tion of secondary consolidation methods. These tables
also demonstrate that hardness is the main mechanical
property presented by mostly researchers linked with tri-
bological properties. Therefore, it can be established that
C-nanofillers have a great potential for high tribological
performance. Proper utilization of C-nanofillers

potential by addressing present challenges by processing
optimization steps and new techniques can surely be
helpful in producing quality MMNCs with much higher
mechanical and tribological properties for real-time
engineering applications.

7. Conclusion

In conclusion, this critical article puts forward the claim
that C-nanofillers (CNTs and graphene) have excellent
potential of metal reinforcement and enhanced tribo
capabilities due to exceptional strength, inflexibility, and
graphitic lubricant nature that produce remarkable
improvements in mechanical and tribological properties
in MMNCs. The interest in using C-nanofillers to rein-
force metals increases for various reasons as made evi-
dent by the literature. However, practical applications
still remain in the early stages. Correlative issues such as
(i) the dispersion and wetting of C-nanofillers with met-
als and (ii) poor interface development must still be
addressed so this class of materials is fully utilized for
commercial applications. These issues are of ultimate
concern as they delineate definitive nanocomposite
properties and remain as challenges to quality nanocom-
posite fabrication. With new advancements in processing
methods and approaches, these matters of concern will
eventually be controlled. This article highlighted these
issues with an emphasis on reliable processing for the
uniform dispersion of C-nanofillers and metal-interface
interactions.
� This study clearly unveils the importance and key
role of C-nanofillers dispersion dependence on
overall final MMNCs properties. Undoubtedly,
enhanced mechanical and tribological properties
can only be achieved after controlling C-nanofillers
dispersion in metallic matrices.

� Until now, powder metallurgy methods remain the
most promising technique due to ease of use with
the ability to adjust parameters to more appropri-
ately address challenges. P/M has also proven to be
the most effective approach to the pre-dispersion of
C-nanofillers in solvents via controlled sonication.
Even so, many crucial concerns have not been fully
explored and a significant need to carefully optimize
all processing steps remains. Similarly, consolida-
tion techniques attached to P/M methodology also
demand fine-tuning to achieve better mechanical
properties.

� While many methods have been devised to combat
the difficulty of C-nanofiller dispersion in metals,
numerous process variables have not been studied
or optimized. Moreover, C-nanofiller agglomeration
(clustering) and structural changes subsequent to
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dispersion prove unfavorable for the attainment of
desired product properties. Overall, organized
investigations are needed to balance the surface
treatment of C-nanofillers with processing condi-
tions in the fabrication of metal nanocomposites to
avoid unwanted outcomes.

� Mechanical properties usually correlate with effec-
tive stress transfer from the matrix to the C-nanofil-
ler and can only be accomplished with strong
interfacial contact. Efforts are needed to create a
better interface for a more effective load transfer to
optimize final product properties. In addition, fun-
damental studies on stress transfer mechanisms and
bond strength measurement between C-nanofillers
and the metal matrix are needed.

� Very few studies have been conducted on modeling
and the prediction of mechanical properties by vari-
ous strengthening mechanisms. Although different
models are used as important tools to predict nano-
composite strength, the relation between experi-
mental results and predicted values needs
amplification to build confidence in results. Such
efforts can open abundant opportunities for the use
of metallic nanocomposites in a wide range of
applications.

� Tribological potential of C-nanofillers is still not
much exploited. At present, results assure the excel-
lent performance of C-nanofillers as solid lubricants
compared to existing counterparts. Therefore, we
believe that monitoring existing challenges and
benefitting the mechanical and tribological charac-
teristics of C-nanofillers could produce future
MMNCs with more versatile and demanding prop-
erties for various engineering applications.
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