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Abstract

Rapid innovation in nanotechnology in recent yeamabled development of advanced metal
matrix nanocomposites for structural engineering amctional devices. Carbonous materials, such as
graphite, carbon nanotubes (CNT's), and grapherssgss unigue electrical, mechanical, and thermal
properties. Owe to their lubricious nature, thesebenous materials have attracted researchers to
synthesize lightweight self-lubricating metal natmanocomposites with superior mechanical and
tribological properties for several applications antomotive and aerospace industries. This review
focuses on the recent development in mechanicaltr@mlogical behavior of self-lubricating metallic
nanocomposites reinforced by carbonous nanomateyiath as CNT and graphene. The review includes
development of self-lubricating nanocompositesatesl issues in their processing, their charactigiza
and investigation of their tribological behaviorhel results reveal that adding CNT and graphene to
metals decreases both coefficient of friction ar@hmrate as well as increases the tensile strempth.
mechanisms involved for the improved mechanicaltabdlogical behavior is discussed.

Keywords: A. Metal Matrix Composites (MMCs); B. Wear; C. Mextical properties; D.
Powder processing; E. Self-Lubricating

1. Introduction

Composite materials are engineered or naturallyimity materials which contain two or more
distinct constituents with significantly differeahemical, physical and mechanical properties. Thtam
matrix composites (MMCs) reinforced by ceramic igéet or fibers generally have superior properties,
such as high specific strength and modulus comparedreinforced alloys. In general, compositesehav
the combination of properties of constituents, sashthey inherit ductility and toughness of therirat
and high modulus and strength of the reinforcemgijtdn this regard, the applications of MMCs have
been extended to use as structural materials ospace, automotive, marine and defense indusg]es [

In MMCs, different metals or alloys of aluminum, gm@sium, copper, or nickel are generally
used as matrix materials. Among these matrix neterialuminum alloys are the most widely used
materials, both in research and industrial viewfso[8, 4]. This is due to their outstanding projesit
such as light weight, high strength, high speatficdulus, low thermal expansion coefficient, anddjoo
wear resistance [5]. Depending on final desirecperties of composites, different reinforcements are



used as reinforcement in aluminum matrix composifdgOs;, SiC, BC is among the very common
particles which are used as reinforcement in alumimatrix composites.

There are different methods to synthesize partieieforced MMCs. Generally, these methods
are classified into: (1) Solid state processing;L{guid state processing; and (3) Vapor depositibio
common methods which are applied to fabricate alumi matrix composites reinforced by particulate
reinforcements in large scales are powder metallongthod (solid state) and casting (liquid state).
literature, a considerable amount of work has lsemmted to producing aluminum matrix composites by
using powder metallurgy and to study their mechalricoperties [6-10]. The basic route in the powder
metallurgy (P/M) technique, in which all materiaksmain in the solid state, is mixing the powders,
compacting, and sintering of the compacted paectuieve the least possible porosities and the kighe
possible density. In liquid state methods, the ixadrin the state of a liquid. There are differemtthods
of liquid state processing to produce metal matomposites. These methods include stir casting [11]
pressure infiltration [12], pressureless infiltoati [13] and squeeze casting [14]. Unli et al. [15]
investigated and compared the mechanical propeartiakiminum matrix composites reinforced by@d
and SiC which are produced both by powder metallungthod and casting. The results show that the
mechanical and tribological properties of compositéch are produced by casting are higher than P/M
method. In addition, casting is also a more indalstompatible technique to produce compositegigd
scales.

Among various reinforcements, recent emerging raterarbonous materials, is found to have
many favorable attributes such as high thermal goiidty, low coefficient of thermal expansion, hig
damping capacity and good self-lubricant propeitythe considerable amount of research has been
made to study the influences of embedding graptaiticles into the metal matrix on the tribological
properties of aluminum alloys [16-18]. Metal matdamposites embedded by graphite or carbon fibers
have self-lubricating behavior since graphiteasch solid lubricant [19]. In this regard, solihricant as
reinforcement tends to decrease the friction coieffit of MMCs and improve tribological propertiels o
self-lubricating composite compared to compositgaforced by ceramic particles. The graphite size,
which is commonly used in MMCs fabrication and datiteg desired mechanical and self-lubricating
properties are in the micron range [1, 4, 20-25].

Generally, size of reinforcement influences the ma@ical properties such as strength, ductility
and fracture of self-lubricating MMCs. By increagitine reinforcement size, tensile strength andilityict
decrease simultaneously. MMCs reinforced by lapgeticles are susceptible to formation of defeaths
as cracking during mechanical testing which redols premature failure of the composites. Theeefir
is expected to have superior properties when timforeement size is in the nano range. It is exgect
that by reducing the particle size in MMC'’s to tlaage of nanosize, some of the limitations sucpoas
ductility and elongation, poor machinability, ardiuced fracture toughness of MMCs can be solved. Th
reason for significantly improved mechanical prdigsr is due to the combined effect of Orowan
strengthening and grain refining mechanisms anld témperature creep resistance properties coulé mak
metal matrix nanocomposites (MMNCSs) very attractegpecially when lightweight metals such as Al or
Mg are used as the matrix material. The strengtigeniechanisms which are involved in enhancing
mechanical and tribological properties of nano iplrtreinforced metal matrix composites have been
discussed carefully elsewhere [4, 26]. To briefilscdss, there are a few common different mechanisms
that have been suggested to enable increased thtriengnetal composites; (1) Orowan strengthening
from dislocation bowing by reinforced particles) f2all-Petch strengthening from grain refinemea8yj, (



Forest strengthening resulting from the CoefficiehtThermal Expansion (CTE) mismatch between
matrix and particles, and (4) Taylor strengtherygmodulus mismatch between matrix and particles.
MMNCs will benefit from the Orowan mechanism onfyai dispersed second phase of nhanometer size
could be attained. Hall-Petch strengthening wilgeneral one of the mostly active mechanisms which
improve strength of MMNCs by incorporation of naparticles. Usually, the addition of nano particles
refines grains or confines grain growth. CTE andlules mismatch are considered to be negligible when
compared with Orowan and grain refinement in magnt observations [4, 23, 26, 27].

Theoretically, it has been shown that the nanadgieticles can result in dramatic improvements
in light of the very low proportion to the quargsi they are added. However, the strength achiaved i
most solidification processed and powder metallungmocomposites are still below the conventional
monolithic alloys, which can be caused by possiaoparticles agglomeration, in capability of
solidification front in capturing nanoparticles §hming off by growing dendrites), and porosity.
Therefore, before these materials can be introdasegh excellent candidate for conventional metads
alloys, these challenges in synthesis and proagswed to overcome. Gravity casting techniques are
prone to porosity, which could be one cause for Meld strength in nanocomposites. However,
techniques such as Squeeze Casting can eliminabsifyo Another factor is the degree to which the
particles agglomerate and fail to achieve unifoigpérsion. As far as ultrasonic dispersion is camee,
de-agglomeration depends on how much power cardmsmitted to the melt. Therefore, processing
technique is one of the factors which need to esicered in pursuing advances in MMNC's [4].

Recently, research has been focused on nano-sairedmous materials, such as carbon nanotubes
(CNTs) and nano-graphite or graphene [1] in orderattain enhanced mechanical, electrical, and
tribological properties. For instance, carbon nabes have been demonstrated to exhibit ultrahigh
strength and modulus, and also have anisotropatriglal conductivity; when included in a matrixeth
could pass on significant property improvementhéoresulting nanocomposites. Thus, the applicaifon
nanotechnology to materials science and engineepegs up new opportunity and research direction fo
the development of novel smart metal matrix nanqmusites. Carbon nanotubes and graphene possess
exceptional mechanical strength as well as exdeldectrical and thermal conductivities, and their
incorporation in metallic matrices leads to compessiwith higher mechanical, electrical, and magneti
properties. This has been led to an increasingestén incorporating carbon nanotubes and graphene
MMCs to be the most effective reinforcing fillera isynthesizing self-lubricating composites for
structural engineering and functional devices [PR-Fable 1 summarizes a list of research on MMCs
containing carbon nanotubes and graphene. Carbootuitzes and graphene in aluminum and copper
alloys based composites enhanced their strengthtrédomdiogical properties. The carbon nanotubes and
graphene were observed to reduce the grain sizéuminum alloys, resulting in an additional higher
strength. The incorporation of carbon nanotubes gmphene also increases the effectiveness of pure
aluminum.



Table 1 Research reported in literature on metal maix/nanocarbonous (including carbon
nanotube and graphene) composites

Matrix eRr?tl nforcen Process Properties Ref.

Increasing the tensile properties

. : o :
Alumin Graphene Powder metallurgytechniqugmbeddmg 0'.3 wt% graphghie whil 1]
um graphene particles were pulled out fro
the fracture surface
Mixing AA2124 powder ani Increasing the hardness and decreasin
Alumin Graphene graphene platelets and therelative density. On the other hand, theL§2]
um P cold compaction at 525 MPas an optimum point that wear rate i
pressure minimized.
Powder metallurgy techniqt
where nanographite wereCopper/nano-graphite  exhibit  better
nanoaraphit dispersed in ethanol and thetribological properties than copper/micro-
Copper e grap copper introduced tographite. Also increasing the volumé¢30]
solution, after that drying thefraction of reinforcement tends to improve
powder and using 450 MParibological properties
pressure to make composite
No nanotubes damaged. No reac
products at the interface between the
Alumin Svnthesizing by hot reSSmatrix and carbon nanotubes. No
CNT Y 9 oy P significant effect of annealing on thd33]
um and hot extrusion. .
strength, while the strength of the pure
aluminum  matrix  decreases  with
annealing time.
. Slnte_rlng the mixiuly ¢ No change in elongation while there is a
Alumin aluminum and CNTs .~ = . . )
CNT , significant improvement in  tensile[34]
um powders in a carbon mOIdstren h
under 50 MPa pressure gt
. High - energy _baII milling Wear resistance and hardness of
Alumin cold compaction and hot . L . .
MWCNT . composite significantly increased whil¢35]
um extrusion were employed to
b A : COF decreased.
synthesizing composite.
. Cr/IMWNT coatings wer: . .
Chromi MWCNT electrodeposited fromWear rate _of composite decrea_lsed [56]
um compared with unreinforced chromium

electrolytes

Extensive researches have been done on polymeixmamposites reinforced by graphene in
the last two decades. Almost all of these researbhbee shown that by adding graphene as reinforteme
to a polymer matrix, the properties of polymer rixatomposites tremendously improved [37-42]. Tang
et al. [37] have shown that by adding 1 wt.% grayghas reinforcement to polyvinyl alcohol, the tensi
strength and tensile modulus increased by 178%180886, respectively. Additionally, only a very low
volume fraction of graphene platelets (GPLs) insesathe dielectric constant of polymer matrix
composite. It has been also reported that by camdpiGPLs and BaTiQand incorporating them into
polymer matrix, the highest dielectric constant weeched without scarifying the low dissipationtéac
[38]. Graphene based materials provide high thegoatuctivity enhancement as well as the advantage



of improving barrier properties in comparison withlymer matrix composites reinforced by CNTs [39,
43]. Although, numerous polymer matrix nanocompmssiteinforced by graphene nano-platelets and
CNTs have been studied, still the challenge ofragldiano carbonous materials into a metallic masnick
synthesize a fully uniform and dispersed struciareemained open to researchers [41, 44-47]. At the
same time, another important processing issue italntomposite fabrication is the low interfacial
strength between the CNTs and the matrix. In CNIYfper nanocomposites, CNTs and polymer interact
a molecular level while in the case of CNT/metaisthtypes of bonding are not available.

It is expected that by adding graphene nano-platdte a metal matric, the mechanical and
tribological properties would be enhanced. In #tare, only limited researches on metal matrix
composites reinforced by graphene are available 320 48-54]. To the authors’ knowledge, so far,
aluminum matrix composite reinforced by graphene Isaiccessfully produced only by powder
metallurgy method [48, 49]. Recently, Wang et 4B][have shown that by adding 0.3 wt.% Graphene
nano-sheets to the aluminum matrix, the tensiength of composite increased by about 62%. However,
Bartolucci et al. [49] have shown that the tensiteength and strain at failure of aluminum matrix
composites reinforced by 0.1 wt.% graphene platelet less than its pure aluminum matrix. In additi
to these two researches, Chen et al. [50] haveupsatl magnesium matrix composite reinforced by
graphene nano-platelets. They employed a noveladatbmbining liquid state ultrasonic processing and
solid state stirring to fabricate the compositey. U&ing this novel method, they reported that the
graphene nano-platelets (GNPs) could be dispenmsiéormly into magnesium matrix. The results showed
that the micro hardness of magnesium matrix conpasinforced by GNPs has been increased by 78%
compared to that of pure Mg prepared under the gaomessing condition. They have also shown that
the GNPs show an excellent strengthening effethermagnesium matrix composite [50, 51, 55-58].

Although the emerging research interest in smatenals such as self- lubricating composites
inspires both academia and industry that the coatioin of these carbonous materials and metallic
matrices could potentially create composites tlaathhigh thermal and mechanical properties as agell
exceptional wear resistance, there is still a refathderstanding the nature, processing, and tiagarf
these composites. This review initially covers aetintroduction of various nano-reinforcements
potentially are used in self-lubricating nanoconif@ss Then, it addresses the current progresssefireh
in self-lubricating nanocomposites followed by dissing the effect of these reinforcements on
tribological properties.

2. Properties of carbonaceous nanomaterials

2.1.  Carbon Nanotubes (CNT)

If a sheet of carbon atoms is rolled, the carbamhees will forms with a diameter of 1-2 nm
which is called single-walled carbon nanotubes (BWYL Other types of carbon nanotubes are double-
and multi-walled nanotubes with diameters rangimgnf 4 to 20 nm which are formed by rolling 2 or
more carbon sheets as they are schematically shiwwfigure 1. CNT has unique mechanical and
physical properties as well as lubricant nature.eQuw these characteristics, it would be a promising
candidate as reinforcement in a metallic matrixettance the properties of materials such as inheren
stability at high temperature, high strength arffhstss, superior electrical and thermal conduttigind
improved performance of metals in industrials cormgrus.



The results of the Brenner potential in predictthg modulus value of CNTs reveal that the
modulus value of CNT is 1060 GPa that it is vesel to in-plane graphing [59]. A study was employed
using Molecular Dynamic (MD) simulation with a uergal force field to measure the stiffness value of
SWNTs and this turns into a 1 TPa stiffness vatreSWNTSs [60]. Researchers have developed several
methods to measure elastic modulus and strendgfiiNdt and one of the key techniques is measuring the
amplitudes of thermal vibration of nanotubes. Tisthod measured an average value of 1.8 TPa for
elastic modulus with a large scatter in the resaltging from 0.4 to 4 TPa. Using a similar techeigthe
modulus of 1.25 TPa for MWNTSs grown by laser ablativas achieved [61].

Although SWNTs have superior mechanical properbiasyet they are not employed extensively
as a reinforcement because they are costly to d@uped and purified. On the other hand, MWNTs are
easier to produce. MWCNTSs are composed of numbeewfered layers. One of the drawbacks of using
MWNTs is the susceptibility of the inner tubes ®fulled-out of the outer tube by tensile stresbhis
phenomenon is usually referred as “telescopingc&ffer “telescopic extension of multiwall carbon
nanotubes”. In-situ TEM measurements on nanotubewdstrated that this phenomenon occurs at ultra-
low-friction state which revealed no wear or fa#igan the atomic scale. Telescoping failure and the
higher probability of defects in MWNTs make theraddavorable compared to SWNTs. However, still
the strength measured in MWNTS is much higher thahof high strength metals such as steel [62, 63]

2.2.  Graphene

Graphene is two-dimensional single atomic carbaesbf sp-bounded in which atoms densely
packed in a honeycomb lattice. Graphite, the mostngon form of carbon, is stack of several graphene
sheets along the c-axis with an interlayer spaof@34 nm. The bonding between carbon atoms ig ver
strong while there are weak van der Waals intesastamong the layers. In terms of thermodynamics, i
was thought that exfoliation of layered graphitdreestanding atomic layer would not be possib®.[5
However, to date different approaches have beeelalesd for synthesizing graphene in large quastitie
including thermal evaporation of silicon carbidd [65], chemical vapor deposition (CVD) of graphene
on metal carbides or metal surfaces [66, 67], aedolvemical synthesis of graphene oxides followed b
reduction [68, 69].

The yield strength predicted for a single graphétger using MD simulation has reached an
extreme value of 0.912 TPa [70]. Another study exygdl quantum mechanical approach revealed that
the elastic modulus for armchair graphene and gigzaphene are 1.086 and 1.05 TPa, respective]y [71
The Young’s modulus and intrinsic tensile strermgftigraphene monolayer were experimentally tested by
using nano-indentation of the atomic force micrgpecAFM). The Young's modulus and intrinsic tensile
strength obtained using these techniques are 1TR@2and 130 GPa, respectively [72]. By using the
same method, mechanical properties of graphengebiland trilayer have been determined where
Young's modulus is 1.04 and 0.98 TPa and intrinsitsile strength is 126 and 101 GPa, respectively
[73]. These supreme mechanical properties of gramhéong with extreme thermal conductivity (5000 W
m-1 K-1) [74], and super charge-carrier mobilitp@2000 cm2 V-1 s-1) [75] makes them an attractive
material for researchers in the last decade to @msliem as reinforcement into a metal matrix. The
graphene has a plate shape; dispersion in anyofingatrices is easier in comparison with CNTs. Henc
the graphene too is a good substitution for CNTseasforcement for metal matrix composites [31].



Although graphene is defined as graphite singlergygraphene nanoplatelets (GNPs) or graphene
nanosheets (GNSs) which are short stacks of platbéped graphene sheets with an average thickhess
the 5-100 nanometers are very common in the faiwitaf metal matrix composites. Since, graphene in
its single layer form cannot be easily be stablthinfree State, usually GNPs are used as reinfamoe
and then the sheets are exfoliated to achieve glesiiayer dispersed graphene in a matrix. This
inexpensive material possesses good thermal cawitycelectrical conductivity, mechanical strength
and more surface area than the expensive carbatutes (CNTS).

3. Self-lubricating nanocomposites

During relative motion of two surfaces, differegpés of wear mechanisms, including adhesive
wear, abrasive wear, delimitation wear, erosiverwieatting wear, fatigue wear, and corrosive/oiia
wear may occur. The nature of wear mechanisms eamnderstood by studying the worn surfaces of
materials. At low loads and sliding speeds, abragiothe dominant wear mechanism while at higher
loads, the wear mechanism changes to delaming®i@sence of grooves on the worn surfaces of the
composites in the sliding direction at low norn@dds shows that the abrasion wear mechanism becomes
dominant.

Graphite is well-known reinforcement for metal mattomposites which acts as solid lubricant
and makes the composite as self-lubricating congm§l, 4, 22, 30, 76, 77]. When graphite is embddd
into a metal matrix, the friction and wear behawdrmetal/graphite composite significantly improves
compared to unreinforced metal which lead to tivereased industrial applications where tribolobica
properties are dominant. Damage accumulation \giltdduced in the presence of graphite particles and
hence decrease the wear rate of metal matrix iifisignt extent. MMCs reinforced by graphite paeil
or fibers are potential structural materials forospace and automotive owe to their excellent loifical
properties.

Among many alloys, aluminum based composites atensively used in various industries
because of high strength to weight ratio, superibological properties, and good corrosion registi
The explanation for the superior tribological prdjges of aluminum/graphite composites can be
explained by the wear mechanisms which occur isglsystems. Aluminum alloys have low yield stress
and deforms extensively during sliding contact wlgtaphite particles in aluminum/graphite composite
improve the deformation and fragmentation of théase and sub-surface by providing a continuous fil
of graphite on the contact surfaces after shomingiin period. The graphite film hinders directtaig¢o
metal contact and hence prevents seizure. Despitgoad tribological behavior of metal/graphite
composite, poor mechanical properties is the disaihge in the graphite reinforced MMCs. These
composites sometimes have lower mechanical pregettian unreinforced alloy [1, 78]. In addition,
graphite has a reverse effect on electrical comdtyctvhen copper alloys are reinforced by micrazed
graphite due to be hindering effect of particleshie continuous copper matrix network, though & ha
moderate electrical conductivity. Another featurattcauses to reduce electrical conductivity ofpenp
graphite composite is the poor interface bondintgyvéen copper and graphite particles which leads to
more electron scattering [30]. Due to these shatiogs in using graphite as reinforcement in metals,
incorporation of nano-sized carbonous materialglsbto be promising.

In general, it is desirable in terms of mechanjabperties to have matrix grain size in the range
of nanometer to achieve enhanced hardness, yisddgth, and tribological properties such as wear



resistance and friction coefficient [79]. Using nasize particles as reinforcement also enhancds bot
Young's modulus and tensile strength of compostesvell as improving tribological performance. Due
to the fact that nanocarbonous materials have mupphysical and mechanical properties, they have
recently employed as a novel reinforcement for-lsddficating metal matrix hanocomposite. Superior
properties of MMNCs reinforced by carbon nanomatsris due to metallurgical factors, such as Hall-
Petch effect by grain size refinement, Orowan |logmnd dislocation generation resulting from thdérma
mismatch between the matrix and reinforcements.Ps8Yious studies revealed that the MMCs with
smaller size reinforcements exhibit lower coeffintief friction and wear rate, thus, it was conchiideat

the MMNCs have excellent tribological propertietheat than metal matrix micro-composites, as il$e a
experimentally confirmed and the results are priesem Figure 2 [1, 80, 81]. More specifically, the
composite reinforced by nano particles (grapheas)ltwer COF than the composite reinforced by micro
particles (graphite). Also, the hardness of contpesieinforced by graphene is found to be highan th
the composite reinforced by CNTs [4].Worn surfadsservation suggested that the dominant wear
mechanism for non-reinforced pure Al specimen hasnbdelaminating wear accompanied by some
adhesive wear mechanism. However, worn surfacetheofnano-particle reinforced composites were
smoother and the total depth of deformations wenaller, grooves were finer than the unreinforced
aluminum alloy matrix specimens [82, 83]

There is a great challenge in introducing carbonmagerials to metal matrices. Generally,
molten aluminum is not able to wet carbonous mal®rsuch as carbon fibers (CFs), graphite pasticle
carbon nanotubes (CNTs) and graphene where thaatommgle of molten aluminum with graphite is
between 140and 160[84]. The reason for high contact angle betweebaasus materials and molten
aluminum is due to the high surface tension of &uwm in liquid state. The surface tension of molten
aluminum and carbon nanotubes are 955 mN/m andMB/&n, respectively [85]. The very high value of
the surface tension of molten aluminum comparedaidoon nanotubes makes synthesis of aluminum
matrix composite reinforced with carbonaceous netera challenging task. One of typical way to
improve wetting behavior of molten aluminum on @arbus materials is by forming metallic coatings,
such as copper and nickel on reinforcements toceeds contact angle, as shown in Figure 3 [86, 87]
The formation of AdNi, AlsNi, and CuA} as an intermetallic compound plays a key rolednieving
good wettability between aluminum with copper arckel [28, 88]. In the following sections, self-
lubricating metal/CNT and Metal/ Graphene (singlgel or nanoplatelets) nanocomposites have been
introduced and their mechanical properties areugdisead.

3.1. Metal-CNTs nanocomposites

The shear lag models, used in the case of convetfiber reinforced composites, have also
been applied to CNT composites. The stress isfaapd to the fiberd) through the interface and is
related to the shear stresg( between the fiber and matrix given by:

b
Dg - 2Tmf (l)

Wherel; andD; are the length and diameter of the CNT, respdgtiv@arbon nanotubes with a
larger aspect ratio assist larger load transferreamate efficient utilization of reinforcement. Focritical
lengthl., the value ob; becomes equal to the fracture strength of CNTs.nBaotube lengthkl., the
fracture strength of the composite is given as:



l
O.é?rac — Vfo.fFrac (z_lc) + Vmo.r}";rac (2)

Dislocation generation by thermal expansion mismatetween matrix and CNTs and also
Orowan looping mechanism play an important rolstirengthening of aluminum/CNTs composites [89].
To achieve the theoretical value of strength pteatic uniform dispersion of CNTs in the matrix chgi
synthesizing is a great challenge [90]. Many attsniyave been done in synthesizing CNTs reinforced
metal matrix composites using traditional liquidstiag or powder metallurgy processes which have not
shown promising results [91-93]. In case of ligoitking due to the poor wetting properties of CNTisl a
graphene with liquid aluminum and the differencethirir densities, CNTs and graphene immediately
float to the surface without being mixed. In P/Mut® and hot pressed sintered aluminum CNT
composites, CNTs cause a tremendous amount ofiedsittess in aluminum matrix which cause a lower
the tensile strength in the non-annealed compaigasthat of pure aluminum. Additionally, the bomg
obtained through using these techniques is usuahk, which causes the load transfer ineffectivenes

The potential energies of interaction between taxalbel infinitely long carbon nanotubes of the
same diameter can be simplified greatly by assunoinly van der Waals interactions in graphitic
systems. For a pair of parallel carbon nano tubasdistance of about 0.315 nm the cohesion erteagy
been calculated to be about 37kT AnSo, an agglomerated CNT bundle needs about 120vk¥since
three tube—tube contacts have to be broken to aepartube from a bundle. On the other hand, carbo
carbon bond energies lie about 190 kT. From tlisdyioint, it can be concluded that the strong dohes
and very small difference between carbon- carbamaleot bond energy, and CNT-CNT van der waals
energy, dispersing nanotubes is a difficult taskctvineeds careful considerations. In polymer matrix
composites, generally, ultrasonication aqueous anedimbined with an appropriate surfactant is a
technique to de-agglomerate CNTs. However, the laskbmes more sophisticated in metals processing.
Although high intensity ultrasonication during ligunetal processing has been employed in syntimegsizi
nanocomposites, but still no experimental or sitiotta data is available in CNT reinforced
nanocomposites confirming the complete and suagedispersion of these reinforcements in a metallic
matrix [94-97].

In late 1990s, Kuzumaki et al. [33] fabricated alomm/5 vol.% CNT and aluminum/10 vol.%
CNT composites by mixing aluminum powders and cammnotubes in ethanol followed by hot pressing
and extrusion. However, no improvement in tengilength of aluminum/5 vol.% CNT and aluminum/10
vol.% CNT was reported in comparison to pure alumindue to the poor dispersion of nanotubes in
aluminum matrix. Different factors, such as typenahotubes, functionalization of nanotubes, nareotub
contents, matrix materials, and milling times caymigicantly affect the dispersion of CNTs in a r@iét
matrix. Generally, to achieve a uniform disperswihCNTs in the final composite, a homogenous
distribution of CNTs in the powder mixture at th@rting stage is an important factor [53]. Uniform
dispersion of CNTs in matrix tends to increasehthriness of composites compared to unreinforces pur
aluminum. If only a small amount of CNT is embeddetb a metal matrices, the hardness of the
composite increases due to the fact that the mvicids of metal matrix will be filled by CNTs. Beydra
specific CNT volume percentage, the excess CNTglwhiere not able to fill the micro voids will be
agglomerated with the aluminum particles. This aggiration interrupts the complete sintering anddea
to the formation of defects which ultimately resiilt gradual reduction in hardness [98, 99].



Deng et al. [29] have investigated the physical andchanical properties of aluminum
AA2024/MWNT nanocomposites synthesized by cold tetics press followed by hot extrusion. During
synthesis, AA2024 powders and MWNTs were first rdidxie ethanol using ultrasonic mixing. Then,
ethanol evaporated and the dried mixture ball chiled finally cold isostatic pressing and hot esittn
at 450°C were performed. Figure 4a shows the changeslative density and Vickers hardness with
CNTs content. By increasing the weight percentddeNiTs up to 1 wt.% of MWNT, the relative density
and hardness of the nanocomposites increase. Itbeamlearly seen that the relative density of
nanocomposite containing 2 wt.% MWNT sharply drappehich could be due to the formation of
nanotubes clusters. As shown in Figure 4b, tessitngth and elongation of aluminum/CNT composites
depict the same trend as the relative density. AAR024/1 wt.% MWNT exhibit maximum elongation
and tensile strength and there is a drop in mechbpioperties at high amount of reinforcements.

Noguchi et al. [100] developed a two-step methodwhich initially CNTs were uniformly
dispersed in an elastomer matrix; and in the sesteq the elastomer matrix was displaced by A0
energy ball milling in a Turbula mixer followed ot compaction, sintering and HIPing was another
route which was used to homogenize the mixture V€ and eliminate CNT clustering. Esawi et al.
[101], showed the effect of mixing time and mixisgeed on CNT cluster size using dry mixing in a
Turbula mixer. He et al. [102] were also develomed in-situ route to synthesize CNTs inside the
aluminum matrix by using a three-step process dioly deposition-precipitation, reduction, and
chemically vapor deposition route. They have regmbthat the first step involves producing a Ni(@H)

Al precursor through a deposition—precipitationteoun their method, Ni nanoparticles were used as
catalyst on which the CNTs will grow. Therefore, byiform distribution of Ni nanoparticles on the
surface of Al powders, a uniform distribution of Técould be guaranteed. Cha et al. [103] used anoth
technique to mix CNTs and matrix material in a Holu In their fabrication process which basically
involves molecular-level mixing of CNTs and the mammaterial, a suspension of reinforcements, and
dissolved metal ions in ethanol or water is pregaféden the suspension was dried and oxidized metal
powders forms. Finally, the metal oxides are redugeder control atmosphere to achieve a dispersed
CNT reinforced metal matrix composite.

3.2. Metal-graphene nanocomposites

Similar to aluminum/CNT composites, in order to iagk the full potential of graphene nano
sheets (GNSs) as reinforcement, a homogeneoubdiigin of GNSs in the aluminum matrix along with
maintaining the structural integrity of the GNS®ssential. Aggregated graphene behaves no diffgren
than particulate graphite platelets. The ultratigHace area that can be obtained in a 2D grapbteset
is lost when these sheets are clustered [54, 104his regard, the main challenge in fabricatingtaf
graphene nanocomposites is to find an approachillp disperse these sheets or exfoliate the single
sheets of GNS to graphene monolayer. Although, liexifion of GNSs in polymeric matrices has been
studied extensively and successful results have bebieved, but yet in a metallic matrix it hasrbee
remain as the key challenge. The main obstaclechiesing a highly exfoliated structure in metal-
graphene nanocomposites is the high differencedmtvearbon and metals surface energies. This high
surface energy difference does not let metal tdyeast the graphene sheets and fall them apaxte/aé
investigations have been carried out to find th&t beute to synthesize a fully dispersed and homogs
graphene reinforced metal matrix composite inclgditectrochemical deposition, metal evaporatiod, an
hydrogen reduction of metallic salts-graphite cosiigo[105-107]. However, so far fully exfoliated



graphite flakes have not been obtained. Additignate difficulty in large-scale synthesis of these
composites becomes an obstacle in their production.

The powder metallurgy (P/M) route which is recenilidely developed for the fabrication of
aluminum/CNT composites can be considered as alicable pathway to fabricate aluminum/GNS
composites. Graphene oxide (GO) nanosheets havexyy@nd epoxy groups on its surface which helps
to have better dispersion in solvents and form nstable solutions than graphene. That makes the GO
nanosheets a more favorable reinforcement ratlaer 8NSs [108]. Figure 5 shows the main difference
between graphene and GO. Wang et al. [31] repartexlite in synthesizing aluminum/ GO composites
using powder metallurgy in which four steps areoimed:

(1) Exfoliating GO into several-layered or singsrtred nanosheets by sonicating GO aqueous
dispersion in deionized water.

(2) Aluminum flakes surface maodification throughllbmilling followed by introducing a
hydrophilic membrane on the surface of the alumifflakes such as PVA.

(3) Adsorption and reduction of GO nanosheets bgired the powder slurry of modified
aluminum flakes in deionized water to the GO agsediapersion. The mixed slurry color changes from
brown to transparent during stirring. Heating tHemanum/GO composite powders decompose the
hydrophilic membrane and reduce the GO nanoshedBN\Ss, until finally aluminum/GNS composite
powders is obtained.

(4) Compacting and consolidation of aluminum/GN$nposite powders. Consolidation can be
achieved by sintering in an argon atmosphere fatbly hot extrusion.

Bastwros et al. [10] used graphite and exfoliatdd graphene in nitric acid and sodium chlorate
solution. The intercalated graphite was achievaduijh sedimentation and finally the intercalated
graphite was exfoliated to monolayer or few-layeaplpene oxide using ultrasonication. Then, they
employed ball mill to mix Al6061 powder and grapbeat different milling times. The composites were
then synthesized by hot compaction in the semdsapime of the Al6061.Ghazaly et al. [32] have
synthesized the aluminum graphene at different tepgrcentage (0.5, 3 and 5 wt.%) by employing
powder metallurgy technique. Aluminum powder wilte tgraphene nanosheets were mixed in a high
energy ball mill which resulted in the formation nbnuniform particles of aluminum covered by
graphene layer and disappearance of the grapheaosheets. A combination of cold compaction and hot
extrusion at ~0.45] (305 °C) were employed to synthesize aluminum/grapher&lubgicating
nanocomposite. The results show a decrease intdarishanocomposites by increasing the amount of
graphene as shown in Figure 6. Also, the variabhnardness with increasing the amount of grapl&ne
presented in Figure 6. As there was an expect#taraddition of graphene up to 3 wt.%, the hardrds
nanocomposites reinforced by graphene increase wberpared to unreinforced alloy. The 3 wt.%
graphene reinforced composite produced a 47.5%aser in hardness over the base AA2124 alloy. By
further increasing the amount of graphene (mora that.%) nanocomposite, the hardness reduces but
the hardness values are more than the unreinfaltmdand less than the composite with reinforcetmen
between 0.5 and 3 wt.%. By comparing Figure 4 agdrE 6, it is obvious that aluminum/graphene has
superior mechanical properties than aluminum/CNT.

To achieve individual graphene sheet, accordingday available literatures, another method is
attaching molecules or polymers to graphene sheetiecrease aggregation [52, 109]. Xu et al. [54]



suggested a combined technique in which a solggaphene oxide, and an inorganic nano particle was
incorporated to obtain graphene as individual shestide a metal matrix. The inorganic nanoparicle
sits in between graphene sheets and prevent reraggition of them. . After the solvent is dried,
dispersion of isolated graphene sheets can be nelstahaving graphitic stacks with inorganic
nanoparticles in the interlayer spacing.

Aluminum/0.3 wt.% graphene nanocomposite was aigthssized by using a slurry based
process followed by sintering and hot extrusion].[3he normalized tensile strength and ductility of
AI/GNS composites in comparison with unreinforcattep matrix is shown in Figure 7a. The tensile
strength of aluminum/GNS nanocomposite is 249 MPae nanocomposite showed a significant
improvement (about 62%) in tensile strength congbdcethat of unreinforced aluminum matrix (154
MPa). Higher tensile strength of hanocomposite @mexb to unreinforced aluminum demonstrate that
GNSs have a dominant role for increasing mechamiagberties and reveal that the GNSs have a good
potential to be used as reinforcement in aluminu@trita composites to improve the mechanical
properties. Generally, GNSs could contribute to steength improvement by grain size refinement,
dislocation strengthening and stress transfer. GhNi8$er grain growth and hence result in havingngra
refinement and also provide resistance to the cigion movement during thermal processing andiplast
deformation, therefore, the tensile strength ofrehwm matrix increase in presence of GNSs. Another
important reason of high tensile strength in preseof GNSs is the load bearing ability where the
graphene tolerate a substantial part of load dyplagtic deformation. The fracture surface is shdamn
Figure 7b.Inasmuch as the fracture strength ofregtesingle layer graphene is 125 GPa, the thieatet
strength of the aluminum/graphene is 500 MPa bygusie rule of mixtures for aluminum/0.3 wt.%
GNSs. The experimental result shows that strenfduminum/0.3 wt.% GNSs is 250 MPa. The less
strength in experimental than theoretical studjuis several parameters, such as to different abghof
GNSs along the tensile direction, processing patensiemicrostructure, and weak interfacial bondihg
the aluminum/GNSs [49].

Latief et al. [110] have synthesized aluminum/ giee composites using different percentages
of exfoliated graphite nano-platelets particlesebyploying powder metallurgy method in order to gtud
the physical and mechanical properties of nanocasitg® As observed in Figure 8, the results redeale
that the Vickers hardness (Figure 8a) and commessirength (Figure 8c) increases with increasing
graphene content up to 5 wt.% in the pure alumimarix while the density (Figure 8b) decreases with
increasing graphene content. This can be exprésstadlowing equation [111]:

41—
A =200 - (3

Where), f andr are respectively the distance between the reiefoent particles, particles
volume fraction, and the particle radius (partideassumed spherical). The shear stress for a#des
alloys can also be calculated according to thefalg equation:

Gb
To = 7(4)
where, 1, G and b is the shear stress, the shear moduleth@nBurger’s vector, respectively

[112]. According to Equation (3), it can be conaddhat the distance between the graphene particles
decreases by increasing their amount in the cogpdBased on Equation (4), the shear stress that is



required to move dislocations between the grappenticles will increase when the distance betwéaen t
reinforcement particles decreases which resulaninncreased yield stress of materials [113, 1{¥].
addition, the reinforcements are an obstacle thases to lock dislocation movement extremely inamnet
matrix through dispersion strengthening mechanisims mechanism can increase the mechanical
properties of aluminum matrix composites reinforbgdyraphene [111].

Bartolucci et al. [49] have compared the mechanpalperties of aluminum/MWNT and
aluminum/GNP composites. Figure 9 depicts the hesslof self-lubricating aluminum nanocomposites
at different samples after hot isostatic pressimgy @xtrusion. It is obvious from the results ofdraass
that the aluminum reinforced with 1.0 wt.% MWNT ébils the highest hardness than aluminum/0.1
wt.% graphene and pure aluminum. Figure 10 showsrapression between the tensile strengths of
composite reinforced by MWCNT and graphene and efffext of fabrication method including extruded
and pressed composites. The metal matrix compasitéorced by nanotubes show the higher strength
than reinforced by graphene. For extruded compmmsite tensile strength of aluminum/nanotubes was
aboutl12percent greater than the pure aluminum whéealuminum/graphene showed aboutl18percent
lower tensile strength as compared to the pureialum In addition, Figure 10 shows the averagerstra
to-failure of the samples where the results rexkaamples reinforced by nanotubes and graphene
displayed the lowest ductility.

4. Tribological behavior of self-lubricating nanocompaites

Tribology is an investigation on wear and frictiparformance of materials. It is the science of
interacting surfaces in relative motion [115]. Wharder an external load, two materials are in azinta
with each other, the asperities of two surfaces ecamto close contact and during movement,
deterioration of the surfaces occurs which is knewnwear. During the sliding process of softer ngite
against harder materials, atoms will be taken wifnf the softer one and these atoms tend to locate
themselves in the asperities of harder surfacereaslts, a cold welding occurs in contact surface a
interatomic junctions across the interface formgcBntinuing the sliding process, fracture can faleee
at the junctions and causes the detachment ofrlggnents from adhering asperities. Friction force
causes shear at interatomic junctions during mowneretwo surfaces under an applied force. Archad
[116] expressed a formula for wear of materialg thescribes the volume of wear loss (V) of material
due to adhesive wear:

V=C7 (5)

where ¢, P, L and H are wear coefficient, appliedd| sliding distance, and hardness of the
softest contacting surfaces, respectively.

Usually to avoid friction and consequently deteatmn of material under wear, liquid or solid
lubricants are employed. However, in cases suchigts vacuum environment, high-speed conditions,
high applied loads, and very low or high temperesutiquid and grease type lubricants are unddsirab
In such a tribological systems the common liquidl ayrease type lubricants do not show desired
performance or durability [53]. Another approachédplacing the liquid and grease type lubricantd wi
solid lubricant coatings that they are used to elese coefficient of friction and wear rate. Theticos
are applied on the surface of materials by depwgitia chemical or physical vapor deposition teqgbhas



to form a coating layer [117, 118]. The disadvaatagf solid lubricant coating are limited lifetime,
difficulty in replenishment, oxidation and agindated degradation, and poor adhesion. Therefore, to
avoid the drawbacks of both the liquid and grease tlubricants and the solid lubricant coatings,
embedding carbonous materials in the metal magéxs promising.

Generally, metal matrix composites have lower ¢oiefit of friction (COF) compared to
unreinforced matrix [1, 4, 35, 119-121]. Furthermaadding ceramic particles to the metal matrieas |
to an increase in wear resistance of the matrited,[121-124]. The main reason for increasing eam
resistance of metal matrix composite is attributedow friction coefficient of metal matrix composi
compared to the unreinforced metals. For conveatioretal matrix composites, the reinforcementsaact
load bearing components at contact surface whintl te protect the surface from ploughing during
sliding. Generally, the hardness of reinforcemeatty affects the wear loss and hence, the wdama
of MMCs. The wear loss of MMCs depend on severgiingsic properties such as the reinforcements
dispersion state, distribution of reinforcemerzesif reinforcing particles, and interfacial boretviieen
matrix and particles [53]. When bonding betweenrixaind reinforcement is poor, the hard ceramic
particles are easily pulled out from MMCs and thieey will be trapped between the sliding surfaces a
act as third body abrasives and help to increasm warface damage and wear rate. Among the
composites, composites reinforced by carbonousriaEteshow better tribological properties compared
to composites reinforced by ceramic reinforcemesush as SiC and AD; due to the lubricative nature
of carbonous materials that make them a potengimforcement for self-lubricating composite. The
conventional self-lubricating composites are emleedaly graphite particles or carbon fibers [1].

The main reason for significant decrease in COFvesar rate is due to formation of a lubricant
film between the contact surfaces because of pteseh carbon-based solid lubricant in the MMCs.
Thus, the lubricant film prevents direct contactween sliding surfaces and reducing wear [78]. In
addition, due to the presence of lubricant film ethprevents direct contact, the transfer of atorom f
the asperities of softer surface to the asperiifasarder surface will be reduced that hence,atieto
decrease in cold welding of atoms of softer matemath atoms of harder materials during slidingl an
then subsequent fracture of atomic junctions [3@]noted before, although the graphite particlethé
metal matrix improve the tribological performandetends to reduce the mechanical properties of the
composites. Hence, recently, the nano solid lubtic@are used as the dominant reinforcement for the
metal matrices in self-lubricating composites. Tisidbecause the metal matrix composite reinforoed b
nano solid lubricant have excellent self-lubricgtirehavior with low coefficient of friction and wesate
as well as high mechanical properties [125].

4.1. Effect of CNT

Carbon nanotubes (CNTSs) are one of the importditt kdoricants that is increasingly employed
in novel self-lubricating nanocomposite materiaésduse of the superior properties of CNT including
electrical, optical, and mechanical properties hade a key role in enhancement of wear resistande a
reduction in COF of metal matrix composite reinfdcby CNTs. Metal matrix nanocomposites
reinforced by CNT is an excellent candidate foustdal applications because of its excellent maixtz
properties, lightweight and superior tribologicaibjperties. It is expected that the utilization obilkit
Wall Carbon Nano Tubes (MWCNTS) in the composité$ increase the industrial applications due to
their reasonable cost. Thus, there have been msmgtigations to develop MMNCs reinforced with
MWCNTSs using various fabrication routes [1]. Praigoinvestigations exhibit superior tribological



properties of metal/CNTs composites as a resulthefreduction in wear rate and the coefficient of
friction (COF) due to the lubricating nature of CAT CNTs form a lubricant film between contact
surfaces during sliding.

It has been reported that when there is a strongdibg between functionalized MWNTs and an
epoxy matrix the outer shells of the tube remaimetded in the matrix following pull-out [126, 127].
However, in case of metal matrix, the MWCNTSs atadted by a very week van der Waals forces, there
is no direct observation that support the telescegtension of multiwall carbon nanotubes occute T
week bonding between CNT-metal led to easily stideoll between the contact surfaces and minimize a
direct contact between the surfaces, thus resultiec¢rease in friction coefficient of the compasitae
improvement in wear resistance is attributed tortile of CNTs as spacers that prevent direct contac
between rough surfaces [28]. Generally, severakna@tparameters, such as amount of reinforcements,
size of reinforcement, and spatial distribution énadirect effect on tribological properties of self-
lubricating metal/CNTs composites [1, 128].

Zhou et al. [129] fabricated AI-Mg/MWCNT composiby using a preform with MWCNT and
then using pressureless infiltration method toltiafie molten metal into the MWCNT preform.
Embedding the MWCNT into Al-Mg alloy increases thardness of the composites compared to
unreinforced aluminum alloy. Furthermore, by ingiag the MWCNTSs volume percentage, the hardness
of composite initially increases. Then, furtherrgase in MWCNTSs content has an adverse effect and
decreases the hardness as shown in Figure 1leeffdut of volume fraction of CNTs on the friction
coefficient and wear rate of the composite is showigure 11b. It can be seen that although hasine
has an optimum value with increasing volume fractid CNTs in the composite, yet the coefficient of
friction decreases even at high CNT content. Ahhagnount of CNTs the direct contact between the
metal surfaces is hindered which ultimately resultbetter tribological properties. The favorabfteets
of CNTs on tribological behavior of composites dapen their excellent mechanical properties, well
dispersity in the composite and the efficiency dfiTG as reinforcement. X-ray diffraction (XRD)
analysis of contact surface reveals that the weaticies are mainly aluminum oxide. During wear
process, laminated oxide films formed at contadiases that they subsequently broke up and flakied o
due to low adhesion between the oxide films anchalum matrix. While the oxide particles which form
at contact surface are harder than the aluminumixretd are able to increase abrasive wear. As the
aluminum matrix gradually wear out during slidingpgess, the CNTs which was initially embedded in
the matrix now are pulled out and exposed on theaod surface and form a lubricant film on worn
surface. Those solid lubricating films significantieduce the adhesive wear cause by oxide particles
compared to unreinforced aluminum.

Choi et al. [125] have shown that the wear loss aadfficient of friction decrease with
increasing the CNTs content. However, beyond aatithamount, 4.5 vol.% CNTs in their investigation,
the wear rate and friction coefficient increaseslagwn in Figure 12. The deteriorated wear propeitie
the composites at high volume of MWCNTs may be eased with the presence of voids and cracks due
to the very high amount of CNTs which could ackaurce of delamination. As shown in Figure 13(a)
and (b), grooves and material delamination wereeiesl on the worn surfaces for pure aluminum and
aluminum reinforced by 1.5 vol.% MWCNT. This wouddnfirm that micro-ploughing and delamination
are the two main dominant wear mechanisms of pluraiaum and aluminum/1.5 vol.% MWCNTSs. By
increasing the volume percentage of MWCNTSs to 34Bd/ol.%, less deep grooves can be observed and
the surface is much smoother compared to the omasitobserved in Figure 13(c) and (d). The surfdce



aluminum reinforced by MWCNTSs of 6.0 vol.% demoasts rougher worn surface than aluminum/4.5
vol.% MWCNTSs. At this amount of CNT the debris atde to easily separate out from the surface which
can be justified by presence of pores as showngur& 13(e).This can be the main reason for iningas
of wear loss and COF at high volume percentage WIQWTs. Furthermore, They confirmed that the
coefficient friction of aluminum composite signidiatly decreased by adding CNTs where COF is 0.35
and 0.06 for pure aluminum and aluminum/4.5 vol% NIW respectively, under an applied load of 30 N
and a sliding speed of 0.12 m/s. In addition, theevariation between COF and volume contentT C
where COF decrease by increasing the amount of CNfes effect of applied load and sliding velocity
on coefficient of friction and wear loss was alswestigated and it is shown in Figure 14. The
investigations have shown that the COF and weas Insreases with increasing normal load for
aluminum/5 vol. % MWNT composite at sliding spedddd.2 m/s. However, the coefficient of friction
was still lower than 0.1. At higher load, severeawés the dominant mechanism which results in
increasing friction coefficient and wear loss antsequently severe surface damage. On the othdr han
the coefficient of friction and wear loss slightigcreases with increasing sliding speed at anexpjuiad

of 30 N as shown in the Figure 14.

4.2. Effect of graphene

High strength, lightweight and lubricating natufegoaphene made it suitable as reinforcement
for self-lubricating ultrahigh strength metal matnanocomposites. As this is fairly a novel mateaiad
it is difficult to uniformly disperse in metals agll as its complex microstructure, there are anlfgw
studies which investigated the tribological projgsrbf graphene in a metallic matrix. Ghazaly ef3#]
who have investigated the effect of weight perogmtaf graphene on mechanical properties, alsoetudi
its effect on wear rate of self-lubricating AA212iminum alloy matrix nanocomposites. The results
showed that self-lubricating composite reinforcgd3bwt. % graphene has better tribological properti
under dry wear test compared to unreinforced ahdramount of graphene reinforcements as shown in
Figure 15. SEM micrographs of worn surfaces of unfioeced aluminum alloy and Al/graphene
nanocomposites are shown in Figure 16, which gledgmonstrate the presence of longitudinal grooves
in all samples. In addition, by comparing the wetmfaces, it is obvious that the scratches, craterd
delamination of AA2124/3wt.% graphene compositeleiss than that of unreinforced alloy. Thus,
unreinforced alloy and AA2124/3wt.%graphenecompeasé in the severe and mild wear regime,
respectively. Shallow parallel grooves and ridgesned on the worn surface of AA2124/0.5 and 5 wt.%
graphene nanocomposite due to microploughing. Ttmgsdominant wear mechanism is severe plastic
deformation of the matrix that results in high weate. Entrapped debris between delaminated sw@rface
was observed at high magnification on worn surfamfesnreinforced AA2124 alloy while there is no
wear debris on the worn surfaces of nanocompositiuatrated in Figure 17. Alumina fragmented &lm
or strain hardened particles are the two main ssuaf debris. This debris is from the heavily ndille
consolidated powders which were detached undelode during the wear test. By comparing the worn
surfaces at high magnifications, it is obvious thatsurface of nanocomposite containing 3% grapleen
smoother than that of unreinforced alloy and thepaosite reinforced with 5wt.%graphene. Furthermore,
the surface of AA2124/3 wt.% graphene composite @eared by lubricant films that results in redggcin
friction and wear due to the soft nature of theidnmt film. Conversely, deep grooves and sevensagge
exist on the worn surfaces of AA2124/5 wt.% gragheomposites which delaminated in the direction of
sliding that explains the significant increase mawrates and weight loss.



Inasmuch as copper has good electrical and thezoraluctivities and graphite has lubricious
nature, copper/graphite composites have variegppfication in industries. Conversely, the mechanic
properties of copper composites decrease in theepce of graphite reinforcement. To solve the impac
of micro sized graphite particles, Rajkumar et [80] employed powder mixing, compaction and
microwave sintering methods to synthesize copp@&ocamposite reinforced by nano-graphite (NG)
particles with an average particle size of 35 nnforon copper/5-20 vol% NG nanocomposites. The
graphite particles were coated with copper usiegtebdeless plating method. The nano graphiteghesti
have not been exfoliated in this investigation aadnot be considered as single or “few layer” gesyeh
sheets. Table 2 compares the physical propertieb, &s relative density and electrical conductieaityl
also mechanical properties, such as hardness tareih copper/graphite composite and copper/nano-
graphite composites. As comparison shows, the mamposites had better hardness and electrical
conductivity compared to microcomposites. As statadier, the volume percentage of nano-particées h
an effect on physical and mechanical propertiesedflubricating composites. The amount of nano-
particles is also influence the relative densityshewn in Table 2. The relative density increaséh w
increasing the volume percentage up to 15 vol.%aofo-graphite due to ability of nano particlesilio f
up the porosity cavities. When the nano-graphite@war is increased over 15% volume fraction, the
relative density and hardness reduced due to ttlectien in the distance between particles, which
consequently facilitate nano particles agglomenatio

Table 2 Comparison of physical and mechanical propées between micro graphite particles and
nano graphite particle [30]

Relative Hardness Electrical
Composite Density (HV) Conductivity
(%) (%IACS)
- [
SUY 9231013 72616 65:15
-50
Seo% 95824014 04419 798419
_ 0
CU10% 96412013 90:1.0 724210
_ 0
CUI% 96021012 BL5xL6  70£13
_ 0
Cr20% 88421015 s6x2 387425

Figure 18 illustrates the variation of normal laat sliding speed with coefficient of friction at
different volume percentage of graphite particikigure 19 shows the variation of wear rate withnmar
load for copper based composites reinforced byarécid nano graphite particles. Results revealed tha
at constant volume fraction, embedding nano-pagidecreases the coefficient of friction and wese r
compared to the composite reinforced by micro sgeghhite particles. Higher hardness, lower poyosit
and finer microstructure are the reason for therawgd wear resistance of nano-graphite reinforced
composites. Further, the nano-graphite particlesoeed composites are more effective on the degfe
self-lubrication compared to micron-size graphitetigles reinforced composites. The amount of nano-
graphite particles also influences the tribologipedperties of self-lubricating copper composit€se
increase in volume percentage of nano-graphiteouibtvol.% tends to decrease the wear rate and COF
because of the formation of a uniform and contisuayer of solid lubricant film. This lubricant il



reduces the rate of deformation of the matrix anproves the tribological behavior. When the amaint
reinforcement increases, the decrease in the CQiSsdeciated with increase in the availability and
uniformity of lubricant layer. The lubricant layeauses to minimize the metal to metal contacts dxtw
the copper matrix composite and steel counter serfl contrast, when the volume fraction of nano-
graphite is more than 15 vol.%, a large amountggi@neration was observed that tends to incomplete
spreading of graphite at the contact zone, andehéncreases the wear rate. Increasing of COFght hi
volume fraction of nano-graphite is a result ofreasing the deformation and fracture at the contact
surface of copper matrix and increasing the amoficbpper debris at contact surfaces.

It can be seen from Figure 18 and Figure 19 theitwibar rate and coefficient of friction both
increase with increasing applied load while theffi@ent of friction decrease with increasing thiling
speed. Increasing normal load also increases tlair@nof copper wear debris at the contact zone and
hence influences the rate of increase in the aeffi of friction with normal load. In these figgtéat can
be seen that the coefficient of friction of selbficating composite significantly decreases wittréasing
the sliding speed up to 1.77 m/s because of foamatf uniform lubricant film. By increasing thedilig
speeds beyond 1.77 m/s, the coefficient of fricktightly increase or become constant for 5 and3.0-
vol.%, respectively. This is due to peel off of thelf-lubricating film on the contact surface aghi
sliding speed. Furthermore, sliding speed doesalffect the coefficient of friction of copper/nano-
graphite with high amount of nano-graphite contdunt to the contact surface that is uniformly coslere
with the highly adherent graphite layer. As showiSEM micrograph of worn surface at different sigli
speed, at constant normal load, in Figure 20, ubedant film on copper/15 vol.% nano-graphite @ n
continuous at lower sliding speed. While increasheysliding speed, a lubricant layer uniformlynfioon
the surface of composite that decreases COF a®et désult of a decrease in direct surface tcaserf
contact. However, a gradual increase in COF waserubd for 20 vol.% of nano-graphite composite by
increasing the sliding speed that it leads to lomechanical properties such as hardness due teaiser
in temperature at the interface. Further, it teadsore grain fracture during sliding. This phenowm is
more intensive at higher sliding speeds.

The mechanism of wear under normal loads suggdsteHuang et al. [130]. Fine graphite
particles form an adherent layer at the contacezamd under high normal loads; these nano-graphite
from composite is squeezed out to the contact Z0m& to their smaller size, nano graphite partieles
able to penetrate deep inside the asperities oposeite and counter surface during the sliding psce
During sliding, the nano-graphite particles coulvé filled most of the asperities of the composite
surface. So a graphite layer forms at the pin (asit@) —disc (steel) interface. The layer formation
process continues up to the formation of thick aeltiegraphite layer. In case of micron size graphit
particles, they can also undergo similar processyelver due to their larger size they are not able t
penetrate into the very narrow grooves which forndeding the wear process or gaps between the
asperities of sliding contact easily.

Additionally, when the size of graphite particlesmes down in the range of nanosize, at a same
volume fraction, the mean free path between thptita particles also decreases (Figure 21a) cordpare
to same volume fraction of micron sized graphitetipi@s (Figure 21b). This will cause smaller size
asperities and also less space between the aspariimpared to micro graphite reinforced composite
(Figure 21d) during the wearing process which carilled nano-graphite particles as shown in Figure
21c. The completely filled nanographite particlesduce more uniform graphite layer that reduces the
direct contact between the two wearing body and egilise reduction in the frictional coefficient. As



confirmed by SEM (Figure 21h and Figure 21f), namoposite reduces the wear debris size, as shown in
Figure 21e when compared to microcomposites (Figufg30].

5. Conclusion

Carbon nanotubes (CNTs) and graphene have supgenperties, including large aspect ratio,
exceptional high Young's modulus and strength, exakllent electrical and thermal conductivity. Tdes
unique properties attract researcher to use themi®rcement for metal matrix composites to ermean
properties of composites and make them high sthetightweight and self-lubricating. These favombl
properties can be achieved only if the reinforcetsare dispersed uniformly and not agglomeratetién
matrix. Based on the literatures available, so &afew studies have been conducted on metal matrix
composite reinforced by CNTs and graphene becauddfioulty in synthesizing and dispersing. Most
researches were focused on fabrication and somthesh have been investigated the mechanical
properties and self-lubricating properties. Mechahiproperties of composites were remarkably
increased by adding CNTs and graphene. Importamghena for increasing the mechanical properties
of metal matrix composites reinforced by CNTs amdpbene are dislocation generation by thermal
expansion mismatch between the matrix and reinfoecds, and also Orowan looping mechanism.
Further, a few research papers are available bological behavior of self-lubricating nanocompesit
reinforced by graphene and CNTs. A significant midu in wear rate and coefficient of friction che
achieved in presence of CNTs and graphene upritiGatvolume fraction. The reinforcements prevant
direct contact between two surfaces by formingkaidant film between the contact surfaces. Beyond a
critical volume fraction of CNTs and graphene, tiear rate and COF increases. At higher amount of
reinforcement, the mechanical properties also dsereue to agglomeration that leads to the formatio
some defects which ultimately decrease the trihoddgoerformance of the nanocomposites. Several
material parameters, such as amount of reinforceaneize of reinforcement, and spatial distribution
have an effect on mechanical and tribological pridge There is an optimum amount of reinforcenient
the composites to have excellent mechanical abdlagjical properties.
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Figure 1 Single-, double-, and multi-walled CNTSs.
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Figure 2 Comparison between aluminum matrix macro ad nano composites reinforced by 15
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Figure 3 a)Optical image after sessile drop of alumum droplet on graphite substrate showing non-
wetting behavior b) Wetting of molten aluminum on opper-coated graphite substrate after the
wetting angle reaches a nearly steady state[84].
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Figure 5 Surface structure of the graphene and GO

100 l - 300
\
\

99 4
N - 250 5
£ 98 - >
z
S
> =
= =
= 971 &
L
[ 200 =

- - i i AN
9 A -@ - Relative density ®
4
—&— Hardness (VHN)
95 T T T T 150
0 1 2 3 4 5
Graphene wt.%

Figure 6 Relative density and hardness variationssaa function of graphene addition to AA2124
nanocomposite[32].



(a)

OAluminum
B Aluminum+ 0.3 wt% GNS

Normalized Values

uTsS Ductility

Figure 7 a) Tensile properties of 0.3 wt.% GNS/Alemposite and the corresponding flaky Al
specimen b) Fracture surface of 0.3 wt.% GNS/AI coposite[31].
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Figure 8 Variation of (a) Vickers hardness, (b) Desity, and (c)Compressive strength of aluminum
alloys with exfoliated graphite nanoplatelets parttles contents for GNP/AI composites at different
sintering temperature[110].
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Figure 9Vickers hardness data for the various mateals and conditions[49].
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Figure 13 SEM images of wear tracks for (a) pure alminum with a grain size of~150nm and
composites containing MWCNTSs of (b) 1.5 vol.%, (c3.0 vol.%, (d) 4.5 vol.%, and (e) 6.0 vol.%,

respectively[125].
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MWNT/AI composite with (c) applied load at slidingspeed 0.12 m/s and (d) sliding speed at applied
load 30N[125].
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Figure 15 Wear rate and weight loss variation as function of graphene content in AA2124
matrices[32].

Figure 16 SEM micrographs of worn surfaces of AA212 a) unreinforced, b) 0.5, ¢) 3 and d) 5 wt.%
graphene nanocomposite[32].



Figure 17 SEM micrographs for the worn surfaces oAA2124- a) 0, b) 3 and c) 5wt% graphene
nanocomposite[32].
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Figure 18Variation of a) Coefficient of friction with normal load at sliding speed 0.77 m/s b)
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Figure 19 Variation of wear rate of composites witmormal load at sliding speed 0.77 m/s[30].
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Figure 21 a) Distribution of nanographite in matrix, b) distribution of graphite in matrix, c) contact
profile nanographite composite, d) contact profileof graphite composite, e) and f) conceptual wear
generation model for nanographite and graphite reiforced composite respectively, g) and h)
typical wear debris at 48 N and 0.77 m/s for coppenanographite and copper—graphite
respectively[30].



